EFFECT OF SURFACE CHEMICAL MODIFICATION ON
HYDROPHILICITY, PROTEIN ADSORPTION AND

PLATELET ADHESION

Carla Sofia Nogueira Rodrigues Teixeira

Tese submetida a Faculdade de Engenharia do Porto para candidatura a

obtencdo de grau de Mestre em Engenharia Biomédica

Faculdade de Engenharia

Universidade do Porto

2004



This thesis was supervised by:

Professor Mario Adolfo Barbosa

Faculdade de Engenharia, Universidade do Porto

Dr. Maria Cristina L. Martins

INEB-Instituto de Engenharia Biomédica, Laboratdrio de Biomateriais

The host intitution of this thesis was:

INEB-Instituto de Engenharia Biomédica, Laboratdrio de Biomateriais

Universidade do Porto, Portugal

The research described in this thesis was financially supported by:

European project: Novel intervertebral Disc Prostheses (n® GSRD-CT-2000-00267)



...to Hugo

"To obtain Knowledge, add things everyday; to get Wisdom, delete things everyday"

Chinese philosopher Lao Tsu



Acknowledgements

This thesis has been a process of self-discovery and | have quite a number of people to
thank for it.

Firstly, I would like to express a deep sense of gratitude, esteem and affection towards
my supervisor Prof. Mario Barbosa, for his criticism, suggestions and inspiration. Your
time and effort in guiding me along this long road are greatly appreciated. | wish to
sincerely thank for your support, excellent conditions and working environment at the
Laboratory.

I wish to express my warmest thanks to my co-supervisor Dr. Cristina Martins, for
valuable ideas, advice and trust in me during this research. Your enthusiasm sustained
my research through disappointments and difficulties. You have helped immensely in
clarifying many points. Thanks for all the support and friendship.

| also would like to acknowledge the collaboration of several persons from the

following institutions:

Centro de Materiais da Universidade do Porto (CEMUP)- Dr. Carlos Sa for his help
and availability during the X-ray Photoelectron (XPS) and Scanning Electron

Microscopy (SEM) analysis and Daniela Silva for the assistance on SEM.

Institute of Composite and Biomedical Materials (ICBM), National Research Council
and Interdisciplinary Research Centre in Biomaterials, University of Naples ‘Federico
I1I’- Professor Luigi Ambrosio for his availability, Dr. Filippo Causa and Antdénio Gloria

for the helpful discussions about composites and their mechanical behaviour.

Instituto da Investigacdo da Floresta e Papel RAIZ - Dr. Fernanda Paula Furtado for the
availability in ozonation treatments and Sousa Pinto for the technical support.

Instituto de Engenharia Mecénica e Gestdo Industrial (INEGI) — Professor Torres
Marques for the availability, Eng. José Esteves for the helpful discussions and for
sharing his expertise in tensile strength tests and and Paulo No6voa for the technical

assistance.

Instituto Superior de Engenharia do Porto ISEP- Professor Mario Carvalho and Eng.

Paulo Silva for the support in the UV treatments.



Instituto Portugués do Sangue IPS- Dr?® Marilia Morais and Dr? Salomé Maia for the

availability, Ana Sofia Oliveira and Raquel Pacheco for technical support.

I wish to thank Alexandre Salvador for the assistance in flow citometry analysis and Dr2
Paula Sampaio for the assistance with the fluorescence microscope.

I would like to express my gratitude to Pedro Granja who supported me through many
valuable discussions and invested a lot of time to share his knowledge with me. Thank

you for reading over and over my drafts!!

I am very thankful to Professor Fernando Jorge Monteiro, Ana Queiroz and Inés
Gongcalves (my angel...) for all the scientific discussions, advices, encouragement and
friendship. 1 am grateful to Sandra Teixeira for all the support and friendship, Manuela
Bréas for technical support and for the “ten minutes”. Add to this Ana Paula Filipe, our
secretary, whom | will thank as a representative of all those people | bothered

repeatedly and was rewarded only by their kindness and generosity. Thank you to all!!!

I would like to especially thank my parents, family and friends for their love and
support. Especially to my father, who had provided critical feedback during the writing

of this thesis, but even though I still love you!

This thesis is dedicated to my husband, Hugo, for his cherished and constant support of
me throughout my graduate career. Thank you for your patience and understanding, for
your inspiration and support, and for always being there for me. Your love and presence
in my life has given me strength and determination in such a way that only you would
know. | couldn’t have made this far without you by my side. | love you!!



International Conference Proceedings Books

Rodrigues Teixeira S, Ferreira L, Granja PL, Barbosa MA. Composite hydrogels as
Intervertebral Disc Substitutes — Wettability studies and mechanical characterization of
PHEMA hydrogels reinforced with ozonated bundles of PET fibers. BioEvora2004 -

XXVII Symposium of the SIB. Evora, Portugal, Sept 9-11, 2004. p. O19.

Ferreira L, Rodrigues Teixeira S, Evangelista MB, Barbosa MA. Composite hydrogels
as Intervertebral Disc Substitutes - I. Surface ozonation of poly (ethylene Terephthalate)
fibers to improve their adhesion to PHEMA hydrogels. BioEvora2004 - XXVII

Symposium of the SIB. Evora, Portugal, Sept 9-11, 2004. p. O12.

Rodrigues Teixeira S, Granja PL, Barbosa MA. PHEMA hydrogels reinforced with
modified PET fibers for biomedical applications. 18th European Conference on

Biomaterials. Stuttgart, Germany, October 1-4, 2003.


http://www.ineb.up.pt/ineb.asp?cat=person&id=299
http://www.ineb.up.pt/ineb.asp?cat=person&id=433
http://www.ineb.up.pt/ineb.asp?cat=person&id=2
http://www.ineb.up.pt/ineb.asp?cat=person&id=299
http://www.ineb.up.pt/ineb.asp?cat=person&id=1
http://www.ineb.up.pt/ineb.asp?cat=person&id=2

Abstract

One relevant aspect of surface modifications of biomaterial applications resides in the
alteration of chemical and physical properties of the surface maintaining an adequate
mechanical behaviour. In this context, surface modifications can be used to improve the
compatibility of a material with the surrounding tissue as well as the interactions
between two different materials.

The present work is composed of two parts. The first part concerned the effect of
surface wettability on protein adsorption and on platelet adhesion, using model surfaces.
The second part was carried out in the framework of the European project “Novel
Intervertebral Disc Prostheses” and consists in developing a composite between the
hydrophobic poly (ethylene terephtalate) (PET) and the hydrophilic poly (hydroxylethyl
methacrylate) (PHEMA) by enhancing the interaction between these two polymers
through surface modification of PET.

When in direct contact with blood biomaterials are prone to induce the formation of
clots if platelets and proteins related with the blood coagulation system are activated,.
The effect of surface wettability on the adsorption of the plasma protein human
fibrinogen (HFG), as well as platelet adhesion, was investigated using self-assembled
monolayers (SAMS). In order to achieve a range of surfaces with different wettabilities
and exposed functional groups, SAMs were prepared with different percentages of
hydrophobic (-CHs, C15CH3) and hydrophilic functional groups (-OH, C110H).
Ellipsometry and contact angle measurements were used to characterize these surfaces.
The thickness and the contact angle of this SAMs decreased linearly as the
concentration of C110H increased. Fibrinogen adsorption also decreased linearly as the

hydrophilicity of the surface increased (increase of the C110H concentration), as
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detected by quantifying the radiolabelled protein. The mixed SAMs with 65% of the
C110H showed considerable HFG adsorption, when adsorption studies were performed
using a pure HFG solution. However, when albumin (HSA) was present as a
competitive protein, in a ratio HSA/HFG similar to that found in blood, these SAMs
showed lower HFG affinity. In addition, HFG pre-adsorbed on these SAMs could be
more easily exchanged by albumin in solution than by fibrinogen. Although the most
hydrophilic SAMs (100% C110H) showed the lowest HFG adsorption, competitive
studies demonstrated that this surface had the highest HFG affinity when other proteins
were present in solution. Scanning Electron Microscopy (SEM) micrographs showed
that platelet adhesion was absent for 65% C110H SAMs. In the case of the other SAMs
tested, the results showed an increase in platelet adhesion as the methyl (hydrophobic)
groups on the surface increased. Platelet adhesion was also high on gold. The
hydrophobic C15CH; SAM was highly platelet reactive because the shape of the

adhered platelet was mostly in spread dendritic and spread forms, as observed by SEM.

A composite material based on a PHEMA hydrogel matrix reinforced with PET fibers
modified by ozonation was developed in view of their application as a intervertebral
disc substitute. The results showed a dramatic decrease of the contact angle, from 74° to
unmodified PET to 38° after 6h of ozonation treatment in specific conditions. The effect
of PET’s hydrophilicity on its adhesion to PHEMA was then characterized by tensile
strength tests, and by analyses of the fracture surface’s morphology by SEM. The
adhesion between PET and PHEMA was thus improved, as shown by tensile strength
tests. SEM micrographs confirmed that the best adhesion between treated PET fiber and
PHEMA hydrogel matrix was obtained when PET fibers were treated with ozone for 6

hours and immediately immersed in a PHEMA reactive solution.
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Resumo

Um dos aspectos relevantes da modificacdo de superficies na aplicacdo de biomateriais
reside na alteracdo das propriedades quimicas e fisicas da superficie mantendo um
comportamento mecanico adequado. Neste contexto, a modificacdo de superficies pode
ser usada para melhorar a compatibilidade de um material com os tecidos circundantes
bem como para melhorar as interacgdes entre os dois materiais distintos.

O presente trabalho é composto por duas partes. A primeira parte esté relacionada com
o efeito da molhabilidade da superficie na adsorp¢do de proteinas e na adesdo de
plaquetas, utilizando superficies modelo. A segunda parte foi realizada no dmbito do
Projecto Europeu Novel Intervertebral Disc Prostheses, que consiste no
desenvolvimento de um composito entre o poli (etileno tereftalato) (PET) -hidrofébico-
e o poli (2-hidroxietil metacrilato) (PHEMA) -hidrofilico- através do incremento da
interaccdo entre od dois polimeros por modificacdo superficial do PET.

Quando em contacto directo com o sangue o0s biomateriais podem induzir a formacao de
coagulos se as plaquetas e as proteinas relacionadas com o sistema de coagulagdo forem
activadas. O efeito da molhabilidade da superficie na adsorpgdo da proteina sanguinea
fibrinogénio (HFG) e na adesdo de plaquetas foi estudado usando monocamadas auto-
estruturadas (SAMs). De modo a obter superficies com uma gama de molhabilidades
diversas e de grupos funcionais expostos, as SAMs foram preparadas com diferentes
percentagens de grupos funcionais hidrofébicos (-CHs, C15CH3) e hidrofilicos (-OH,
C110H). Utilizaram-se a elipsometria e a medicdo de angulos de contacto foram usadas
para caracterizar estas superficies. A espessura e 0s angulos de contacto destas
superficies decresceram linearmente com o aumento da concentragdo de C110H. A

adsorcdo de fibrinogénio também decresceu linearmente com o aumento da
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hidrofilicidade superficial (aumento da concentracdo de C110H), tal como determinado
por quantificacdo da proteina marcada radioactivamente. As SAMs mistas (65%
C110H) apresentaram uma adsor¢do de HFG consideravel nos estudos de adsorcédo
realizados com solucdo pura de HFG. Contudo, quando a albumina (HSA) estava
presente como proteina de competicdo, numa razdo HSA/HFG semelhante aquela
encontrada no sangue, estas SAMs apresentaram uma afinidade para o fibrinogénio
inferior. Para além disso, 0 HFG pré-adsorvido nestas SAMs foi mais facilmente
trocado pela albumina em solugdo do que pelo fibrinogénio. Embora as SAMs com
mais grau de hidrofilicidade (100% de C110H) tenham apresentado a mais baixa
adsorcdo de HFG, os estudos de competicdo demonstraram que esta superficie
apresentou a afinidade com o HFG mais elevada quando outras proteinas estavam
presentes. As fotomicrografias obtidas por microscopia electronica de varrimento
(SEM) demonstraram que adeséo de plaquetas foi nula em SAMs com 65% de C110H.
No caso das restantes SAMs ensaiadas, os resultados indicaram um aumento da adesdo
de plaquetas com o aumento de grupos metil (hidrofdbicos) a superficie. A adesdo de
plaquetas também foi elevada no ouro. As SAMs hidrofébicas de C15CHg induziram a
adesdo e a activacdo plaquetaria visto as plaquetas terem aderido na sua maioria sob a

forma espalhada e dendritica, o que foi observado por SEM.

