Biomacromolecules 2007, 8, 523-531 523

Role of Fibrinogen Conformation in Platelet Activation
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Platelet adhesion and activation induced by fibrinogen (Fbg) coating on polysaccharide layers of hyaluronic acid
(Hyal) and its sulfated derivative (HyalS) were analyzed. Hyal or HyalS was coated and grafted on the glass
substrate using a photolithographic method. The Fbg coating was achieved by two different routes: the
immobilization of Fbg by means of covalent bond to the polysaccharide layers and the mere adsorption of Fbg
to Hyal and HyalS surfaces. Platelet adhesion and activation to the surfaces were evaluated using, respectively,
scanning electron microscopy (SEM) and quantifying the release of Platelet Factor 4 by ELISA. The method
used for the coating of the surfaces with the Fbg influenced the platelet response. In fact, platelet adhesion and
activation took place on surfaces covered by bound Fbg but not on those containing adsorbed Fbg. To explain
this difference, the molecular mechanism involved in the-Hilgtelet interaction was investigated blocking platelet
membrane receptors by monoclonal antibodies. Because the interaction between Fbg and the GPIIb/llla platelet
membrane receptor was the only molecular pathway involved, Fbg conformation after the interaction (adsorption
or binding) with the Hyal and the HyalS chains and the role of serum proteins adsorbed on the Fbg containing
surfaces were accurately analyzed. Both adsorbed and bound Fbg prevented the adsorption of further serum proteins;
consequently, a direct interaction between Fbg and platelets was supposed and the different platelet behavior was
ascribed to the different conformational changes that occurred after the adsorption and the chemical binding of

the Fbg to the Hyal and HyalS surfaces.
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Introduction

The cell response to a biocompatible surface is deeply affected
by the spontaneous formation of a protein layer at the
interfacel*

This work is aimed at understanding the phenomena occurring ch_co @)
when a biomaterial, properly modified by adsorbing or chemi-
cally grafting specific molecules for cell-adhesion receptors, is " o
incubated with cells, platelets, or physiological fluids. i %%
Previously, we focused our attention on fibronectin (Fn), an o O
extracellular matrix protein with well-known cell-adhesive ’ " osofva H Nosg,
properties®® Fn was adsorbed and chemically bound to hyalu- " oA
ronic acid or its sulfated derivative surfacebpth adsorbed TN (b)

and bound fibronectin enhance adhesion of the human fibroblastsF
on the polysaccharide surfaces in vitro. In this work, we prepared

biologically functional materials, by adsorbing and, alternately,
chemically grafting the human fibrinogen to hyaluronic acid

(Hyal) and sulfated hyaluronic acid (HyalS) surfaces to evaluate
the correlation between adsorbed and immobilized fibrinogen
(Fbg) conformation and cell response.

Polysaccharides are composed of hundreds or thousands of;,

igure 1. Disaccharide unit of hyaluronic acid (a) and of sulfated
hyaluronan sodium salt (b).

is one of the major components of synovial fluids; it can be
found in the central nervous system and in the cartilage matrix.
It represents one of the glycosaminoglycan components of the
extracellular matrix (ECM¥;10 it is produced at the plasma
embrane by Hyal synthetase, and it is extruded outside the

monosaccharide units linked by glucosidic bonds. They represent,g|| 11 |tg synthesis increases during cell migratiémitosisl’

a major class of biological macromolecules that occur through-
out nature.

and cancer invasiol. Moreover, it plays a key role in wound
healing during the granulation phase, demonstrating anti-

Among polysaccharides, hyaluronan has attracted a great deajnfiammatory effect® as well as inhibitory effects on prostag-

of interest in the biomaterials and tissue engineering fields.
Hyaluronan is a linear poly anionic polymer with a high
molecular weight consisting of alternating-acetylo-glu-
cosamine an@-p-glucuronic acid residues linked-B and 1-4,
respectively (Figure 18&).

