]

7 - -—ﬂ-:!._

—

Modified Flbers W|th |
Medical and Speualty -

Afpllcatlons
> ‘L —an

l Vmcent Edwards Gisela Buschle-Diller
and Steven C. Goheen (Edltoﬂ)

_} o
_..,f r _ . e
e

"'?”‘ -

¢
1L ‘
s ﬂ_ K.-J
= =i . r s

<.} - .,



MODIFIED FIBERS WITH MEDICAL
AND SPECIALTY APPLICATIONS



Modified Fibers with Medical
and Specialty Applications

Edited by

J. VINCENT EDWARDS

Southern Regional Research Center,
New Orleans, LA, US.A.

GISELA BUSCHLE-DILLER

Auburn University
Aburn, AL, US.A.

and

STEVEN C. GOHEEN

Pacific Northwest National Laboratory,
Richland, WA, U.S.A.

@ Springer



A C.I.P. Catalogue record for this book is available from the Library of Congress.

ISBN-10 1-4020-3793-7 (HB)
ISBN-13 978-1-4020-3793-1 (HB)
ISBN-10 1-4020-3794-5 (e-book)
ISBN-13 978-1-4020-3794-8 (e-book)

Published by Springer,
P.O. Box 17, 3300 AA Dordrecht, The Netherlands.

www.springer.com

Printed on acid-free paper

All rights reserved.

© 2006 Springer

No part of this work may be reproduced, stored in a retrieval system, or transmitted

in any form or by any means, electronic, mechanical, photocopying, microfilming, recording
or otherwise, without written permission from the Publisher, with the exception

of any material supplied specifically for the purpose of being entered

and executed on a computer system, for exclusive use by the purchaser of the work.

Printed in the Netherlands.



Table of contents

THE FUTURE OF MODIFIED FIBERS
J. Vincent Edwards, Steven C. Goheen, and Gisela Buschle-Diller

FUTURE STRUCTURE AND PROPERTIES OF
MECHANISM-BASED WOUND DRESSINGS
J. Vincent Edwards

BEHAVIOR OF CELLS CULTURED ON CUPROPHAN
N. Faucheux, J. L. Duval, J. Gekas, M. Dufresne,
R. Warocquier, and M. D. Nagel

COTTON AND PROTEIN INTERACTIONS
Steven C. Goheen, J. Vincent Edwards, Alfred Rayburn,
Kari Gaither, and Nathan Castro

ELECTROSPUN NANOFIBERS FROM BIOPOLYMERS
AND THEIR BIOMEDICAL APPLICATIONS
Gisela Buschle-Diller, Andrew Hawkins, and Jared Cooper

HALAMINE CHEMISTRY AND ITS APPLICATIONS
IN BIOCIDAL TEXTILES AND POLYMERS
Gang Sun and S. D. Worley

11

35

49

67

81



vi

10.

1.

12.

13.

14.

Table of contents

MODIFICATION OF POLYESTER FOR MEDICAL
USES

Martin Bide, Matthew Phaneuf, Philip Brown,

Geraldine McGonigle, and Frank LoGerfo

BIOLOGICAL ACTIVITY OF OXIDIZED
POLYSACCHARIDES
loan I. Negulescu and Constantin V. Uglea

BIOLOGICAL ADHESIVES

José Maria Garcia Paez and Eduardo Jorge-Herrero

SURFACE MODIFICATION OF CELLULOSE FIBERS
WITH HYDROLASES AND KINASES

Tzanko Tzanov and Artur Cavaco-Paulo

ENZYMES FOR POLYMER SURFACE
MODIFICATION
G. Fischer-Colbrie, S. Heumann, and G. Guebitz

ENZYMATIC MODIFICATION OF FIBERS FOR
TEXTILE AND FOREST PRODUCTS INDUSTRIES
William Kenealy, Gisela Buschle-Diller, and Xuehong Ren

THE ATTRACTION OF MAGNETICALLY
SUSCEPTIBLE PAPER
Douglas G. Mancosky and Lucian A. Lucia

FIBER MODIFICATION Vi4 DIELECTRIC-BARRIER
DISCHARGE: Theory and practical applications to
lignocellulosic fibers

L. C. Vander Wielen and A. J. Ragauskas

INDEX

91

125

145

159

181

191

209

215

231



Preface

The initial impetus for this book on fibers originated from a weeklong sym-
posium where scientists of a variety of walks met to discuss their work on
fibers with medical and specialty applications. Seeing the benefits of sharing
information across disparate fields and disciplines of science we realized the
potential for cross-fertilization of ideas between different area of fiber science.
Thus, represented here are a variety of potential product lines under the cover
of a single book, which for the imaginative scientist we hope will lead to some
new food for thought. The fields of medical and specialty fibers include a wide
array of natural and synthetic textiles, medical devices, and specialty paper and
wood products. Research in these areas has become more interesting to sci-
entists who are seeking to strike out in new directions based on an impulse to
create new products that meet the unmet needs of rapidly growing fiber markets
in wound care, prosthetic, and cellulosic arenas. It is hoped that providing new
concepts and approaches to working with different types of fibrous materials
will give the reader some pulse of the current climate and research opportunities
of medical and specialty fibers. Breakthroughs into a better understanding of
wound healing, biomaterial design, fiber surface chemistry and bio- and nano-
technologies are currently providing the impetus to create the fiber products
of the future. The editors feel that a book of this type would be remiss with-
out discussions of the impact interdisciplinary scientific pursuits are having on
fiber design. With that in mind we have treaded lightly on reviewing traditional
areas that have been the basis of past books on fibers science, and provide pa-
pers giving emphasis to chemically, biologically, and material science oriented
readers. Included here are papers by featured authors who have or are currently
developing new fiber products in wound dressing, hygienic and cellulosic prod-
ucts. Medical textiles provide the foundation for current medical technology

vii
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products of the future. Subjects on fiber design and modification dealing with
non-implantable, implantable, and extracoporeal materials, are provided for in
the first nine chapters. The interdisciplinary nature of textile fiber science in-
cludes areas from physics to biology; and the boundaries between seem to be
growing fainter as new fibers modifications are being developed. It is with this
in mind that the final chapters 10—14 are presented giving new insights to areas
of fiber and enzyme and surface physics and issues that present new research
concepts on the molecular engineering and physics of cellulosic fibers.



Chapter 1

The Future of Modified Fibers

J. Vincent Edwards!, Steven C. Goheen?, and Gisela Buschle-Diller?

YUSDA-ARS, Southern Regional Research Center, 1100 Robert E. Lee Blvd., New Orleans,
LA 70124, US.A.

2Battelle Northwest, Richland, Washington 99352, U.S.A.

3 Textile Engineering Department, Auburn University, AL 36849, U.S.A.

The future of fiber technology for medical and specialty applications depends
largely on the future needs of our civilization. It has been said that “unmet needs
drive the funding that sparks ideas”. In this regard recent emphasis on United
States homeland security has encouraged new biofiber research, resulting in
the development of anti-bacterial fibers for producing clothing and filters to
eliminate pathogens and enzyme-linked fibers to facilitate decontamination of
nerve toxins from human skin [1]. Magnetic fibers may also have future se-
curity applications including fiber-based detectors for individual and material
recognition. Interest in smart and interactive textiles is increasing with a pro-
jected average annual growth rate of 36% by 2009 [2]. More specific markets
including medical textiles and enzymes will grow even more rapidly. Among
the medical textiles are interactive wound dressings, implantable grafts, smart
hygienic materials, and dialysis tubing. Some of the medical and specialty
fibers inclusive of these types of product areas are discussed in this book. A
recent review of the surface modification of fibers as therapeutic and diagnostic
systems relevant to some of these new product areas has appeared and Gupta
reviewed current technology for medical textile structures [3] with focus on
woven medical textile materials.

The design of new fibers for use in healthcare textiles has increased rapidly
over the past quarter of a century. Innovations in fiber design have led to im-
provements in the four major areas of medical textiles: non-implantable, im-
plantable, extracorporeal, and hygienic products. The use of natural fibers in

1
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2 Chapter 1

medical applications spans to ancient times. Although wood seems an unlikely
material for a medical textile, some of the earliest documented evidence of
the use of natural fibers as prosthetics is from the use of wooden dentures in
early civilizations [4]. Anecdotal folklore also suggests that President George
Washington wore similar prosthetics; however his dentures were probably
constructed of ivory [5]. It is notable that wood is still employed in splints
to stabilize fractures [6]. Natural fibers are readily available and easily pro-
duced owning to their remarkable molecular structure that affords a bioactive
matrix for design of more biocompatible and intelligent materials. The nano-
structure of natural fibers is complex and organized in motifs that cannot be
easily duplicated. Synthetic fibers typically do not have the same multilevel
structure as native materials. On the other hand, specific material properties in-
cluding the modulus of elasticity, tensile strength, and hardness are largely fixed
parameters for a natural fiber but have been more manageable within synthetic
fiber design. The molecular conformation native to natural fibers is often key
to interactions with blood and organ cells, proteins, and cell receptors, which
are currently being studied for a better understanding to improve medical tex-
tiles. The native conformation or periodicity of structural components in native
fibers such as collagen and cellulose offers unique and beneficial properties for
biomedical applications. An extension of the bioactive conformation property
in fibers to rationally designed fibers that would inhibit enzymes or trigger a
cell receptor is a premise of current research.

The first nine chapters of this book present work going on in the research
and development of biomedical products from these four traditional areas of
medical textiles.

Non-implantable textiles are applied externally. They include dressings and
bandages used in wound and orthopedic care, bedpads, sheets, diapers, and
protective clothing such as patient and medical personnel gowns, gloves, face
masks, and related items. Non-implantable wound dressings are largely ex-
posed to the skin and wound fluid as well as subcutaneous cells [7]. Chapters 2
and 4 both discuss recent results of work in an area of mechanism-based non-
implantable fibers that address a current need to enhance wound healing by
redressing the molecular imbalance of the chronic wound. Wound healing and
material science are shaping new views on how dressings are being improved
and expected to develop. The implications of mechanism-based dressings em-
ploying the concepts of contemporary wound bed preparation and wound heal-
ing science for future chronic wound dressings are drawn from the current state
of the science. The two natural fibers collagen and cellulose play an important
role in new wound dressing designs. The most common application for colla-
gen in dermatology is tissue augmentation and wound healing [8]. An example
of collagens role in non-implantable materials is evident in interactive wound
dressings, which have a mechanism-based mode of action and employ either
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Figure 1.1. A portrayal of the levels of structure of cellulose (structures are provided courtesy of
Dr. Alfred D. French). The cellulose chain, which is an unbranched chain of glucose residues with
B-(1-4) linkages. The second level of structure is the unit cell, which is shown here as a cross-
section of cellulose chains. The unit cell is the smallest piece of a crystal that can be repeated in
the x, y, and z directions to generate an entire crystal. Here, it consists of two cellobiose units.
One is located at the corners of the unit cell and another at the center. Although there are chains
at each corner, only one-fourth of each is inside the unit cell for a total of one corner chain.
This crystallite contains 36 chains and is thought to correspond to an elementary fibril for higher
plant secondary walls. Its atomic positions, like those in the unit cell, is based on the structure
of cellulose that was reported in Nishiyama, Y.; Langan, P;; Chanzy, H. Crystal structure and
hydrogen-bonding system in cellulose I8 from synchrotron X-ray and neutron fiber diffraction.
J. Am. Chem. Soc. 2002, 124, 9074-9082.

a native or electrospun form of collagen fibers to stimulate cell growth and to
augment soft tissue repair.

Collagen is a key component in several different tissues, and though the
fibrous form of the protein is varied it fulfills the requirements of an impor-
tant structural component of both non-implantable and implantable materials.
Collagen possesses multiple levels of structure (Figure 1.1), which are interest-
ing to contemplate for its role in a variety of biocompatible materials as viewed.
Collagen has a repeating amino acid sequence. Two out of three of these se-
quences are identical (alpha-1) left-handed helices with a pitch of 9.5 A. The
third is a nearly identical (alpha-2) chain with the same left-handed pitch. These
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three strands of amino acids are bound together in a right-handed triple helix
with a pitch of 104 A. These helices are coupled by hydrogen bonds between
the HN group of glycine in one chain and O=C groups of an adjacent amino
acid. Each super helix is about 1000 residues long, and these residues are stag-
gered to form 668 A repeating units at the higher structural level, the microfibril.
Microfibrils are further organized at several levels resulting in the final structure
of collagen.

Other natural fibers such as elastin, silk, and wool, which are also proteina-
ceous are as complex and unique as cellulose and collagen. Some researchers
have examined ways to modify wool [9, 10] and silk [9, 11] to enhance their
bacterial resistance. The work with these fibers has been expanded to include
other natural fibers and the enhancement of anti-fungal properties [12]. Silk
is also commonly used for sutures although may not be as effective as other
tissue sealing methods when underivatized [13] and may some day be used
to augment bone repair [14, 15]. Genetically engineered forms of elastin have
been used for cartilage tissue repair [16]. Closely related research areas address
the ability of natural or synthetic fibers to either resist microbe adhesion [17]
or produce anti-microbial fabrics from other fibers.

Cellulose is similar in its structural complexity to collagen. However, cel-
lulose is composed of carbohydrate residues. Differences between cotton and
wood cellulose, for example, are significant at the macromolecular level, but
the molecular sequences are similar. In the cotton fiber, many levels of or-
ganization have been discovered based on the arrangement of the crystalline
microfibrils that are ordered in multilayer structures. Figure 1.2 demonstrates
an analog of progressing from the smallest unit that is the cellulose molecule in-

Figure 1.2. A simplified illustration representing the three major levels of structure of collagen
fibers: Triple helical collagen (3000 A by 16 A) molecules are packed into collagen microfibrils
that are assembled into the native collagen fiber
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visible to light microscopes to the cotton fiber visible to the naked eye. Chapter
4 examines blood proteins, their adsorption to cotton, and their potential role
in wound healing. Much of the concern about modified fiber performance for
medical applications involves the interface between the fiber and its immediate
environment. In Chapter 4, Goheen et al. present an approach to understand-
ing the interaction of the blood protein albumin with a modified cotton wound
dressing fiber and an enzyme that takes up destructive residence in chronic
wounds. In Chapter 6, Sun and Worley present current product-oriented work
on a type of non-implantable hygienic textile with biocidal activity, in which
they attach halamines to the surface of cotton and cotton/polyester fibers. This
work is an important chapter in the development of regenerable anti-microbial
fabrics and represents a growing effort to control microbes in hospital textiles
and protective fabrics. Modified cellulose has also been used to generate mi-
crocapsules to deliver pharmaceuticals [18]. There has been recent research on
the use of modified cellulose derivatives to create ultra thin coatings on bio-
materials [19]. Regioselectively derivatized cellulose has also been explored
for its anti-coagulant activity, which is another example of bioactive fibers
from biopolymers. In Chapter 8, Negulescu et al. further discuss the bioactive
polymer idea from a drug discovery paradigm and give examples from their
own work of biologically active polysaccharide polymers from plants. Indeed,
polysaccharide fibers offer interesting possibilities for drug discovery from both
rational design and combinatorial motifs.

In Chapter 7, Bide et al. review the medical uses of polyester fibers, which
along with polytetrafluoroethylene predominate the market of vascular grafts.
Implantable fibers are placed in vivo for wound closure or replacement surgery.
Factors in determining the biocompatibility of a textile include biodegradabil-
ity, toxicity, fiber size, porosity, and tissue encapsulation. Implantable medical
textile product groups that are currently being researched and developed are
arterial grafts, surgical sutures, stents, and ligaments. An important area of
research is concerned with improving the fabric failure of conventional grafts
within the harsh hemodynamic milieu especially when coupled to stents [20].
Vascular grafts have been used for over 40 years to replace diseased or dam-
aged arteries. Implants are also exposed to several different types of tissues,
depending on the location of the implant. Much of the current interest in fiber
biocompatibility with fluids and tissues reverts to the compatibility between
the implant (or wound dressing) and the proteins in the immediate environ-
ment. Protein binding to implant materials has been the subject of a large
body of literature over several decades. To summarize this body of literature
on protein/material binding the statement “water soluble proteins tend to re-
sist binding to highly hydrophilic surfaces” conceptualizes the primary issue.
This property of protein/material binding exists because water forms a partially
impenetrable layer between the protein and the surface. However, hydrophilic
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surfaces are not necessarily more biocompatible than hydrophobic surfaces. In
this regard, it is still not entirely clear whether blood coagulation and tissue re-
jection can be predicted based on simple surface parameters as surface tension
determinations.

In Chapter 3, Faucheux et al. examine cell behavior and some key cellu-
lar mechanisms of proliferation and programed cell death in the presence of
serum on a Cuprophan-modified surface. Extracorporeal fibers are those used
in mechanical organs such as hemodialysers, artificial livers, and mechani-
cal lungs. Historically regenerated cellulose fibers in the form of cellophane
have been utilized to retain waste products from blood. Cuprophan, a cellu-
losic membrane, has been the material of choice due to the selective removal
of urea and creatinine while retaining nutritive molecules such as vitamin B12
in the bloodstream. Other medical applications of modified cellulose include
hemodialysis membranes (vitamin E modified cellulose [21]) and cellulose di-
acetate membranes [22]. A more thorough understanding of how the surface
properties of extracorporeal fibers which are in contact with blood effect cells
in the presence of blood proteins will improve our understanding of improved
fiber design and modification.

In Chapter 9, Garcia Paez and Jorge-Herrero introduce work on the uses and
preparation of biological adhesives, which is vital to tissue engineering. Tissue
engineering is a discipline of biotechnology that creates biological scaffolds
for the stimulation of cell growth, differentiation, viability, and the develop-
ment of functional human tissue. Some of the first commercial tissue engi-
neering products, which focused on skin replacement, will be covered in this
chapter. However, technologies are under development to address the pathol-
ogy of virtually every tissue and organ system. A promising area of tissue
engineering is the growing research on fibrin sealants and tissue adhesives
for surgical use, acceleration of wound healing, and regeneration of damaged
tissue.

Tissue engineering also employs both natural and synthetic polymers elec-
trospun into fibers. These electrospun fibers include collagen, elastin, gelatin,
fibrinogen, polyglycolic acid, polylactic acid, polycapronic acid, and others. It
has been said that this is the decade of nanoengineered materials, and in the
area of medical science product potential it is virtually limitless. In Chapter 5,
Buschle-Diller et al. highlight some of the principles of electrospun nanofibers
and biomedical fibers of interest.

Chapters 10—12 present emerging concepts on enzyme applications to both
natural and synthetic fibers. The inclusion of these three chapters on specialty
applications alongside chapters for medical fibers is timely with the current
interest of applying biotechnology to fibers. At a molecular level, there are close
similarities between the biological modification of a fiber with an enzyme and
the biological activity of a modified fiber through inhibition or promotion of
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enzyme activity. At this chemical/biological interface of subject areas, interest
often becomes interdisciplinary and new ideas may be spawned. It is also very
evident that the scientific community is now turning to enzymes in an effort
to make our world more renewable and sustainable. Although enzymes have
been used in textile processing for many years, it is only in the last 20 years
that growing interest has been given to using a variety of enzymes for textile
and fiber applications. Thus, in Chapter 10, Tzanov and Cavaco-Paulo reveal
new approaches to modifying cellulose fibers with enzymes applied to the two
long-studied problems of fabric crease-resistance and flame retardant finishing.
The approach of surface modifying a synthetic fiber is taken up by Fischer-
Colbrie et al. in Chapter 11 in the context of hydrolytic and oxidative enzymes,
and their application to the many fiber surfaces that are structural components
of the modern world. Finally, Kenealy in Chapter 12 extend the coverage to
enzymatic modification of fibers in textile and forest products. In the closing
two chapters of the book, we have come full circle from wooden dentures in
ancient civilizations to the treatment of lignocellulose-containing wood and
paper with cold plasmas (Chapter 13) and magnetic susceptibility properties
(Chapter 14), respectively. These two chapters also turn our attention further
to new technologies and green chemistries that open up promising ways of
modifying lignocellulosic fibers.

Some imaginative questions that one might pose as these chapters are being
read are, how will fiber technology evolve? We already have numerous military
and civilian benefits from fiber development. We have clothes that selectively
repel liquid water while allowing the penetration of water vapor. Will biotech-
nology help us design fibers or polymers to withstand intense radiation while
maintaining their integrity? Will we discover that the nanostructure of natural
fibers is ideal for implant biocompatibility, thereby opening the door for more
successful developments of synthetic replacement organs? How interactive can
we expect textile fibers of the future to be? Will we learn from natural fibers
how to design synthetic fibers for better control of surface and bulk properties?
We leave it to the reader to pose further imaginative questions regarding the
future of modified fibers.

The technologies mentioned here are rapidly developing, but it is the editors’
belief that the chapters included in this book offer current information that will
form a part of the basis of future discoveries in modified fiber technology.
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Chapter 2

FUTURE STRUCTURE AND PROPERTIES OF
MECHANISM-BASED WOUND DRESSINGS

J. Vincent Edwards

USDA-ARS, Southern Regional Research Center, 1100 Robert E. Lee Blvd., New Orleans,
LA 70124, US.A.