Foi desenvolvido um material compdsito baseado numa matriz de hidrogel, PHEMA,
reforcado com fibras de PET modificadas por ozonacéo, para aplicacdo biomédica como
um substituto de disco intervertebral. Os resultados mostraram uma dramaética
diminuicdo do angulo de contacto, de 74°, no PET ndo modificado, para 38°, apds 6h de
tratamento por ozono em condicOes especificas. O efeito da hidrofilicidade do PET na
adesdo ao PHEMA foi seguidamente caracterizado através de ensaios de traccdo, e por

analise da morfologia das superficies fracturadas por SEM. A adesdo entre o PET e 0



PHEMA foi melhorada, como os testes de traccdo mostraram. As fotomicrografias
obtidas por SEM confirmaram que a melhor ades&o entre as fibras de PET tratadas e o
PHEMA foi obtida quando as fibras de PET foram tratadas por ozono durante 6 h e

imediatamente imersas numa solucéo reactiva de PHEMA.
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Effect of surface chemical modifications on hydrophilicity, protein adsorption and platelet adhesion

1. Introduction

1.1. Relevance and motivation

Surface modification is relevant in biomaterials applications as a tool to alter the chemical and
physical properties of the surface maintaining its appropriate mechanical behavior. In this
context, surface modification can be used to improve the interactions between two different

materials and also the biocompatibility of a material with the surrounding tissue.

a) Blood contact biomaterials

Knowledge of the interaction of proteins with surfaces is vital when developing new
biomaterials. When any foreign material is introduced into the body proteins immediately
adsorb and will determine how the body reacts to the implant. When in direct contact with
blood, and if platelets and proteins related with the blood coagulation system are activated,
biomaterials are prone to induce the formation of clots.

Gaining an understanding of the type, the amount and the way of blood protein adsorption is
essential for the characterization of the biointerfacial processes and also in designing new
biomaterials for biomedical applications, such as medical devices and disposable clinical
apparatus (vascular prostheses, blood pumps, heart valves) for contact with blood.

Surfaces that adsorb albumin are more hemocompatible since the adsorption of this protein
avoids platelet activation and the adsorption of other proteins that could induce the activation
of the coagulation system. On the contrary, the adsorption of fibrinogen induces the adhesion
and activation of platelets. Therefore, it is important to understand how blood proteins like
albumin and fibrinogen interact with biomaterials surface. In a previous research work

developed in our laboratory, the effect of surface wettability in protein adsorption was
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investigated using self-assembled monolayers (SAMs) prepared with different percentages of
a hydrophobic and a hydrophilic functional groups (-CH; and -OH, respectively).' Results
suggested that for a certain percentage of hydroxyl groups on the monolayer surface (65% + 6
of -OH) some selectivity to albumin adsorption was achieved. The higher degree of albumin
exchangeability observed for this surface also suggests that the native albumin conformation
was maintained. In the present work, these types of SAMs were prepared and their effect on

fibrinogen adsorption and platelet adhesion and activation was studied.

b) Intervertebral disc substitutes

Intervertebral disc degeneration, caused by prolapsed discs, trauma and mechanical related
causes, is one of the major causes of low back pain. The most common surgical treatment is
removal of the disc (discectomy) and spinal fusion. Another solution is the replacement of the
degenerated disc for an artificial disc substitute. The last procedure is gaining popularity since
it maintains physiological characteristics of the spine.

The spine consists of a series of roughly cylindrical bones (vertebrae) joined by flexible
intervertebral discs. Each disc consists of a soft centre (the nucleus) that is enclosed by a
fibrous outer layer (the annulus). The nucleus has a high fluid content and exerts a swelling
pressure that is balanced by tension in the annulus. In a damaged disc, the nucleus may cause
the annulus to bulge out and, in extreme cases, can even escape through tears in the annulus.
In the development of a total disc substitutes (nucleus, annulus and end-plates) several aspects
need to be addressed: preparation of composite intervertebral disc, interface improvement of
fiber/matrix and design and preparation of composite end-plates. In the present study it will

focus on the interface improvement of fiber/matrix (annulus).
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1.2. Objectives and outlines

In general, the most common polymers used in the medical field are hydrophobic. For this
reason, the incorporation of functional groups onto polymer surfaces to improve their
hydrophilicity, without changing the mechanical behavior of the material, is widely studied.
Chemical modifications of biomaterials surfaces are normally used to increase the

biocompatibility and the adhesion between different biomaterials.

The aim of this work was the modification of polyethyleneterephtalate (PET) surfaces in order
to enhance their interaction with the hydrophilic matrix (polyhydroxylethylmethacrylate,
PHEMA) and to produce a strong bond between these two polymers.

The effect of wettability on the adsorption of the plasma protein human fibrinogen (HFG),
and on the platelet adhesion was also studied using model surfaces. Self-assembled
monolayers (SAMs) containing mixtures of longer chain methyl- and shorter chain hydroxyl-
terminated alkanethiols on gold were used to produce a range of surfaces with different

wettabilities and exposed functional groups.

This thesis is organized as follows. In Chapter 1, “Introduction”, the state of the art regarding
surface interactions, self-assembled monolayers and implications of surface modification in
biomaterials applications is presented. Chapter 2, “Materials and methods”, deals with
materials and surface modification for intervertebral disc substitutes and protein adsorption
and platelet adhesion onto SAMs. In Chapter 3, “Results and discussion”, the methodologies
developed in the previous chapter are applied to intervertebral disc substitutes and blood
contact devices. Finally, in Chapter 4 conclusions and suggestions for future work are

presented.
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1.3. State of the art

A biomaterial is defined as a material intended to interface with biological systems to
evaluate, treat, augment or replace any tissue, organ or function of the body.” The study of
biomaterials involves investigations into their relevant characteristics, i.e., their mechanical,
thermal, electrical and especially their surface properties, for the surface is in contact with
living tissues. Thus, the study of these surfaces is crucial to determine their biological

behaviour and to evaluate their hydrophobic or hydrophilic character.’

Biomaterials are used to manufacture prostheses, implants, and surgical instruments.
Designed not to provoke rejection by our bodies (skin, blood, bone, etc.) they can be natural
(collagen, cellulose, etc.) or synthetic (metallic, ceramic, plastic, and others). Dental crowns
and contact lenses use biomaterials. Employed in plastic and reconstructive surgery, used to
make the tools needed to examine the human body, and expected to improve the deficiency of

an organ, biomaterials must be biologically compatible with the organism.

The first generation comprised mostly metals, alloys and polyester materials. Later, a second
generation emerged, labeled “medical grade”, which makes use of non-toxic materials easily
accepted by patients. Although these foreign objects are well tolerated, they cannot
completely integrate with living tissues. The third generation now under research focuses on
hybrid materials that associate inert and living material created by tissue engineering (for
example, skin cell cultures). Many biomaterials have been used due to their bioinertness or

bioactivity,"'® depending on the specific aim, but also on availability.

At present, research on biomaterials science is combining biomaterials, biotechnology and

molecular biology, in order to have biomaterials with a specific biological functionality.''™
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1.3.1. Surface interactions

Biocompatibility has been defined as the ability of a material to perform with an appropriate
host response in a specific application. *°

As it is requested, biomaterials are intended to biologically function properly; this specificity
leads to the incorporation of biologically active species at a molecular level. The study of the
interactions of biologically active species with materials is possible through the preparation of
structures consisting on materials, cells and proteins, that promote a specific biological
response after implantation.””- 1'% 41-42

The interaction of those species with the surface of biomaterials is usually responsible for the
biological behavior of implanted materials. The control of the protein monolayer adsorbed at
the moment of implantation is an important parameter.

Blood-material interactions trigger a complex series of events including protein adsorption,

platelet and leukocyte activation/adhesion, and the activation of complement and coagulation:

there processes are highly interlinked (Fig.1)

Hemostasis == ————————— —=|nflammation

Coagulation

Complement

\ Proteins /
Biomaterial

G 2

Flatelets Meutrophils
Monacytes

Figure 1. Overview of blood-material interactions showing the components relevant to thrombosis. Adapted

from Gorbet and Sefton.*

Several surface properties considerably influence the whole cascade of events that will dictate
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the biological performance of a biomaterial. Among these properties, hydrophilicity plays a

key role since it is a controlling factor of protein adsorption and cell adhesion.

1.3.1.1.Hydrophilicity

Hydrophilicity is the affinity for water of a substance caused by isolated charges or by highly

polar groups able to interact strongly with the polar water molecules.

In general, the major polymers used in industry are hydrophobic, thus are not very useful for
many biotechnological process.** For this reason, the incorporation of functional groups in the
polymer surfaces to improve the hydrophilicity, without changing the mechanical behavior of
the material, has been widely studied.

Hydrophobic surfaces are distinguished from hydrophilic by virtue of having Lewis acid or

base functional groups available for water interactions.*’

Hydrophobic interactions play an important role in protein adsorption. In case of a
hydrophobic surface, proteins adsorb on the surface via hydrophobic interactions.

In these types of interactions, compact monolayers are formed, there is no desorption and only
a slow partial exchange between adsorbed and dissolved protein occurs. Proteins are
predisposed to minimise exposition of their hydrophobic groups to the aqueous environment.
The adsorption process is often entropically driven with the gain in entropy arising from
dehydration of the adsorbent surface and structural rearrangements inside the protein

46-4
molecule.***
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1.3.1.2. Protein adsorption

There are biological responses to implanted biomaterials, including the clotting of blood and
the foreign body reaction. The basis for these reactions is the adsorption of adhesion proteins
to the surface of the biomaterials that are recognized by the integrin receptors presented in
most cells. In seconds to minutes, a monolayer of proteins adsorbs to almost every surface.”
Fibrinogen and albumin are the major constituents of adsorbed proteins. Other proteins are
adsorbed in smaller amounts like von Willebrand factor (vWF), fibronectin, a- and -

globulins, the coagulation factors XI and XII and HMWK (high-molecular-weight kininogen).

Proteins are complex molecules comprised of amino acid copolymer (polyamide) chains that

1

interact with each other to give the molecule a three-dimensional structure.”’ Protein

functional properties depend on their three-dimensional structures. Protein structure has been

described at four different scales (Figure 2).5% 33

The primary structure refers to the order and
number of amino acids in a copolymer chain. From the 20 amino acids building blocks
(residues), 8 have nonpolar side chains, 7 have neutral polar side chains and 5 have charged
polar side chains. Secondary structure results from hydrogen bonding associated with the
amide linkages in the backbone of the proteins to form structures as o-helix and p-pleated
sheet. Tertiary structure results from intramolecular associations, including ionic interactions,

salt bridges, hydrophobic and hydrophilic interactions, hydrogen bonding and covalent

disulphide bonds. Quaternary structure results from associations between amino acid chains.
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Figure 2 . Schematic representation illustrating the four structures of the proteins.”

Proteins are large and have a very folded structure corresponding to a large number of
different aminoacids. Thus, proteins have different surface domains with hydrophobic,
hydrophilic and negatively or positively charged character.****** The charges, positive and
negative, are distributed around the exterior of the protein, depending on the pH and the ionic
strength of the media. As a consequence, they are highly surface active.’ Figure 3

schematically shows the interactions of a protein with a surface with comparable character.*®

Hidrophobic,«greasy» domains

/. «Polar»
— donor-acceptor
) \ interaction
Solid
O A A
_1 Protein in
— o solution
—0
—0

Solid - solution interface

Figure 3. Schematic view of protein interacting with a well characterised surface. Adapted from Andrade and

Hlady.*
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Several factors contribute for the complexity of the protein adsorption process, such as
properties of the proteins, of the solid surface, and environmental conditions.>

Many authors have been studying protein adsorption, but a lot of aspects related with
mechanisms of protein adsorption are still unclear.**** 7 Hydrophobic and electrostatic
interactions and the structural stability of the protein are the most important events involved in

i : 46-49, 58-
protein adsorption process. 6-49, 58-60

Plasma Proteins

Adsorbed proteins affect biocompatibility in ways that are not completely understood.
Fibrinogen has been extensively studied because platelets involved in thrombosis and
hemostasis have a receptor for this protein. Adsorbed fibrinogen is often proposed to decrease
biological tolerance. Evidence suggests that fibrinogen adsorbed from blood to substrates

upon which the protein readily denatures may in fact promote biological behaviour.”