Hyal is highly hydrophilic for the presence of hydroxyl,
amide, and carboxyl groups. This natural proteoaminoglycan
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landin synthesi$?*

Purified hyaluronan has been employed as a structural
material thanks to its high molecular weight and capability to
form 3D networks. The properties of this macromolecule may
be regulated by chemical modifications. Partial esterification
of the carboxylic groups reduces the water solubility of the
polymer and increases the viscosity. Ethyl and benzyl esters
have proven to be excellent membranes or scaffolds for cell
growth1® By making intra- and/or interchains cross-link, hy-
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drogels with different controlled chemistry and thus different Surfaces Preparation

mechanical and biological properties have been obtdihed. Polysacdiaride deposition I
One of the most interesting chemical modifications of Hyal PoLN Poix,

structure is the insertion of sulfate groups on the hydroxyl groups Suniuie - [— CESS  substrate

of the polysaccharide with the aim to obtain a macromolecule e a o

with heparin-like activityt” TV iradatton” Ehore et Brcre Depasiion
The antithrombotic action of heparin is well known; it s g_ Prot-N,

stimulates the neutralization of thrombin and factor Xa by anti- o

thrombinl® However, because the heparin structure is not Protein deposition Frotein drying

characterized by a regular sequence, it becomes difficult to get '—-= e

:glp;rt(i)g:scrl]ti)rlg results and to understand structyp®perty Froten dosk OV irvadiation
) Immobilized Polymer — = Tmmohilized Polymer
On the contrary, HyalS has a highly ordered and reproducible +adsprowein ol RN Bud protein
chemical composition, and its ability to inactivate thrombin and A
factor Xa, QUe to the interaction betlween .the polysaccharide Figure 2. Surfaces preparation.
and the serine proteases, increases with the increase of the sulfate

groups and of its molecular weigt. vibrational modes and the types of secondary structures of
All of the materials used in medical devices that are to come polypeptide chains such ashelix, 5-sheet-turn, and random
in contact with blood promote thrombotic activity to various caoil.
extents; therefore, the biomaterials surface is commonly modi- As a consequence of these site-specific linkage platelets,
fied to reduce/prevent platelet adhesion and activation, which adhesion as well as platelet activation may take place. The latter
promote the coagulation cascade and the thrombus fornf&tion. phenomenon, called degranulation of platelets, determines a
Several strategies have been developed to obtain anti-massive release of intracellular-synthesized molecules, such as
thrombotic materials, including physicochemical processes ADP, serotonin, calcium, platelet factor 4 PF4, etc.
(plasma/ion beam modification), polymer grafting (PEG and  Moreover, to investigate the possible role of other plasma
sulfobetaine), and biological methods (e.g., chitosan grafting). ~ molecules in platelet adhesion and activation on surfaces
All of these methods attempt to prevent the nonspecific containing Fbg, the platelet behavior was investigated in the
adsorption on the biomaterial surface of proteins that mediate Présence of 10% of foetal calf serum [platelets suspended in
platelet adhesion. Among them, Fbg has great relevance becausHCh plasma (PRP)]. _
it tends to adsorb in high quantity on the biomaterial surfaces. 1€ presence of plasma proteins adsorbed on our samples
Although the importance of Fbg in mediating platelet adhesion Was stqdled utlllzmg a particular approach for th.e selective
on several biocompatible materi#is?” has been widely rec- desorption of proteins from the surfaces. It consisted of the

ognized, up to date no studies have been conducted on the rolsequential use of three different selective eluent solutions, to
of Fbg in the conformation. assess the nature of the forces involved in the interaction on

the protein-surface and to discriminate the strength of protein
binding to polymer surfaces. The identification of the main
serum proteins adsorbed was obtained using SDS-PAGE and
Western Blot.

B

The platelet adhesion receptor system is very well defifiéf.
Most of the receptors belong to the integrin family, and the
fibrinogen receptor (GPIIb-1lla) is the most abundant and active
platelet receptor interacting with the Fbg RGD motif contained
in its a-chain, as well as the carboxyl-terminus ofyitehain31-36

In addition, other integrins with primary, but not exclusive, Experimental Section
specificity are present on the platelet membrane, such as the
GP Ic/lla (sf1) and the GPdsf33) that play an important role
in platelet adhesion to the surfaces of the materials interacting
with fibronectin, vitronectin, and laminin. The extent of their