Abstract

The research and development of chronic wound dressings, which possess a mechanism-
based mode of action, has entered a new level of understanding in recent years based on
improved definition of the biochemical events associated with pathogenesis of the chronic
wound. Recently, the molecular modes of action have been investigated for skin substi-
tutes, interactive biomaterials, and some traditional material designs as balancing the bio-
chemical events of inflammation in the chronic wound to improve healing. The interactive
wound dressings have activities including up-regulation of growth factors and cytokines
and down-regulation of destructive proteolysis. Carbohydrate-based wound dressings have
received increased attention for their molecular interactive properties with chronic and burn
wounds. Traditionally, the use of carbohydrate-based wound dressings including cotton, xe-
rogels, charcoal cloth, alginates, chitosan, and hydrogels have afforded properties such as
absorbency, ease of application and removal, bacterial protection, fluid balance, occlusion,
and elasticity. Recent efforts in our lab have been underway to design carbohydrate dressings
that are interactive cotton dressings as an approach to regulating destructive proteolysis in
the non-healing wound. Elastase is a serine protease that has been associated with a variety
of inflammatory diseases and has been implicated as a destructive protease that impedes
wound healing. The presence of elevated levels of elastase in non-healing wounds has been
associated with the degradation of important growth factors and fibronectin necessary for
wound healing. Focus will be given to the design, preparation, and assessment of a type of
cotton-based interactive wound dressing designed to intervene in the pathophysiology of
the chronic wound through protease sequestration.
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12 Chapter 2

2.1 Historical characteristics of wound dressing fibers
and wound healing

Through the ages, both vegetable and animal fibers have been applied to hu-
man wounds to stop bleeding, absorb exudate, alleviate pain and provide a pro-
tective barrier for the formation of new tissue. Some milestones of wound dress-
ing development down through the ages are summarized in Figure 2.1. Early
humankind employed many different materials from the natural surroundings
including resin-treated cloth, leaves, and wool-based materials with a variety
of substances including eggs and honey. Some of these ancient remedies were
probably more than palliative treatments. For example, the antibacterial activ-
ity of honey in the treatment of wounds has been established [1], and honey is
now being reconsidered as a dressing when antibiotic-resistant strains prevent
successful antibiotic therapy. Recent studies suggest that honey may promote
wound healing through stimulation of inflammatory cytokines from monocytic
cells [2]. Leaves of chromolaena odorata, a weed found in crops in countries of
the Southern Hemisphere, have been found to exert potent antioxidant effects

Wound Dressing Materials
4 \
5000 B.C. !
Linen, Honey, Animal & Vegetable Fibers

a

R 1867
QT ___:l Lister impregnates bandages with antiseptics oH

L 1880 @
- = v{ First composite wound dressing & Isinglass plaster.
S | 1920

Medicated tulle dressings: woven cloth, parrafin & antiseptic

g

1960
Moist conditions accelerate healing: occlusive wound dressings

= 19ﬂ95 ]

Skin substitutes and biomaterials with biological activity

WA

Figure 2.1. Timeline overview for historical developments in wound dressing materials. See
Wound Management and Dressings by Stephen Thomas, Pharmaceutical Press, London 1999
for an in-depth treatment of the development and history of wound dressings
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that enable enhanced proliferation of human dermal fibroblasts and epidermal
keratinocytes [3]. Wool-based dressings are also being rediscovered for their
unique properties applicable to burn and chronic wounds [4]. Many ancient
remedies for wound healing were contaminated with microorganisms, which
increased the likelihood of infection. However, with the work of Lister in 1867,
who impregnated bandages with carbolic acid, antiseptic treatment arose, and
shortly thereafter Joseph Gamgee produced the first composite wound dressing
as a cotton or viscose fiber medicated with iodine [5]. The first film dressings
composed of Isinglassplaster were also introduced in the 18th century and were
reported to be used with some improved success after skin grafting at that time.
The first generation of medicated tulle dressings (see Contact Layer Dressings in
Table 2.1) were introduced in the 1920s for treatment of burn wounds and were
composed of an open weave cloth with soft paraffin and antiseptic. The finding
that moist wounds heal faster than when desiccated and that collagen at the
interface of the scab and dermis impedes epidermal cell movement prompted
the development of occlusive dressings for wound management [6, 7]. In 1975,
Rheinwald and Green [8] developed a method that made it possible to culti-
vate human keratinocytes so that a 1-2 cm? of keratinocyte cultured grafts in
about 3 weeks. This work paved the way for the eventual development of skin
substitutes and biomaterials with wound interactive properties and biological
activity which has progressed from the mid 1990s through the present.

The science of wound healing has progressed rapidly over the past 30 years.
An understanding of the progress of wound healing science, as seen by how
the “future” of wound healing was viewed in the late sixties, can be seen from
this quote taken from Christopher Textbook of Surgery:

Will the surgeon of 2000 AD encounter the same healing problems as the
present-day surgeon? Let us hope not. Prudden’s studies with cartilage have
shown unquestioned stimulation of the healing process in a number of different
healing situations,; surely a purification and chemical dissection of this crude
product can result in a sterile, more potent compound which can be used par-
enterally as well as locally. There may be no need to use such a compound
in normal patients but it could prove invaluable in patients in whom impaired
healing is to be expected [9].

If we fast forward 35 years from this quote it is found that the “potent
compound” alluded to is today thought of as a variety of biologically potent
protein families that play a central role in stimulating and regulating wound
healing. These include growth factors, cytokines, and chemokines. Growth
factors are mitogens that stimulate proliferation of wound cells. Growth factors
are “messages for cells” with hormone-like potency, and as proteins they bind
and activate specific cell receptors. They regulate gene expression, protein
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synthesis and degradation, cell division, movement, and metabolism. Cytokines
are regulators of inflammation and have potent stimulatory and inhibitory ac-
tion on inflammatory cells. Chemokines are proteins and peptides that regulate
the trafficking of leukocytes, activate inflammatory cells as neutrophils, lym-
phocytes, and macrophages. However, the following quote taken from a current
special issue of Wound Regeneration and Repair reflects the current relationship
of growth factors, cytokines, and chemokines:

Growth factors, cytokines, and chemokines are key molecular regulators
of wound healing. They are all proteins, or polypeptides, and are typically
synthesized and released locally, and primarily influence cells by paracrine
actions. The initial concepts that growth factors were mitogens only for wound
cells, that cytokines regulated inflammatory cells, and that chemokines only
regulated chemoattraction of inflammatory cells were too narrow and it is now
recognized that there are substantial overlaps in target cell specificity and
actions between these three groups [17].

Central to understanding the future of wound dressing fibers in wound heal-
ing is an understanding of how progress in wound healing science is reshaping
the design of wound dressings. Wound healing is a complex cascade of molec-
ular and cellular events [10]. During the coagulation phase following injury,
platelets initiate healing through the release of growth factors, which diffuse
from the wound to recruit inflammatory cells to the wound. Thus, growth fac-
tors are responsible for the activation of immune cells, extracellular matrix
deposition, collagen synthesis, and keratinocyte and fibroblast proliferation
and migration. Neutrophils arrive on the scene early, and serve to clear the
wound of bacteria and cellular debris. The arrival of neutrophils marks the
onset of the inflammatory phase of wound healing and under acute healing
conditions lasts only a few days. However, in the chronic wound the period
of growing neutrophil population is extended indefinitely. Inflammation is the
second phase of healing and it is mostly regulated by cytokines that are secreted
by macrophages. Cytokines control cellular chemotaxis, proliferation, and dif-
ferentiation. Macrophages also migrate to the wound site to destroy bacteria.
However, an overabundance of cytokines and neutrophils prolong the inflam-
matory phase and has a negative influence on healing. Granulation tissue, which
consists of fibroblasts, epithelial cells, and vascular endothelial cells, is formed
about 5 days after injury. Fibroplasia is the last restorative stage of healing.
Fibroplasia involves the combined effect of reepithelialization, angiogenesis,
and connective tissue growth and it has been termed “a dynamic reciprocity of
fibroblasts, cytokines, and extracellular matrix proteins”. In a healthy person
healing occurs in 21 days from coagulation, and the remodeling phase consist-
ing of scar transformation based on collagen synthesis continues for months
following injury.
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When wounds fail to heal, the molecular and cellular environment of the
chronic wound requires conversion to an acute wound so the ordinary sequential
phases of wound healing can proceed. In June 2002, a meeting of wound healing
experts formulated an overview of the current status, role, and key elements
of wound bed preparation [17]. The subsequent reports in the literature from
this meeting articulate well the concept of a systematic approach to wound bed
preparation, which is based on an emphasis to decrease inflammatory cytokines
and protease activity while increasing growth factor activity. Thus, a challenge
of current wound dressing development is to promote the clinical action of
wound bed preparation through addressing issues of high protease and cytokine
levels and increasing growth factor levels.

2.2 The origins of moist wound dressings and the ideal
wound dressing

The concept that wounds heal best when kept dry was chiefly espoused in
wound management up until the late fifties because it was thought that bacterial
infection could best be prevented by absorbing and removing all wound exudate.
Consequently, most wounds were treated with cotton or viscose fiber material
under dry conditions. However, in the early sixties Winter [6] and Hinman and
Maiback [7] showed that the rate of reepithelialization increases in a moist
wound versus a wound kept dry.

Occlusion is a concept in wound management that prompted a revolution
during the 1970s in the production of new types of wound dressings that are
still being developed. Occlusion is the regulation of water vapor and gases
from a wound to the atmosphere promoting a moist environment, which allows
epidermal barrier function to be rapidly restored. However, wound occlusion
does require careful regulation of the moisture balance of the wound with vapor
permeability to avoid exceeding the absorbency limits of the dressing. Thus,
the occlusive dressing types have been developed depending on the nature of
the wound and accompanying wound exudate as illustrated in Figure 2.2. The
theory of moist wound healing led to approximately eight to nine separate types
of wound dressing materials and devices (Table 2.1) useful for different wound
treatment indications. Each of the material types that represent these distinct
groups have molecular and mechanical characteristics that confer properties
to promote healing under specifically defined clinical indications. For exam-
ple, it has been recommended that wounds with minimal to mild exudate be
dressed with hydrocolloid, polyurethane, and saline gauze, and wounds with
moderate to heavy exudate be dressed with alginate dressings. Dressings may
also be selected based on wound tissue color, infection, and pressure ulcer
grade [11].
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Occlusive Dressings
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Figure 2.2. Occlusive dressings promote moist wound healing by regulating water vapor and
gases in the chronic wound environment. The selection of an occlusive wound dressing depends
on the degree of hydration in and around the wound tissue, its color, the presence of infection, and
the pressure ulcer grade. Table 2.1 discusses the design, composition, and indications of different
classes of occlusive wound dressings. For an in-depth treatment on selecting occlusive dressings
see Occlusive wound dressings. Why, when, which? By Vincent Falanga, Arch. Dermatol. 1988,
June; 124(6), 872-877

When taken as a composite of material characteristics the combined prop-
erties of the dressing materials given in Table 2.1 would approximate an ideal
wound dressing. A comparison of some of the ideal properties found in both
cotton and alginate wound dressings are outlined in Table 2.2. Combination
of cotton and alginate in a dressing material has been reported and repre-
sents an attempt to integrate properties found in each of these two types of
dressings into a single dressing [12]. Improvements in wound dressings that
function at a molecular or cellular level to accelerate wound healing or monitor
wound function are included among the ideal characteristics and may be termed
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Table 2.2. Some ideal properties of a wound dressing as compared between cotton and
alginate materials. (G) Good, (E) Excellent, and (P) Poor

Comparative properties of alginate (A) and CA

cotton (C) dressings C A

Absorbency (G)(E) Ease of application and removal (G/P) (E)
Adherence (G) (E) Elasticity (E) (P)
Bacterial barrier (G) (G) Gaseous exchange (G) (G)
Comfort (G)(E) Hemostatic (G) (G)
Conformability (G) (E) Non-antigenic and non-toxic (E) (E)
Drug delivery Q) (G) Sterilizability (E) (E)
Durability (E) (G) Water vapor transmissibility (G) (E)

interactive and intelligent wound dressings, respectively. For example, a wound
dressing that removes harmful proteases from the wound to enhance cell pro-
liferation is an example of an interactive wound dressing. A dressing having a
detection device in the material signaling “time-to-change” from a defined col-
orimetric reaction as a molecular signal that the dressing has reached capacity
of deleterious protein levels, and pH or temperature imbalance may be termed
“intelligent”. It seems likely that the future development of intelligent wound
dressings that give beneficial clinical information on the wounds healing status
will be in sync with the development of interactive dressings that perform a
specific molecular or cellular function in the complex cellular and biochemical
wound environment.

2.3 Interactive chronic wound dressings

The design and preparation of interactive chronic wound dressings [13]
have become increasingly important as part of a solution to addressing the
critical worldwide health crisis of the growing number of chronic wound pa-
tients. In the United States alone, there are over five million patients a year
who suffer from chronic wounds due to the formation of decubitus bedsores
brought on in the elderly nursing home or spinal chord paralysis patient. In
addition, diabetes accounts for at least 60,000 patients annually who also suf-
fer with foot ulcers. Since the mid 1990s, the number of wound care products
in the well-recognized groups outlined in Table 2.1 has expanded and new
groups of products have also been marketed including tissue-engineered prod-
ucts [14]. Recent efforts to develop wound dressings that do more than simply
offer a moist wound environment for better healing have prompted most major
wound dressing companies to develop research and approaches on interactive
chronic wound dressings. Interactive chronic wound dressings, which possess a



22

Chapter 2

Table 2.3. Carbohydrate wound dressings that stimulate growth factors and cytokines

Growth
factor/cytokine

Carbohydrate  Associated wound induced and cell Wound healing
source dressings source Activity events
Alginate [16]  Guluronic:mannuronic ~ TNF-e, IL-f3, Collagen synthesis Pro-inflammatory
(80:20) dressing. 1L-6 fibroblast and stimulus
macrophages keratinocyte
and monocytes chemotaxis
DEAE DEAE sephadex beads TGF-f platelets  Fibroblast activation  Bead pocket
sephadex in PEG (10 mg/mL) fibroblasts ECM deposition, increases wound
[21,22] macrophages collagen synthesis breaking
TIMP synthesis strength
MMP synthesis
angiogenesis
Honey [1, 2] Manuka and jelly TNF-«, IL1{3, Fibroblast and Antibacterial pro-
bush—containing 1L-6 keratinocyte inflammatory
products macrophages proliferation and
PMNs chemotaxis.
fibroblasts
Aloe vera [32]  Aloeride/acemannan IL-13, TNF-ox Fibroblasts Reduces acute
B—containing gels IFN-y macrophages radiation-
macrophages induced skin
PMNs reactions
fibroblasts

mechanism-based mode of action, are targeted to biochemical events associated
with pathogenesis of the chronic wound and are a part of good wound bed
management.

Skin substitutes, which are being increasingly used, contain both cellular and
acellular components that appear to release or stimulate important cytokines
and growth factors that have been associated with accelerated wound heal-
ing [15]. Some basic materials may also play a role in up-regulating growth
factor and cytokine production and blocking destructive proteolysis. In this
regard, the biochemical and cellular interactions that promote more optimal
wound healing have only recently been elucidated for some of the occlusive
dressings described in Table 2.1. Some carbohydrate-based wound dressings
that stimulate growth factor and cytokine production are outlined in Table
2.3. For example, certain types of alginate dressings have been shown to ac-
tivate human macrophages to secrete pro-inflammatory cytokines associated
with accelerated healing [16]. Interactive wound dressing materials may also
be designed with the purpose of either entrapping or sequestering molecules
from the wound bed and removing the deleterious activity from the wound bed
as the wound dressing is removed, or stimulating the production of beneficial
growth factors and cytokines through unique material properties. They may also



2. Future structure and properties 23

be employed to improve recombinant growth factor applications. Impetus for
material design of these dressings derives from advances in the understanding
of the cellular and biochemical mechanisms underlying wound healing. With
an improved understanding of the interaction of cytokines, growth factors, and
proteases in acute and chronic wounds [17-20], the molecular modes of action
have been elucidated for dressing designs as balancing the biochemical events
of inflammation in the chronic wound and accelerating healing. The use of
polysaccharides, collagen, and synthetic polymers in the design of new fibrous
materials that optimize wound healing at the molecular level has stimulated
research on dressing material interaction with wound cytokines [16], growth
factors [21, 22], proteases [23, 24, 25, 29], reactive oxygen species [26], and
extracellular matrix proteins [27].

2.3.1 Sequestration of wound proteases and approaches to treating
chronic dermal ulcers

The prolonged inflammatory phase characteristic of chronic wounds results
in an over exuberant response of neutrophils, which contain proteases and free
radical generating enzymes that have been implicated in mediating much of
the tissue damage associated with chronic inflammatory diseases. Since neu-
trophils mediate a variety of chemotactic, proteolytic, and oxidative events that
have destructive activities in the chronic wound, therapeutic interventions have
been proposed based on the proteolytic and oxidative mechanisms of neutrophil
activity in the wound. Neutrophils contain both matrix metalloproteases and
cationic serine proteases, which are two families of proteases that have been
associated with a variety of inflammatory diseases, and have been implicated
as destructive proteases that impede wound healing. The presence of elevated
levels of these proteases in non-healing wounds has been associated with the
degradation of important growth factors and fibronectin necessary for wound
healing [28]. There is also a synergistic effect of further oxidative inactiva-
tion of endogenous protease inhibitors, which leads to unchecked protease
activity.

A protease sequestrant dressing’s design for activity may be couched in a
number of molecular motifs based on the structural features of the protease,
which interferes with the healing process. The molecular features of the material
may be targeted to the protein’s size, charge, active site, and conformation to
enhance selective binding of the protein to the dressing material and removal of
the detrimental protein from the wound bed. Active wound dressings that have
been designed to redress the biochemical imbalance of the chronic wound in
this manner are composed of collagen and oxidized regenerated cellulose [23],
nanocrystalline silver-coated high-density polyethylene [29], deferrioxamine-
linked cellulose [30], and electrophilic and ionically derivatized cotton [24].
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Figure 2.3. Schematic of some types of carbohydrate-based dressings and the application of
cross-linking chemistry to combine two families of carbohydrate-based dressings into a more
ideal composite dressing [12]

2.4 Carbohydrate-based wound dressings

Carbohydrate-based wound dressings (Figure 2.3) have received increased
attention in recent years for their mechanical and molecular interactive
properties with chronic and burn wounds. Traditionally, the use of carbohydrate-
based wound dressings including cotton, xerogels, charcoal cloth, alginates,
chitosan, and hydrogels has afforded properties such as absorbency, ease of
application and removal, bacterial protection, fluid balance, occlusion, and
elasticity. Focus will be given here to the design, preparation, and assessment
of carbohydrate-based wound dressings as an effort to improve cotton medical
textiles.

2.5 Prototype design of active cotton wound dressings

Cotton gauze has been manufactured and utilized for the last two centuries
as a standard wound dressing in the care of both acute and chronic wounds.
Although it is still used in much the same manner as originally conceived,
there have been some fiber modifications that have improved its quality and
versatility in medical applications.

The protease human neutrophil elastase found in high concentration in the
chronic wound creates considerable protein destruction and prevents the wound
from healing [25]. The design of wound dressings that selectively sequester
proteases from the chronic wound is couched in the concept that molecular
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Figure 2.4. Computer graphic model of peptide-bound cellulose docked at the active site of
human neutrophil elastase. Cellulose is depicted as the green and red CPK model. The peptide
portion of the conjugate is a ball and stick model shown docked within the yellow highlighted
ribbon depicting the active site of elastase

features and properties of the protease can be used to tailor the molecular
design of the cotton fiber needed for selective sequestration of the protease.
Thus, the enzyme size, overall charge, and active site mechanism for binding
substrate may be employed to create the appropriate fiber design that might best
bind the enzyme selectively. The design approach of the prototype for selective
sequestration is a molecular model of a cellulose conjugate containing an active
site recognition sequence docked to the active site of human neutrophil elastase
as shown in Figure 2.4. The subsites of enzyme active site interaction consist
of the sequence conjugate H-Val-Pro-Glycine-O-ester-Cellulose.

2.6 Preparation and assay of the prototype active
cotton-based wound dressing

The preparation of the prototype cotton wound dressing containing the con-
jugate shown in Figure 2.4 required synthesis of a tripeptide sequence on the
cotton fiber. This peptide sequence was linked to the cellulose of the cotton
fiber at both ends of the peptide sequence and tested for activity to sequester
human neutrophil elastase [25]. Assay of the peptide conjugate on cotton was
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Figure 2.5. Reaction progress curves for a peptide conjugate [25] as illustrated in the molecular
model in Figure 2.2 in solutions of elastase that have been treated with interactive cotton wound
dressing fibers. The reaction is an enzyme hydrolysis of the clastase substrate left in solution
following treatment. A slower reaction as seen with the peptido—cellulose conjugates versus the
untreated cotton dressing reflects increased removal of elastase from solution

completed by incubating the cotton wound dressing in a solution of elastase
for an hour and assessing the sequestration activity of the modified wound
dressing fiber. Determination of the amount of enzyme taken up by the fiber
was based on the kinetic profile of the reaction progress curve of enzyme re-
maining in solution and its reaction with substrate as shown in Figure 2.5.
The elastase substrate is employed in the assay as a putative protein associ-
ated with healing. Thus, a smaller amount of substrate left in solution and
a slower reaction progress curve is associated with higher levels of activity
bound to the dressing and a more active wound-dressing fiber. It is note-
worthy in this regard that the activity of the peptide conjugate fiber is dose
dependent.