Fibrinogen

Fibrinogen is an exceptionally elongated molecule (Figure 4) made up of three globular units

connected by two rods (Figure 5) with a molecular weight of 340,000 dalton.®!

Albumin Fibrinogen
- <
66438 340000

Figure 4. Molecular weights and shapes of albumin and fibrinogen. ©*
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Fibrinogen is produced in the liver and has a plasma concentration between 2 to 4 mg/mL.* Tt
contains 10% charged residues and it is negatively charged at pH 7.4. The isoelectric point
(IEP) of fibrinogen is 5.5 and its dimensions are 5 x 5 x 47 nm’.**

Fibrinogen is important to the activation and aggregation of platelets.

coiled coil

% N-linked glycosylation
rFbgyC30 « thrombin cleavage site

Figure 5. Schematic representation of human fibrinogen.

Albumin

Albumin is the most abundant protein found in blood. Albumin is almost 60% of the total
protein in blood serum in a concentration of ~ 40 mg/mL (human adults). It is an ellipsoid
molecule (Figure 4) and consists of a single polypeptide chain containing 585 amino acids
with 17 intrachain disulphide bounds.®® ®” Albumin is one of the plasma proteins that is not a
glycoprotein, and it has the lowest molecular weight of plasma proteins with a molecular

weight of 66,438 dalton.®®
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Albumin contains a large number of polar and charged residues, with an isoelectric point of
4.7, indicating that in physiological conditions this protein has a negatively charge.’® The
protein was described to have an ellipsoid form with dimensions of 3.8 x 3.8 x 15 nm’.®®
Albumin is mainly adsorbed on a hydrophobic surface and least adsorbed on a negative
charged surface.”

Albumin is very important in the field of biomaterials due to its “nonthrombogenic* effect.

Figure 6. Schematic drawing of the HSA molecule. Each subdomain is marked with a different color (yellow for
subdomain Ia; green, Ib; red, IIa; magenta, IIb; blue, I1la; and cyan, IIIb). N- and C-termini are marked as N and
C, respectively. Argl17, Lys351 and Lys475, which may be binding sites for long-chain fatty acids, are colored

white.*’

11
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Figure 7. Schematic drawing of secondary structure elements and disulfide bridges of HSA. Helices are
represented by rectangles, and loops and turns by thin lines. Disulfide bridges are drawn with thick lines. The

sequence nomenclature is derived from Minghetti et al. (1986).”
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1.3.1.3. Cell adhesion

Platelets (thrombocytes) are non-nucleated, disk-shaped having a diameter of 3-4um and an
average volume of 10 x 10° mm’. Platelets are produced in bone marrow, circulate at an
average concentration of about 250.000 cells per microliter of whole blood, and occupy
approximately 0.3% of the total blood. Platelets functions are designed to arrest bleeding from
injured blood vessels through formation of a platelet plug, and stabilize the initial platelet

1
' In

plugs by catalyzing the coagulation reaction leading to the formation of fibrin.
nonstimulated state, the platelet discoid shape is maintained by a circunferencial bag

(cytoskeleton) of microtubes (Figure 8).

Mitochondrion
Surface connected

canalicular system Glycogen

Dense tubular

Platelet
receptors
(GPIband X .
GPlib/lla) §-

Lysosomal

i ranule
Microtubules Dense o Granule g

granule

Figure 8. Platelet structure.”’

The external surface coat of the platelet contains membrane-bound receptors (e.g.,
glycoproteins Ib and IIb/Illa) that mediate the contact reactions of adhesion and aggregation.

Platelets contain substantial quantities of muscle protein (e.g., actin, myosin) that allow the
internal contraction when platelets are activated. The secretion of their products such as
adenosine diphosphate (ADP) stimulates other platelets, which leads to a platelet aggregation

and the formation of a thrombus (Figure 9). Following protein adsorption to surfaces, platelets
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adhere and release a-granule contents, such as platelet factor 4 (PF4) and B-thromboglubin
(B-TG), and dense granule contents, such as ADP. Trombin is generated locally through

coagulation reactions.

| Fibrinogen I-\, *

Thrombin
| Fibrin |
PF4
Adsorbed [STG o
proteins ',' v

SURFACE u\\\\\\\\\\\\\\\\\

Figure 9. Platelet reactions to artificial surfaces.”"

Platelets have been extensively studied due to their role in thrombogenesis. Platelet activation
can bring out a variety of physiologic cellular responses including shape change, biochemical
membrane alterations, induction of membrane procoagulant activity, release of granule
contents, initiation of aggregation and the release of procoagulant microparticles or small
membrane vesicles from the surface. The release of a-granule contents leads to P-selectin
expression on platelet membranes and platelet aggregation is mediated by fibrinogen binding
to GPIIb/IIIa receptors.””’* Thrombin binds directly to platelet thrombin receptors and is
responsible for the platelet aggregate formation by activating platelets, which produce more
thrombin, stimulating ADP release, and stimulating the formation of fibrin, which stabilizes
the platelet thrombus. Thrombin is responsible for catalysing the conversion of fibrinogen to
fibrin in the final step of the coagulation cascade (intrinsic or extrinsic pathway). The
generation of thrombin results from the activation of contact phases in intrinsic pathway of
coagulation or from more indirect mechanism involving platelets or leukocytes and extrinsic

pathway (Figure 10).
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Figure 10. Mechanism of clotting factor interactions.”' Clotting is initiated by either an intrinsic or extrinsic

pathway with subsequent factor interactions that coverage upon a final, common path.

The extent of platelet spreading can be examined by categorizing platelet shapes into five
morphological forms describing increasing activation.”” These are discoid or round (R),
dendritic (D), spread dendritic (SD), spreading (S), and fully spread (FS). The spreading

stages are shown in Figure 11 and defined in the legend.

Figure 11. Diagrammatic representation of platelet spreading divided into five shape categories for analyses.
These stages are defined as follows”: round (R): no pseudopodia present; dendritic (D): one or more
pseudopodia with no evident flattening; spread dendritic (SD): one or more pseudopodia flattened, hyaloplasm
not spread between pseudopodia; spreading (S): hyaloplasm spread between pseudopodia; and fully spread (FS):

hyaloplasm extensively spread, no distinct pseudopodia.
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1.3.2. Self-assembled monolayers as a tool to evaluate surface modifications

Different approaches to functionalization of biomaterials exist. The self-assembled monolayer
(SAM) technique has been successfully applied on chemically inert materials like polymers to
graft various functional groups to the surface. This technique can provide a well-defined,
highly oriented surface when the carbon chain length of the alkanethiols is longer than 10
carbon atoms.’® Furthermore, a wide range of chemical groups both in the alkyl chain and at
the chain ends can be used, which has allowed surfaces with specific interactions to be
produced with fine chemical control trough the SAM technique. ' "®

Many researchers have employed this technique to study interactions between the biological
environment and synthetic biomaterials and to improve the materials biological interaction.””"
% Surface functionalization may provide a way to transform a bio-inert material into a
biomimetic or even bio-active material by coupling of protein layers to the surface. Tengvall
et al. studied the effect of methyl- and hydroxyl-terminated alkanethiols on tissue

compatibility in vivo and in vitro.*> They noted that fibrinogen tended to adsorb onto pure

gold and methylated surfaces while the cells were less attached to the methylated SAM.

1.3.3. Implications of surface modification in biomaterials applications

As previously outlined, the surface properties of a biomaterial are fundamental for its
biological performance since it is the surface that will contact the biological environment.
However, in many applications biomaterials with a set of properties are required, such as
mechanical, but their surface may not match the required needs. As a consequence, surface
modifications can be carried out to tailor the biomaterial surface to the desired biological

behavior. Alternatively, surface modifications can be performed to improve the interactions
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between biomaterials designed for a complex biomedical device.

1.3.3.1. Intervertebral disc substitutes

An intervertebral disc is constituted of two components: the nucleus pulposus and the annulus
fibrous. Both are anchored to the vertebral bodies by the end-plates (Figure 12). The
intervertebral disc is a fibrocartiloginous complex that forms the articulation between the
bodies and the vertebrae. The essential function of the nucleus is to resist and distribute
compressive forces within the spine and the most important function of the annulus is to hold

out tension.

Top view of a vertebra and a disc

Nerves in
the spinal -
canal \
. i Disc

_ Foramen

Nerve

Spinal canal

Figure 12. View of an intervertebral disc

The intervertebral disc consists principally of collagen fibbers embedded in a proteoglycan-
water gel. The latter component develops a large swelling pressure which enables the disc to
resist compressive properties. Water is the main constituent of the disc, occupying 65 to 85
per cent of the tissue volume depending on age and region. The structure of the intervertebral

disc, as well as its biomechanical and transport properties, are unique and very complex.
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Designing an appropriate intervertebral disc substitute represents the challenge of
biomaterials scientists involved in the European project: Novel intervertebral Disc Prostheses
(n® G5SRD-CT-2000-00267). Part of this thesis has been carried out according to the project
work-plan, which is to modify the surface of PET films in order to achieve a homogeneous
and cohesive PET/PHEMA composite consisting on a hydrophilic matrix and hydrophobic

polymer fibers for annulus application.

Hydrogels are polymeric networks held together by covalent bonds and other cohesive forces
such as hydrogen or ionic bonds. Attributes such as permeability to small molecules (i.e.
metabolites) and their soft consistency are important properties that make them very attractive
as matrix for composite soft tissue prostheses. Composites made of poly (2-hydroxyethyl
methacrylate), PHEMA reinforced with PET fibers have been used to design ligament, tendon
and intervertebral disc prostheses.*™ Their long-term mechanical performance in swollen

state is limited by the poor interface properties between the fiber and the matrix.

Many technologies concerning polymer surface modification are available, such as ozonation,
plasma treatment, grafting of PEO onto PET surfaces. Ozonation consists on the surface

exposure to the ozone beam as an easy way to create hydrophilic groups.®*?

This exposure
results in an increase in the surface energy of the polymer trough the breaking of molecular
bonds on the surface and the addition of polar groups. It has been used in the surface
characterisation of fiber-supported hydrogels.” Fiber-supported hydrogels were prepared by
ozone-induced grafting onto polypropylene fibers; ozonation was investigated by studying the
hydroperoxide concentration as a function of chain scission. Ozone-induced grafting was used

for the preparation of various hydrogels supported onto fibers. Grafted hydrogels were

prepared by changing the composition of the monomer mixture used for graft polymerization.

Another technique for surface modification of PET is plasma-treatment by NH; /H, radio

frequency glow discharges (RFGD).”” The plasma-treatment aimed to graft NH, groups onto
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the surface of PET. The combined use of plasma and surface analyses allowed clarification of
the chemical mechanisms involved in the surface processes and to understand the effect of the
experimental parameters on the extent of the surface modification.

Another study refers to surface physical interpenetrating networks of poly (ethylene
terephthalate) and poly (ethylene oxide) with biomedical applications.”* PET films were
modified by diffusing PEO into the surface of PET, which was swollen in a mutual solvent.
Subsequent rapid deswelling in a nonsolvent for PET resulted in the stable entrapment of the
PEO within the surface of PET. The PET/PEO systems produced by this technique were
phase-mixed nonequilibrium surface structures, kinetically stable below the Tg for PET. This
surface structure is referred as a surface physical interpenetrating network (SPIN).

Another surface modification is achieved by grafting polyethylene oxide (PEO) onto
polyethylene terephthalate surfaces.”” Several approaches have been used to modify polymer
surfaces with PEO. Among them are those techniques that involve covalent grafting of PEO
into a base polymer such as PET, polymerization of a monomer having a pendant PEO chain,
incorporation of PEO into a base polymer by block copolymerization, or direct adsorption of

PEO-containing surfactants.