'”ﬁ?'ﬁ?}‘em '? St”cﬂy d?p?”de”t or?t.éevifa'h famo?* arlnong niline hydrochloride, 1-ethyl-3-[3-(dimethyl-amino)propy] carbodiimide
whic € surface ¢ emlca'compostll 1ohwhich can ee’[:)y hydrochloride (EDC), and all of the other solvents used for the chemical
affect the protein conformation and “molecular potency”. reactions, as well as foetal calf serum (CFS) and all other reagents,
The "molecular potency” of a protein in the adsorbed or were purchased from Fluka-Sigma-Aldrich Spa (Germany); fibrinogen
bound form is strictly connected with the conformation and powder was purchased from Calbiochem Inc.
orientation of the protein interacting with the material. Methods (see Figure 2)Preparation of PolysaccharideProtein
Most of the techniques used for the analysis of protein SurfacesThe preparation of pollysa(.:chgrielprotein surfaces involved
structures, such as X-ray crystallography and NMR, are able to three se_quentlal steps: (1) _amlnosuanlzatlo_n of the glass substrate; (2)
provide detailed information about protein conformation, but SYnthesis of the photoreactive polysaccharides (HyabiNHyalS-N;)
they cannot be successfully used in the surface analysis.2"d grafting of the polysaccharides onto the aminosilanized glass; (3a)
Consequently, the “in situ” analysis of protein conformation is SYNthesis of the photoreactive fibrinogen (Fbg-ahd its binding onto
commonly performed using a low-resolution spectroscopic the polysacchgrlde surfaces, or (3b) adsorption of the natlvg Fbg on
method, such as circular dichroism or attenuated total reflection the photoreactive polysaccharides [step 3a excludes 3b and vice versa).

. . Aminosilanization of the Glass Substraf® provide superficial
Fourier-transform infrared (ATR-FTIR) spectroscopy. binding sites to the polysaccharide chains, as well as to increase the

The latter permits us to get information about the secondary hydrophilicity of the surface, the glass coverslips were aminosilanized
structure of proteins, without establishing the precise three- as follows? 12 mm diameter glass coverslips were first cleaned using
dimensional location of individual structural elemefit$re- Caro’s solution, and then soaked in 0.5 M NaOH solution to remove
cisely, FTIR extracts information on protein secondary structures the excess acid. After that, they were incubated in a 1% solution of
from empirical correlations between the frequencies of certain 3-aminopropyl-3-aminoethyl-trimethoxysilane in acetic ethanol (plt%v

Materials. The sodium salt of hyaluronan (Hyal-Na, MW 240 000)
was supplied by Biophyl S.p.A. (ltaly), while its sulfate derivative
(HyalS) has been prepared in our laboratories as previously desétibed.
The Dowex 50W 8X resin, the sulfur trioxide complex, 4-azidoa-
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Table 1. Sample Abbreviations Table 2. Classification of Adherent Platelets as a Function of
Their Morphology?
sample
Hyal with bound fibrinogen Hyal-Fbgsng platelet shape description of morphology
HyalS with bound fibrinogen HyalS-Fbggnd round (R) round or disk-shaped morphology and
Hyal with adsorbed fribrinogen Hyal-Fbgads absence of pseudopodia
HyalS with adsorbed fibrinogen HyalS-Fbgads dendritic (D) disk-shaped morphology, few

pseudopodia, and absence of spreading

spread-dendritic (SD)  with several pseudopodia, some of them
flattened onto the material surface and
with hyaloplasma expanded among
pseudopodia

for 20 min followed by alternate washing with ethanol and distilled

water. The coverslips were then dried using a flow of compressed air.
Synthesis of the Photoreaati Polysaccharides and Their Grafting

on the SubstrateThe conjugation of Hyal or HyalS with the

- . . . . . spreading (S with hyaloplasma expanded amon
4-azidoaniline (photoreactive unit) was obtained as previously re- P 9 pse);dogodia P g
21 Briefly, an lished molar ratio (1:2:2) of Hyal-Na or HyalS-
ported tefly, an established molar ratio ( ) of Hyal-Na or HyalS fully spread (FS) with hyaloplasma completely spread with

Na, 4-azidoaniline hydrochloride, and EDC, respectively, was dissolved
in double distilled water. The solution was stirred &tClfor 24 h in
dark conditions, dialyzed against double distilled water in a dialysis 2 pjatelet activation: determination of the PF4 release by ELISA test.
tube with a 12 KDa cutoff, and then freeze-dried. The photoreactive Commercial enzyme-linked immunosorbent assay (ELISA) platelet activa-
polysaccharides were referred to as HyaleKHyalS-N;, respectively. tion was used to determine the amount of the released PF4. Activation
. . analysis has been performed in triplicate for each sample.
Afterward a 1 mg/mL aqueous solution of the photoreactive