2.7 Design of active cotton-based wound dressings

The design of the chronic wound dressing requires a simple, economically
feasible modification that is imparted to the cotton fiber in a one- or two-step
aqueous finishing technique. This is necessary so economical methods can be
adopted in the textile mill to modify the cotton. An active site protease se-
questrant would be based on the potential for the modified fiber to interact
analogous to an enzyme inhibitor or substrate as shown in the previous peptide
conjugate of cellulose example, and as illustrated in Figure 2.4. On the other
hand, a charge sequestrant material is based on binding of the enzyme to the
cotton fiber through ion pairing: elastase is positively charged, thus a negatively
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Figure 2.6. Representative structures of modified anhydroglucose monomer units in the cellulose
chain upon treatment of the cotton gauze. I, structure of dialdehyde cotton cellulose; 11, poly-
carboxylic acid cross-linked cotton; 111, carboxymethylcellulose cotton; and IV, phosphorylated
cotton

charged fiber would ion pair with the enzyme. The types of sequestrant mo-
tifs might be based on structures of modified cellulose as shown in Figure 2.6.
These cotton cellulose modifications are dialdehyde, carboxymethylated, phos-
phorylated, and polycarboxylate cross-linked modifications. The active site se-
questrant is the dialdehyde functional group (I), and the negatively charged
modifications are the two forms of carboxylated and phosphorylated cellulose
(II-IV). The preparation of these functionally finished cotton wound dressings
has been previously reported [24].

The proposed mechanism of action of the dialdehyde cotton wound dressing
is shown in Figure 2.7. The proposed mechanism for sequestration is thought
to occur by formation of a hemiacetal through attack of the Ser-195 within
the active site of residue with assistance from Histidine-57 and Aspartate-102.
The concerted interaction of these residues termed the catalytic triad of the
serine protease leads to cleavage of a peptide bond when proteolytic activity
occurs, but in this model the interaction is more similar to inhibitor binding
of the enzyme. To show that the dialdehyde cotton may function to sequester
the elastase via this molecular mechanism the enzyme has been assayed with a
soluble form of dialdehyde starch which best approximates properties of cotton
as a carbohydrate in solution.
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Figure 2.7. The postulated mechanism of action for protease sequestration by dialdehyde cotton
[24] as an example of a modified fiber sequestrant acting at the active site of the protease to
enable enhanced protease removal from the chronic wound. The broad range proteolytic activity
of serine proteases released by neutrophils into the wound environment is responsible in part for
the degradation of growth factors and extracellular matrix proteins. The active site of catalytic
activity in serine proteases consists of a catalytic triad shown by X-ray studies to consist of
a charge relay among amino acids for substrate hydrolysis. Inhibition of the active site occurs



2. Future structure and properties 29

2.8 Understanding and predicting how active cotton wound
dressings may perform in the chronic wound

There is some controversy concerning the usefulness of animal models in
testing chronic wound dressings for efficacy. The pathology of the chronic
wound is even more complex than the healing wound, and difficult to mimic.
One predictor for efficacy of a chronic wound dressing is testing the dressing
in vitro with chronic wound fluid or proteins that mimic the environment and
protein concentration as well as makeup of chronic wound exudate. During
the course of developing a modified cotton product for commercialization, two
models for studying the performance of the modified cotton fiber under condi-
tions that mimic chronic wound fluid exudate were made. One model consisted
of assaying the modified fiber in diluted chronic wound fluid containing high
elastase activity similar to that of the chronic wound [24]. More recently, we
have developed a model utilizing albumin concentrations that mimic those lev-
els of albumin found in the chronic wound in the presence of elastase. Another
purpose in utilizing the albumin model is to better understand how albumin
may compete for binding sites on different functional groups of modified cot-
ton cellulose, and compare capacities for competitive protease binding. Using
these types of models, we have begun to study and compare more closely the
mechanisms for competitive binding through ion pairing between the enzyme
and cotton as shown in Figure 2.5 with the “inhibitor-active site”. Figure 2.8
shows the results of an experiment designed to evaluate the capacity of a type
of charge sequestrant wound dressing currently in development that removes
elastase from solution. The results of this 24-hour assay where the dressing is
challenged with a constant concentration of elastase and evaluated for contin-
ued removal of the protease from solution suggest good capacity of the charge
sequestrant wound-dressing motif.

2.9 Summary

Wound care products along with the clinical practice of wound care it-
self have rapidly matured over the past 20 years and become a molecular-
biotechnology focused industry. The product market is now valued at
$1.74 billion, and five million Americans suffering from chronic open wounds

Figure 2.7. (Continued) analogous to substrate peptide bond cleavage when proton transfer
from Serine-195 is transferred to Histidine-57 upon attack of the Serine-195 hydroxyl oxygen at
the electrophilic carbonyl of the anydrogluco-aldehye. Several classes of aldehyde and ketone-
based inhibitors have been developed (Edwards, P D.; Bernstein, P R. Synthetic inhibitors of
elastase. Med. Res. Rev. 1994, 14, 127—194) for a variety of inflammatory diseases but few have
been adapted to wound dressing
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Figure 2.8. Results of a dynamic addition capacity study for a charge sequestrant dressing.
The bar graph is a plot of percent decrease in elastase activity versus varying amounts of
modified gauze (repl00 mg, 200 mg, and 300 mg) used over a 24-h period. Elastase levels
are regenerated through out the 24-h time course to challenge the dressing material with in-
creasing levels. A solution mimicking wound fluid was prepared consisting of 4% albumin
and 2 milliunits of elastase per milligram of protein. The results show that the dressing con-
tinues to remove elastase after 24 h in the presence of protein levels found in the chronic
wound

require care that is estimated at $5-7 billion per year and increasing at an
annual rate of 10% [31]. Research and development is currently underway to
achieve more ideal wound dressings. As shown in the cartoon in Figure 2.9,
the chronic wound dressing of the future will probably have structural features
built into a single dressing. This prototype dressing would confer properties
of moisture balance, protease sequestration, growth factor stimulation, “time-
to-change indicator”, antimicrobial activity, and oxygen permeability. Many of
these properties are already present in current wound dressings; however, no
single wound dressing product offers all of them. The future success of wound
care products from modified traditional materials or new materials depends
on continued mechanism-based research at all levels from basic through clin-
ical assessment. As new products like those included in the interactive wound
dressing category continue to become available evidence regarding their rela-
tive efficacy will be needed to provide the wound care practitioner with data in
making the best product selection for the patients needs.
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Figure 2.9. Cartoon of some of the structural properties of a wound dressing of the future. (A)
It reduces proteases and their activity toward the degradation of growth factors (F.) by selec-
tively binding proteases similar to the tailored fit of an enzyme—substrate complex [ES]; (B)
It possesses absorbency that responds to exudate of the wound environment by adjusting the
moist wound environment in equilibrium with optimal wound moisture for healing; (C) A col-
orimetric indicator signals the wound dressing has reached its capacity to redress biochemical
imbalance in the chronic wound. A peptide-containing chromophore built into the dressing fiber
might release a colorimetric signal in response to reaching its capacity to perform as a protease
sequestrant. (D) The dressing possesses antimicrobial activity and serves as a barrier to wound
contamination while remaining permeable to oxygen. (E) and (F) The dressing optimally stimu-
lates the production of growth factors and cytokines in the wound environment while preventing
their degradation. Consequently, growth factors trigger their membrane bound receptors, and
proteases are blocked from degrading growth factors and their cellular receptors
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3.1 Introduction

Controlling cell shape induced by cell-substrata interaction appears of prime
importance to influence subsequent biological processes such as cell migration,
proliferation, or apoptosis [1-3].

Cell shape and cytoskeletal organization may change through the transmis-
sion of mechanical stresses mediated by cell-surface integrins. Integrins are re-
ceptors composed of « and 3 subunits linked in a transmembrane heterodimer.
Some of these mediate the adhesion of cells to Arg-Gly-Asp (RGD)-containing
proteins such as vitronectin (VN) or fibronectin (FN), both of which play a ma-
jor role in the attachment of cells plated out in the presence of fetal bovine
serum (FBS). Adsorbed proteins maintaining their sites in conformational ac-
tive structures will be recognized then by specific integrins. In this respect, cell
culture treated polystyrene dishes (PS) which adsorb adhesive serum proteins
without altering them favor cell spread and proliferation.

Since the surface of the material may be considered as a matrix of chemical
groups influencing cell-material contact, every monomer unit of the surface is
a potential site for interaction with proteins and cells. Therefore, depending on
their surface properties, biomaterials will adsorb more or less adhesive proteins
and initiate different cell behaviors.
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3.2 An immediate cell-material relationship model:
Cuprophan—Swiss 3T3 murine fibroblast cell line

3.2.1 A cellulose substratum: Cuprophan

3.2.1.1 Nature

Cuprophan (CU), a regenerated cellulose membrane produced by the
cuprammonium process, appears to be very hydrophilic (due to OH groups
in the cellobiose units of the cellulose molecule) as attested by a 22° water
contact angle.

We compared its ability to adsorb serum proteins of the culture medium
to the moderately wettable acrylonitrile AN69 membrane (40° contact angle).
Those biomaterials are both currently used in bioreactors and hemodialyzers.

3.2.1.2 In vitro serum protein adsorption

Low ability of CU to adsorb serum adhesive proteins

Immunoblot analysis of FN and VN adsorbed on 45 min FBS-conditioned
ANG69 and CU was performed. FN was not detected in the eluate of CU but was
resolved into two bands of 230 and 220 kDa in the eluate of AN69. VN was
resolved into a faint band of 74 kDa in the eluate of CU and a very large VN
band was detected in the sample from AN69. CU adsorbed 60-fold less serum
proteins than AN69 in our experimental system [4].

Low binding strength of adsorbed total serum proteins to CU

SDS PAGE protein profiles of supernatants (250, 230, 170, 130, 110, 75, 66,
58, and 52 kDa) obtained from washes of 45 min FBS-conditioned AN69 and
CU were analyzed. Proteins were detected in all washes of FBS-conditioned
AN69 with 10%, 30%, 50%, and 70% isopropanol. In contrast, FBS proteins
were completely removed from FBS-conditioned CU by the 10% and 30%
isopropanol washes, attesting a weak strength of serum adsorbed proteins on
CU [4].

3.3 Swiss 3T3 murine fibroblast early reaction to CU

Swiss 3T3 fibroblasts are widely used for cytocompatibility studies. We
studied their behavior after 45, 90, or 180 min in culture medium with or
without serum, when seeded on CU compared to AN69 membranes.

3.3.1 Cell shape observations

Cell spreading is mediated by both cell-surface integrin receptors and the
small GTP-binding protein RhoA [5]. The engagement of integrins and their
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subsequent clustering in focal adhesion complexes lead to the generation of in-
tracellular macromolecular binding complexes including the cytoskeletal pro-
teins vinculin and talin. RhoA has been implicated in the regulation of integrin
activation by promoting avidity modulation, a process known as inside-out
signaling [6-9].

The role of serum adhesive protein adsorption was clearly evidenced by
alteration of cell morphology in accordance with experimental conditions.

Forty-five minutes after seeded on CU, as well cultured in 10% FBS (low
protein adsorption) as in serum-free medium (no protein adsorption), cells were
rounded and aggregated. Each aggregate on CU appeared to be attached to the
substratum by a few cells at the end of the aggregate. By contrast, as well on
ANG69 as polystyrene culture dishes, cells were flattened in the presence of
serum (high protein adsorption) but rounded in serum-free medium (no protein
adsorption) [10] (Figure 3.1).

Cells attached to CU and PS were fixed and stained with anti-vinculin and
anti-integrin ov to assess the formation of focal adhesion complexes and with

Figure 3.1. Swiss 3T3 cell morphology on CU (A) and PS (B) in medium supplemented
with 10% FBS after 45 min
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rhodamine-phalloidin to label the actin stress fibers after incubation for 45 and
180 min. Most of the cells attached to PS after 45 min incubation have begun to
spread. There were punctuated concentrations of integrin v and/or vinculin at
the perimeters of structures that resembled focal adhesion complexes. By con-
trast, neither clusters of integrin «v nor punctuate concentrations of vinculin
were detected in aggregated cells on CU. There were typical pattern of integrin
av rich clusters or vinculin in focal adhesion complexes in cells incubated for
180 min and attached to PS, whereas aggregated cells on CU contained few
integrin «v or vinculin-positive focal adhesion complexes at the cell borders.
There were some actin filaments in cells attached to the PS but no organization
of the actin cytoskeleton in aggregated cells on CU after 45 min incubation.
Fibroblasts attached to PS after 180 min contained many bundles of actin fil-
aments. Two types of stress fibers were formed. Most of them were parallel,
while the rest contained stellar fibers radiating from several foci. By contrast,
cells aggregated on CU remained rounded and showed heavy staining circling
the cell periphery with no distinct stress fibers [11].

3.3.2 Connexin 43 organization and gap junction communication

Gap junctions play a major role in the regulation of differentiation, cell
growth, and the regulation of numerous metabolic processes [12—15]. Gap junc-
tions consist of aggregated channels that directly link the interior of neighboring
cells. Each gap junction channel is made up of two hemichannels or connexons,
which are formed by the oligomerization of protein subunits known as connex-
ins (Cx). The newly synthesized proteins oligomerize into connexons and are
transported to the plasma membrane where they interact with connexons in
adjacent cells to form cell-to-cell channels [16, 17].

Immunostaining and transmission electron microscopy observations
showed that Swiss 3T3 cells aggregated on CU after 45 min incubation es-
tablished short linear gap junctions composed of Cx 43 in cell-surface plaques
[18] (Figure 3.2).

We then used the fluorescent tracer Lucifer Yellow (LY) to examine the
ability of cells aggregated on CU to communicate via gap junctions. Cells
seeded on CU were incubated for 90 min at 37 °C and LY was microinjected
into one cell of an aggregate for 1 min. We observed a progressive diffusion of
the fluorescent dye toward the neighboring cells reflecting the functionality of
gap junctions [19] (Figure 3.3).

3.3.3 Early biochemical events induced by cell attachment on CU

Cyclic 3'-5"-adenosine monophosphate (cAMP) is involved in a wide range
of cell functions, including cell contraction and motility, but the cAMP pathway
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Figure 3.2. Immunostaining for connexins 43 channel clustering in Swiss 3T3 cells aggregated
on CU after 45 min. Brightly fluorescent dots are detected at cell—cell apposition points. (mag-
nification x 1250)

is especially important in cell shape, adhesion, cytoskeletal structure, and focal
contact formation [20, 21]. An increase in intracellular cAMP induced for
example by forskolin, a direct activator of adenylyl cyclase, the effector enzyme
which catalyses the production of cAMP from adenosine triphosphate (ATP),
causes marked morphological changes. It can also be a negative modulator
of RhoA through the activation of protein kinase cAMP dependent (PKA)
[22, 23].
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Figure 3.3. Quantification of the diffusion of LY dye in cells aggregated on CU after 90 min
incubation. The fluorescent dye was injected into one cell of an aggregate. The diffusion of dye
from the impaled cell into neighboring cells was viewed with epifluorescence every 2 s. An
inverse relationship was observed between the increase in fluorescence intensity and the distance
from injected cell. The diffusion of the dye within the neighboring cells was progressively delayed
with the increase of the distance from the injected cell
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Figure 3.4. cAMP accumulation in Swiss 3T3 fibroblasts attached to CU, AN69 or PS, 45 min
after seeding in medium containing 10% FBS or in serum-free medium. Results (cAMP 10~
M/10°) cells are referred to the amount of cAMP in the cells in suspension at time 0. Results are
means £ SD of three experiments, each performed in triplicate

We observed, by RIA measurement, that Swiss 3T3 cells adhering for
45 min to AN69 in serum-free conditions increase their content of cAMP
and become aggregated. These morphological and biochemical changes are
prevented by adding 10% FBS to the medium while cells aggregated on CU re-
main unaffected (Figure 3.4). Furthermore, we demonstrated that the catalytic
activity of adenylyl cyclase is activated by the attachment of cells to CU and that
MDL 12330 A (cis-N-(2-phenylcyclopentyl)azacyclotridec-1-en-2-amine), a
specific inhibitor of adenylyl cyclase, prevents cell aggregation and abolishes
Cx 43 channel clustering on CU.

By contrast, forskolin and 8-Br-AMP (a cell-permeable analog of cAMP)
causes Cx 43 clustering in cells attached to PS. Hence, Cx 43 channel clustering
is regulated by cAMP in Swiss 3T3 cells [ 18, 23]. The surface integrins of cells
on ANG69 or PS bind VN and/or FN, favoring the attachment and spreading of
cells under our experimental conditions. Cells on AN69 or PS have well-defined
focal adhesion complexes and stress fibers [18]. This reflects the effective
“outside—inside” transmembrane signaling produced by attachment of integrins
to substrate-adsorbed proteins. In contrast, CU adsorbs VN poorly and does
not support cell spreading or the formation of focal contacts and stress fibers.
Competitively blocking VN and FN receptors with the disintegrin echistatin
(a potent inhibitor of the binding of all the RGD-dependent integrins to their
natural ligands) does not modify the aggregation of cells when seeding on CU.

We investigated the shift between integrin-signaling RhoA and the cAMP
pathway: after incubation of 45 min, we measured the immunoreactivity of
RhoA in cell membrane preparations from cells attached to CU and PS. We
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Figure 3.5. Immunoreactivity of RhoA in cell membrane preparations. Membrane proteins
(75 ng) were resolved by SDS PAGE and immunoblotted with monoclonal antibody directed
against RhoA. Blots were quantified by densitometry after three independent experiments

found significantly lower concentrations of RhoA in the cell membranes of cells
attached to CU than in cells on PS (Figure 3.5). The effect of the cAMP pathway
on RhoA was assessed using PKI, a specific inhibitor of PKA. Adding PKI to
the medium increased RhoA in the plasma membrane of cells aggregated on
CU [11]. The whole of the observations reported above were carried out from
cells cultured on CU for 45, 90, or 180 min. Early biochemical events lead to
program cell functions that are presented below.

3.4 Swiss 3T3 murine fibroblast functions on CU
(cell cultures)

We focused on three well-characterized aspects of cell behavior of Swiss
3T3 cells aggregated on CU for 24 and 48 h, compared to cells cultured on PS:
proliferation, protein synthesis, and programmed cell death (apoptosis).

3.4.1 Cell proliferation

Proliferation of cells cultured for 24, 48, and 72 h on CU compared to PS was
assessed by counting cells in a Malassez hemocytometer (Figure 3.6) and PKH
26 staining detected by flow cytometry. Compared to cells spread on PS, prolif-
eration of cells aggregated on CU for 24 and 48 h was significantly decreased
and percentages of dead cells (stained by Trypan Blue) in the total cell popu-
lation increased (4.7% =+ 1.1% on PS versus 16.0% =+ 1.9% on CU after 48 h).

3.4.2 Total protein cell content

Cells cultured for 48 h on CU and PS were removed by trypsin-EDTA and
counted. Proteins were determined by the Bradford method. Cells cultured on
CU contain twofold more proteins than cells on PS at 48 h (Figure 3.7).
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Figure 3.6. Growth of Swiss 3T3 cells cultured on CU and on PS. The growth rate differences
at each timepoint were statistically significant (Kruskal-Wallis non-parametric test p < 0.01)

3.4.3 Apoptosis

The translocation of phosphatidylserine from the inner part to the outer
layer of the plasma membrane is an early event of apoptosis [24—26]. Annexin
V binding can be detected by flow cytometry to evaluate this phenomenon.

Propidium iodide negative—Annexin V positive apoptotic cells were thus
quantified from cells cultured on CU and PS for 24 and 48 h. The percentage
of apoptotic cells was significantly higher on CU than on PS (29.1% + 2.7%
on CU versus 9.3% =+ 0.7% on PS after 48 h).

The initiation and progression of apoptosis caused by various stimuli depend
on a family of intracellular cysteine proteases, the caspases (cysteinyl-aspartate-
specific proteinases) [27-29]. We also assayed caspase 3 activity mediating the
final stage of apoptosis.

Results gained with Annexin V were confirmed by colorimetric measure-
ments of caspase 3 activity in cells cultured on CU and PS for 24 h. Caspase 3
activity was significantly increased at 24 and 48 h (Figure 3.8) and the exis-
tence of a mitochondria-dependent apoptotic process (caspase 9 activation) was
demonstrated in cells aggregated on CU [30].

HPS
3 OCcu
O Cells before culture

Increase in protein
concentration (mg / 1000 cells)
N
1

Time (hours)

Figure 3.7. Protein quantification in total cell lysates by a colorimetric assay. The absorbance
was measured at 562 nm. A significantly higher concentration of proteins was observed on CU
compared to PS after incubation for 24 and 48 h (Kruskal-Wallis non-parametric test p < 0.01)
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Figure 3.8. Caspase 3 activity in Swiss 3T3 fibroblasts cultured on PS or CU for 24 and 48 h. Cells
cultured on CU had significantly greater caspase 3 activity than cells cultured on PS (Kruskal—
Wallis non-parametric test p < 0.001). The activity in cells on PS was not significantly different
from the basal level measured immediately upon cell seeding (time 0)

3.5 Long-term behavior of murine melanoma B16 F10
explants on CU

B16 F10 murine melanoma cells possess a highly metastatic potency when
injected to mice. Tumor explants (1-2 mm?) layered on semi-solid culture
medium were covered with 0.7 cm? CU or AN69 pieces and cultured for 14 days.
Proliferation, adhesion, and migration of sorting cells were assessed from the
cell layer developed around each explant. Surface area and cell counts after
trypsin-EDTA detachment kinetics can give thus a good evaluation of cell
behavior [31].