1.3.3.2. Blood contact devices

Synthetic biomaterials have been evaluated and used for a wide range of medical applications.
The ultimate aim in medicine, besides prevention, is the healing of diseases and repairing
damage after injuries. The task of engineers, material scientists and physicists is to provide an
optimal system for these applications. Polymers can be used either as bioinert or bioactive
materials, depending on the application. Hydrophobic silicone is a widely used material due to

its good biocompatibility and mechanical properties. The medical devices that find either
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intra- or extracorporeal application hold a wide spectrum of synthetic materials: polyethylene,
polypropylene, polyvinylchloride (PVC), polyester, polystyrene, polyurethane, silicone,
polysulphone, polyamide, polytetrafuoroethylene, their derivatives, etc. Although these
products have excellent physical properties, they were nonetheless developed primarily for
industrial use and only later found their way into biomedicine. Thus, all these synthetic
materials display more or less the same disadvantage: an incompatibility with blood and
tissues. Through contact with blood, this incompatibility can provoke a pathophysiological
response from the organism, similar to that of traumatic shock. This extensive contact causes
a massive activation of the cellular defense systems against the supposed “invader', and with
that the human body boosts the various cascade reactions into motion. Heparin-coating was
recognized as an improvement on hemocompatibility of the materials used in biomedical
applications. The attempt to coat the artificial surfaces with heparin, an anticoagulant that
imitates the antithrombogenic effects of heparansulfate at the endothelium, illustrates the first

step towards attaining better hemocompatibility.”®

A popular method to improve the blood compatibility of biomaterials is to increase surface
hydrophilicity by incorporating a hydrogel at the surface. Hydrogels permit the retention of
large amounts of water without dissolution of the polymer itself, which makes them very
similar to physiological tissues. A variety of surface-grafted copolymers were prepared and
evaluated for platelet consumption in a baboon shunt model of arterial thrombogenisis by
Hanson et al.”” Few platelets were found adherent to the graft surface.

Immobilization of poly(ethylene glycol) (PEG) is a very popular means of making a
biomaterial surface more protein and cell resistant.”” It is clear that incorporation of PEG
reduces the cell adhesion (including platelets) and protein adsorption when compared with
hydrophobic surfaces.

Albumin coating is another technique used to decrease thrombogenicity. The early
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observation that surfaces coated with albumin did not support protein adsorption and platelet
adhesion,’ led some investigators to lower material thrombogenicity by either albumin
coating or enhancing the affinity of albumin for surfaces via alkylation. It is widely
recognized that albumin adsorption lowers material thrombogenicity, since it does not possess
the peptide sequences to enable interaction with cells (platelets and leukocytes) or the enzyme
receptors in the coagulation cascade.

Self-assembled monolayers have been a useful template to nucleate or organize ordered,
designed biomaterials.”® The advantages of self-assembly films are their high order and
orientation and well-defined head-group geometry that exposes only one functional group to
the outside. With this technique it is possible to obtain a surface with desired functionalities

and control protein adsorption.
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2. Materials and methods

2.1. Materials and surface modification for intervertebral disc substitutes

In order to increase PET hydrophilicity, several surface modifications methods were used to

find out the one that would provide the best results.

PET bundles (Dacron Type DRT: 9-0329) with an average diameter of 0.75 mm were

provided by Institute of Composite and Biomedical Materials (ITC), Naples, Italy. Reagents

were used without any further purification.

2.1.1. PET samples preparation

PET sheets were cut into 60x30 mm? for all treatments performed. Before any modification,
samples were consecutively washed with ethanol, water (distilled and deionized) and ethanol,
for periods of 3 min, in an ultrasonic bath. After being thoroughly washed, samples were
dried overnight in a vacuum oven RAYPA EV-50 at 30 °C, and stored in a dessicator over

silica before further use. The same procedure was used with fibres.

2.1.2. Surface modification of PET to enhance its hydrophilicity

2.1.2.1. Ultra-Violet radiation

The effect of a physical treatment (UV radiation) was carried out at ISEP-Instituto Superior
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de Engenharia do Porto on PET films using different times (10, 20, 30, 50, 100, 200, 400, 600

and 800 hours) with 83°C as temperature, 254nm of wavelength and 20 W.

2.1.2.2. Graft polymerization of HEMA onto PET

The graft polymerization of poly (hydroxylmetacrylate) (PHEMA) onto PET was carried out
using ceric salt as an initiator.”

2-hydroxyethyl methacrylate (HEMA, Aldrich, Mw 130.14) was distilled at 110°C, under
reduced pressure. PET films were immersed in the monomer aqueous solution (13.3% v/v) for
15 minutes, under constant stirring and a nitrogen stream. The ammonium cerium (I'V) nitrate
((NHy)2Ce(NOs)g, Merck) (2.2 g) was diluted in nitric acid solution (HNOs, Merck) (5 mL).
This solution was then diluted in water (15.3% v/v), added to the previous solution, and the
reaction was allowed to proceed at room temperature, for 180 min. Finally, PET films were
extracted 4 times with 250 mL deionized water at 70°C for 24h with agitation of 250 rpm.
Samples were then dried in a vacuum oven at 60°C overnight. Polyurethane was used as a

control.

2.1.2.3. Surface physical interpenetrating networks (SPIN) of PET and poly (ethylene

oxide) (PEO)

This treatment consists of diffusing PEO into the surface of PET, which is swollen in a
mutual solvent. Subsequent rapid de-swelling in a non-solvent for PET results in the stable
entrapment of the PEO within the PET surface. *’

Trifluoroacetic acid (TFAA, Merck) was used as the mutual solvent. TFAA was diluted by

20% (v/v), by adding an aqueous PEO (Aldrich, Mw 10 000) solution (0.4 g/mL). PET fibres
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were immersed in this solution for 60 minutes, using room temperature and 50°C, with and
without stirring, in order to swell, thus allowing diffusion of PEO at the surface. The swollen
PET was then collapsed by addition of excess water, thus entrapping PEO chains at the

surface.

2.1.2.4. Ozonation

Ozone treatments were carried out at RAIZ - Instituto da Investigacdo da Floresta e Papel
(Aveiro, Portugal). This process exposes the polymer surface to ozone, in order to increase the
number of oxygen functional groups.

PET films (10 x 20 cm®) and monofilaments mounted into a stainless steel support, were
treated with ozone (O3) gas in a sealed cylindrical (36 x 35.8 cm®) stainless steel reactor
(Scheme 1). The ozone was generated by a Fischer Ozone 502 apparatus that was coupled to
an oxygen supplier (medical grade, Gasin, Portugal) at a flow rate of 400 L O, per hour. In
these conditions, ozone is formed at a concentration approximately of 0.078 mmol O; per liter
of O,, as determined by iodometric-thiosulfate titration. Samples were treated for up to 6
hours.

After the ozonation treatment, part of the modified PET fibers were immediately immersed
into a HEMA reactive solution in order to avoid further surface modifications. Samples were

kept at room temperature for ca. 90 minutes and then stored overnight at 5°C.

Reactor

Oxygen
Y9

Sample

T holder

Ozone
generator

Scheme 1- Schematic diagram of the reactor.
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2.1.3. Preparation of PHEMA hydrogels

Typically, PHEMA samples were prepared by adding 0.5 wt-% of ethylene glycol
dimethacrylate (EGDMA, Aldrich), as crosslinking agent, 0.1 wt-% of 2,2-azobisiso-
butyronitrile (AIBN, Fluka), as initiator, to 2-hydroxyethyl methacrylate (HEMA, Aldrich)
monomer.'” After homogenization, the solution was bubbled with N, gas for 20 min. The
reactive solution was polymerized into a PTFE (polytetrafluoroethylene) (Teflon®) mould
(60x10x1 mm®) (Figure 13). The polymerization and curing process was performed at 80°C
for 2h30 min in a preheated (80°C for 1h) oven. After cooling in the oven, each sample was

placed in bidistilled water overnight at room temperature to remove any residual monomer.

Figure 13. Teflon mould for samples preparation.

2.1.4. Preparation of PHEMA hydrogels reinforced with PET fibers

In order to study the interface between PET bundles/monofilaments and the PHEMA

hydrogel matrix, samples of the two materials were prepared. Test samples were prepared by
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pouring the reactive solution in flat polytetrafluoroethylene (PTFE) (Teflon™) moulds. PET
bundles/monofilaments were attached to the bottom of the mould with temperature-resistant
adhesive tape (3M), prior to pouring the solution. After obtaining the materials as previously
described, standard tensile samples (with a cross section of 4x]1 mm?) containing the

bundles/monofilaments were cut.

2.1.5. Samples characterization

i. Attenuated Total Reflection - Fourier Transform Infrared spectroscopy (ATR -

FTIR)

Modified films were analyzed in a Perkin Elmer 2000 FTIR spectrophotometer, using an ATR
accessory (Split Pea). Each sample was run at a spectral resolution of 4 cm™. 100 scans were

acquired.

ii. X-ray photoelectron spectroscopy (XPS)

The surface composition of PET film was determined by XPS in VG Scientific Escalab 200A
equipment using magnesium K, (1253.6 Ev) radiation at 15 kV, 300W, a spot size of a few
mm?, and a take-off angle of 90°. Survey spectra were obtained over a range of 0-1150 eV
with analyzer energy of 50 eV. High-resolution spectra of C 1s and O 1s were collected in
analyzer energy of 20eV and the atomic concentrations were quantified using tabulated
sensitivity factors. Two samples were analyzed: one prepared (as described in 3.1.1.) and one
in the as-received state. An XPS peak fitting program (XPSPEAK Version 4.1) was used to fit

the spectra. The charging correction was made according to the aromatic carbon using the
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binding energy of 284.70 eV.

iii. Contact angle measurements of PET films

In order to evaluate possible ageing of the surface treatments, PET films were analyzed by
contact angle measurements 24 hours after ozone treatment and storage at 5°C.

Wettability studies were performed using an Optical Contact Angle Device OCAL1S5, provided
with an electronic syringe unit (both from Dataphysics), and connected to a charge-coupled
device (CCD) video camera. The equipment software, SCA20, was used for image analysis
and calculation of contact angles. The testing liquid was distilled water, presenting
conductivity not greater than 1 uS/cm. The measurements were carried out at 25°C, inside a

thermostatted environmental chamber, previously saturated with a pool of the liquid sample.

The samples used for wettability studies were immediately analyzed after drying. The samples
were cut into squares (20x20 mm?), and nitrogen was used to eliminate eventual dust particles
from the surface. Static contact angles were measured by the sessile drop method, drop
profiles being fitted to the Young-Laplace equation when contact angle > 70° and fitted to the
Elipse equation when the contact angle is between 30° and 70°. Sessile drops of 4 uL of water
were deposited on the membrane surface, using a Hamilton syringe fitted with a 0.52 mm
needle. Time-dependent measurements were made, and the experimental contact angles
extrapolated to time zero. Measurements were taken every two seconds, for a period of 300 s.

A minimum of 5 drops was used per sample. Both sides of the film were analyzed.

iv. Mechanical characterization of PET fibres, PHEMA hydrogels and

PHEMA/PET fibres samples
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The PET monofilaments were inserted into polypropylene (PP) cards (Figure 14) as follows.
In a first step, the monofilament was fixed in a groove on one side, with a small piece of
adhesive tape (3M®). Afterwards, the fiber was stretched and fixed into the groove at the
opposite side, using again the adhesive tape. Cardboard tabs were prepared with two lengths:
30mm and 40mm. The PET single fibres (monofilaments) were mounted on cardboard tabs to
provide the appropriate gage length. The mechanical testing was performed at room
temperature on an Instron 4204 machine equipped with a 10 N load cell. The tensile
deformation was imposed with a mobile clamp moving at a constant speed of 10 mm min ™
per ASTM D3379/75. These tests were carried out at Institute of Composite and Biomedical
Materials (ICBM), National Research Council and Interdisciplinary Research Centre in

Biomaterials, University of Naples ‘Federico II’, Naples, Italy.

/AT YN
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\_[E1

Figure 14. Front view of the polypropylene card with the PET fiber. Dashed line: PET fiber; AT: adhesive tape.

After obtaining rectangular samples of PHEMA containing the fibers, standard samples were
cut, in order to perform tensile strength tests and evaluate the adhesion of PET fibres to

PHEMA hydrogel.
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Tensile strength tests of samples were carried out at INEGI - Instituto de Engenharia
Mecanica e Gestdo Industrial, Universidade do Porto (Porto, Portugal), using a TIRA test
2705 tensile tester with Tira ZD1 software. The samples were hold at 2 bar and tested at a
speed of 100 mm/min using a load-cell of 20 N (monofilaments) or 5 kN (bundles). The

testing conditions were 22 + 1°C and 50 + 5% of relative humidity.

v. Scanning electron microscopy (SEM) of PHEMA/ozone treated PET fibres

samples

Polymer specimens to be examined by SEM were coated with a thin layer of sputtered gold.
An Jon Sputter JEOL JFC 1100 was used to prepare the samples of PET film, fibres and
PHEMA hydrogel/PET fibres composite.