polysaccharide (1 mg/mL) was deposited on the pretreated glass after incubation, as previously reportétithe PRP was removed
substrates and irradiated with a UV source (Helios Italquartz GRE, g the samples were washed with phosphate buffered saline (PBS pH
power 400 W) at a distance of 40 cm for 60 s. The success of the — 7.4) to remove non-adherent platelets.
reaction was checked by infrared spectroscopy to identify the presence  Next, the adherent platelets were fixed in 2.5% (v/v) glutaraldehyde
of the azide grouf} (data not shown). in 100 mM sodium cacodylate for 30 min, washed in 100 mM
Synthesis of the Photoreasti Fibrinogen and Its Binding to the  cacodylate buffer for 30 s, rinsed with distilled water, and left standing
Polysaccharide Surface3o bind Fbg to Hyal/HyalS film using the in dehydration solutions (70% v/v, 90% absolute ethanol) for total
photoimmobilization process, it was also necessary to conjugate theplatelet dehydration. Finally, the samples were desiccated overnight
Fbg with the 4-azidoaniline molecules. Fibrinogen, the 4-azidoaniline under vacuum and then sputtered with gold.
hydrochloride, and the 1-ethyl-3-[3-(dimethyl-amino)propyl] carbodi- SEM at 15 kV acceleration voltage was used to observe the total
imide hydrochloride (EDC) were dissolved in PBS pH 7.4 at the numerical density of the adherent platelets and to describe their
established molar ratio of 1:2:2, respectively, and the reaction was characteristic shapes.
conducted for 24 h, at-4 °C, in dark conditions and under constant Adhered platelet classification has been carried out in accordance
magnetic stirring. The solution was then dialyzed against a solution of with Cooper et al.’s standard%yeported in Table 2.
PBS pH 7.4 in a dialysis tube with a cutoff of 12 kDa. In the end, the  Surfaces have been placed at the bottom of a 24 multiwell plate and
samples were freeze-dried. The photoreactive Fbg was referred to asncubated fo 3 h at 37°C with 1 mL of PRP in static conditions.
Fbg-Ns. The success of the reaction was checked by infrared spectros-After incubation, the PRP was mixed with specific inhibitors and
copy to identify the presence of the azide group (data not shown).  processed according to the instruction manual (AsserachromPF4,
Afterward, 100uL of a 0.33ug/mL solution of Fbg-N was cast Diagnostica Stago, Ashies, France). Next, the absorbance of the
onto the photoreactive polysaccharide surfaces and left to dry in dark samples was read at 492 nm using a Biotrak Il Microplate Reader
conditions. Subsequently, the samples were irradiated with a UV lamp (Biochrom Ltd., UK). A standard curve, previously obtained using three
(Helios Italquartz 400 W) for 60 s at a distance of 40 cm from the standard solutions, has been used to extrapolate the PF4 release in each
source. The unbound Fbg was removed by washing with PBS and sample from the corresponding absorbance value.

absence of distinct pseudopodia

bidistilled water. Selectie Blocking of GPIIb/llla Platelet Membrane Receptdio
Hyal with bound fibrinogen was referred to as Hyal-Ehgand understand the mechanism involved in platelet adhesion, the GPIIb/
HyalS with bound fibrinogen as HyalS-Fig See Table 1. Illa platelet membrane receptors for Fbg were blocked by monoclonal
Fibrinogen Adsorption100 uL of a PBS (pH 7.4) 0.33:g/mL antibodies in the following way: Nonspecific sites were blocked by

solution of Fbg was dropped onto the polysaccharide surfaces and |eft§uspending tryp;inized platelets in 3% bovine. serum albumin (BSA)
to adsorb on the layers of Hyal and Hyal$ ®h at 37°C. All of the in PBS for 30 min at 37C; platelets were centrifuged at 900 rpm for

surfaces were washed by dipping in double distilled water for 20 min. 5 min and suspendeq in DMEM;=D uL of antibody solution was
. . L added to 10cells and incubated at room temperature for38 min;

The samples obtained with adsorbed fibrinogen gEHgwere latel ifuaed at 900 f . d ded i
referred to as Hyal-Fhg. and HyalS-Fbgs, See Table 1 platelets were centrifuged at rpm for 5 min and resuspended in
) ) e s - . complete DMEM; and 3x 10* platelets were put in contact with each
Biological Analysis. Platelet Isolatlon.Fresth_ obtained citrated sample for 24 h at 37C in 5% CQ humidified atmosphere, and their

blood from 10 healthy human donors was centrifuged ag¥60 15 adhesion was evaluated by scanning electron microscopy (SEM).