Proliferation and migration of melanoma cells were significantly reduced
on CU as compared to AN69. Onto CU, cells appeared to secrete a thick ex-
tracellular matrix and to be much more adherent than onto AN69. Moreover,
on CU, cells were highly charged in melanin while they remained mostly un-
colored onto AN69. These observations suggest cell differentiation on CU
(Figure 3.9).

Figure 3.9. Melanin staining using Fontana-Masson technique of B16F10 explants cultivated for
2 weeks on AN69 (A) and CU (B). Explants cultivated on AN69 were melanin free, by contrast,
on CU, explants were loaded in melanin (magnification x 500)
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3.6 Conclusions

The whole of the results are summarized in Table 3.1. CU, which adsorbs
poorly serum adhesive proteins, appears to reduce cell proliferation, increase to-
tal protein synthesis, and induce programmed cell death and/or differentiation.

CU and several other hemodialysis membranes are manufactured from cel-
lulose. Modified cellulose membranes compared with synthetic membranes
have been shown to induce higher C3a concentrations and superior leukope-
nia rate [32], to increase protein oxidation and systemic inflammation [33],
and to enhance leukocyte activation [34], in hemodialysis patients. An increase
in levels of adhesion molecules in the course of a single hemodialysis ses-
sion has been demonstrated in CU patients [35]. By elsewhere, CU dialyz-
ers could lead to a significantly greater secretion of TNF-alpha [36]. During
hemodialysis, circulating mononuclear cells can be activated to different levels
depending on the membrane used. This activation may generate an apoptotic
process. Carracedo et al. [37] evidenced aggregation and apoptosis of circu-
lating human mononuclear cells incubated in contact with CU membrane for
48 h. Our in vitro results gained from various cell types sustain these clinical
observations.

The understanding of cell-surface interactions through the adsorbed serum
adhesive proteins cannot be ignored for biomaterials improvement and new

Table 3.1. Comparative behavior of Swiss 3T3 fibroblasts (short-term cultures) and melanoma
explants (long-term cultures) on CU and AN69 or PS used as controls

Cuprophan low adsorption ~ AN69 or PS high adsorption

Cell strain behavior studied of serum adhesive proteins  of serum adhesive proteins
3T3 Cell morphology Round and aggregated Spread
3T3 cAMP production (45 min) +++ +
3T3 RhoA activation (45 min) + +++
3T3 Cx 43 organization + 4+ + +
(45-180 min)
3T3 Gap junction +++
communication (90 min)
Proliferation 3T3: 24 and 48 h, + ++ +
B16F10 explant: 2 weeks
Synthesis 3T3: protein synthesis +++ +

(48 h), B16F10: explant
melanogenesis (2 weeks)

3T3 Apoptosis (24 and 48 h) +++ +

B16F10 explant cell migration + + 4+
(2 weeks)

B16F10 explant cell adhesion +++ +

(2 weeks)
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developments in tissue engineering. CU may be considered as a precious tool
to study in vitro biochemical mechanisms regulating cell functions. Its surface
properties may open fields of research aiming to evaluate normal and cancer
cell capability to differentiate and to die.
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Abstract

The adsorbent properties of important wound fluid proteins and cotton cellulose are
reviewed. This review focuses on the adsorption of albumin to cotton-based wound dress-
ings and some chemically modified derivatives targeted for chronic wounds. Adsorption of
elastase in the presence of albumin was examined as a model to understand the interactive
properties of these wound fluid components with cotton fibers. In the chronic non-healing
wound, elastase appears to be over-expressed, and it digests tissue and growth factors, in-
terfering with the normal healing process. Albumin is the most prevalent protein in wound
fluid, and in highly to moderately exudative wounds, it may bind significantly to the fibers
of wound dressings. Thus, the relative binding properties of both elastase and albumin to
wound dressing fibers are of interest in the design of more effective wound dressings. The
present work examines the binding of albumin to two different derivatives of cotton, and
quantifies the elastase binding to the same derivatives following exposure of albumin to the
fiber surface. An HPLC adsorption technique was employed coupled with a colorimetric
enzyme assay to quantify the relative binding properties of albumin and elastase to cotton.
The results of wound protein binding are discussed in relation to the porosity and surface
chemistry interactions of cotton and wound proteins. Studies are directed to understanding
the implications of protein adsorption phenomena in terms of fiber-protein models that have
implications for rationally designing dressings for chronic wounds.

4.1 Background

4.1.1 Understanding cotton fiber-protein interactions
through chromatography

The general phenomenon associated with protein adsorption to solids has
been previously investigated [1]. One of the most commonly studied substrates
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for protein adsorption in aqueous systems is cellulose and its derivatives
[2, 3]. Cellulose is an excellent substrate for protein purification processes
because, like the surface of soluble proteins, it is hydrophilic and typically non-
denaturing. Raw cotton is mostly cellulose, but there are impurities, comprised
primarily of lignin, waxes and fats, and proteins. Processed cotton has lower
impurity concentrations. Liquid chromatography is a useful method of study-
ing protein adsorption due to the process of differential adsorptive behavior of
the sample components between the mobile and stationary phases [4—11]. We
consider here the use of cotton as a liquid chromatography stationary phase.
Considerable work has been done on the binding of individual amino acids to
cellulose [12] and the binding of peptides and polyamino acids to cotton have
been examined [13] as well. The unique primary, secondary, and tertiary struc-
ture of proteins allows them to bind a substrate, incorporate into a membrane,
or transport a molecule among many other functions in nature [14]. Likewise,
protein-fiber surface models may be created based on the unique binding prop-
erties of a protein and the properties of the fiber surface it binds to.

Protein adsorption has been extensively investigated with other protein-
surface systems using adsorption isotherms [4, 15, 16]. The molecular interac-
tions attributed to protein layering are hydrophobic, van der Waals and hydrogen
bonding. These forces sometimes result in conformational changes thought to
be responsible for the stronger binding of proteins that occurs over time [4—11,
15, 17].

We have applied the use of an inverse liquid chromatography technique
[4, 9—11]to examine the protein sorption properties of cellulose [4]. It is termed
‘inverse chromatography’ because we are often more interested in the binding
properties of the substrate than the solvated protein. In this method, a sorbent
is loaded into columns and standard proteins are eluted over the substrate.
Elution time and recoveries are both measured parameters that reveal impor-
tant surface characteristics of the cotton-protein interactions [4]. The use of
inverse chromatography is similar to the approach of studying protein binding
to stationary substrates with high performance liquid chromatography (HPLC)
[6—8]. HPLC has been used to quantify protein adsorption by careful calibra-
tion and peak integration. As a chromatographic method it can provide relative
protein-substrate sorption strength by adjusting the eluting solvent or mobile
phase. Protein losses from affinity or unfolding processes can also be deter-
mined using HPLC by a similar technique [4, 9-11].

When soluble proteins elute through any stationary phase media there are
two notable sorption characteristics. These are the recovery and retention time
of the protein. Recovery is a property that frequently depends on the number
of collisions or interactions of the protein across the surface and the chemi-
cal affinity between the sorbent and the protein. Those proteins that are not
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recovered are bound strongly to the surface. The second characteristic is the
retention time of the eluted proteins. Retention time is related to weak interfa-
cial binding. In gradient elution retained sorbents bind one or more layers of
proteins at the front end of the gradient, forming a partial layer, and then elute
later in the gradient presumably with no overall loss of protein, or a slight loss
with subsequent injections. However, we have shown that losses are common
and appear to be correlated with residence time, sorbent chemistry, and protein
molecular weight [9].

4.1.2 Albumin and elastase interaction with cotton fibers
for design of improved wound dressings

Albumins are water soluble, acidic, globular proteins that are easily crys-
tallized. Serum albumin (MW 67,500, and isoelectric point of 4.9) by virtue
of being 55-60% of the protein material in blood serum is a major transport
and compositional protein of early acute wounds [18]. Human neutrophil elas-
tase (HNE; MW: 27,500; isoelectric point: 9.5) is an enzyme that catalyzes
the cleavage of elastin at the peptide bond adjacent to a non-aromatic, hy-
drophobic amino acid. HNE has a broad substrate range which accounts for
the rapid degradation of growth factors and extracellular matrix proteins under
chronic wound conditions. Approximately a picrogram of elastase resides in
each polymorphonuclear leukocyte or human neutrophil cell, and there are,
approximately, an average of one million neutrophils circulating in the body.
Human neutrophils provide a line of inflammatory defense against microbes
and the clearing of cellular debris when a wound first occurs. However, when
the chronic wound becomes arrested in the inflammatory stage, an overabun-
dant supply of neutrophils results in the release of dangerous levels of HNE
that account for deleterious protein breakdown. Our interest in serum albu-
min and elastase interactions with cotton is related to wound healing. Serum
albumin is the most concentrated protein found in wound fluid. While there
are many other proteins in wound fluid besides albumin, elastase control in
the chronic wound has been a target of cotton wound dressing design. The
question of whether albumin and elastase compete for binding sites on cotton
gauze becomes relevant for dressing design due to capacity issues that require
a robust fiber that will continue to remove excess elastase from the chronic
wound for a sustained period between dressing changes. This is an important
concern because it is anticipated that a wound dressing can play an important
role in the healing process with regards to elastase and the role of elastase in
the pathophysiology of the chronic wound [19]. Previous studies to sequester
and inhibit high levels of unwanted elastase activity in the chronic wound have
involved the application of elastase peptide recognition sequences to fibers of
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wound dressings [20]. These elastase substrate peptides included the covalent
linking of the Val-Pro-Val recognition sequence of elastase to cotton cellulose
[20, 21]. Cotton is an ideal material for wound dressings because it is highly
hydrophilic, absorbent, and inexpensive. In this study we examine the effect
of employing modified cellulose that can be prepared more economically for
regulation of elastase activity in the chronic wound [22].

An understanding of the surface binding characteristics of both albumin
and HNE is vital to the design of wound dressing fibers. We have previously
observed that serum albumin, with a net charge (outside its isolectric point) will
bind either positively, or negatively charged surfaces [11]. This surface binding
phenomenon may be due to a cluster of exposed negatively charged amino
acids on the protein’s surface. However, under extreme conditions, if the pH
was low enough to protonate all exposed amino acid side chains, electrostatic
adsorption to a positively charged surface would probably not occur. We more
closely examine this binding phenomenon here with cotton fibers.

Solid materials are prone to deforming large proteins or other macro-
molecules when they adsorb them [9]. The deformation of a protein upon
contact with a solid surface can be so severe as to cause the protein to unfold.
Upon unfolding a protein exposes additional sorption sites that can become
involved in strong irreversible binding to surfaces [4]. This ability to induce
deformation will be discussed here in relation to wound dressing design. We
have previously shown that surfaces act like catalysts for protein deforma-
tion and unfolding [4]. Inverse liquid chromatography is used in this study to
examine cotton for its relative binding properties and potential unfolding of
albumin.

This chapter focuses on protein adsorption to cotton in relation to wound
healing and other biomedical applications. These are mostly examples designed
to stimulate new ideas for future use. The reader is encouraged to apply the
basic concepts of this chapter toward additional work to help solve the numerous
challenges related to protein adsorption to fibers.

4.2 Materials and methods
4.2.1 Materials

4.2.1.1 Chemicals

Water was deionized and processed through a Millipore MilliQ Plus
system such that the resistance of the water was greater than 18.2 ohms.
Trizma (Tris[hydroxymethyl]aminomethane), bovine serum albumin (BSA),
porcine pancreatic elastase, and substrate (N-(methoxysuccinyl)-ala-ala-pro-
val 4-nitroanilide) were obtained from Sigma (St. Louis, MO). The Bradford dye
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reagent was obtained from Bio-Rad Laboratories (Hercules, CA). All reagents
were of the highest purity. The cotton used was pre-ground to 80-mesh size using
a Wiley Mill. Fiber fragments from both samples were isolated using an 80-mesh
screen as described [21]. Cotton derivatives consisted of carboxymethylated cel-
lulose (CMC) and an underivatized sample. The cotton samples were prepared
as described previously [5, 22]. The CMC derivative was prepared as described
[20].

4.2.1.2 Equipment

HPLC: Quantitation was performed using high performance liquid chro-
matography (HPLC) with a BioRad Series 500 HRLC and a Bio-Rad column
heater (Bio-Rad Laboratories, Hercules, CA). The detector was a Gilson 118
UV/Vis unit that was set to 280 nm for the detection of albumin (or elas-
tase). The flow rate was 1.0 mL/min. The eluents used are shown in Table
4.1. Calibrations were carried out using a low-dead volume (LDV) connector
in place of a column. An LDV connector is a fitting with a small flow vol-
ume that can be connected in place of any HPLC column. The only proteins
studied were BSA and elastase. Calibration curves were generated for each
protein.

Spectrophotometer: A Cole Parmer 1200 spectrophotometer was used
for enzyme activity measurements. The wavelength was kept constant at 410
nm for enzyme kinetic measurements. Proteins were assayed using HPLC as
described.

Optical Micrograph: Samples were placed on a glass slide then viewed
using reflected light followed with the placement of a glass cover slip over
the fibers to attempt to bring them into the same focal plane. The samples

Table 4.1. Peak areas of BSA in the HPLC system for each individual
buffer system

Buffer conditions effect on BSA

Buffer Tris NaCl pH Peak area*

1 5mM 0 9.0 1.66 + 0.039
2 5 mM 0 7.4 1.66 £ 0.035
3 5 mM 0.15M 9.0 1.62 £0.079
4 5 mM 0.15M 7.4 1.59 £ 0.077

*Areas given are x 10° area counts/second. The difference in peak areas between buffer 1
and 4 is less than 5%.
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were then examined on an Olympus BX 60 light microscope (Olympus model
BX60) at different magnifications and digital light micrographs were taken of
the sample using a Kodak DC290 digital camera.

Scanning Electron Microscopy (SEM): Both cotton fiber samples were
prepared for viewing in a field emission scanning electron microscope in the
same manner. A 13 mm SEM stub was cleaned and a small piece of graphite
tape was placed on the top of the stub. Then a small amount of each cotton fiber
sample was adhered to the graphite tape. The material that had not adhered was
removed with a small discharge of air from a filtered air source. The sample was
then allowed to sit in a vacuum of the Edwards S150B Sputter Coater for 1 hour
to allow for the small particles to settle on the graphite tape. After the particles
had settled, the samples were sputter coated with carbon for 10 seconds. The
samples were removed from the sputter coater and placed in a N, fed dry box
for storage.

The samples were viewed on the LEO 982 FESEM (Carl Zeiss, Inc.,
Thornwood, NY 10594) with varying magnifications. The LEO 982 FESEM
has resolution capabilities of 1.0 nm at 30 kv. High and low magnification im-
ages were taken of the particles with the majority of the images being taken
of common structures found in the majority of the samples. The samples were
then removed from the FESEM and placed back in the dry box for storage and
further examination.

4.2.2 Methods

4.2.2.1 Protein Quantitation

Four buffers were created in the pH range (7-9) of Trizma® salt to determine
variability in absorbance readings over the operating range of the experiment.
The buffer conditions can be seen in Table 4.1. Twenty microliters of 40 pg/mL
BSA in 5mM Tris, 0.15 M NaCl pH 7.4 was injected with one of the four buffers
in Table 4.1 eluting at 1.0 mL/min. The same method was used in all four buffer
systems. Pumps were operated remotely through the ValueChrom® software
and absorbance was measured at 280 nm as described above. Peak areas were
calculated with the built-in integrator. Each buffer was eluted through two
dual-piston pumps operating at 50% each.

The amount of protein adsorbed was determined by subtracting the peak
area of the protein (BSA) or enzyme activity (elastase) that eluded through the
cotton column from that eluted through the LDV connector. Elastase activities
were determined by adding the activity of fractions collected downstream from
the detector. Three 0.5 mL eluted fractions were collected, analyzed for enzyme
activity, and totals were added to obtain the eluted activity. The dynamic range
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of this method was verified by determining the linearity of elastase activities
of diluted enzyme.

Albumin was examined through subsequent injections of BSA in 0.15M
NaCl, 5 mM Tris, pH 7.4 until the absorbance values were measurable and had
stabilized to a constant value. Elastase was injected in a similar manner, but
only after the cotton column had been pre-conditioned by injecting repeated
injections of BSA as described above. Several injections of elastase were also
put through the LDV connector. In all cases, the amount of elastase injected
was nearly identical to the amount eluted.

4.2.2.2 Elastase assay

Elastase activity was measured using the substrate (N-(methoxysuccinyl)-
ala-ala-pro-val 4-nitroanilide) and measuring the rate of change in absorbance
at 410 nm. This method has been described previously [21]. A 600 micro-
molar solution of substrate was solubilized in dimethylsulfoxide (DMSO) and
100 microliters of this substrate solution was added to initiate the enzyme re-
action. Assays were conducted in pH 7.4 buffer containing 5 mM Tris, 0.15 M
NaCl, and the release of p-nitroaniline was measured at 410 nm from the enzy-
matic hydrolysis of the substrate. The initial slope of the increasing absorbance
at 410 nm was used to determine K values.

The procedures used to determine the activity of elastase in the presence of
albumin that had been bound to CMC and underivatized cotton samples were
identical. A 570 pug/mL elastase in 0.2 M NaCl solution was used. Elastase
samples were injected into HPLC columns that had been conditioned with
BSA as described above. The activity of each eluted fraction resulting from a
single injection was determined and if several adjacent samples were active, the
totals were added. Usually, only three consecutive 0.5 mL fractions contained
measurable enzyme activity.

4.3 Results and discussion

4.3.1 Albumin absorbance and quantitation

Albumin binding was examined on CMC and underivatized cotton columns.
Buffer conditions had no effect on BSA absorbance. Table 4.1 displays the
lack of effect of buffer conditions on BSA absorbance (and peak area) at
280 nm.

Table 4.1 Covers a wide pH range of the Tris buffer. It was not anticipated
that pH or [NaCl] would influence the peak area measurements, but since
CMC cotton can act as an ion exchanger, shifts in pH and salt concentration
are possible. Documenting the stability of the peak area measurements adds
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confidence that any change in peak area values represents an absolute rather
than perceived loss in protein.

4.3.2 Microscopy

Optical and scanning electron micrographs of the cotton samples are shown
in Figures 4.1 and 4.2. The fibrous structure of the samples derived from —80
mesh pulverized cotton gauze is evident. The fibers of the samples pulverized
for use as a chromatography stationary phase were estimated to average 320 x
18 x 6 um in size. CMC and underivatized cotton fibers appeared similar. Both
the light and electron micrographs demonstrated a fiber morphology that was
consistent with a slightly twisted structure with smooth surfaces. Determination
of the cotton fiber dimensions was used to calculate surface area (see Table 4.2).

Calculations of the surface area of the fiber samples were conducted based
on the dimensions of individual fibers and their density, 1.6 g/cm? [23, 24]. The
average surface area and volume of the cotton fibers analyzed was estimated
to be 15.6x 10° um? and 34.6x 10° um? respectively for an average fiber (Table
4.2). Therefore, the surface area of a gram of cotton is about 3 x 10''um?
(Table 4.2). The dimensions of BSA (60 x 60 x 100 A) used in estimating the
surface area occupied by a single BSA molecule gave a value of either 36 x 10~°
or 6x 10~°um? depending on the orientation of the sorbent molecule. When the

Carboxymethylated Cellulose Untreated Cotton

-\;}

Figure 4.1. Light Micrographs [(a) and (b)] and Scanning Electron Micrographs (SEM) [(c)
and (d)] of underivatized [(a) and (c)] and CMC derivatized [(b) and (d)] cotton samples
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Figure 4.2. Scanning electron microscopy images of CMC cotton fibers. Images show cot-
ton strand striation and fiber structure. Similar fields were magnified sequentially with the
lowest magnification indicated in (a) and highest in (c). The horizontal breaks in (c) were
from beam damage

surface area of the cotton fiber and albumin volume are factored together, the
amount required to form a monolayer is approximately 0.5 mg BSA/g cotton.