The samples were analyzed after drying overnight at 50°C. After mechanical tests the fracture
surfaces of PHEMA/PET samples were observed using a scanning electron microscope JEOL

JSM-6301S at 15 kV. The samples were carbon coated.

2.2. Protein adsorption and platelet adhesion onto SAMs

To be aware of the mechanism of protein adsorption and platelet adhesion at the molecular
scale requires the use of stable models with a well-defined surface structure. Self-assembled
monolayers (SAMs) of alkanethiols on gold are well-ordered organic surfaces with well-
controlled surfaces properties. This fact associated with their easy production makes this class
of surfaces a very useful model for fundamental mechanistic studies of protein adsorption and

platelet adhesion.
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2.2.1. Preparation of SAMs

2.2.1.1. Gold substrates

Gold substrates were prepared using an automated, load locked ion beam deposition system

(Nordiko N3000). Details on the machine can be found elsewhere.'"’

The chromium (5 nm)
and gold (25 nm) films were deposited by ion beam sputtering from gold and chromium
targets (99.9% purity) onto silicon wafers (polished/etched, crystal orientation <100>, from
AUREL Gmbh). The thin layer of chromium was used to improve adhesion of gold to silicon.
Deposition rates are 0.050 nm/s for chromium and 0.033 nm/s for gold. Deposition pressure
was 3.5x10” Torr. The wafers were diced into pieces (1 x 1 cm? 0.5 x 0.5 cm®) using a
DISCO DAD 321 automated saw. Before dicing, all wafers were coated with 1.5 um of

photoresist (ref PFR7790EG, from JSR Electronics), which is soluble in acetone, to protect

the film surface.

2.2.1.2. Monolayer formation

11-mercapto-1-undecanol (SH-(CH,);;OH; 97%, Aldrich) and 1-hexadecanethiol (SH-
(CH,)15CHs; 92%, Aldrich) were used as received. Pure thiol solutions were prepared in
ethanol (Merck, 99.8%) with a final concentration of 1mM. Mixtures of the two thiols, SH-
(CH,);;0H and SH-(CH;);5sCHs, were obtained by mixing the pure solutions in different
percentages. All the solutions were prepared in a nitrogen environment inside a glove box.
Just before being used, gold substrates were cleaned twice in acetone and immersed in a
“piranha” solution (7 parts concentrated H,SO4 and 3 parts 30% H,O;) for 5 minutes.

Substrates were rinsed sequentially with ethanol, water (distilled and deionised) and ethanol
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for 2 minutes in an ultrasonic bath. After being blown dry with a stream of argon, gold slides
were immersed in the alkanethiol solutions. Incubation was performed at room temperature
over 24 hours in a nitrogen environment. After incubation, the monolayers were rinsed three
times in fresh ethanol in an ultrasonic bath for 2 minutes. Monolayers were blown dry with a

stream of argon and maintained in a container filled with nitrogen until used.

2.2.1.3. Surface characterisation

i. XPS Characterisation of SAMs

XPS measurements were carried out on a VG Scientific ESCALAB 200A (UK) spectrometer
using magnesium Ka (1253.6 eV) as radiation source. The photoelectrons were analysed at a
take off angle of 55°. Survey spectra were collected over a range of 0-1150 eV with an
analyser pass energy of 50 eV. High-resolution C(1s), O(1s), S(2p) and Au(4f) spectra were
collected with an analyser pass energy of 20 eV. The binding energy (BE) scales were
referenced by setting the Auss» BE to 84.0 eV. All the spectra were fitted using an XPS peak
fitting program (XPSPEAK Version 4.1). All the carbon spectra were fitted using
asymmetrical 70% Gaussian/ 30% Lorentzian profiles.

The composition of the mixed SAMs in SH-(CH;);;OH was calculated using the O(1s) peak
intensity of each mixed SAMs normalised to the O(1s) peak intensity of the SAM prepared

from the pure SH-(CH;);;0H solution.

ii. Contact angle Measurements of SAMSs

Contact angle measurements were performed with a contact angle measuring system from
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Data Physics, model OCA 15, equipped with a video CCD-camera and SCA 20 software. The
equipment incorporates an electronic syringe unit with a gas tight 500ul dosing syringe
(Hamilton).

SAMs were placed in a closed, thermostatted chamber saturated with the liquid sample in
order to prevent evaporation of the liquid from the drop. Measurements were carried out using
the sessile drop method, 5 replicates, using 1 drop (distilled and deionised water) for sample
at 25°C were used. After 4uL drop deposition, images were taken every 2 seconds over 600
seconds. Digital images of the drop were stored by the CCD-camera and used for the
calculation of the contact angle. Droplet profiles were fitted using different mathematical
functions in order to calculate the contact angle. The Young-Laplace method was used to
calculate contact angles higher or equal to 90°; the ellipse method was used for contact angles
lower than 90° and the tangent method was used for contact angles lower than 30°. The water
contact angle for each SAMs was calculated by extrapolating the time dependent curve to

Z€10.

iii. Ellipsometry of SAMs

The ellipsometer is an optical instrument that measures the changes in the polarization of light
due to reflection. Ellipsometry was used to measure the thickness of the monolayers.
Ellipsometry measurements were performed using an Imaging Ellipsometer, model EP'®,
from Nanofilm Surface Analysis. This ellipsometer was operated in a polarizer-compensator-
sample-analyzer (PCSA) mode (null ellipsometry). The light source was a solid-state laser

with a wavelength of 532 nm. The gold plate refractive index (n) and extinction coefficient

(k) were determined by using a delta and psi spectrum with a variation of angle between 60
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and 75°. These measurements were made in four zones to correct for any instrument
misalignment.

To determine the thickness of SAMs, the same kind of spectrum was used and n and k for the
organic layer were set as 1.45 and zero, respectively. Results are the average of 4

measurements on each of the 3 samples for each type of SAM.

2.2.2. Protein adsorption using radiolabelling technigue

2.2.2.1. Fibrinogen (HFG) and Albumin (HSA) solutions

Protein solutions were obtained by dissolving HFG (Sigma, ref. F4129) or HSA (Sigma, ref.
A1653) in PBS (Sigma, pH 7.4, lot 082k8215), or degassed PBS with 0.01M of Nal —
iodinated PBS (PBSI) at a concentration of 0.1 mg/mL. Buffer with iodide (PBSI) was used
for radiolabelled tests to avoid the adsorption of free radioactive iodine. This protein
concentration is usually used in order to induce the formation of a monolayer of protein, once

higher concentrations may promote multilayer adsorption of proteins.'*

2.2.2.2. HFG labelling with lodine-125

Quantification of adsorbed HFG on the different monolayers was performed using '*I-
labelled HFG. HFG was labelled using the iodo-gen method'®* '®. Purification of the labelled
protein was performed using Sephadex G-25 M columns (PD-10, Amersham Pharmacia
biotech). '*’I-labelled fibrinogen was added to unlabelled fibrinogen solution in order to

obtain a final activity of 10® cpm/mg.
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2.2.2.3. Quantification of adsorbed HFG to SAMs

To perform HFG adsorption tests, all the SAMs were placed in a 24-well tissue culture plate
(Sarsted) with the surface facing up. A small amount of PBSI was added to the periphery of
the wells to maintain moisture. A drop of 10 uL of HFG solution was pipetted onto each SAM
and the adsorption tests were carried out at 25°C over a 15 min period. After protein
adsorption, SAMs were rinsed four times with 2 ml of PBS. The gamma activities were
counted with the samples placed in radio-immunoassay tubes. Three replicates were used. The
counts from each sample were averaged and the surface concentration was calculated by the
equation:

Counts (cpm).C (mg/mL)

solution

HFG (mg/m2 )= 5
Asolution (cpm/mL).SA (m™)

where the Counts are the radioactivity measurement from the SAMs, the Cgopution and Asolution
are the concentration and the specific activity of the protein solution, respectively, and SA is
the surface area of the drop. Surface area of the drop (SA) was calculated using the drop
surface contact diameter obtained using the contact angle measuring system software
described below, for the same conditions used during the protein adsorption test (10 uL of
HFG solution, 0.1 mg/mL, 25°C and 15 min.). Sigal et al®* demonstrated that an adsorption
time of 15 minutes is enough to reach an adsorption plateau on SAMs with different

functional groups, namely -OH and -CHj3, for protein concentrations of 0.Img/mL.

2.2.2.4. Competitive adsorption between HFG and HSA to SAMs

For competitive adsorption of HFG in the presence of albumin, the concentration of '*’I-HFG
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was 0.1 mg/mL and the concentration of unlabelled HSA was 0.1 mg/mL and 1 mg/mL.
Calculations were performed considering as 100% adsorption the concentration of HFG

adsorbed using a pure fibrinogen solution.

2.2.2.5. Exchangeability of adsorbed HFG with other proteins in solution

Exchangeability tests were carried out immersing the labelled SAMs over 24 hours in an
unlabelled HFG pure solution (I mg/mL, 25°C) or a human serum albumin (HSA) pure
solution (1 mg/mL, 25°C). The samples were then washed with the buffer and their residual

radioactivity counted.

2.2.3. Platelet adhesion and activation

Platelet adhesion to the different SAMs was assessed using SEM. The effect of the pre-
immersion of the SAMs in an albumin solution on platelet adhesion and activation was
evaluated. In order to complement these studies in future work, other techniques, as Wright
staining, Glutaraldehyde Induced Fluorescence Technique (GIFT) and Flow Cytometry were

optimized using gold substrates.

2.2.3.1. Preparation of platelet rich plasma (PRP)

Blood from healthy donors denying any medication for at least 10 days was collected and
processed at the Portuguese Institute of Blood (IPS). Whole blood (plasma, platelets,
leucocytes and erythrocytes) was obtained directly from the bags that contain anti-coagulant.

Buffy Coat (platelets and leucocytes) was obtained by centrifugation of the total blood unit at
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3900 rpm 10 minutes at 22°C. PRP is the supernatant obtained by centrifugation of the buffy
coat at 1000 rpm for 10 minutes at 22°C. PRP rested for 1 hour and after was stored at 22°C
with constant agitation. Two different concentrations of PRP (2 x 10® and 4 x 10° platelets/ml)
were prepared and counted using a haematology analyzer (Cell Dyn 3700 system from Abbott
Diagnostic Division).

Basal platelets activation and activation of platelets induced by the platelet antagonist

thrombin (0.35U/ml) were studied as control for platelets functionality.

2.2.3.2. Quantification of adhered platelets to SAMs and gold substrate

Each SAM and gold substrate was attached to the bottom of a large diameter piece of
Silastic™ tubing and placed into a 24 well plate (Sarstedt; ref. 83.1836.500). Special care was
taken to ensure the creation of an airtight seal between the SAM and the tubing that fits
snuggly into the well. 200 pl of PBS was added to each well for 15 min at room temperature
and then removed. To evaluate platelet material interactions, 200 ul of freshly prepared PRP
(3 x 10® platelets/ml) was added to each well. The 24 well plate was sealed with parafilm and
incubated for 30 min at 22.4°C in a horizontal shaker (Platelet incubator from Helmer — model
PC 3200 series 300996K) at 70 rpm. 100 pl of supernatant were removed from each well and
subjected to flow cytometry analysis. The remaining supernatant was removed and the wells

were rinsed 3x with 600 pl PBS to remove residual PRP.

i. Scanning electron microscopy (SEM)

Adherent platelets were fixed with a freshly prepared solution of 1.5% Glutaraldehyde (Merck

4239, ref R1011; 25%; Agar; Mw=100.12 g/mol) in 0.14M sodium cacodylate (BDH 30118;
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Merck, ref 1.03256.0100; Mw=214.05g/mol) buffer for 30 min at room temperature. After
being rinsed twice with PBS and dehydrated with an increasing ethanol (99%)/water gradient,
samples were maintained for 10 minutes in each of the following solutions: 50%, 60%, 70%,
80%, 90% and 99%. Finally, hexamethyldisilazane (C6H19NSi2; Sigma, ref H4875; Fw
161.4) was added to each sample and they were left to dry on the hoot over night (without the

cover).

ii. Wright staining

Adherent platelets were fixed with the following solution: Formol 40%, H,O, NaH,POy,
Na,HPO4. Samples were glued into microscope slide and placed in staining jars with:

1 Hemacolor 2, colour reagent red (1.11956.2500, Merck) for 2 minutes

2 Hemacolor 3, colour reagent blue (1.11957.2500, Merck) for 1 minute

Slides were rinsed with tap water and dried with a hair dryer.

iii. Glutaraldehyde Induced Fluorescence Technique — GIFT

Adherent platelets were fixed with a freshly prepared solution of 1.5% glutaraldehyde in PBS
buffer for 30 min at room temperature. Samples were rinsed three times with PBS and once
with deionized water and placed in regular microscope slides. One drop of fluorescent
mounting medium (Vectashield — H-1000; Vector Laboratories, Inc) was added and a
coverslip was placed on the top of each sample. Platelets were visualized with a fluorescence
microscope (Axiovert). The fluorescence (epifluorescence) was stimulated with light
(wavelengths 450 to 490 nm) and the emission detected at 515 nm. The numerical aperture of

the objective lens (40x) was 0.7 with a calculated maximal optical resolution of 0.37 um.
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iv. Flow cytometry — FC

In order to identify the platelet population and its activation, before and after contact with the
different samples, two fluorescent markers were used: CD61-PercP (BD) for platelet counting
and CD62-PE (BD) to detect platelet activation. These markers are detected by flow
cytometry, using specific antibodies conjugated with fluorescein (FITC) or ficoeritrine (PE)
on the several platelet samples.