min at room temperature. After centrifugation, the platelet-rich plasma  The Role of Serum Proteins in the Plateldaterial Interactions.
(PRP) was removed from the basal leukocyte and erythrocyte phasegyperiments were performed to investigate the type of serum proteins
and collected. The final mean concentration of platelets in PRP has ot adsorb on the polysaccharide surfaces treated with Fbg (Hyal-
been adjusted to 250 000 platelgts/by dilution Wlth plat_elet poor Fbgas Hyal-Fbgna HyalS-Fbges HyalS-Fbgng when placed in
plasma (PPP). The PPP was produced by centrifugation of citrated qontact with the serum. The presence of proteins was ascertained by

human blood from the same donors at 39d0r 10 min at room SDS-PAGE. Furthermore, the same surfaces were incubated with the
temperature. platelets.
Platelet AdhesionScanning electron microscopy (SEM, XL20 Evaluation of Adsorbed Serum Proteins by SDS-PAE#al and

Philips, The Netherlands) has been used to characterize plateletHyalS surfaces were incubated for 30 min with serum proteins at 37

adhesion. The analysis has been performed in triplicate for each sample°C and then washed with water to remove the loose or non-adsorbed
Each material was placed at the bottom of a 24 multiwell plate and proteins. The supernatants were kept individually in an Eppendorf tube

incubated fo 3 h at 37°C with 1 mL of PRP in static conditions. and then freeze-dried. CDV
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Afterward, the contribution of electrostatic attraction forces on the Adhered Platelets
protein adsorption was evaluated incubating the surfaces with 500 uL

of Laemmli sample buffer [62.5 mM Tris-HCI, pH 6.8; 25% glycerol; E 500 7|,
2% SDS 0.01% Bromophenol Blue] four times (20 min time) at room S ,
temperature under shaking (using an orbital mixer). z q00 |
In addition, the classical treatment with SDS was followed by three '% 1
further elution steps of 20 min each at room temperature with:800 g 300 1] 4 !
of a stronger buffer made of Laemmli buffer, urea 5 M, and ¥ . r #
2-mercaptoethanol 5%8.In these solutions, the eluting power of SDS g 200 - r]
was strengthened by the chaotropic action of urea and the reductive g L — R S ——
action of 2-mercaptoethanol. g 100
At the end, the influence of hydrophobic forces was investigated on 2. P I l ||

fresh samples, previously incubated with serum, using isopropanol/
water solution at increasing concentrations (10%, 30%, 50%, 70%) as
the eluting agent.

Supernatants were then freeze-dried, and the collected fractions wer
properly treated to perform the SDS-PAGE. This was done in the
following way: Solid lyophilized fraction eluted with water washes  positions and half-heights. The frequencies were fixed at the values
and isopropanol/water solutions was resuspended ipL16f SDS- previously determined by FSD, whereas the peak intensities were
PAGE sample buffer [Laemmli buffer and 5% (v/v) of 2-mercaptoet-  adjusted manually to obtain a fitting curve that could be superimposed
hanol], except for the supernatant from the first water wash, which vty the original contour as far as possible.
was dissolved in 5@L. All intensities were iterated to obtain the minimum rms (root-mean-

The fraction eluted with Laemmli buffer was added to a 2-mercap- square) error of differences between the original protein spectrum and
toethanol, and then all of the fractions were boiled for 3 min and loaded the sum of all individual resolved bands.
on a 10% acrylamide gel. SDS-PAGE was performed at a 100 KV All of the intensities and frequencies were fixed at the obtained

Hyal HyalS Hyal-  HyalS-  Hyal-  HyalS-
FbgAds  FbgAds FbgBnd FbgBnd

eFigure 3. Platelets adhered on the tested surfaces.

constant voltage according to Laemmli’'s metiodsing a Bio-Rad values, while all of the widths were iterated.
Mini-PROTEAN Il system (Bio-Rad, UK). The electrophoresis was All frequencies were iterated, and the other variables were kept
also carried out on 1L of 0.2% serum in distilled KD and of constant.

prestained broad range standard by Bio-Rad, used as control. Protein  After the iterative process was completed, the band areas of the peaks
bands were detected by the silver stain proceuiging a Silver Stain -~ from 1700 to 1600 crri were determined and expressed as a percentage
Plus kit (Bio-Rad SpA) or Sypro Ruby (Bio-Rad SpA). of the total peak area in this range.