Summarized in Figure 4.3 is the chromatographic profile of albumin quan-
titation following successive protein injections, elution and recovery of protein

Table 4.2. Fiber dimensions and cotton properties. The average
fiber dimensions were estimated from micrographs like those
shown in Figure 4.1. Cotton density is known [23, 24]. The
surface area of cotton per gram was calculated from these values

Fiber dimensions and cotton properties

Average fiber dimensions 320 x 18 x 6 um
Density of cotton 1.6 g/mL
Surface Area of a fiber 15.6 x 10° pm?
Volume per fiber 34.6 x 103 um?/fiber

Surface Area of cotton/g 2.82 x 10" um’/g
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Figure 4.3. Adsorption of BSA on CMC treated cotton. Recoveries allowed us to calculate the
amount bound with each injection. Based on this data, the saturation of CMC was attained
at 65.6 ug BSA. All the injected BSA was recovered at injection 10. Two zones are shown.
Zone 1 depicts the region where all the BSA was bound. In zone II, the CMC is becoming
saturated with BSA

from the CMC column. Zone I in Figure 4.3 indicates all the injected BSA was
being adsorbed to cotton. The amount of BSA bound (65.6 pg/g) to the CMC
column was about 10% of that required to coat the surface of the cotton fibers
with a monolayer of albumin assuming the shape of the albumin molecule does
not deviate dramatically from its native conformation. The low binding of al-
bumin may be due to adsorption to one or more impurities, or to the ends of
the fibers. An alternative explanantion is binding to the rough surfaces (Figure
4.2) of the fibers.
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Figure 4.4. Graphical interpretation of BSA—cellulose fiber adsorption in CMC cotton. The ad-
sorption mechanism remains unclear, but only a small percentage of the surface area sequestered
BSA
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Figure 4.5. Adsorption of BSA to untreated (underivatized) cotton. Buffer containing 8 micro-
grams of BSA was injected 13 times through approximately 1.0 g underivatized cotton packed in
an HPLC column. UV absorbance was monitored with each injection as described in Figure 4.3.
Zones I and II correspond to similar zones in Figure 4.3. Zone III is a region in which BSA
continues to bind with each subsequent injection

Albumin may deform when it adsorbs to cotton as we have shown for other
proteins [2—4], but protein deformation induces a relatively small change in
the fiber surface binding ratio. Zone II in Figure 4.3 can be viewed as the
completion of the binding of BSA to the cotton surface.

The relative charge contribution to surface binding is an additional consid-
eration in assessing the interaction of albumin to the CMC cotton. At pH 7.4,
BSA has a net negative charge, as does the CMC surface. Both surfaces are
hydrophilic which minimizes the possibility that BSA binds to the derivatized
fiber surface. It is more likely that BSA adsorbed either to non-cellulose com-
ponents of cotton, diffused into the ends of the fibers, adsorbed into pores, or
became trapped between fibers in the packed column.

The chromatographic performance of underivatized (neutral, but hy-
drophilic) cotton was assessed to compare with albumin binding to CMC. In
a similar manner to the analysis of albumin portrayed in Figure 4.3, albumin
was bound to an underivatized cotton column by repetitive injections. Figure
4.5 depicts the binding profile of albumin to the column. As can be seen in
Figure 4.5, zones II and I were similar to those in Figure 4.3, however in zone
[T sorption continues. This is apparent from the continued binding beyond that
observed with the CMC cotton (Figure 4.3).

There are similarities and differences in the binding of albumin to the CMC
and underivatized cotton. As can be seen in Figure 4.5, zones I and II were
similar to those in Figure 4.3. However in Figure 4.5 the continued binding of
albumin evident in zone III indicates sorption continues beyond that of CMC
cotton.
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An explanation for the observed behavior in Figure 4.5 is that CMC cotton
repels anionic BSA whereas underivatized cotton does not. The lack of repulsion
may allow more BSA to diffuse into the pores of cotton or adsorb weakly to
the cotton surface. Regardless of the mechanism, most of the cotton surface
did not bind BSA. This allows us to speculate that in a wound dressing, serum
albumin will bind only slightly to a cotton surface, leaving most of the fiber
available for protease sequestration.

In both the CMC and underivatized cotton a hydrophilic surface was able
to bind a hydrophilic protein (BSA) under near-physiological conditions. The
literature suggests that hydrophilic non-ionized (as in underivatized cotton)
surfaces repel the adsorption of hydrophilic proteins (such as BSA) unless
attracted by oppositely charged ionic regions of the surfaces [12]. And, it has
been frequently postulated that proteins with a net charge will not adsorb to a
surface of the same net charge [25]. Yet, a small amount of BSA clearly binds
to CMC cotton.

We have also shown that albumin effectively binds to two different cotton
derivatives (underivatized and CMC) in a slightly different manner. While fur-
ther work is needed to elucidate the precise mechanism involved, it is clear
that the CMC modification in cotton minimizes, but does not eliminate BSA
binding. The mechanism of albumin binding to CMC may have important im-
plications for the design of wound dressings. Since CMC is used as an occlusive
wound dressing for heavily exudating wounds, understanding protein interac-
tion on CMC is an important key in the future design of more effective dressings.
However, all body fluids are far more complex that this simple system. Wound
fluid also contains numerous other proteins, including elastase. Elastase is of
particular interest in wound healing as discussed in the introduction. Thus, we
examined the binding of elastase to modified fiber surfaces in the presence of
albumin.

4.3.3 Elastase activity

One ultimate goal in conducting these experiments was to examine ways
to inhibit elastase in environments similar to the chronic, non-healing wound
using derivatized cotton gauze. Elastase can either be measured by weight or
activity. And, itis possible that elastase activity is influenced by the environment.
Thus, the concentration of elastase may not always be reflected by activity
measurements alone. We used the cotton samples that had been saturated with
BSA to bind additional elastase. For this experiment, we performed a simple
comparison between the amount of elastase adsorption by weight (by optical
absorbance) and enzymatic activity. While the CMC and underivatized cotton
samples adsorbed different amounts of BSA, both had been exposed to excess
BSA until the most aggressive binding region (in zone 1) was saturated. Since
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Figure 4.6. Elastase recoveries by mass (measured at 280 nm) and activity (measured by enzyme
kinetics). Activity values were normalized to correspond to the amount of elastase injected.
Underivatized cotton (U) and CMC cotton (C) are shown. (a) amount of injected Elastase, (b)
amount of recovered elastase as measured by absorbance at 280 nm from the HPLC (cotton)
column, (c) amount of elastase activity recovered from HPLC (cotton) column relative to the
amount injected (see materials and methods)

the two cotton derivatives absorbed different amounts of BSA, they cannot be
compared to one another. But, both forms can be examined for their ability to
sequester elastase. Figure 4.6 shows these results.

When porcine pancreatic elastase was eluted through columns containing
BSA bound to either the CMC or underivatized cotton, both the BSA-saturated
cotton samples (underivatized and CMC cotton) adsorbed a small amount of
elastase (Figures 4.6a and 4.6b). The CMC cotton bound slightly more presum-
ably because elastase is cationic at pH 7.4 and CMC cotton has a net negative
charge at that pH. The huge losses of protein as observed for BSA did not
occur on either of the cotton materials, and even though less protein eluted in
both cases, more elastase activity was recovered after exposure to either form
of cotton when exposed to that representing the initial elastase injected into
the column (Fig. 6¢). This increased activity on both types of cotton may be
due, in part, to an activation of elastase by BSA [5]. It may also be due to
the removal by BSA or cotton of elastase inhibitors in the commercial enzyme
preparation. However, we used HPLC and a reversed phase column to look for
differences in the profiles of elastase exposed to cotton and unexposed elastase.
We found no differences in these profiles (unpublished observation). It would
be valuable to explore this apparent activation process further, especially since
elastase activity is of concern in chronic non-healing wounds.
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These results identify some new information regarding protein binding to
cellulose. The two proteins that were selected were introduced to cotton in
different ways. Serum albumin appears to bind sparingly to cotton whereas
a smaller amount of elastase would bind to BSA-treated cotton. It made lit-
tle difference whether elastase was introduced to BSA-treated cotton in the
underivatized or CMC forms. This behavior suggests that the presence of albu-
min may minimize additional protein binding, however, each protein is likely
to be unique in its binding properties. The displacement of BSA by elastase
did not occur since the enzyme activity was preserved. However, displacement
behavior of proteins on surfaces has been observed for other proteins [16].

We have only considered the cellulose molecule with and without protein
coatings as sorption surfaces. Clearly, purified cotton (such as the cotton gauze
used in this study) consists of very small concentrations of impurities. In par-
ticular, lignin, a significant component of raw cotton [26], has been shown to
bind BSA above pH 4 [27]. We, therefore, suggest that BSA may have bound to
lignin rather than cellulose in both forms of cotton, and that a separate mecha-
nism was responsible for continued binding in underivatized cotton. And, since
CMC and underivatized cotton were physically similar, but chemically differ-
ent, we anticipate it was the chemical modifications of the cellulose or other
impurities that caused these to behave differently.

Water plays a major role in protein adsorption [28], yet little has been
mentioned in this chapter about its role in the binding of either elastase or BSA
to cotton. The role of water can be imagined as protecting surfaces from protein
binding. Water coats the surfaces of both the protein (if they are water-soluble)
and sorbents (if they are hydrophilic) to insulate the two from a direct collision.
Since the proteins that are soluble in wound fluid are hydrophilic and cotton is
also hydrophilic, binding of these proteins to the gauze surface should be mini-
mal. However, adsorption of BSA and to a lesser extent, elastase, clearly exists
for both types of cotton studied here. Still the mechanism remains uncertain.

Natural biochemical processes can involve the adsorption and desorption
properties of proteins as they perform their most important functions. For exam-
ple, enzymes require close association with substrates to function as catalysts.
Another example is membrane proteins that act as channels. They must have
unique sorption characteristics to perform their natural function. It is possible
that the adsorption behavior of both elastase and BSA to cellulose, provides
key information to their in vivo function. For example, even though elastase
is oppositely charged to that of BSA at pH 7.4, it appears to resist extensive
adsorption. This is likely due to the hydration of both cotton and elastase. Al-
bumin, on the other hand, when exposed to a like-charged adsorbed sparingly,
but then repelled additional binding.

The results for this chapter were gathered using just a few simple examples.
However, wound fluid is much more complex than two individual proteins in a
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simple buffer. It is not clear whether our results have physiological significance,
or if our findings are just isolated phenomena. But, these results do reflect the
complexity of seemingly simple sorption processes.

Other processes such as the sorption of dyes or stains, soil, etc. are likely to
be just as complex as these simple examples. Dyes used to color fibers usually
rely on covalent bonds to permanently attach them to the fiber [29-32]. However,
unintentional soiling of fibers by macromolecules such as oils, proteins, and
humic acids may involve processes similar to those identified here.

4.4 Conclusions

Protein adsorption to solid media is a widely studied field. Protein adsorption
to cotton is not as actively investigated, but cellulose-protein interactions have
been heavily studied especially in the chromatography literature. The present
work was undertaken to examine the adsorption of two proteins, both of which
are involved in wound healing. The adsorptive behavior of these two proteins,
BSA and elastase, were investigated in different ways to model a wound situa-
tion. Albumin has adsorbed sparingly, and possibly to impurities such as lignin
in the cotton matrix for CMC cotton, and continued to bind in the presence
of underivatized cotton. Elastase did not bind as extensively to cotton that had
been saturated with BSA, and elastase was activated after being exposed to
the BSA-saturated cotton matrix. The activity of elastase was stimulated by
both treated and underivatized cotton samples. Further studies elucidating the
increase in elastase activity in the presence of albumin are ongoing. It is clear
that more work is needed to fully understand not only these processes which
relate to wound healing, but also to protein adsorption processes in general.
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ELECTROSPUN NANOFIBERS
FROM BIOPOLYMERS AND THEIR
BIOMEDICAL APPLICATIONS

Gisela Buschle-Diller, Andrew Hawkins, and Jared Cooper
Textile Engineering Department, Auburn University, AL 36849, U.S.A.

5.1 Introduction

Over the past decade electrospinning has been rediscovered as a process
to generate ultrafine fibers, and a massive amount of research on the process
and/or the product fibers has been published [1, 2, 3]. Electrospinning was
originally pioneered by Formhals who filed for a patent on this process in 1934
[4]. Recent interest has been spurred by the fact that electrospun fibers have
a high surface area-to-volume ratio. With such small diameter electrospun
fibers enter the realm of nanomaterials. The medical relevance of nanoma-
terials has recently been reviewed [5]. Electrospun fibers are more exciting
than most other nanofibers because their composition is highly diverse. Until
recently, nanofibers have consisted largely of carbon nanotubes and other inor-
ganic fibers. However, electrospun fibers can be fabricated of almost limitless
materials from synthetic to natural polymers. Thus, the surface chemistry can
be tailored to meet a large number of applications. The focus for electrospun
products has so far included nonwovens for filtration 6], membranes for aerosol
purification [7], thin coatings for defense and protection [8], and structures in-
corporated in composites [2]. Biomedical applications include more efficient
wound healing and drug delivery devices, biocompatible scaffolding for tissue
regeneration, bioerodable implant structures, and others [9, 10]. The purpose of
this chapter is to briefly review some of the natural and synthetic biopolymers
that can be electrospun into micro- and nanofibers and to show their value for
future medical applications. Due to the enormous amount of research published
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in recent years only a brief review will be presented here, with the scope of this
article being to introduce the reader to this rapidly emerging field.

5.2 Principle of electrospinning

Conventional fiber formation techniques are not capable of producing fibers
smaller in diameter than 2 um. For example, a commercial polyester fiber
typically has a diameter of approximately 10 pm. For most technical and textile
applications larger fiber diameters in the range of 10-500 um are sufficient
and appropriate for their intended usage. However, in cases where interfacial
characteristics and porosity are of decisive importance, electrospinning enables
the production of fibers with diameters of less than 500 nm and thus with a high
surface area-to-volume ratio. These fibers can easily be formed into nonwoven
mats offering advantages over inorganic nanotubes and nanowires as well as
other forms of nanostructured materials such as beads, films, or foams.

Electrospinning is similar to the electrospraying technique [6]. Basically any
polymer that can be dissolved or melted at moderately high temperatures and
without decomposition can be used for electrospinning. Fibers electrospun from
solution are generally finer than fibers spun from melt due to the evaporation
of the solvent in the former case.

The basic experimental set-up is presented in Figure 5.1. Electrospinning
can be performed using either a horizontal or vertical geometry. For less viscous
polymer spinning solutions the horizontal geometry is more advantageous. An
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Figure 5.1. Schematic of the electrospinning apparatus
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electric force, applied between the spinneret and a collector, draws the polymer
jet toward the collection plate. The formation of nanoscale fibers is due to
instabilities during spinning [6, 3], which cause the polymer jet to be elongated
and possibly separated into smaller diameter fibers while whipping around
or simply be stretched into finer fibers [3] before depositing on the target.
Generally, the properties of the formed nanofiber web are determined by the
polymer type and composition, the surface tension, viscosity, and conductivity
of the spinning solution or melt, and the physical and geometrical parameters
of the electrospinning, such as voltage and electrode distance. According to
the model developed by the research group of Rutledge [11] the polymer jet
reaches a terminal diameter which is determined by the characteristics of the
polymer and its solvent, with the fluid’s elastic properties being most vital for
fiber formation.

The device used for electrospun biopolymers reported in this chapter in-
volved a HV power supply from Gamma High Voltage Research with a range
of 0-30 kV. A glass or plastic syringe with variable tip diameter was used as the
spinneret. The product fibers were collected on different types of targets: scan-
ning electron microscopic (SEM) stubs, rotating or stationary metal screens,
knitted polyester tubing with a metal bar inside, paper, and glass, depending on
the electrospun polymer. Details on polymer solution, specific solvent, voltage,
electrode distance, etc. are given in ensuing sections.

5.3 Challenges of the process

Although conceptually a simple process, electrospinning has significant
challenges. The major criticism of the electrospinning technique has been the
comparatively slow, batch-wise production of the nanofibers. However, increas-
ing commercialization of the process has led to technical advances; therefore
the production rate should continually improve until an industrial scale process
is more easily attained. For example, Donaldson Comp. [12] recently filed for a
patent on electrospinning of nylon 6, 6,6, and 6,10 and blends for filter materials
at a higher speed.

Electrospinning forms nanofibers as a product of instabilities of the polymer
jet during spinning. This process causes the filament to stretch or possibly splice
into even finer fibers. However, the whipping motion of the polymer jet random-
izes the orientation of the nanofibers such that nonwoven mats are the simplest
secondary structure to generate. Various different experimental designs have
been constructed to improve the orientation and collection methods, as well as
increase crystallinity and ultimately tensile strength by using a rotating drum
[6, 1] or frame [2] as the collector. Charged rings have been proposed to help
guide the jet stream. Electrospinning in a vacuum has also been explored [13].
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Lee et al. [14] has identified numerous modifications regarding continuous as
opposed to batch-wise fiber collection.

As a further challenge the web frequently contains fibers of varying diame-
ters as well as individual fibers with varying thickness. In addition, small beads
can form with the fibers. The formation of beads or fused crossover points is
often due to delayed coagulation. This crisscross structure is undesired when
fiber strand production is the goal of the electrospinning process. However, it
can be useful as reinforcement of the nonwoven mat ensuring some stability to
the fibrous web.

It is anticipated that electrospinning will continue to advance until the tech-
nical challenges will be overcome. In the meantime, it is likely that nanofibrous
matted structures will be more fully explored.

5.4 Biopolymers for medical applications

For many biomedical applications, the slow production rate and web struc-
ture are not major disadvantages. This is especially true when the porosity and
surface area properties are being exploited. Improvements in biomedical mate-
rials (implants, prosthetics, tissue replacement, and drug delivery devices) are
continually in demand. Much of the current research is focused on natural ma-
terials for improved biocompatibility. Various physical and chemical properties
define the potential biomedical use of a material. First, chemical reactions such
as adsorption/recognition processes at the interface of the biomaterial influence
biocompatibility. Also, physical properties, such as modulus of elasticity, need
to match that of the neighboring tissue. Ideally, the device is truly integrated
into the body’s natural environment at a rate exactly equal to its being replaced
by healthy tissue without causing an adverse reaction. In reality, distinction has
to be made between those materials that are bioinert or cause no host response
and no property changes over time, and those that biodegrade or bioresorb
during which the implant decomposes in a natural, controlled manner with
the degradation products being removed and replaced by the body in normal
metabolic processes.

The physical compatibility of biomaterials includes variables such as struc-
tural integrity, strength, deformation resistance, fatigue properties, and modulus
of elasticity. For prosthetic devices, carefully engineered metallic or ceramic
biomaterials have adequate mechanical properties, wear, and corrosion resis-
tance. However, metals and ceramics do not match both modulus and resiliency
of living bone. Bone is continually undergoing fracture and repair processes
whereas current synthetic materials do not have this property. Attempts to over-
come this challenge have included making the surface or the entire material
porous or biodegradable. Porous materials are used to encourage tissue growth
into the prosthetic. Biodegradable materials are chosen so that the prosthetic



5. Electrospun nanofibers from biopolymers 71

will gradually disappear and be replaced by living tissue. To date, neither ap-
proach has been highly successful.

Biopolymers are better suited for applications that require flexibility, elastic-
ity, and shapeability. Examples for biopolymer stets include wound dressings,
drug release devices, soft tissue replacements, cardiovascular grafts, and su-
tures. Research in biodegradable polymers has increased dramatically over the
past decade and good reviews are available in the literature (see e.g., Refs.
[15, 10]).

Materials with high surface area and extended pores have a built-in scaffold
for cell adhesion and cell in-growth. Porous coatings and modifications that
render the implant surface rough and irregular encourage cell adhesion and fa-
vorable interactions with biological tissue. Examples for surface modifications
include plasma treatments and grafting of either charged molecules, hydropho-
bic side-chains, or peptides to enhance cell attachment [16]. Electrospinning
offers a method to produce high surface-to-volume ratio materials with ex-
tended porous systems easily. Besides the scaffolding itself being made from
electrospun fibers, an interphase in the form of electrospun coatings that could
adhere to a prosthetic device could be made as a transition region to the host
tissue [2]. In the following sections a few more specific examples of potential
biomedical applications of the electrospinning technology will be introduced.

5.4.1 Collagen

Collagen is the most abundant protein in the body of invertebrates and
forms the principal structural framework of connective tissue such as ligaments,
skin, tendons, and other organs. It is composed of a triple helical arrangement
of amino acids with glycine at about every third position and stabilized by
hydrogen bonding [17, 16]. A total of 19 collagen types have been established
which differ in the composition of their individual chains within the triple
helix.

Electrospinning of collagen for scaffolding and tissue engineering has been
intensively studied over the past few years. Collagen can be isolated from var-
ious sources, however reprocessing of the protein into structures mimicking
natural arrangements and suitable for scaffolding has been a major challenge.
The collagen source largely determines the properties of the reprocessed prod-
uct fibers. Extensive work has been performed by Bowlin, Simpson, and co-
workers [18] primarily on electrospinning of collagen type I from calf skin.
Comparisons were drawn to electrospinning of collagen types I and III from
human placenta. A patent covering the technology has been filed recently by
Simpson et al. [19].

Figure 5.2 shows fibrous webs of acid-soluble collagen type III formed
by electrospinning of a suspension of 0.04 g/mL collagen in 1,1,1,3,3,3
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Figure 5.2. (a) Collagen spun on polyester scaffold (x500) and (b) a collagen web spun

on a metal grid (x500)



5. Electrospun nanofibers from biopolymers 73

hexafluoro-2-propanol (HFP) [18] in our lab. The voltage was 25 kV and the
distance between electrodes 25 cm. The collagen web was deposited on different
carriers such as a knitted polyester tubing mounted on a metal or glass core
[20]. Fused fibers and small droplets within the web might be able to provide
some mechanical stability to the sample. Such structures are advantageous for
tissue engineering but might also affect the elasticity of the nonwoven structure.
Thus, we have attempted to control the coagulation behavior of the fibers and the
formation of beads by adjusting the temperature in the electrospinning region
during the process.

Multilayered structures of electrospun collagen type I from bovine skin,
styrenated gelatin, and segmented polyurethane as well as mixed component
systems electrospun from polyurethane and poly(ethylene oxide) by simultane-
ous electrospinning have been reported by Kidoaki et al. [21]. Morphology and
tensile properties of each component were investigated and evaluated in regard
to improved functionality of scaffolding materials. The function of polyurethane
was to provide elastomeric characteristics, while the gelatin fibers were tested
for drug releasing and collagen for cell adhesion capabilities.