PP tubes with 100 ul of supernatant and tubes with 100 ul of original platelet concentration (3
x 10® platelets/ml) received 5ul of a solution of Tyrode buffer and trombin. Platelet solutions
(PS) were prepared. The tubes were covered, folded once and then 25 pl of PS are removed
from each PP tube to another PP tube (each sample has 2 tubes: 1 to study basal activation
and 1 to study thrombin activation). Finally, the addition of the fluorescent markers was done:
5 ul of CD61 and 5 pl of CD62 to each tube (basal and trombin). Following 15 min, 5 pl of
thrombin (concentration: 0.35U/ml) was added to each trombin tube. Samples were kept in
the dark until the 15 min were completed. 1 ml of tyrode buffer was placed in BD Trucount

tubes and stired. Analyses by flow cytometry were performed.
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3. Results and discussion

3.1. Intervertebral disc substitutes

3.1.1. Attenuated Total Reflection - Fourier Transform Infra-Red spectroscopy (ATR-

FTIR)

Figure 15 shows the characteristic spectrum of unmodified PET, in comparison with the
modified material. Using this technique, no detectable changes were observed as a result of
any of the treatments performed. The depth of penetration is not enough to be detected by the
ATR-FTIR analyses. The spectrum obtained for unmodified PET is similar to those reported

in the literature.'

Unmodified PET

o’

PET/ UV

%T 1
PET/PEO (t=3h,T=50°)

S

PET/Ozone 6h

3 T T T T
4000. 300 200 cmt 150 100 400.

Figure 15 - ATR-FTIR spectrum of untreated and treated PET.

39



Effect of surface chemical modifications on hydrophilicity, protein adsorption and platelet adhesion

3.1.2. X-ray photoelectron spectroscopy (XPS)

As we observed by the XPS analyses, the survey spectrum (Figure 16) shows that C and O
were present in the film, and that there is no contamination. The spectrum is similar to typical

XPS spectra obtained for PET."”
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Figure 16 - Survey spectra of PET film

The expected C (1s) and O (1s) peaks were observed in all the samples examined. The atomic
percentage of carbon and oxygen obtained by high resolution XPS spectra were 74.1% of C
and 25.9% of O, and they were close to the values expected for this polymer (71.5% of C and
28.5% of O).

The primary components of Cls spectrum correspond to the carbon atoms of phenyl ring (C-
C, 284.7 eV), methylene carbon atoms (C-O, 286.2 e¢V) and to the ester carbons (O-C=0,
288.6 eV). The experimental intensity ratio of these three primary components was 61:16:23

(the expected stoichiometry was 60:20:20).
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Table I - Atomic percentage of carbon and oxygen species present, obtained by

deconvolution of high resolution XPS spectra

Peak Atomic (%) Atomic (%)
( Binding energy ) observed expected
C-C (284.7¢V) 61 59
C-O (286.2¢V) 16 22
0O-C=0 (288.6 eV) 23 19
O-C  (531.5¢eV) 38 47
0=C (533.1eV) 62 53

In Figures 17 and 18, we can observe the Cls and Ols peaks. The result from XPS analysis of
the untreated PET film and of the PET film washed with ethanol were the same. These spectra
are similar to those reported in the literature, confirming that the PET film has no

contaminants.

-CH,,phenyl

2960 2320 2880 2840 2800

Figure 17. C 1s peaks of PET film
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Figure 18. O 1s peaks of PET film

The Ols signal of PET is characterized by a doublet peak correspondent to the singly-bound
(533.1 eV) and doubly-bound oxygen (531.5 eV) species as well by a low intensity satellite
peak at 538.0 eV assigned to the shake-up satellite structure. Each of these doublet peaks
would be expected to have equal intensity to reflect the PET structure; however, the intensity
of the peak at 533,1 eV is more intense and larger than the one at 531.5 eV. This is explained
by the stronger m-interaction of the carbonyl oxygen with the conjugated system of the phenyl

ol
ring.'”

3.1.3. Contact angle measurements of PET films

Water contact angle data of PET film surfaces, using the sessile drop technique, are reported
in Table II. Regarding unmodified PET surfaces, the water/air contact angle of PET varies

between 73° and 78° as reported in the literature.'”
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Table Il - Water contact angles of different treatments of PET samples

PET Treatment Contact angle (°)
Unmodified 74.0+22
UV radiation 77.0+2.2
Ammonium Cerum IV 72.5+0.6
SPINs of PET and PEO (3 h, Tu) 69.4+2.5
SPINs of PET and PEO (3 h, T=80°C) 69.1 £2.1
Ozonation (40 min) 69.7+2.2
Ozonation (6 hours) 382+22

As the ozonation treatment has shown an increase of hydrophilicity, the effect of incubation in
water was studied. Values shown in Table III correspond to unwashed and washed ozone
treated PET films using different periods of time. Walzak et al’ described that surface-
oxidation treatments can generate a water-soluble surface consisting of low-molecular-weight
oxidized material (LMWOM). These water-soluble components complicate the interpretation

of wettability measurements made on ozonated samples.

Table 111 - Water contact angles of unwashed and washed ozonated PET samples.
Ozonation time (h) Contact angle (°)
Unwashed Washed
Unmodified 74.0+2.2 ---
0.3 64.5+ 0.4 714408
0.7 65.0+ 1.9 732408
! 593+ 1.8 73.3+£22
2 421429 645+ 1.1
3 57.5+2.8 62.8+0.6
5 542+£5.5 58.5+3.1
6 382122 52.3+3.1
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As can be observed, washed films present higher contact angle compared to unwashed ones,
which suggests that the formation of LMWOM in the surface is decreasing the contact angle.
When measuring the contact angle of any of the ozonated PET samples, dissolution of
LMWOM is likely to alter the localized surface tension of the water. In addition, the surface
energy of the LMWOM itself may be different from the insoluble underlying material.”® The
best result of ozonation treatment is observed for periods of 6 hours. The contact angle

decreases from 74° (unmodified film) to 38.2° (unwashed films) and to 52.3° (washed films).

Contact angle measurements of both sides of ozonated PET samples were performed in order
to evaluate the homogeneity of the treatment. Values shown in Table IV correspond to both

sides of ozone treated PET films.

Table IV - Water contact angles of both sides of washed ozonated PET samples.

Ozonation Contact angle (°)
Time (h) Side 1 Side 2 Average of both
sides
0 75.2+ 3.6 67.5+2.0 71.4+49
0.3 746 +2.7 66.0+1.4 70.3+5.0
0.7 74.2+0.9 69.4+2.6 71.8+3.1
1 729+1.1 61.0+1.8 67.0+6.5
2 496+ 3.4 61.7+2.7 55.7+7.0
3 67.7+ 2.6 62.8 +0.6 65.2 +3.1
5 674+ 1.4 61.0+1.3 64.2 + 3.6
6 52.3+3.1 50.9+7.2 51.6+5.0

In this Table we can observe that ozonation treatment was not homogeneous process showing

differences between both sides of the same film.
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3.1.4. Scanning electron microscopy of PHEMA/ozone modified PET single fiber

samples

Figure 19 shows SEM micrographs of PHEMA/PET fiber samples after tensile strength tests.

PET fibers used were coated with PHEMA right after the ozone treatment.

A B C

Figure 19. SEM micrographs of ruptured PHEMA/PET fiber samples. a) Unmodified PET fiber, b) PHEMA
hydrogel reinforced with PET fiber ozonated for 6 h. c) PHEMA hydrogel reinforced with PET fiber ozonated

for 6 h, and immersed in PHEMA reactive solution.

SEM micrographs confirmed that the best adhesion between modified PET fiber and PHEMA
hydrogel matrix was obtained when PET fibers were immersed in PHEMA solution. In this

case, the PHEMA coating the fiber can be observed in Figure 19.

The analysis of other mechanically tested samples has shown that all other treatments
promoted a poor adhesion between the fiber and the matrix, which was evidenced by holes

left in the matrix after the fibers were pulled-out.
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In Figure 20 SEM micrographs of PHEMA/PET bundles samples after tensile strength tests

can be observed.

The analyses of tested samples has shown that PET bundles without any treatment promoted

poor adhesion between the PET bundles and the PHEMA hydrogel matrix, which was

evidenced by round holes around the PET bundles (Fig.20A).

Figure 20. SEM micrographs of ruptured PHEMA/PET bundles samples. a) Unmodified PET bundles, b)
PHEMA hydrogel reinforced with PET bundles ozonated for 6 h. ¢) PHEMA hydrogel reinforced with PET

bundles ozonated for 6 h, and immersed in PHEMA reactive solution.

SEM micrographs of PET bundles ozonated for 6 hours have shown that this treatment
promotes good adhesion between PET bundles and PHEMA hydrogel matrix (Fig.20B). PET
bundles used were immersed in a PHEMA reactive solution right after the ozone treatment.
SEM micrographs confirmed that the best adhesion between modified PET bundles and
PHEMA hydrogel matrix was obtained when PET bundles were immersed in PHEMA
solution (Fig.20C). In the latter case, a strong bonding between PET and PHEMA was found,

since the fractured fibers pulled some matrix together.

46



Effect of surface chemical modifications on hydrophilicity, protein adsorption and platelet adhesion

3.1.5. Mechanical characterization

3.1.5.1. Tensile strength of PET monofilaments

The strength of fibers can exhibit variations of 30% around the average value. Therefore, it is
important to describe the mechanical properties of fibers through a distribution function, the
Weibull distribution.''’ To evaluate the fiber strength it is necessary to have a mathematical
model describing the fracture of fibers.

Weibull parameters of the strength distribution, o (the shape parameter) and [ (the scale
parameter) and tensile strength average,''' for the single fibers are obtained by the
measurement of the tensile strength on the Instron. For the statistical treatment, Kaleida
software was applied.

The experimental data were fitted by the Weibull cumulative distribution function defined as:

F(h=1-exp{-[(1/B)"]}

Where F(1) is the cumulative probability for fragments of length .

The Weibull theory is a statistical data treatment of the tests performed.

In figures 21 and 22 the frequency-stress graphs for 30 and 40 mm can be observed. The

graphs describe the probability for the fibers to break at a definite stress value. The most

probable value is the one corresponding to a frequency of 0.5.
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Figure 22. Weibull distribution of single PET fiber with 40mm length
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3.1.5.2. Tensile strength tests with PHEMA hydrogels reinforced with ozone-treated PET

monofilament

Figure 23 displays the maximum stress of PHEMA hydrogels reinforced with ozone-treated
PET monofilaments (diameter of 0.025 mm) using different methodologies. The results show
that the maximum stress of PHEMA hydrogel reinforced with PET monofilament ozonated
for 6 h (bar B) is higher than the one achieved for PHEMA hydrogel alone (bar A). However,

care must be taken in the interpretation of the results since the standard deviation is large (~

0.06).
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Figure 23. Tensile strength tests of PHEMA/PET samples. A) PHEMA hydrogel (negative control); B) PHEMA
hydrogel reinforced with PET monofilament ozonated for 6 h; C) PHEMA hydrogel reinforced with PET
monofilament ozonated for 6 h, coated with HEMA reactive solution and then cured at 80°C for 2 h; D) PHEMA
hydrogel reinforced with PET monofilament ozonated for 6 h, and coated with HEMA reactive solution (no

curing).
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When the ozonated PET monofilament was immediately coated with HEMA and cured before
preparing the sample, the mechanical properties were further lowered (bar C) probably due to
the fact that a new interface was introduced, along which the sample fails. However, when the
ozone treated and HEMA-coated PET fibers were introduced in the PHEMA matrix, without
being previously cured, it resulted in a sample with improved mechanical properties (bar D),
compared to the original PHEMA alone. In this case, it seems that a homogeneous sample

was prepared.