Instrumental Analysis. ATR/FTIR Analysisinfrared analysis was Only converged solutions with minimum values of redué@dnd
performed at room temperature using a FT-IR spectrometer Bio-Rad standard deviations have been considered satisfactory.
FTS 6000 purged with nitrogen. The ATR spectra of dry samples were ~ As emphasized by Surewichz and Mant$€lwith these methods
recorded with a horizontal (PIKE) ATR accessory equipped with’a 45 band narrowing is achieved at the expense of the original spectral shape.
Ge ATR crystal and a mercurium cadmium telluride (MCT) detector. Consequently, despite its simplicity and potentiality, this type of data
One hundred and twenty-eight (128) scans at a resolution of 4 cm  processing is not a routine procedure. On the contrary, the difficulties
were averaged for each spectrum. Recorded spectra were elaboratedssociated with obtaining artifact introduce a certain degree of
by baseline correction (multipoint method) and smoothing (boxcar subjectivity in the analysis and make the FSD method an analytical
function; 9 N. of P.) using the software WIN-IR PRO version 2.6. tool to use carefully, applying well-established data processing

ATR-FT spectroscopy was used to study the conformational changesparameters’
of bound or adsorbed Fbg, taking into account the amide | region
(1690-1620 cnT?) of the spectrum.

The polysaccharide (Hyal/HyalS) spectrum was subtracted from the

spectrum of the corresponding_syste_m containing the Fbg to obtain the In Figure 2a is reported a schematic representation of two
difference spectrum qf the protel'n, wh!ch reflects the secondgry structure yisrarent approaches to functionalize the polysaccharide surfaces
of _the_proteln upon its interaction Wlth_the polyme_r. Protein charac- with adsorbed fibrinogen (A) or bound fibrinogen (B).
terization was derived from the comparison of the difference spectrum Each step of analysis was monitored by ATR FTIR spec-
of :? ter?Ctgglf?;zcr;?gﬁtiE:g(i:SD) and Cure Fitting (CF) Analysis troscopy, which demonstrated the complete covering of the
ourier e . ; ur 9 ySIS. coverslips by the polysaccharide and then of the polysaccharide
Fourier self-deconvolution resolution enhancement was applied to lavers by the Fb
narrow the widths of infrared bands and increase the separation of the yBioIog>ilcaI Ana?);sis Platelet Adhesion and Actition. The
overlapping components. L . L
Th pping poner : four samples were incubated with platelets suspended in PRP.
e self-deconvolution parameters were set according to Byler and In Figure 3 is reported the number of the platelets that adhered

Susi®® 14 cnr? for the full bandwidth at half-height (fwhh) and 2.4 - . ) | ¢ latel
for the resolution enhancement factor. These values lend themselvest0 the different materials when in PRP. Only a few platelets

to satisfactory resolution enhancement, enabling the determination of 2dnered on Hyal and HyalS surfaces. In this case, they showed
the number and position of the amide | component bands. The self- limited shape deformation and can be classified as dendritic
deconvolution method was used only to extract the essential input (disc-shaped morphology, few pseudopodia, and absence of
parameters for the curve fitting analysis that has been performed onSpreading) and spread-dendritic (with several pseudopodia, some
the original amide | band spectruth. of them flattened onto the material surface and with hyaloplasm
Before curve fitting was carried out, a two-point baseline correction €xpanded among pseudopodia).
at 1700/1600 cmi for the amide | band was performed, which allowed When Fbg was merely adsorbed on Hyal or HyalS, the
for a horizontal baseline. The curve fitting was accomplished employing humber of adhered platelets decreased considerably and assumed
Grams/Al software. The general procedure was as follows: a round shape characterized by the absence of pseudopodia.
The components detected by the self-deconvolution method have Furthermore, as is evident from the quantification of the PF4
been considered and entered into the program along with their respectiverelease (Figure 4), these platelets had a low degree of active?BQ/

Results
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26 PRR Platelt Rich Plasma Table 3. Platelet Adhesion on Hyal and HyalS with and without
e e s Adsorbed or Bound Fibrinogen
Hyal-FbgAds  Photoimmobilised Hyal with K
20 oS FbgAdS o e o with sample platelet behavior
coating of adsorbed Fbg i e
Wy FrgBnd  Photoirunotiksed Hyed Wth Hyal few dendritic (D) and/or spread-dendritic (SD)
£ " oo HyalS with HyalS few dendritic (D) and/or spread-dendritic (SD)
§. Hyal-Fbg (Ads) few round (R)
T 10 HyalS-Fbg (Ads) few round (R)
HyalS-Fbg (bound) fully spread (FS)
5 Hyal-Fbg (bound)  fully spread (FS)
& F o e S o _The classification o_f platelet morphology after_the interaction
¢ A Q@X p @«9 *69& with the polysaccharide surfaces was summarized in Table 3.
. f" o Evaluation of the Role of Serum Proteifi$ie serum proteins
mples . . .
* At p= 0,05 the means are significantly different from the control (Glass) present in the medium used for culturing platelets may
Figure 4. Activation of platelets as PF4 (IU/mL) in PRP after 3 h of potentially ad_sorb Or? the Fbg layer, interfering with the direct
incubation at 37 °C in static conditions. The amount of PF4 released platelet-Fbg interaction.
from activated platelets was determined by ELISA assay. Therefore, an SDS-PAGE analysis was carried out to ascertain