5.4.2 Poly(lactic acid), poly(glycolic acid), and poly(lactide-co-glycolide)

Poly(glycolic acid) Poly(lactic acid)

Biocompatible and biodegradable, poly(lactic acid) (PLA), poly(glycolic
acid) (PGA), and their copolymers are interesting materials for implants, su-
tures, and especially controlled drug release at high loading concentrations. The
rate at which the drug is discharged into the biological system is determined by
the degradation rate of the polymeric carrier. The degradation products, for in-
stance lactic acid in the case of PLA decomposition, can easily be metabolized
by the body.

Due to a fairly high melting temperature, PGA fiber formation has so far
been limited to melt extrusion and drawing, producing fibers in the micrometer
range. Boland et al. [22] could demonstrate that PGA can be electrospun from
solution to produce nanofibers for tissue engineering.

Bognitzki et al. [23] used volatile solvents to create highly porous PLA
fibers. While the fibers had a fairly large diameter in the micrometer range,
regular pores developed of approximately 100 nm width and 250 nm length with
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orientation along the fiber axis. The authors noticed a rapid phase separation
due to the evaporation of the solvent, followed by rapid solidification. It is
believed that these processes combined to produce the observed phenomenon
of fibers with large pores.

Zong et al. [24] investigated the effect of ions (salts) on the morphology
of electrospun amorphous poly(D,L-lactic acid) and semicrystalline poly(L-
lactic acid) fibers. The salts served as mimics for ionic drugs (e.g., Mefoxin®,
cefoxitin sodium) to be included at a later stage.

Copolymerized products of PLA and PGA are available at various ratios of
lactide (LA) and glycolide (GA) and exhibit different levels of crystallinity and
mechanical properties [15]. Commercially available copolymers from 90:10
GA:LA have been used as sutures (Vicryl®). Of course, these threads are not
in the nanofiber range.

Depending on the composition of PLGA, micro- or nanofibers can be pro-
duced by electrospinning. Figure 5.3 shows a scanning electron micrograph of
PLGA nanofibers electrospun from melt at 220 °C in our lab.

Electrospun PLGA fibers from melt were straight and fairly large in di-
ameter with an overall average of more than 1.5 um. The smallest fibers
(diameter 1.28 pm (£0.4)) could be obtained at a voltage of 20 kV and an
electrode distance of 12—-15 cm. The advantage of melt-electrospinning in
this case is the option to fairly easily co-extrude PLGA together with a sec-
ond melt-spinnable polymer to form bicomponent fibers with diameters in
the low micrometer range (the results of these experiments will be presented
elsewhere).

Kim et al. [25] created scaffolding material from PLGA-poly(ethylene gly-
col) PEG-PLA diblock copolymer from N, N-dimethyl formamide solution and
incorporated an antibiotic drug (cefoxitin sodium) which is intended to prevent
infection after surgery. The drug has high water-solubility and low solubility in
DMF. The release of the drug from the medicated electrospun web into water
was monitored, and its effectiveness measured. Attempts were made to slow
down the release of the antibiotic because it occurred at a rate that was higher
than suitable for medical applications.

Kewany et al. [26] studied drug delivery from PLA, poly(ethylene-co-vinyl
acetate) (PEVA), and a 1:1 blend of the two polymers electrospun from chlo-
roform solution with tetracycline hydrochloride as the model drug. While
PLA delivered the drug more or less instantaneously, the release from PEVA
and from the blended nonwoven structures could more appropriately be ex-
tended over 5 days. This release rate was much closer to that desired for drug
treatment.

A block copolymer of various concentrations of PGA and PEG containing
additionally PLGA (75:35, LA:GA) was used as scaffolding material for release
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Figure 5.3. (a) Electrospun PLGA fibers from melt (15 kV, 7.5 cm electrode distance)
and (b) relationship of electrode distance and diameter

of DNA [27]. The mechanical properties of the nonwoven product were tested
as well as the structural integrity of the delivered plasmid DNA over 20 days.
These results demonstrate that electrospun PLGA is promising as a preliminary
candidate for DNA release for gene therapy.
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5.4.3 Poly(3-hydroxybutyrate) and copolymers

CHy
- H ]
*+-C—C—C—O0—"*
H

Poly(3-hydroxybutyrate)

Besides PLA, PGA and their copolymers bacterial polyesters poly(3-
hydroxybutyrate) PHB and copolymers have been investigated for tissue and
cartilage repair as it is compatible with various cell lines [28]. Due to the low
mechanical strength of PHB, blends with other polymers have been explored.

PHB can be electrospun from 5% chloroform solution to fibers of less than
1 um. Figure 5.4 shows fibers produced at a voltage of 10 kV and 7.5 cm elec-
trode distance. The fibers had an average diameter of 860—720 nm (£100), de-
pending on the specific experimental conditions, and a somewhat rough surface.

5.4.4 Poly(e-caprolactone)

(0]

*T—0— (CH,),—C—*
n
Poly(e-caprolactone)

Poly(e-caprolactone) (PCL) has been explored for biomedical applications
as well as a potential polymer suitable for electrospinning due to its low melting
point of 61 °C and its solubility in various solvents. Thus, PCL can be elec-
trospun from solution as well as from melt. Like PLA, PCL biodegrades in a
two-phase process but at a lower rate [29]. It has been recommended for use as
a controlled drug delivery system.

Yoshimoto et al. [30] produced electrospun PCL fibers with an average di-
ameter of 400 nm from a chloroform solution with the goal of creating scaffolds
for bone tissue engineering. Depending on the spinning conditions the fibers
were somewhat irregular in shape along the fiber axis. Their surfaces were
also irregular, a characteristic which might aid cell attachment and migration
within the scaffolding. Before these fibers were exposed to cell cultures, the
PCL fibers were immersed in a collagen solution to encourage cell adhesion.
Mineralization of the fibers was achieved within 2 weeks.

5.4.5 Nanoscale silk fibroin fibers

Electrospinning was used to produce silk fibroin fibers from Bombyx mori
and Samia cynthia ricini by dissolving the fibroin in hexafluoroacetone (HFA)
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Figure 5.4. (a) PHB fibers electrospun from 5% chloroform solution and (b) the
relationship of diameter and electrode distance

solution [31]. HFA was removed by exposing the electrospun fibers to methanol
which served as a coagulant in the post-treatment process. Fiber diameters ob-
tained ranged from 100 to 1000 nm. The research group also reported the
production of fibers made from recombinant hybrid silk using a genetic en-
gineering technique. Another possible option to produce nanofibers from silk
fibroin by co-spinning with a polymer that electrospins easily was reported by
Fridrikh [11].
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5.4.6 Cellulose-based nanofibers

Cellulose-based materials are useful for wound dressings and, less impor-
tantly, for sutures and related applications. Natural cellulosic materials, such
as cotton, decompose before they melt, and cannot be melt-spun. Efforts have
been made to regenerate cellulose from solution so as to form nanofibers. Frey
[32] successfully produced electrospun cellulose fibers from polar fluid/salt
solutions. It is clear from this work that cellulose nanofibers could poten-
tially be spun from inexpensive renewable resources or reclaimed cellulosic
material.

Another experimental route to the production of nanofibers based on cel-
lulose consists of derivatizing cellulose and subsequently removing the sub-
stituents at the cellulosic hydroxyl groups. For instance, cellulose acetate was
electrospun from acetone, acetic acid, and dimethyl acetamide. These sol-
vents and the resulting fibers were studied in connection with the type of
collector used [33]. Depending on the composition of the solvent and the
concentration of cellulose acetate, fibrous products or beads were obtained.
Deacetylation with alcoholic sodium hydroxide solution was performed to var-
ious degrees of acetylation from 0.15 to 2.33 without major changes in surface
characteristics.

Ding et al. [34] produced blended nanofibrous mats of cellulose acetate and
poly(vinyl alcohol) PVA, extruded from separate syringes. Higher mechanical
strength was achieved as the content of PVA was increased.

5.5 Conclusions

With the help of the electrostatic spinning technology, biopolymers can
be formed into nanofibrous structures which have great potential for medical
applications. Due to their small size, the electrospun fibers provide a large
surface-to-volume ratio and could be used for drug delivery, scaffolds for tis-
sue engineering, or provide support for bone repair. Due to the relative ease of
the electrospinning technique a large number of different polymeric materials
including natural fibers have already been explored or will be in the near fu-
ture. Carefully tailored surface chemistries of these micro- and nanofibers will
continue to expand their applications in the medical field.
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6.1 Introduction

Healthcare and emergency workers urgently need personal bioprotective
equipment to prevent infections of pathogens such as SARS and biological
agents in working environments. Such a need has stimulated research in anti-
microbial textiles and polymers, and has led to development of bioprotective
clothing materials and polymers that can offer instant biocidal functions against
all major pathogens in recent years [1-6]. Biocidal functions can be divided
into sterilization, disinfection, and sanitization in an order of the strength of
the function. Biocidal functions for personal protection should be at least at the
disinfection level, which can inactivate most infectious microorganisms. On
the other hand, biocidal clothing materials should be safe to wear and environ-
mentally friendly. Among many available biocides, N-halamine compounds
possess superior disinfection power and safety; in fact, many of them are used
as swimming pool disinfectants [7]. In addition, N-halamines have demon-
strated the capability of providing rapid and total inactivation of a wide range
of microorganisms without causing the microorganisms to develop resistance
to them [2].

N-Halamine chemistry can be expressed in Egs. (1) and (2). When
N-halamine structures are exposed to water, the reaction shown in Eq. (1)
may occur. The equilibrium in Eq. (1) may shift toward either reactants or
products depending on the N-halamine structures. Three principle N-halamine
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structures: imide, amide, and amine, are available, and their stability and dis-
sociation constants in water are shown

>N—CI + H20 >N—H + Cl+ + OH- (D)
Kill bacteria
AN N
N—Cl = N—H 2)
/ Bleach 7/

in Table 6.1 [4]. N-Halamine structures can kill microorganisms directly also
without the release of free chlorine, as in Eq. (2) [8]. In fact, according to
their dissociation constants shown in Table 6.1, N-halamine structures such
as the amines may only release negligible amounts of free chlorine. Since
N-halamine structures are biocidal, and more importantly quite stable in ambi-
ent environments, incorporation of the N-halamine into polymeric and textile
materials will bring biocidal functions to them. Moreover, since Eq. (2) is a
reversible reaction, the biocidal functions on the materials are rechargeable
with a chlorinating agent, such as chlorine bleach. This rechargeable function
is most suitable for reusable medical textiles and clothing. In this chapter, we
will review the latest progresses in the application of N-halamine chemistry to
textiles and polymers.

Table 6.1. Stability of N-halamine structures [4]. (Journal of Applied

Polymer Science © 2003)
Dissociation constant
Dissociation reaction for examples
Imide Structure 1.6 x 1072 — 8.5 x 1074,
o o Trichlorocyanuric acid
/( HoO /Z 2.54 x 1074, 1,3-dichloro-5,
N—Cl N—H + Gl 5-dimethylhydantoin
o 0]
Amide Structure 2.6 x 1073, 1,3-dichloro-2,2,5,
o 0 S-tetramethyl-4-imidazolidinone
/< Ho0 23 x 1077,
N—Cl ON—H CH 3-chloro-4,4-dimethyl-2-oxazolidinone
R R
Amine Structure < 10712
R Ho0 R
“N—Cl N—H +CI*

R R
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Figure 6.1. Structures of DMDMH and MTMIO

6.2 Incorporation of N-halamine in cellulose

6.2.1 DMDMH-treated cellulose

Both amide and imide N-halamines have been incorporated into cellulose-
containing fabrics by a conventional finishing method with 1,3-dimethylol-
5,5-dimethylhydantoin (DMDMH, shown in Figure 6.1) [3]. Although it would
appear from the structure in Figure 6.1 of DMDMH that there is no empty
nitrogen site for oxidative chlorine to bind, in practice some loss of formalde-
hyde occurs during the treatment process providing sites for chlorination with
chlorine bleach. The DMDMH-treated fabrics exhibited rapid biocidal func-
tions, but the washing durability of the functions requires improvement, due
to the dominating imide N-halamine functionality, which is the most reactive,
but least stable on the fabrics. However, DMDMH fabrics can be employed in
personal protection against various biological agents such as bacteria, viruses,
fungi, yeasts, and spores [3, 9]. Examples of the treated fabrics demonstrated
a complete elimination of pathogens in a contact time as short as 2 min [2-3].
The biocidal functions could be recharged repeatedly for at least 50 machine
washes.

6.2.2 MTMIO-treated cellulose

In order to increase washing durability of the N-halamine-treated tex-
tiles, the more stable amine N-halamine has been grafted to cellulose in a
similar approach by using 3-methylol-2,2,5,5-tetramethylimidazolidin-4-one
(MTMIO, shown in Figure 6.1) [4]. The resulting fabrics contained the more
stable, and less reactive, amine N-halamine structure, thus providing slow,
but durable, biocidal functions. The improved biocidal functions are summa-
rized in Table 6.2 which compares fabrics treated by DMDMH and MTMIO
separately. Both active chlorine contents and biocidal functions against Es-
cherichia coli (E. coli) and Staphylococcus aureus (S. aureus) are listed in the
table.
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Table 6.2. Chlorine loss and anti-microbial effects of MTMIO- and DMDMH-modified
cotton samples

Against E. coli Against S. aureus
Washing Cl Cl Log Cl Cl Log

Chemical cycles (ppm)  loss (%)  reduction (ppm) loss (%)  reduction

0 565 — 6 654 — 6
MTMIO 2 507 10.2 5 616 6.1 6

5 498 11.9 4 601 8.4 4

0 863 — 6 934 — 6
DMDMH 2 218 74.7 1.5 380 59.3 3

5 157 81 0.9 274 70.7 2

Pure cotton fabric 493#; total finishing bath concentration: 4%. Wet pick-up: 70%. Concentrations of bacteria:
E. coli 5 x 10° CFU/mL and S. aureus 7 x 10° CFU/mL. A six log reduction is equivalent to 99.9999%
inactivation. Contact time: 60 min. Machine washing according to AATCC standard test method 124-1999;
tests 1 and 2. The MTMIO-treated fabric was bleached separately from the DMDMH-treated fabric with the
same concentration of active chlorine (150 ppm) used in each case (Journal of Applied Polymer Science ©
2003).

6.2.3 Hydantoinylsiloxane-treated cellulose

Biocidal functionality can also be introduced into cellulose by condensing
the hydroxyl groups on 3-trihydroxysilylpropyl-5,5-dimethylhydantoin (SPH)
(Figure 6.2) with those on cellulose followed by chlorination of the amide ni-
trogen on the hydantoin ring with chlorine bleach [10]. It was observed that
a complete 5.7 log reduction of S. aureus could be obtained in a contact-time
interval of 30—-60 min. Likewise, a complete 5.9 log reduction of E. coli was
observed in a contact-time interval of 60—120 min. The chlorine loading on the
cotton cloth was 0.5-0.6% by weight in these experiments. For comparison pur-
poses, cotton cloth was also treated with the quaternary ammonium compound
dimethyloctadecyltrimethoxysilylpropylammonium chloride. In this case the
log reductions of S. aureus and E. coli were only 1.8 and 2.5, respectively, in

CH; o

CH‘*#_( OH

N_ N [
H” \[( “CH,CH,C Hp~Si~OH
o} OH

3-trihydroxysilylpropyl-5,5-dimethylhydantoin
(SPH)

Figure 6.2. Structure of SPH
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the same contact-time intervals as those tested for the samples treated with SPH.
This comparison demonstrates conclusively the superiority of cellulose treated
with N-halamines over that treated with biocidal quaternary ammonium salts.
The chlorinated SPH-treated cloth is reasonably stable to loss of chlorine during
dry storage. A loss from 0.62% to 0.54% CI was observed over a 50-day period
for the treated cloth stored in a non-airtight plastic bag. In standard washing
tests it was found that cotton cloth treated with SPH and chlorinated with an
initial chlorine loading of 0.61% retained 0.42% Cl after 5 machine washings,
0.41% after 10 washings, and 0.10% after 50 washings; thus the material still
retained some biocidal functionality even after 50 machine washings.

The SPH compound has also been employed to treat commercial office
envelope paper [10]. In this case, a chlorine loading of 0.82% by weight was
obtained. The chlorine content declined only to 0.78% over a 36-day period
of storage in a vacuum desiccator. The paper completely inactivated S. aureus
(5.4 logs) at a contact time of only 10 min.

6.3 Incorporation of N-halamines in other textile materials

6.3.1 ADMH-treated fibers

Recently, a hydantoin-containing monomer, 3-allyl-5,5-dimethylhydantoin
(ADMH, as shown in Scheme 6.1) was prepared to incorporate only amide
N-halamine structures into synthetic fibers [11, 12]. Due to the amide structure,
the thus-produced fabrics could demonstrate both powerful and durable biocidal
functions. Synthetic fabrics such as nylon-66, polyester (PET), polypropylene
(PP), acrylics, Nomex Illa, PBI/Kevlar, and Kermel, as well as pure cotton
fabrics, were used in the chemical modification. The ADMH can be incor-
porated in surfaces of fibers by a controlled radical grafting reaction which
can ensure short chain grafts instead of long chain self-polymerization of the
monomers.

o)

A’XN—/=
N
NN g \O ADMH \/\{\/Cl Bleaching \/?/\/

——

— > N
Ox N\//o O« \//O
Kill
Any Polymer Grafting Reaction N il Germs N
H Cl

ADMH Grafted Polymer Biocidal Polymer

Scheme 6.1. Structure of ADMH and its grafting reactions on synthetic polymers
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6.3.2 Grafting polymerization

Both water-soluble and water-insoluble initiators such as potassium persul-
fate (PPS) and benzoyl peroxide (BPO) were used to initiate radical grafting re-
actions on fibers. Water-soluble initiators can specifically work on hydrophilic
fibers such as cellulose, while water-insoluble BPO was quite effective on
hydrophobic fibers such as polyester and most synthetic fibers. The fab-
ric treatment was conducted in a convenient wet finishing process involving
pad-dry-cure. Fabrics were immersed in the chemical solutions and padded
under pressure to expel additional liquid. The fabrics were dried at 50 °C for
5 min, cured at an elevated temperature for a specific period of time, and
then washed with a large amount of distilled water, dried at 60 °C for 24 h,
and stored in a conditioned room (25 °C, 65% RH) for 48 h to reach constant
weight. The chemical reactions involved in this process are shown in Scheme 6.1
[11,12].

6.3.3 Observed results

Biocidal properties of the modified fibers could be demonstrated after a
chlorination reaction by exposing the grafted fibers to a diluted chlorine so-
lution, with which the grafted hydantoin rings were converted to N-halamine
structures. The polymeric N-halamines could provide powerful and rapid anti-
bacterial activities against E. coli and S. aureus. Most of the fibers could com-
pletely inactivate a large number of bacteria (1 x 10° CFU) in a 10-30 min
contact time. In addition, the anti-bacterial activities of these polymeric N-
halamines could be easily recovered after usage by simply exposing to chlorine
solution again.

Figure 6.3 reveals grafting yields on common fabrics using BPO as rad-
ical initiator and triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione (TATAT) as a
co-monomer in the grafting reactions [12]. These fabrics represent the most
commonly employed fabric materials in institutional and consumer uses. The
grafting reactions were almost quantitative for several fabrics. However, since
BPO is very hydrophobic, it did not work as effectively on cotton fabrics as
did hydrophilic radical initiators [12]. Table 6.3 shows the durability of the
biocidal functions provided by the ADMH grafted fabrics. The biocidal func-
tions on most hydrophobic fabrics were more durable than those on hydrophilic
fabrics and could last for more than 15 washes without recharging. After 50
washes, the lost biocidal functions were fully recharged by a dilute chlorine
washing.

The controlled radical grafting reaction also worked effectively on some
high performance fabrics such as Nomex, Kermel, and Kevlar/PBI, which are
often employed in firefighter and military uniforms. Shown in Figure 6.4 are
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Table 6.3. Log reduction of E. coli after washing. (Journal of Applied Polymer Science © 2002)

Log reduction of E. coli (%)

Washing times Nylon PET PP Acrylic Cotton PET/Cotton
0 5 5 5 5 5 5
5 5 5 5 5 3 5

15 5 5 5 5 1 5

30 3 3 2 1 uD? 3

50 UD 1 1 1 UD UD

50° 5 5 5 5 5 5

Note: contact time = 30 min (E. coli concentration: 10°-10% CFU/mL; all of the samples were tested with
machine washing following AATCC Test Method 124. AATCC standard reference detergent 124 was used
in all of the machine-washing tests.

2 No reduction of E. coli was detected.

b These samples were re-bleached after 50 times of washing.

Z"\»p—-/
—&—Nylon
——PET
—&— Acrylic
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—X¥—PET/Cot
—e—PP

0 ¥ T T T
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BPO (wt %)

Grafting Yield (%)
[
1

Figure 6.3. Influence of BPO concentration (wt%) on grafting yields [12]. (Journal of Applied
Polymer Science © 2002) Grafting conditions: Padding bath contained ADMH, 4 wt%; TATAT,
1.5 wt%; the softener, 1.5 wt%; and different amounts of BPO. The fabrics were dipped and
padded twice at a 100% expression, dried at 50 °C for 5 min, cured at 130 °C for 5 min (for PP,
the fabric was cured at 105 °C for 5 min), washed, and dried

grafting yields of ADMH on these fabrics. The reaction on Nomex was espe-
cially highly efficient with the grafting yields above 4%. This result may be
caused by lower crystallinity of the polymer than the other two since the reac-
tion could only occur in amorphous areas of the polymers. Since these fabrics
are quite hydrophobic, the adsorption of ADMH on the polymers was relatively
difficult, which may contribute to overall lower grafting yields and low biocidal
functions on Kermel and Kevlar/PBI fabrics.