It should be noted that the maximum stress of PET monofilament in the absence of PHEMA
hydrogel is 0.02 MPa. Therefore, the maximum stress for PHEMA hydrogels reinforced with

PET monofilaments should be close to the value obtained for PHEMA hydrogel alone.

In order to increase the sensitivity of the measurements, bundles replaced the monofilaments

in the next experiments.

3.1.5.3. Tensile strength tests with PHEMA hydrogels reinforced with ozone-treated

PET bundles

A fiber-reinforced composite consisting of continuous fibers of PET fibers and PHEMA
hydrogel matrix phases exhibits the uniaxial stress-strain response illustrated in Figure 24 (the
mechanical response of PET fibers and PHEMA hydrogel is additionally displayed). The
Stage I of the curve is linear which means that either PET fibers or PHEMA matrix deform
elastically. In this type of composite, the matrix yields and deforms plastically while the
fibers continue to stretch elastically, whereas the tensile strength of the fibers is significantly

higher than the yield strength of the matrix.
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Composite failure is not catastrophic for several reasons. First of all, not all the fibers fracture
at the same time, since there will always be considerable variations in the fracture strength of
brittle fiber materials. In addition, even after the fiber failure, the matrix is still intact. Thus,
these fractured fibers are still embedded within the intact matrix, and consequently are

capable of sustaining a diminished load as the matrix continuous to plastically deform.
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Figure 24. Mechanical tests of PHEMA/PET fibers composites (for details about the samples see section 2.1.4.).

The stress obtained for PHEMA hydrogels without any reinforcement with PET fibers is ca.
0.09 MPa. The incorporation of untreated PET fibers (diameter of 0.75 mm) into PHEMA

hydrogels increases ca. six times the stress (Fig.24 and Fig.25).

Figure 25 represents the maximum stress and maximum strain of PHEMA hydrogel and

PHEMA hydrogel reinforced with PET fibers composites.
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Figure 25. Maximum Stress and maximum strain of PHEMA hydrogel and PHEMA/PET fibers composites (for

details about the samples see section 2.1.4.).

During the tensile tests most of the hydrogels (65%) are broken in the vicinity of the clamps
and the PET fibers remain intact and sweep from their interior (see Fig.26A in next page).
This data suggests that the adhesion between untreated PET fibers and PHEMA hydrogel is

reduced.

When the ozone-treated PET fibers were incorporated into PHEMA hydrogels, the maximum
stress obtained in these composites was lower than the maximum stress obtained with
composites of untreated PET fibers (Fig.26). However, the fiber-matrix interfacial bond is
very good, showing interaction and adhesion between the components. Furthermore, most of
the tests (83.3%) ended by the breakage of the bundle in the middle of the sample, in contrast
to the results obtained previously. In addition, the PET fibers that remained in the hydrogel

are clearly adhered to the PHEMA hydrogel (Fig. 26B).

Ozone-treated PET fibers are degraded by ozone treatment and therefore their mechanical
performance is lower. To clarify this issue, ozone-treated (6h) and untreated PET fibers were
mechanically characterized regarding their tensile properties. The maximum stress obtained
was 15.17 = 3.1 MPa (corresponding to a maximum force of 6.67 N) and 11.61 = 2.01MPa

(5.12 N) for untreated and ozone-treated PET fibers, respectively.
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In PHEMA hydrogels reinforced with PET fibers (ozonated for 6 h and swollen overnight in
HEMA reactive solution) the maximum stress value (0.34 MPa) is close to the value obtained
in PHEMA hydrogels reinforced with ozone-treated PET fibers (0.29MPa). However, this
value is lower than the one obtained for PHEMA hydrogels containing untreated PET fibers

(0.54MPa). Similarly to the results present in the previous paragraph, in most tests (61.5%)

the fibers have broken in the middle of the sample (Fig.26C).

Figure 26. Photographs from PHEMA/PET samples after tensile tests. A) PHEMA hydrogel reinforced with
untreated PET fibers; B) PHEMA hydrogel reinforced with PET fibers ozonated for 6 h; C) PHEMA hydrogels

reinforced with PET fibers ozonated for 6 h and swelled overnight in HEMA reactive solution.

3.2. Blood contact devices

3.2.1. Surface characterisation of gold

Gold substrates were characterised by XPS and contact angle measurements after being

cleaned with “piranha solution” and before immersion in the thiol solutions.

No sulphur was detected on these surfaces. As described by Martins et al.' carbon and oxygen

were always present on the gold samples. Several authors have found that, although gold is
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inert compared with other metals, the surface is nevertheless of high free energy, and under
ambient laboratory conditions is covered with a reversibly physiosorbed layer of water,

1.7 have observed that the water contact

hydrocarbons and other organic compounds. Bain et a
angle of these surfaces can change from 30° to 70° compared to the 0° reported for clean
gold.”® Furthermore, within some minutes of exposure to the laboratory atmosphere, a clean
hydrophilic gold surface is rendered hydrophobic by adsorption of nonpolar contaminants.
XPS indicates the presence of non-volatile carbon- and oxygen—containing contaminants on

78, 112

its surface. However, after 24 hours of immersion in the thiol ethanolic solutions, the

effect of the carbon or oxygen contaminant layers on the gold surface is insignificant.''?

3.2.2. Surface characterization of SAMs

Three different SAMs were prepared and characterized in order to verify if they were in
accordance with the previous work performed by Martins et al.' Pure SAMs of SH-
(CH,);;0H (100% C110H) and SH-(CH;);sCHj3 (0% C110H) and mixed SAMs prepared
using a solution of these two alkanethiols (90% C110H) were analysed by XPS, contact angle
measurements and ellipsometry.

For all SAMs studied, no chemical element other than the ones expected, based on their

chemical configuration, were noticed in XPS survey spectra, as demonstrated in Figure 27.
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Figure 27. XPS survey spectra of 90% C110H SAMs.

Figure 28 shows the atomic percentages of carbon, oxygen and sulphur of the three different

SAMs prepared determined by XPS.
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Figure 28. Relative atomic composition (%) of SAMs prepared from mixtures of C110H and

dettermined by XPS (take-off angle of 55°)

CI5CH3
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This figure shows that there is a decrease of oxygen and an increase of carbon and sulphur
with a decrease of the percentage of C110H. The difference between chain length (n =11 and
n =15) of the two alkanethiols used may explain the decrease of the sulphur (attenuantion of
the buried sulphur signal).

In some samples prepared from a solution of C15CH3 a residual peak of oxygen, which was

described by other authors,''*!''* has been detected.

Figure 29 shows the Cls, Ols, S2p, and Au 4f XPS spectra of a mixed monolayer adsorbed

from a mixture of 90% C110H and 10% C15CH3.

Cls O1s

S2p Audf

Figure 29. Spectra of XPS (Cls, Ols, S2p, and Au 4f) of 90% C110H SAMs.

XPS high resolution spectra of the Cls, Ols, S2p, and Au4f of a mixed monolayer adsorbed

from a mixture of 90% C110H and 10% CI15CH3 are in accordance with results reported by
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other authors.'”” The Cls binding energy of the mixed SAMs, centred at 285 eV, corresponds
to the C-C and C-H bond in the alkanethiol. The additional Cls peak, centred at 286.7 eV,
corresponds to the C-O bond, from the OH- groups present on the monolayer.

The Ols binding energy was centred at 532.8 eV and Au 4f was centred at 84 and 87.7 eV.
The sulphur high-resolution spectra of these SAMs were obtained with a doublet structure
centred at 162 and 163.2 eV and a peak area ratio of 2:1, being in agreement with described

by Castner et al (162.1 and 163.3 eV).""*

In figure 30 the contact angles of the SAMs prepared from mixtures of C110H and C15CH3
are given. It is visible that the hydrophilicity of the SAMs increases linearly with the
incorporation of C110H thiol in the monolayer, as described elsewere (18.1+1.6; 44.0+0.8;

106.7+1.3).!
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Figure 30. Contact angle (°) versus percentages of OH groups on the surface of SAMs prepared from mixtures

of C110H and C15CH3.
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Surface characterization of these SAMs using XPS and contact angle measurements are in
accordance with described by Martins et al.'" Concerning SAM preparation, their surface
concentration is not equal to the composition of the thiol solutions, since there is a strong
preference for the adsorption of the longer and methyl-terminated thiol. In this previous
investigation performed in our laboratory, it was described that thiol solutions with 80% and
90% of C110H give a percentage of OH groups on the surface of the monolayer of about 36
% = 9 and 65% = 6 respectively. In this work, several surface concentrations of C110H (0%,
36%, 65% and 100%) have been studied in order to have a gradient of functionalities on the

surface.

Ellipsometry was applied as a precise technique of determining the average monolayer

thickness of the pure and mixed SAMs prepared from solutions of C110H and C15CH3.

As can be observed in Figure 31 the thickness of the films decrease linearly as the

concentration of OH increases.
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Figure 31. Film thickness of SAMs prepared frompure and mixtures of C110H and C15CH3.
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Monolayers assembled by n-alkyl thiols (CH3(CH2),SH where n=1,3,5,7,9,11,15,17, and 21),
adsorbed on gold from dilute solution, have been characterized by optical ellipsometry by
Porter et al.''®> They report that there are distinct differences in the thickness of the SAMs
between long- and short-chain thiol monolayers. Their ellipsometric data indicated that long
chain thiols (CH3(CH;).>9SH) tilted by 20-30° from the surface normal. If an average tilt of
25° is introduced, a slope of 0.11 nm per CH; group and an intercept of 0.51 nm result.
Extrapolating this equation to our layers with 100% C110H SAMs, which have 11 CH;
groups, a thickness of 1.7 nm is expected, theoretically. The thickness obtained was 1.6 nm,
which is close to the theoretical value. Concerning our layers with 0% C110H, which have 15
CH; groups, they should have, in theory, a thickness of 2.16 nm. The result obtained is very
similar (2.1 nm). Mixed SAMs should have thickness values between 1.6 and 2.16 nm, which

has been confirmed by our results.

3.2.3. Protein Adsorption

3.2.3.1. Quantification of HFG adsorption on different SAMs

HFG adsorption obtained using '*I-labeled HFG on the different SAMs is shown in Figure
32. The contact drop diameter used in the calculations of the surface area ranges from 3.7 to

5.0 mm depending on C110H percentage on the SAMs surface.

Pure C15CH3 SAMs produced the highest HFG adsorption. The concentration of HFG on this
monolayer was 6.7 + 0.8 mg/m>. SAMs with 100% C110H resulted in the lowest HFG
adsorption. The concentration of HFG on this monolayer was 1.5 + 0.3 mg/m”. For mixed
C110H SAMs, HFG adsorption decreased from 5.2 + 0.8 mg/m” (36% C110H) to 3.5 + 0.2

mg/m” (65% C110H). It is clear that concentration of adsorbed HFG decreases linearly with
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the increase of C110H percentage on the SAMs surfaces. HFG adsorption onto gold substrate

was 5.2 + 0.6 mg/m’.
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Figure 32. HFG adsorption on C11 SAMs using '*’I-HFG (0.1mg/ml; 25°C; 30 min).

The theoretical monolayer coverage for HFG is 2.0 mg/m” for side-on orientation and 18
mg/m2 for end-on orientation.'” The results obtained suggest that, except for the OH-
terminated SAM, all the surfaces could have protein monolayers with mixed side-on and end-

on orientation.

3.2.3.2. Exchangeability of adsorption

The exchange of the pre-adsorbed '*I-labelled HFG by other proteins in solution (HSA and
HFG) was used in order to evaluate exchangeability of HFG adsorption onto different SAMs.

Figure 33 shows the HFG retention onto the different SAMs, after being wet over a 24 hour
period in HFG and HSA solutions (Img/mL). The retention of the '*’I-labeled HFG after
being wet in unlabeled HFG is lower only in hydrophilic SAM (100% of C110H). When

SAMs are wet in HSA solution, the retention of '*’I-labelled HFG was higher in almost all the
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SAMs except that with 65% of C110H. Thus, for the SAMs with 65% of C110H, the pre-

adsorbed HFG was exchanged more by HSA (+ 40%) than by HFG.