the presence of proteins in the fractions eluted from the surfaces
much lower than that of the glass control material, but similar containing Fbg preincubated with serum proteins.
to that of the native Hyal and HyalS surfaces. In the fractions eluted from all of the Hyal(S)-Fbg surfaces
In contrast, Fbgh,q to Hyal and HyalS determined the (either bound or adsorbed) pretreated with serum, proteins were
formation of a platelet-carpet that completely covered the surfacedetected only in the | and Il #D fractions. As is evident in
of the polysaccharide (Figure 5). comparing Figure 6a and b, the first twa® fractions had
Platelets showed a fully spread morphology on glass as well electrophoretic profiles similar to that of serum. On the contrary,
and a high degree of activation: the amounts of PF4 releasedno proteins were detected in the other eluted fractions (Figure
are the greatest of the series and comparable to that of the glas§c—e), which demonstrated that serum proteins were not present
control material (Figure 4). on the surfaces containing Fbg.

Platelets

Platelets

Hyal Fbg-Ads

Figure 5. SEM images of platelets adhesion on Hyal-Fbggnq () and HyalS-Fbggng (b); Hyal-Fbggeng (c) and HyalS-Fbggng (d); and Hyal-Fbggnd
(e) and HyalS-Fbggnq (f). CDhV



528 Biomacromolecules, Vol. 8, No. 2, 2007

Chiumiento et al.

iilcld |

Figure 6. Electrophoretic patterns of fractions eluted from HyalS surfaces containing Fbggng: (2) serum; (b) | and Il water fractions; (c) |
Laemmli buffer fraction; (d) | modified Laemmli buffer fraction; and (e) isopropanol/water solution fractions.

Figure 7. SEM image of platelet adhesion on glass after blocking
the GPlIb/llla receptors.

Hyal-BndFhg+Fits no

Figure 8. SEM image of platelet adhesion on Hyal(S)-Fbgagds and
Hyal(S)-Fbgend surfaces after blocking the GPIIb/Illa platelet mem-
brane receptors.

The presence of Fbg evidently prevents the adsorption of

A - Native Fbg
o W, VAR

1 / X

. FbgAds on HyalS
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£ 048 'f/ Wy / N
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Figure 9. ATR-FTIR spectrum Fbgags on Hyal, Fbgags on HyalS, and
native Fgb.

such as fibronectin, vitronectin, etc., which modulate platelet
adhesion and activation.

Instead, on the Hyal(S)-Fhg and Hyal(S)-Fbghq surfaces,
where no other proteins are adsorbed, the interaction between
Fbg RIBS and GPIlIb/llla LIBS is the only mechanism ruling
the platelet adhesion.

Instrumental Analysis: Evaluation of Fbg Conformation.

ATR FT-IR Fourier SelfDeconvolution (FSD), and Cure
Fitting (CF) AnalysisThe conformational changes that occurred
after Fbg adsorption or chemical binding on Hyal and HyalS
surfaces were evaluated performing an ATR FTIR analysis
combined with Fourier self-deconvolution and curve fitting
calculations.

At first, the Fourier self-deconvolution was used to determine
the number and the position of the amide | component bands.
Next, the curve fitting analysis was done on the original amide
| spectrum of each sample (Figures 9 and 10).

Details about the frequencies and the percentages of Fbg

further serum proteins, and consequently the only hypothesisamide | composition are reported in Table 4.

that may be advanced is of weak and transient inter- As it can be seen in Figure 11, the native Fbg conformation
facial interactions among the surfaces and the soluble serumconsists of different coexisting structuregi-sheet (32%),
proteins. a-helix (45%), and3-turns and bends (23%§:4°
To assess the molecular pathway involved in the surfaces When Fbg was adsorbed on Hyal, a strong rearrangement
containing Hyal(S)-Fbg platelets, the selective blocking of the occurred (Figure 12).
GPIIb/llla platelet membrane receptors was performed. Only A strong decrease af-helix domains (from 45% to 22%)
the control material (glass) was still able to induce platelet corresponded to an increase of {hesheet component (from
adhesion (see Figure 7), whereas no platelet adhesion occurre®2% to 52%), while the percentage ffturns and bends did
on all of the surfaces containing either adsorbed or bound Fbgnot change.
(Figure 8). Fbg adsorption on HyalS surfaces, instead, determined a
On glass, the platelet adhesion even after the blocking of the massive conversion of thee-helix domains (from 45% to 27%)
GPlIb/llla may be due to the presence of other adhesive proteinsmainly into newp-sheet structures. cDV
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According to Fabian et a? the shift of the amide | bands N
to a lower wavelength than those of the native protein is Figure 13. Fbgas on HyalS: amide I curve fitting.
consequent to the protein interaction with the material. There-