Hydrophobic properties may prevent hydrolysis of N-halamine structures
on the fabrics. Thus, these fabrics all demonstrated quite durable biocidal
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Figure 6.4. Grafting yields on Nomex, Kermel, and Kevlar/PBI fabrics. (Journal of Applied
Polymer Science © 2003) Padding bath contained: ADMH, 3 wt%; PEG-DIA, 2 wt%; and the
softener, 1.5 wt%. The fabrics were dipped and padded twice at a 100% expression, dried at
50 °C for 5 min, cured at 140 °C for 5 min, washed, and dried.

functions, as shown in Table 6.4. The grafting reactions on Kermel and
Kevlar/PBI fabrics were less effective, as observed by the low-active chlorine
contents on the fabrics, and low biocidal efficacy.

6.3.4 Condensation reactions

It has also been demonstrated that nylon-66 and PET can be rendered bio-
cidal by utilization of N-halamine chemistry analogous to that discussed for

Table 6.4. Log reduction of the bacteria after washing at a contact time of 60 min (bacteria
concentration: 10°~107 CFU/mL). (Journal of Applied Polymer Science © 2003)

Nomex® Kermel® PBI®/Kevlar®

Wash Mg x 10°  E. S. Mq x 10°  E. S. Mq x 10°  E. S.
times  (mol/g)  coli aureus  (mol/g) coli aureus  (mol/g) coli  aureus

0 1.22 6 6 0.33 3 5 0.41 3 6

5 1.20 6 6 0.28 3 4 0.41 3 4
15 0.63 6 5 0.23 3 2 0.37 3 2
30 0.27 3 4 ubD? 1 1 0.20 1 2
50 ubD? 1 1 ubD? up* UD? ubD? ubp* UD?
50° 1.14 6 6 0.29 3 5 0.43 3 6

#No reduction was detected.
YThese samples were re-bleached after 50 times of washing.
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DMDMH in section 6.2.1 [13, 14] and the hydantoinylsiloxane in section 6.2.3
[10].
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7.1 Introduction/Overview

Polyester has been around for more than half a century, in which time its
cost and properties have combined to make it the world’s best selling synthetic
fiber. As with any other manufactured fiber, it is routinely sold in many variants
of diameter, cross-section, and luster. It has a number of limitations, but its
ubiquity has lead to many attempts to modify the fiber to overcome them.

Among its many uses are several in the medical field: polyester is a very
useful biomaterial. In routine use, however, and similar efforts to modify the
fiber have been widely researched.

This chapter reviews the modifications applied to polyester in normal use,
the principles by which they have their effects, and the parallel modifications
used for medical applications of the fiber.

7.2 Polyester

Poly(ethylene terephthalate), PET, or most simply “polyester” was first dis-
covered in 1941 in the Accrington, UK laboratories of The Calico Printers
Association. Whinfield and Dickson demonstrated that a partially aromatic
polyester based on terephthalic acid yielded a strong, resistant fiber with a high
melting point and good hydrolytic stability [1]. The fiber was commercialized
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through the 1950s as Dacron™ in the United States and as Terylene™ in the
United Kingdom. It entered a textile world in which nylon had been around
for a decade or more, and nylon had pioneered both the replacement of natural
fibers in traditional end uses and the development of novel synthetic fiber uses.
The production of PET accelerated in the early 1960s when processes to pro-
duce pure terephthalic acid were improved [2]. The 1970s saw a fashion-led
“polyester boom” that made consumers aware of both the good and bad proper-
ties of polyester: the latter tended to predominate and polyester acquired conno-
tations of cheapness and tastelessness that have only recently been overcome.
Meanwhile, with a growing volume of production, the lower cost of polyester
allowed it to replace other synthetic fibers, especially nylon and acrylic, in many
routine textile applications where these did not have an advantage in properties.
Its esthetic qualities have been improved largely by the development of finer
fibers, especially the so-called “microfibers”, and today polyester is approach-
ing cotton as the world’s most widely used fiber: more than 24 million tons of
polyester were produced in 2004.

7.2.1 Production and properties

PET is a linear macromolecular homopolymer (i.e., one repeating unit)
formed from step reaction polymerization. It is nominally produced by the
polymerization of terephthalic acid and ethylene glycol. These monomers are
both readily available in few reaction steps from the petroleum-based feedstocks
of'the refinery: terephthalic acid from the oxidation of p-xylene, ethylene glycol
from ethylene via ethylene oxide, and the low monomer cost contributes to the
low cost of the final polymer.

In practice, terephthalic acid is converted first either to dimethyl terephtha-
late, or bis(hydroxyethyl) terephthalate, and the polymerization proceeds with
the elimination (condensation) of either methanol or excess ethylene glycol as
the ester interchange reaction continues. PET is predominantly produced using
antimony III catalysts, about which there are on-going environmental concerns
[3]. Titanium IV catalysts have superior activity to antimony III, but for many
years the polymers produced using this technology have had a limited attainable
molecular weight and also exhibited a yellowish tinge. However, the thrust for
research into catalyst development is not founded on environmental concerns
alone. The desire to increase plant capacity and improve product quality and
economy by reducing the additive levels is an alternate goal. For a new catalyst
technology platform to be commercially acceptable, it must possess certain ba-
sic qualities. These include, but are not limited to, good solubility in ethylene
glycol as well as stability to water, phosphorus stabilizers, and other neces-
sary additives. There are problems associated with titanium catalysts, which
have to be solved, for example, the well documented tendency for hydrolysis
that destroys the catalyst, causing thermal instability and haze in the resultant
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Figure 7.1. Production of polyester

polymer. The polymer should exhibit equivalent color, clarity, and stability to
that of standard PET. The basic chemical pathways for PET production are
shown in Figure 7.1.

The molecular weight of PET is most often described in the PET industry in
terms of intrinsic viscosity (IV) in units of dL./g measured by solution viscosity
in a suitable solvent such as o-chlorophenol at 25 °C. The range of Vs typically
used depends upon the end use of the PET fibers. For example for apparel
applications, an IV of 0.63 dL/g is typical but for industrial yarn applications,
higher IV polymers are used in order to obtain higher tenacities. Depending
upon the industrial end use, the IV range used to make these yarns will fall
between 0.80 and 0.92 dL/g.

Fiber is produced by the extrusion of a polymer melt through spinnerets.
The absence of solvents in the fiber spinning process is a further contributor to
the low cost of the fiber. Polyester can be produced in a wide range of deniers;
finer ones (below about 0.5 denier) require modified spinning methods. The
fiber cross-section can be modified by changing the shape of the spinneret
holes; and while a round section is usual, a myriad of other shapes have been
produced, the more common of which would be trilobal or pentalobal. Most fiber
is rendered semi-dull or dull by the inclusion of titanium dioxide delustrant. The
fiber is solidified by cooling and drawn to encourage polymer chain orientation
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and crystallinity. The fiber is produced as continuous filaments that can be
texturized, or cut into staple lengths. Filaments may be partially drawn (POY)
for later draw texturizing, while FOY is fully drawn at the fiber production stage.

Polyester’s general properties are well established [4]. Polyester melts at
around 260 °C. Its glass-transition temperature of around 100°C is high com-
pared with other thermoplastic fibers, and this limits the action of many reagents
to the fiber surface at temperatures below 7. This is particularly apparent when
the fiber is dyed: the wide use of polyester prompted the development and imple-
mentation of dyeing machines capable of dyeing at elevated pressures (and thus
temperatures): suitable dyes readily penetrate the fiber at 130°C. Depending on
the degree of drawing, polyester has a tenacity of 4-8 g/d and an elongation
of 40-20% (higher tenacities are associated with lower elongations). The stan-
dard moisture regain is around 0.5%, and the low sorption of moisture means
that elongation and tenacity vary little when the fiber is wet or dry. Fabrics of
polyester have good abrasion resistance and good recovery and resilience.

Polyester’s all-round good properties, and its low cost, have made it ubig-
uitous. It is used in all fabric styles from sheer georgette to heavy fleece, from
stretch knit to canvas. It is used in all types of apparel, in home furnishings,
in geotextiles, industrial applications, tire reinforcement, and so on. Somewhat
like cotton among the natural fibers, the first choice for a synthetic fiber would
probably be polyester, and only if that does not fit the bill would another fiber
be considered.

7.3 Medical uses of polyester

The biological response of a wide range of (mostly fibrous) materials was
studied in the early 1950s, and polyester’s superiority was apparent. Good
strength, the lack of a reaction by the body, and the inaccessibility of the fiber
interior to potentially degrading materials make polyester a useful and bio-
durable material. There are over 13 million medical devices implanted annually
in the United States, ranging from simple devices such as hernia repair mesh,
wound dressings, and catheter cuffs to more complex devices such as the total
implantable heart, left ventricular assist devices, and prosthetic arterial grafts
[5]. When textile fibers must be left in the body for extended times, polyester
is useful. In vascular grafts, polyester has been used in woven, warp, and weft-
knitted structures, both smooth and texturized: in all these, the major variation
is in fabric, rather than fiber structure. The initial development of vascular
grafts, their structure, and performance up to the early 1980s was reviewed [6].
Structurally, little further advance has taken place since then, but the need for
improvement has prompted much work on modifying the polyester from which
they are constructed, as noted in what follows. An extensive review of arterial
grafts, their limitations, and modifications has been published [7].



7. Modification of polyester for medical uses 95

Prosthetic heart valves require a textile-based cuff that can be used to sew the
valve into place. The experience with vascular grafts suggested that polyester
would be an appropriate material in this use, and the suggestion has been borne
out in practice. Sewing cuffs are typically knitted structures.

A hernia is an abnormal bulging of internal organs, often the intestine,
through a muscular wall weakness. This complication, which can present in
several areas of the body such as the stomach, groin, or throat, requires that
the inner contents of the muscular wall (e.g., organs) be placed back into the
cavity and the tissue repaired via suturing. Hernia repair mesh can be made of
polyester, PTFE, or polypropylene and be designed into various shapes. This is
sewn into place over the defect to add strength to the repaired tissue or can serve
as a tissue substitute in the event of significant structural loss. These devices,
which are not exposed to flowing blood as described for the sewing cuff, are
designed to last long-term.

As with non-medical uses, other fibers (silk, nylon) are preferred where
stretch/recovery is important, and these are still preferred for sutures where
long-term durability is not an issue.

7.4 Limitations of polyester in routine (non-medical) use

Polyester has inherent characteristics that limit its use in some applications.
Abrasion resistance, recovery, and resilience are generally better in nylon, and
nylon retains its wider use in, for example, carpets, hosiery, and ropes for
dynamic applications. Its hydrophobic character limits the comfort of polyester
garments in warm weather and the absorption characteristics of hydrophilic
fibers such as cotton mean that cotton still dominates the apparel and domestic
(sheets/towels) textile market. The hydrophobicity of polyester goes hand in
hand with oleophilicity, and when developed into a fabric, polyester textiles
dry quickly but tend to retain oily soils once again favoring more hydrophilic
materials. Polyester fabrics made from staple fibers can develop surface pills:
the strength of the fiber tends to hold such pills on the fabric when a weaker
fiber would allow them to break away.

7.5 Modifications of polyester in routine (non-medical) use

In routine use, polyester can be modified for a number of reasons and by
several different strategies. The principles involved and the techniques based
on those principles have, in many cases, given rise to parallel modifications
in the medical uses of polyester. An extensive survey of such modifications
is provided: if they have not yet been used to modify medical polyester, they
may suggest future opportunities. Progress up to around 1980 in routine use
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modifications for repellency, flame retardance, soil release, and static control
was covered in an extensive review [8].

Whatever the reasons for modification, the strategies can be grouped under
the following headings.

7.5.1 Include co-monomers in the polymerization process

The extent to which this can be accomplished without fundamentally chang-
ing the nature of the polymer in its definition or other properties is debatable.
Some basic criteria must be met in order for the material to be satisfactory: the
co-monomer must be stable during polymerization and extrusion and not lead
to a polymer with markedly inferior mechanical properties.

Thus, for example, challenges in dyeing polyester have been answered in part
by the development and commercialization of PET that includes a proportion
of 5-sulfoisophthalic acid as a co-monomer: the resulting sulfonic acid groups
provide “sites” for dyeing with cationic (“basic”) dyes [9]. Co-polyesters of
PET have been examined for obtaining deep dyeing material [10]. For flame
retardance, bromine-containing co-monomers have been developed, such as
2,5 dibromophthalic acid [11]. More recently, phosphorus-based co-monomers
have been examined [12].

In general, the use of a co-monomer as opposed to an additive in the melt
results in reduced leaching tendency in later use. This may be an advantage
or disadvantage. Related to the use of a co-monomer is the inclusion of some
agent that affects the DP or linearity of the polymer. Thus, the inclusion of a
depolymerization agent in the melt produces a PET with a lower MW (narrower
weight distribution) that pills less [13], and the addition of 6—16% (by weight)
of polyethylene glycol together with ca. 0.1% pentaerythritol branching agent
increases the wetting and wicking behavior of the polyester fiber [14].

7.5.2 Include additives to the polymer melt before extrusion

Additives to the melt become embedded in the fiber structure after extrusion
and drawing. The additive must be stable to the temperature of the melt, i.e.,
up to about 300°C. The additive must be readily miscible with the melt and
not significantly change its rheological properties. It must also not degrade
the polymer at the high temperatures. The resulting polyester should not have
markedly worse physical properties. Subsequent use should also not remove
the additive, unless leaching is a required property.

The prime example in this case is the routine inclusion of titanium diox-
ide as a delustrant. Colorants can be added as the fiber is formed, and around
5% of the total production of polyester is thus produced as “solution dyed”
material. Flame retardancy has also been achieved using additives to the melt,
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especially bromine [15, 16] and phosphorus compounds [17]. To avoid prob-
lems of interaction when antimony compounds are used as adjuncts, blending
of melts, skin-core spinning, and microencapsulation of the additive have been
suggested [18, 19]. Static may be controlled by incorporating carbon into the
fiber matrix [20], and the improved compatibility of polyester with a carbon
bicomponent has been described [21]. When a surface effect is required, this
method, like co-polymerization, is of limited value, since the bulk nature of
the fiber is being altered. It is thus not usually used to affect the hydrophilicity
(hence soil release or moisture transport properties) of the fiber.

7.5.3 Topical additive treatments after the fiber is formed

Chemical additives to the solid fiber may be divided into polymeric materials
that lie on the surface, and do not penetrate to any significant extent, and smaller
moieties that rely on some measure of fibrophilic penetration into the polyester
matrix.

7.5.3.1 Surface polymer additives

Polymeric additives that lie on the surface of the polymer may be applied
as a melt, solution, or emulsion. The durability is enhanced if the polymer
is cross-linked as part of a curing or fixing process. Further, durability en-
hancement occurs if some bonding takes place between the polymer and the
fiber. Given the paucity of functionality on the surface of polyester, this may
involve a pre-treatment to create functionality or occur via transesterification
reactions.

Soil release finishes can be grafted, transesterified, or generated by sorption
of surfactants at the surface [22]. Repellency from silicones has been widely
studied, and increasing durability is obtained by cross-linking them or by in-
corporating groups that react with the substrate. They can also be grafted and
linked by this reaction [23, 24]. Perfluoroalkyl acrylic polymers are increas-
ingly common [25, 26] and provide both oil and water repellency. So-called
“dual acting” fluorochemicals that additionally contain oxyethylene segments
can provide both soil release and soil repellency [27]. Soil release can be ob-
tained by the application of vinyl polymers containing acrylic acid [28]: if a
cross-linker is included, durability increases [29]. The anionic hydrophilicity
may be augmented by non-ionic oxyethylene moieties.

Surface polymer deposits at a PET surface can be generated by “grafting”
in which a monomer is applied and polymerization induced by the generation
of initiation. Grafting can be performed during the activation process (direct ir-
radiation method) or on a pre-activated surface (post-irradiation method) [30].
UV-induced graft polymerization of water-soluble monomers has been used to
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increase the hydrophilicity of PET permanently without changing its bulk prop-
erties [31]. The anti-static properties and wicking time were also improved. In a
similar study, a thin functional layer was established at a PET surface by cross-
linking reactive substances by irradiation with excimer UV-lamps. Dyeability
was also improved [32]. Laser treatments are used in grafting: a CO, pulsed
excimer laser in air formed peroxides that initiated graft co-polymerization of
acrylamide on the surface of PET film to improve wettability [33]. Vinyl com-
pounds containing bromine or phosphorus have been grafted onto polyester to
provide flame retardance [34]. The grafting can be made deeper by pre-swelling
with ethylene dichloride. Repellency requires surface treatment, and in routine
use, zirconium and aluminum soaps, combined with wax emulsions, have been
used for many years [35]. Durable anti-static finishes based on polyamines
modified again with oxyethylene segments have been widely used [36].

7.5.3.2 Fibrophilic, “dyeing” additives

The modifying substance, usually non-polymeric, or at least a low polymer,
may be diffused into the polymer matrix. This is akin to dyeing and relies on a
measure of substantivity. The dyeing may be achieved by exhaustion from an
aqueous bath or by a pad heat (“thermosol”) technique. Effects may be con-
fined to the surface by adjustment of the application conditions, especially if the
molecular make-up of the diffusing substance has “fibrophilic” and fibrophobic
portions: the fibrophilic part sinks into the matrix while the active, non-
fibrophilic part remains at the surface. The diffusion into the polymer matrix can
also be limited by the time and temperature at which the diffusion takes place.

Thus for flame retardancy, the now discredited “tris” (tris-2,3-
dibromopropyl phosphate) was exhausted or dyed to give 4% add-ons
[37]. Soil repellency is similarly a surface phenomenon and is important in the
case of polyester. In an elegant piece of work [38], increasing the temperature
of application increased the sorption of the finish to anchor a lipophile and
leave a hydrophilic segment protruding from the surface. A polyester emulsion
co-polymer with some ethylene, and some oxyethylene segments can be pad
heated to provide soil release [39]. Other oxyethylene moieties can be applied
together with dyestuffs in an exhaust procedure [40]. Non-ionic surfactants
cloud up at high temperature and deposit on the fiber surface, or are absorbed
in a dye-like manner.

7.5.4 Physical/non-additive chemical modifications

Several other approaches do not involve the use of finishes per se, but instead
rely on chemical reactions to modify the polyester itself. The foremost of these,
alkaline hydrolysis, has been widely studied. Aminolysis is less widely known.
The use of solvents as swelling agents or that other wise promote diffusion into
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the fiber has been widely studied for improving the dye uptake of polyester,
but other than that has been comparatively little studied. Steam explosion is in
its infancy, and laser treatments have been examined in several studies. More
esoteric but better established are modifications based on electrons, ions, and
other transient reactive species that are present in plasmas, flames, and coronae.

7.5.4.1 Alkaline hydrolysis

Polyester may be made more hydrophilic by alkaline hydrolysis. This has
been widely studied and the work extensively reviewed [41-43]. Hydrolysis of
PET can occur under acidic conditions or under alkaline conditions. Acid hy-
drolysis is not a useful or practical process for modification of polyester. Under
alkaline conditions, the carbonyl oxygen atom of the ester group is attacked
by the hydroxyl anion to produce one hydroxyl and one carboxylate end group
(see Figure 7.2). The rate of diffusion of the alkaline reagent determines the
rate of hydrolysis. The hydrolysis of polyester groups initially causes (surface)
chain shortening, and the generation of hydrophilic/functional carboxylic acid
and hydroxy groups. As the chains become shorter, continued reaction will
result in the loss of material and a reduction of fiber diameter, but the overall
molecular weight remains largely unchanged. This is used commercially as the
so-called “denier reduction”. If carried out extensively, hydrolysis results in
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Figure 7.2. Alkaline hydrolysis of PET
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loss of strength and weight, and care is needed to make sure that maximum
strength is retained. The use of enzymes for this hydrolysis has recently been
suggested [44].

The use of a quaternary ammonium salt to augment the alkali has been
widely suggested: one recent example has examined its use for modifying the
strength of non-woven materials [45].

7.5.4.2 Aminolysis

Several studies have assessed the effects of amine interaction with polyester.
Early studies assessed the aminolysis of polyester as a means of examining fiber
structure without regard to maintaining the integrity of the polymer [46, 47].
The degradation effects on polyester of a monofunctional amine versus alkaline
hydrolysis have been studied [48]. These studies, which again involved high
levels of fiber degradation, demonstrated that alkaline hydrolysis has a more
substantial effect on fiber weight without extensive strength loss. In contrast,
aminolysis had less effect on fiber weight but decreased fiber strength, indicative
of a reaction within the polymer structure rather than simply at the surface. It
was later demonstrated that bifunctional amine compounds could be reacted
with the polymer with minimal loss in strength while generating amine groups
at the fiber surface [49]. The early stages of the reaction were largely confined
to the fiber surface and the resulting fiber had modified wetting properties and
improved adhesion with the matrix when used in composites.