B Washed with HSA O Washed with HFG

100
90 82 78 82

80 - 2 66 65 7 3
70 60
60
50 -
40 -
30
20 -

82

| HFG Retention (%)

0% OH 36% OH 65% OH 100% OH Au

Figure 33. Retention of 'I-HFG previously adsorbed to different SAMs prepared, after being washed with

unlabelled HFG and HSA solution (1mg/ml; 25°C; 24 h)

Gold substrates show almost the same surface retention for both solutions (HFG, 73+ 4 % and

HSA, 72+ 3 %).

The more hydrophobic mixed SAMs with 0% and 36% C110H present the highest HFG
retention for both solutions (HFG, 78 £ 9 % and 82 + 8 % and HSA, 82 £3 % and 82 £ 5 %

respectively).

3.2.3.3. Competitive adsorption of HFG and HSA to SAMs

Competitive adsorption of HFG and HSA to different SAMs prepared from pure and a
mixture of C110H and C15CH3 was studied. Figure 34 shows the effect of the presence of

unlabelled HSA on the adsorption of HFG onto SAMs with various C110H concentrations.
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The concentration of '*’I-labelled HFG was kept at 0.1mg/mL and the quantity of HSA was 0,

0.1 and Img/mL. Three replicates were used.

B 0.1 mgml HFG solution
@ 0.1 mgml HFG + 0.1 mg/ml HSA solution
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Figure 34. Competitive adsorption of HFG and HSA to different SAMs adsorbed from pure and acmixture of
C110H and C15CH3. The concentration of '*I-labelled HFG was kept at 0.1mg/mL and the quantity of HSA

was 0, 0.1 and Img/mL.

Calculations were performed considering that 100% adsorption corresponds to the
concentration of HFG adsorbed from HSA-free solution (presented in Figure 30). Figure 32

shows the effect of the presence of albumin on fibrinogen adsorption.

When using the same concentration of fibrinogen and albumin (0.1/0.1mg/ml), the maximum
decrease of fibrinogen adsorption was 30%, meaning that all the SAMs used seemed to have

higher affinity to fibrinogen than to albumin,

For protein concentration in the same ratio of blood, some differences can be observed. The
more hydrophobic surfaces (0%, 36% and 65% C110H) showed the lowest affinity to
fibrinogen. In 65% C110H SAM, the presence of albumin lead to a decrease of fibrinogen

adsorption of 70%. In opposition, it is clear that hydrophilic SAMs (100% C110H) are the
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surfaces that present higher affinity for fibrinogen, since they showed the lowest decrease of

fibrinogen adsorption (12%) in the presence of albumin.

These results suggest that although surfaces with 100% C110H present the lowest fibrinogen
adsorption from pure solutions, when albumin was present as competitive protein, this surface
had the highest fibrinogen affinity.

Competitive adsorption studies demonstrate that the more hydrophobic SAMs (0%, 36% and
65% C110H) have higher affinity to HSA than the most hydrophilic SAMs (100% C110H)
and gold surfaces. However, SAMs with 0% and 36% C110H, present the highest retention
of HFG (Figure 33), showing that protein could be denaturated on the surface. The change of
HFG conformation due to adsorption, could be related with platelet adhesion and activation.
Therefore, SAMs with 65% C110H, seemed to be the surface with the highest albumin
affinity related with the lowest retention, suggesting that adsorbed HFG is on his native

conformation.

3.2.3.4. Platelet adhesion and activation to SAMs and gold substrate

I. Scanning Electron Microscopy (SEM)

Figure 35 shows typical scanning electron micrographs of adherent platelets from the same
donor on four different SAMs (0%, 36%, 65%, and 100% OH) and the Au control after pre-
immersion in albumin solution or PBS. The platelet adherent density was analysed on
randomized full-scale x-1000 images. With exception for SAMs with 65% OH, where platelet
adhesion was not observed, results demonstrated an increase of the amount of platelet
adhesion as the methyl groups on the surface increased. Platelet adhesion was also high on

gold.
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Comparing images of pre-immersed samples in PBS with pre-immersed samples in albumin

solution, it is clear that the albumin layer inhibits platelet adhesion in all SAMs analysed.

PBS Albumin

0
0%
1 - M — SE1-F1_
CEMUP 1000 E0=10KY WE= Benrm CEMUP £1000 E0=10W WD=15enm
0
36%
] SF1-061_
CEMUP 1000 E0=10KY WE= Benrn CEMUP £1000 E0=10WY WD=15enm
0
65%
$E1-C1_ SE1-HI_
S CEMUP £1000 E0=10kY W= Benrn S CEMUP x1000 Ef=10KY WD=15nm
0,
100%

. 3 mep s T 3
SF1-D1_ SE1-H_
CENUP 51000 E0=10KY W= Benm CEMUP 33000 E0=10KY WD=1 Senm

64



Effect of surface chemical modifications on hydrophilicity, protein adsorption and platelet adhesion

PBS Albumin

Au

S81-F1 & .
o CEMUP x1000 El=10KY WD=15mm o CEMUP x1000 El=10KY WD=15nm

Figure 35. SEM micrographs of platelet adhesion on SAMs; 0% OH; 36% OH; 65% OH; 100 % OH; and Au;

all in PBS and in protein respectively.

These images are in accordance with the ones described by other authors for -OH and -CHj3
terminated SAMs and gold.''*'"®

Once the PRP used in these experiments had some proteins, results can be related with our
previous protein adsorption studies, since the amount and denaturation of HFG is related with
platelet adhesion and activation.”' Higher platelet adhesion was observed on 0%, 36% SAMs
and gold surfaces, which were the surfaces that demonstrate higher HFG adsorption and
retention (higher HFG denaturation). Platelet adhesion was absent from 65% C110H SAMs
in both pre-immersion solutions (PBS and HSA). This surface presented the lowest affinity to
HFG in the presence of HSA, as previously stated by us and the higher affinity to HSA in the
presence of HFG as described by other authors.! Although 100% C110H SAMs have the
lowest protein adsorption, they presented some spread platelet on the surface, perhaps due to
its higher fibrinogen affinity. This can also be observed in the surfaces that were pre-

immersed in albumin solution.
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In Figure 36 it can be observed some examples of the platelet adherent density analysed on

randomized full-scale x-5000 images, where it is possible to distinguish different shapes and

stages of platelet activation.
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Figure 36. SEM micrographs of platelet adherent density was analysed on randomized full-scale x-5000 images

on SAMs: 0% OH, 36% OH and Au, respectively, all pre-immersed in PBS solution.

Lin et al''®

described that on untreated Au surface, some adherent platelets were activated and
the platelet shape was changed from round type (nonactivated) to dendritic or spread-dendritic
type with few pseudopods extruded, and even fully spread type.

The hydrophobic -CH3 SAM was highly platelet reactive because the shape of the adhered
platelet was mostly in spread dendritic and spread forms. For the hydrophilic -OH SAM

surface, only few platelets adhered.''°

ii. Glutaraldehyde Induced Fluorescence Technique — GIFT

Frank et al.'* described this method as rapid, simple, and inexpensive for the investigation of
platelet/material interactions, which allows imaging and quantification of adherent and spread

platelets in parallel. The GIFT technique is stable without relevant photo bleaching. The fixed
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samples can be stored for months and reinvestigated several times without affecting the image

quality.""” GIFT can be used to image the platelet shape change on foreign surfaces.

In this study, preliminary results were achieved regarding gold surfaces to evaluate platelet
adhesion. Two PRP concentrations were used and a control surface without incubation in PRP
concentrate was used.

Figure 37 illustrates that GIFT can be used to differentiate between the various categories of
platelets shape. Different shapes are evident in these images, and it is shown that GIFT can
be used as a tool to quantify adherent platelets. The GIFT technique results in high-contast
images.

In the future, this technique will be used to quantification and qualification of platelet

adhesion onto SAM:s.

Figure 37. Representative GIFT images of adherent platelets on gold surfaces: left image obtained with

concentration A (3 x 10® PLT/ml); right image obtained with concentration B (1.5 x 10* PLT/ml).

Although platelets adhered to gold, with the lower platelet concentration significantly less

adhered platelets. The adherent platelets remained in spreading form and spread dendritic
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form, while in higher concentration platelets are in fully spread form. The level of platelet

adhesion on gold is very high.

ii. Flow cytometry — FC

Flow cytometry can provide both quantitative (percentage of activated platelets) and
qualitative (activation degree) information. Initial concentration (Ai, 3 x 10° PLT/ml) was
measured before contact with surfaces. Three methods of sample preparation were applied as
described in Table V in order to optimize the quantification of adherent platelets onto gold
surfaces. The adsorbed platelets are the initial minus the ones measured in the supernatant that

was in contact with the surface.

Table V. Methods of sample preparation for flow cytometry analyses. Different bottom

materials and wall materials were used in order to evaluate platelet activation.

Bottom Wall
Au Gold Silicon
CcVv Polystyrene Polystyrene
CO Gold Polystyrene

In Figure 38 it can be observed that thrombin increase platelet activation. Comparing the
different approaches of samples preparations it seems that gold sample attached to Silastic'™

tubing is the sample with the lowest adhered platelets, since the platelet adhered are the initial

platelet concentration (A1) minus platelet concentration after contact with gold (AuA).
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Figure 38. Platelet concentration of different samples and different typed of activation (basal and thrombin

activation). Platelet concentration A (3 x 10 PLT/ml) was used.

Several authors have described that silicone is advantageous for long term extracorporeal
respiratory support in terms of less platelet adhesion.'” Davies et al also used Silastic™

tubing to attach cpTi test disks in order to evaluate platelet adhesion and platelet activation.''®
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4. Conclusions and perspectives

Ozonation of PET promoted a significant increase in hydrophilicity as evaluated by the
decreasing of contact angle from 74° to 38.2°. The adhesion between PET and PHEMA was
thus improved, as shown by tensile strength tests. Washed films presented higher contact

angle as compared to unwashed films.

SEM micrographs confirmed that the best adhesion between treated PET fiber and PHEMA
hydrogel matrix was obtained when PET fibers were treated with ozone for 6 hours and

immediately immersed in a PHEMA reactive solution.

Tensile strength tests show that higher maximum stress can be obtained when PHEMA
hydrogels are reinforced with PET fibers. Furthermore, the ozonation of PET fibers do not
increase the maximum stress as compared to untreated ones. The behaviour of PHEMA
hydrogels with untreated or ozone-treated PET fibers during tensile tests is significantly
different. The maximum stress for PHEMA hydrogel without any reinforcement is ~0.09MPa
and the maximum stress of ozonated bundles is ~11.6 MPa. Reinforcing the hydrogel with
PET bundles modified by ozonation it is possible to obtain a maximum stress of ~0.34 MPa

showing an increasing of mechanical properties of the composite.

Using pure and mixed SAMs prepared from solutions with only two different functional
groups: OH-terminated thiol and CH3-terminated thiols it is possible to obtain a range of

wettabilities.
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Fibrinogen adsorption is lower on more hydrophilic surfaces as detected by protein
radiolabelling. It is clear that the concentration of adsorbed HFG decreases linearly with the
increase of C110H percentage on the SAMs surfaces. Mixed SAMs (65% C110H) show
considerable HFG adsorption. This SAMs can be exchanged by albumin in solution, but they

cannot be exchanged by fibrinogen in solution.

Although the more hydrophilic surface (100% CI110H) showed the lowest fibrinogen
adsorption from pure solution, these surfaces demonstrated to have higher affinity for

fibrinogen adsorption in the presence of albumin.

SEM micrographs showed that platelet adhesion was absent for 65% OH SAMs, which
present the lowest affinity to HFG, as previously described.

With exception for SAMs with 65% OH, results demonstrated an increase of the amount of
platelet adhesion as the methyl groups on the surface increased. Platelet adhesion was also
high on gold.

The hydrophobic -CH3 SAM was highly platelet reactive because the shape of the adhered
platelet was mostly in spread dendritic and spread forms, indicating that the contents of these
activated platelets may have moved outward, causing more platelet adhesion and activation on
the surface.

GIFT can be used to differentiate between the various categories of platelets shape. In the
future, this technique will be used to quantification and qualification of platelet adhesion onto

SAMs.

Flow cytometry will be used in order to quantify adhered platelets onto SAMs and evaluate
their activation degree. This technique will be applied using SAMs attached to Silastic'™

tubing since it was the sample with the lower concentration of adhered platelets.
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