fore, the appearance of a band at 1625 &rfFigure 13) (Figure 15). In this case, thstructures were represented only
demonstrated that a small percentage (11%}-sheet com- — p one component band at 1619 chf36%). The shift to such
ponent Fbg interacted with the polysaccharide superficial chains, g, wavelengths with respect to the native Fbgtructures can
by means of H-bonds and/or van der Wals forces. be interpreted as an evidence of the distortion of grgpe

The chemical immobilization of Fbg on the Hyal surfaces gy ctyres due to massive interaction with the polysaccharide
led to the complete disappearance of théelix component, chainss®

the slight decrease of theturns and bends, and, overall, the
massive formation (37%) of new low frequency antiparallel
B-sheet structures (band at 1624 dinvolved in stronger
H-bonds and/or superficial van der Wals interactions with the
polysaccharide surfaces (Figure 14). Platelet adhesion and activation are important parameters
Differently, the Fbg binding to HyalS surfaces determined a characterizing the hemeocompatibility of biomaterfaiZIt is

slight increment of ther-helix component (from 45% to 52%)  well known that the pre-adsorption of proteins on the material-
and a simultaneous decrease of fheirns and bands structures  surface, either as a multicomponent protein mixture or as a single

Discussion

Table 4. Amide | Frequencies and Assignments

extended chains

[-sheet
low components high components a-helix unordered turns and bends

native Fbg 1634 1651 1670 1686
(32%) (45%) (12%) (11%)

Fbg Ads on Hyal 1612 1637 1656 1676

(3%) (52%) (22%) (23%)
Fbg Ads on HyalS 1628 1638 1652 1668 1681
(11%) (35%) (27%) (5%) (22%)
Fbg Bnd on Hyal 1624 1638 1663 1689
(37%) (41%) (13%) (9%)

Fbg Bnd on HyalS 1619 1652 1674

(36%) (52%) (12%)

Ccbv
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protein solution, can improve or inhibit the adhesion and the
activation of platelet§3-54

The ability to modulate the platelet response is related to
several factors such as surface hydrophilicity and charge or
protein mobility and orientation on the surface.

In an our previous worR,the adsorption or the chemical
binding of fibronectin to the Hyal and HyalS surfaces enhanced
the in vitro adhesion of the human fibroblasts on the polysac-
charide surfaces.

Concerning the platelet adhesion and activation, several
studies demonstrate the importance of Fbg distribution on the
surface, emphasizing the necessity of considering not only the
quantity of Fbg present on the surface but also the exposition
of the peptide sequences regulating the interaction with the
biological systen?>56 Recently, Massa et &l.underlined the
strict correlation existing between platelet adhesion, activation,
and Fbg distribution and orientation that alter the manner by
which platelets adhere to the surface.

Considering that the plateleFbg interaction is considered
to be direct because no serum protein adsorption occurs eithe
on the Fbggs or on the Fbgng layer, our studies confirm this
relationship and stress the importance of the protein conforma-
tion and orientation on the surface. In fact, despite the chemistry
of the surface, the adsorption or the chemical binding of the
Fbg to the polysaccharide led to considerable conformational
changes that affect its “molecular potency”. Moreover, as the

Chiumiento et al.

ruling platelet adhesion and activation, as demonstrated by the
selective blocking of the GPIIb/llla platelet receptors, it is
straightforward to affirm that the platelet adhesion and activation
on the Hyal and HyalS surfaces containing Fbg is related to
the rearrangement of the Fbg and precisely to the exposition of
its receptor inducing binding sites (RIBS).

Actually, the conformational rearrangement of khgwas
different from that of the Fhggy and determined a different
platelet response.

In the first case, after adsorption, the decrease oéthelix
components determined the formation of ngwtructures, of
which just a small percentage interacted with the polysaccharide
surfaces, completely unsetting the Fbg ability to express the
adhesive activity.

In the latter case, the chemical immobilization of the
polysaccharide chains led to a considerable distortion of the
p-components of the Fbg, inducing the exposition of the Fbg
RIBS and consequently platelet adhesion and activation.
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