A recent paper by our research group has re-examined the interac-
tion of untreated and alkali hydrolyzed polyester with a range of aliphatic
diamines [50]. 1,6-Hexanediamine, 2-methylpentamethylene diamine, 1,2-
diaminocyclohexane, tetraethylenepentamine, and ethylene diamine were ap-
plied to untreated polyester. Ethylene diamine was also applied from a range
of solution concentrations in toluene. The treatment generated amine groups
on the fiber surface and was revealed by staining with anionic dyes under con-
ditions in which the amine group was protonated. Unexpectedly, the reaction
resulted in the simultaneous formation of carboxylic acid groups in a man-
ner similar to alkaline hydrolysis, revealed by staining with Methylene Blue
(Figure 7.3). The reaction thus resulted in a bifunctional polyester surface. The
ratio of amine and carboxylic acid groups differed with unhydrolyzed and hy-
drolyzed starting materials (Figure 7.4). Strength loss was somewhat greater
than with alkaline hydrolysis.

7.5.4.3 Solvent swelling

Before the widespread introduction of pressurized dyeing machines, emul-
sified solvent-type materials were widely examined and the better ones widely
used as “carriers” to allow satisfactory polyester dyeing [51]. These materials
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Figure 7.3. Hydrolysis and aminolysis of polyester

effectively lowered the glass transition temperature of the fiber. The range of
more general solvent-type pre-treatments that produce improved dyeability has
been reviewed, and the effect on a range of fiber properties is included [52].

7.5.4.4 Steam explosion

The process of steam explosion involves exposing a sample to conditions
of high pressure and temperature for a certain period or residence time, and
then explosively discharging the product to atmospheric pressure [53]. The
rapid expansion of any water molecules present in the material occurs over a
very short time and hence causes changes at the morphological level only [54].
These two effects increase the specific surface area, accessibility, and hence, the
reactivity of the material [55]. The application of steam explosion technology
to PET has recently been examined [56]. Steam-exploded PET fabrics were
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Figure 7.4. Staining of EDA-treated, hydrolyzed, and unhydrolyzed polyester
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Figure 7.5. Reflectance values of steam exploded PET fabric, stained with methylene blue

stained with Methylene Blue (C.I. Basic Blue 9) dye to determine the presence
of acidic functional groups on the surface of the fabric as a result of treatment.
The reflectance values of the stained fabrics and of the unstained equivalent are
illustrated in Figure 7.5. The decrease in reflectance at ca. 600 nm corresponds
to increased staining. There is a gradual increase in the effect of treatment with
increasing pressure up to 10 bar: at 15 bar, there is a much larger increase in
the effect of treatment.

7.5.4.5 Corona treatments

A corona discharge is generated by applying a high frequency voltage, under
atmospheric pressure to electrodes that are separated by a narrow gap. Ozone,
radicals, and electrons are formed in the corona discharge [57]. Background
radiation generates a small number of electrons that cause the formation of
these highly active species [58]. “Corona” is the term given to this mixture
of gas molecules, excited molecules, electrons, radicals, and positive ions that
are formed between the electrodes, and coronae will modify polymer surfaces
passed through the electrode gap. This is a useful technique since it can be
operated in air at atmospheric pressure [59]. The changes that occur are both
chemical and physical. Polar functional groups are introduced to the surface
by oxidation, increasing the wettability of the polymer. Changes in surface
morphology of polymeric films, caused by electron bombardment, improve the
adhesion properties of certain polymers. Corona treatment has been evaluated
for olefin [58] and wool [59], but the method has received little attention for
use on PET.
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7.5.4.6 Excimer laser treatments

Pulsed excimer lasers first became commercially available in the late 1970s
[60]. The name excimer was derived from the term “excited dimer”, referring
to a group of diatomic molecules that are chemically stable in the excited state
rather than the ground state. The surface of synthetic fibers can be modified
by irradiation with a pulsed excimer laser. Laser irradiation penetrates only a
few micrometers of the surface without interfering with the interior structure.
Photodissociation and ablation of the polymer occur as a result of treatment
with a UV pulsed excimer laser [61].

Such UV irradiation has been carried out on PET fabric [62]. The UV irra-
diation penetrated the top layer of the surface only. SEM micrographs showed
the rippled structures on the surface of the fabrics due to laser treatments. A
decrease in surface oxygen content and the formation of a thin carbonaceous
layer on the PET surface increased the contact angle of PET treated with a
high-energy dose, i.c., the treated PET was more hydrophobic. Lower energy
pulses caused a decrease in contact angle. The effect was stable for at least
1 month.

Compared to these conventional excimer lasers, frequency-doubled copper
vapor laser (FDCVL) systems are cheaper and safer for modifying polyester
fibers and films. The pulse energies obtained from FDCVLs are less than those
obtained from excimer lasers, but repetition frequencies of up to 20 kHz result
in higher average power levels and minimal peripheral damage. FDCVLs also
possess a relatively high spatial coherence and low divergence. An experiment
used an FDCVL to scan a beam across the surface of warp knit PET microfiber
fabrics and films repeatedly at different speeds and scan times. Even short
exposure times improved the surface functionality of PET fabrics and films
[63].

7.5.4.7 Flame treatments

Flame treatments were developed initially in the 1950s to increase the wet-
tability of polyolefin films. More recently, flame treatments have been used
in the modification of paperboard and of thicker polyolefin materials, for ex-
ample, automobile body parts [64]. Corona treatments have generally played
the major role in modification of films due to the ease of operation. Flame
treatments are currently being revived in the modification of films, as concerns
about safety and efficiency of the technique have been improved. Another ad-
vantage of flame treatments is that the improved properties of the flame-treated
surfaces, such as increased wettability do not wear off over reasonable times,
whereas corona-treated surfaces deactivate quite rapidly [65]. As with corona
treatments, this technique remains open to exploration on polyester.
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7.5.4.8 Plasma treatments

Plasma is a result of ionization, fragmentation, and excitation processes.
Electrons colliding with gaseous molecules form excited molecules, ions, and
energetic photons [66, 67]. These excited species react further to form charged
particles, radicals, and UV photons. This mixture of charged particles is ex-
tremely reactive with surfaces that are exposed to the plasma [68]. lons gener-
ated in the plasma are accelerated to energies of 50—-1000 eV, causing sputtering
or etching of thin films [69]. Given a continuous supply of energy to maintain
the plasma state, the highly energetic, active species within the plasma will
create new macromolecular surface structures [70]. They do so while having
minimal or no effect on the bulk properties [70]. The increase in surface energy
brought about by plasma treatments results in an increase in wettability and can
improve dyeing, moisture uptake, and fabric handle.

Non-polymerizing plasma, such as oxygen or nitrogen, etches and chem-
ically modifies the surface of the polymer substrate. The extent of the mod-
ification depends on the substrate, the type of gas used, the treatment time,
gas pressure, and RF power. Fibers or fabrics experience a mass loss due to
the etching of the topmost layer of the surface by bond scission, and etching
or sputtering [71]. Such etching occurs preferentially in the non-crystalline
regions of the polymer surface. An examination of the ultimate dyeability of
PET and nylon 66 fibers of varying crystallinity exposed to plasma etching
confirmed that the attack was concentrated on the non-crystalline regions [72].
Oxygen plasma can increase the wettability of the fabric by introducing polar
functional groups onto the surface. Nitrogen plasmas introduce -NH, groups
that provide extra dyesites onto the fabric, increasing its dyeability. A hydro-
gen/nitrogen plasma mixture generates free carbon radicals on the surface that
form carbon—carbon cross-links on the surface and reduced dyeability. An inert
gas such as argon can cause sputtering on the material being treated. Chemical
etching during plasma can occur when using an oxidative gas, such as oxygen
[73]. Nitrogen and oxygen plasmas have been shown to provide PET with re-
duced wetting times and the most durable wettability by the production of fine
micropores on the surface, whereas ammonia plasmas did not [74].

The introduction of functional groups onto a plasma-treated surface is
known as implantation. Activated gas molecules from the plasma interact with
the polymer surface to implant new functional groups at the polymer surface.
The type of functional group introduced depends on the type of gas used [71],
whereas the number of free radical species generated in the plasma will depend
on the substrate. Various low-temperature plasmas, including O;, N,, H,, and
Ar, were applied to cotton, linen, PET, nylon, wool, and silk [75]. The free-
radical yield was greatest for the cotton fabric, followed by wool, silk, nylon,
and PET. More stable free radicals were formed in the natural fibers. Various
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studies have been carried out to introduce hydrophilic functional groups onto
the surface of PET, via plasma irradiation, to improve its wettability and dye-
ability [76]. RF-plasma-generated sillylium cations can be used to activate inert
polymeric surfaces [77, 78]. The SiCI7 ions generated in the plasma are readily
converted into Si(OH), functionalities when in contact with moisture, allowing
PET to be dyed with basic dyestuffs.

The immediate effects of plasma treatments wear away over time. The ad-
sorption of contaminants from the atmosphere occurs very rapidly. Surface
reorganization occurs slowly over time, and low molecular weight material
formed from the plasma treatments can diffuse into the bulk material: as it does
so the surface properties of the plasma-treated material will change [79].

Comparison of various gas-phase processes for the surface modification of

polymers

Corona, flame, and plasma treatments are all used to generate very fast
surface oxidation. UV and ozone treatments oxidize the surface at a much
slower pace. The treatments on the surface of PP and PET films have been
compared [64].

Corona, plasma, and flame treatments oxidized the polymer surface to the
target level in <0.5 s, but much longer times were required to oxidize the
polymer surface using UV/ozone treatments. The researchers also discovered
that the contact angle measurements for each technique varied suggesting that
the surface chemistry derived from each technique is slightly different. Flame-
treated samples were the most wettable, as most of the oxidation occurs in the
outermost 2—3 nm. FTIR analysis shows that UV/ozone treatments can modify
the polymer surface to a greater depth.

Long exposure corona treatments of PE films reduce the peel strength of
the film being treated due to an increased formation of low molecular weight
oxidized material: this is not the case for plasma treatments [80]. Obviously,
long exposure treatments are not an option for flame treatments. Corona treat-
ments have been more widespread in industry than plasma treatments because
industrial scale plasma equipment is more expensive and requires a vacuum.
However, corona treatments are limited to one-dimensional material, whereas
plasma treatments can modify three-dimensional material readily. Flame treat-
ments can also modify three-dimensional materials but are limited to treating
materials that cannot be thermally damaged. Plasma, however, is capable of
modifying heat-sensitive polymeric materials [64].

Plasma-induced grafting
Grafting was referred to earlier. Plasmas can be used to induce polymer-
ization of monomers at the fiber surface. Monomers can be pre-selected to
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produce the desired surface property onto the treated polymer, and the treat-
ment is stable over time. Peroxide-initiated grafting occurs on immersing an
oxygen- or air-plasma-treated polymer into a solution of monomer, with a high
yield of grafted monomer on the surface [81]. Among the many reports on this
technique is included the modification of polyester [82]. Graft fluorination of
PET fiber was used to produce oil-resistant and water-repellent materials [83].
The authors found that a hydrophobic surface was reached at a grafting yield of
3.65%. Exposure of a PET film to argon plasma, followed by the introduction of
acrylic acid vapor into the plasma chamber, generated a more wettable surface
than a liquid-phase grafting [84].

7.6 Limitations of polyester in medical use

Polyester in medical use has undoubtedly improved the quality of life for
an aging patient population. However, all implantable devices are prone to
three major complications: surface thrombus formation, post-surgical/wound
bleeding, and incomplete/non-specific cellular healing.

Surface thrombus formation is the result of the interaction of blood with
the relatively thrombogenic biomaterial surface. This problem is evident in
medium/small-diameter vascular grafts as well as stents and catheters, which
can fail early after implantation due to occlusive thrombus formation within
the blood-contacting surface of the device.

A complication of all implantable biomaterials is incompatibility between
flowing blood and the biomaterial surface. Thrombin, a pivotal enzyme in the
blood coagulation cascade, has been implicated as the primary agent responsible
for thrombus formation. The initial interaction of blood and the foreign surface
results in a myriad of responses: platelet activation and adhesion [85], activation
of the intrinsic pathway of the coagulation cascade resulting in formation of
active thrombin [86], leukocyte activation [85], and the release of complement
and kallikrein [87]. If unregulated, these responses lead to mural thrombus
formation with subsequent occlusive thrombosis and failure of the implanted
biomaterial.

Uncontrolled post-surgical/wound bleeding is directly related to the limited
interaction of blood with the foreign surface as well as the physical construct
(i.e., porosity, weave design) of the material. For hernia repair mesh and wound
dressings, the problem arises in that the overall time to create surface thrombus
is extensive, thereby delaying hemostasis and compromising the patient.

Lastly, incomplete/non-specific cellular healing affects various medical de-
vices. Since biomaterials are composed of foreign polymeric materials, cellular
components normally present within native tissue are not available for the repar-
ative process. These complications are evident in medical devices such as vas-
cular grafts, hernia repair mesh, wound dressings, and catheter cuffs [88—90].
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Common to these complications is that currently available biomaterials do
not emulate the multitude of dynamic biologic and reparative processes that oc-
cur in normal tissue. Thus, development of a novel biomaterial that would emu-
late some of the normal healing processes of native tissue would improve patient
morbidity and mortality upon implantation of various medical devices. Exhaus-
tive studies have been aimed at creating a novel biomaterial surface by either
non-specific binding of a biologically active agent, covalent linkage of an agent
with a broad spectrum of activity, or altering the biomaterial surface. Thus far,
none of these technologies have resulted in a clinically used biomaterial surface.

7.7 Efforts to combat limitations in medical use

A survey of the broad range of attempts to overcome these shortcomings for
vascular grafts has been published, and the reader is referred to that publication
[91]. What follows extends and complements that work.

Medical limitations have some direct correlations with limitations in normal
use. Where a surface interacts with a biological system, many factors relating
to the nature of the surface can modify the biological response. In many cases,
the interaction is unpredictable, and there is much still to learn about the effect
of the physical and chemical nature of the surface on these interactions. The
techniques for modification in normal use discussed earlier thus form a rich
basis for exploratory work in providing better materials for medical use. More
specifically, the modifications that generate surface functional groups allow
covalent binding of specific proteins. Where more than one functional group is
present, the possibilities exist for the binding of more than one bioactive moiety.
Our research group has been much involved in producing a more successful
medical polyester material. Using the techniques outlined in section 5.3.2,
we have “dyed” polyester with antibiotics [92]. We have also looked to link
bioactive proteins to the surface of polyester and have found that carboxylic
acid groups generated by alkaline hydrolysis (section 5.4.1) are useful in such
covalent linking [93]. We have linked clot-preventing proteins and a growth
factor to promote cellular ingrowth and demonstrated that they retain their
activity when linked [94, 95].

7.7.1 Combating surface thrombus formation

Many attempts to create a more biocompatible surface have been based on
establishing a new biologic lining on the luminal surface that would “passivate”
this initial clotting reaction. These have ranged from non-specifically binding
albumin to the surface followed by heat denaturation [96] to non-specifically
cross-linking albumin [97], gelatin [98], and collagen [99]. Covalent or ionic
binding of the anti-coagulant heparin alone [100], in conjunction with other
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biologic compounds [101] or with spacer moieties [102], and covalent link-
age of thrombomodulin [103] have also been performed. Other studies have
focused on modifying the composition of the biomaterial by either increasing
hydrophilicity via incorporation of polyethylene oxide groups [104] or creating
an ionically charged surface [105].

The success of these approaches has been limited: (1) thrombin is not
directly inhibited, therefore fibrinogen amounts remain constant on the mate-
rial surface permitting platelet adhesion; (2) heparin-coated biomaterials may
be subject to heparitinases limiting long-term use of these materials; (3) non-
specifically bound compounds are stripped from the surface under the shear
stresses of blood flow, thereby re-exposing the thrombogenic biomaterial sur-
face; (4) rapid release of non-specifically bound compounds may create an
undesired systemic effect; and (5) charge-based polymers may be covered by
other blood proteins such that anti-coagulant effects are masked.

7.7.2 Post-surgical/wound bleeding

Incompatibility between blood and the biomaterial surface complicates
the use of all implantable biomaterials. The initial interaction of blood and
surface results in a myriad of responses: platelet activation and adhesion [106],
activation of the intrinsic pathway of the coagulation cascade resulting in
formation of active thrombin [107], leukocyte activation, and the release of
complement and kallikrein [108]. While this response is desirable for hernia
repair mesh, wound dressings, and catheter cuffs, the intensity and overall
rate at which this occurs are limited. Additionally, the physical construct (i.e.,
porosity, weave design) of the material affects the rate and the extent at which
thrombus formation occurs. For hernia repair mesh and wound dressings, if
the overall time to create surface thrombus is extensive, hemostasis is delayed
and the patient may be compromised.

7.7.3 Promotion of cellular adhesion/growth

The development of a uniform cellular layer on the implanted biomate-
rial has been proposed to enhance biocompatibility. These cells, while provid-
ing structural stability via material incorporation into the surrounding tissue,
maintain hemostasis, prevent infection, and synthesize bioactive mediators.
This type of cellular incorporation does not occur in actuality, thereby pre-
disposing these biomaterials to infection [109, 110] and thrombosis [111, 112].
Thus, failure of appropriate cell-type growth and development to these bioma-
terials significantly limits their expanded use.

Cellular adhesion to biomaterials using cell-seeding techniques has been
extensively employed [113, 114]. Adhesive proteins such as fibronectin,
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fibrinogen, vitronectin, and collagen have served well in graft-seeding protocols
[115]. The cell-attachment properties of these matrices can also be duplicated
by short peptide sequences such as RGD (Arg-Gly-Asp) [116]. These adhesive
proteins, however, have several drawbacks: (1) bacterial pathogens recognize
and bind to these sequences [117]; (2) non-endothelial cell lines also bind to
these sequences [118]; (3) patients requiring a seeded material such as a vas-
cular graft have few donor endothelial cells, therefore cells must be grown in
culture [119]; and (4) endothelial cell loss to shear forces from flowing blood
remains a significant obstacle [120].

Modification of the surface has also been employed to modify host response
to the foreign body, serving as an approach for improving cellular adherence.
Cells that have been seeded have been shown to attach and grow better on
a variety of protein substrates coated onto the biomaterial [121]. Bioactive
oligopeptides [122] and cell-growth factors [123] have been immobilized onto
various polymers and shown to effect cell adherence and growth. Additional
studies have described the incorporation of growth factors into a degradable
protein mesh, resulting in the formation of capillaries into the material [124].
Utilizing these techniques to incorporate growth factors, however, does have
limitations: (1) growth factor is rapidly released from the matrix; (2) matrix
degradation re-exposes the thrombogenic surface, thus endothelialization is
not uniform; and (3) release of non-endothelial specific growth factor is not
confined to the biomaterial matrix, thereby exposing the “normal” distal artery
to the growth factor.

7.7.4 Use of functional groups for protein attachment

Many of the modification methods discussed (hydrolysis, aminolysis,
plasma, laser, etc.) generate surface functional groups in much larger amounts
than are present on original polyester. These functional groups can be the basis
for covalent attachment of a variety of bioactive agents. Earlier work to bind
proteins to the functional groups created by alkaline hydrolysis has been re-
ferred to earlier. This work demonstrated that bound bioactive proteins maintain
their activity once bound. More recent work has examined the use of functional
groups derived from those other modification techniques and also has begun
work to generate a multifunctional surface via the binding of different proteins
or a combination of protein binding with infection resistance derived from the
“dyeing” of antibiotics.

Covalent linkage of a protein to a biomaterial surface in order to create
a “basecoat” layer has numerous advantages. Such a layer has been shown
to “passivate” a surface that is relatively thrombogenic, thereby decreasing
adhesion of blood products such as platelets, red blood cells, and fibrinogen
[96]. Proteins incorporated as a basecoat layer have been used as “scaffolding”
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in order to promote a specific response such as linkage of RGD peptides to
promote cell adhesion [125]. Additionally, Park et al. [126] demonstrated that
increasing the angstrom distance between a biologically active molecule and
the surface via polyethylene oxide groups reduced steric hindrance on the target
molecule, thereby maintaining activity. Covalent linkage of a protein “basecoat”
layer would serve as the spacer between the biologically active moiety and
the surface. Albumin, which is in natural abundance in circulating blood, has
shown numerous beneficial results in vitro and irn vivo in earlier studies [127,
132] and was used in this study. Utilization of a basecoat layer could also
permit significant amplification of potential binding sites for secondary protein
attachment via heterobifunctional cross-linkers, creating a biomaterial surface
with distinct properties for a specific application. This BSA surface has been
shown to possess numerous binding sites for other biologically active proteins
such as recombinant hirudin (rHir) [128].

7.7.4.1 Protein binding to hydrolyzed polyester

In work in our laboratories, BSA was radiolabeled using '>’I. Following
iodination, bound >’ was determined. These values were then utilized to de-
rive a specific activity that was used to determine protein bound to the mate-
rial surface. Samples of polyester were scoured with and without hydrolysis.
BSA was then bound to the hydrolyzed polyester surface using heterobifunc-
tional carbodiimide cross-linker EDC. Control and another set of hydrolyzed
segments were reacted under the same parameters without EDC cross-linker.
Control and test segments were then reacted with the '>’I-BSA solution for
2 h at room temperature. The specimens were sonicated three times in deter-
gent solution to remove any weakly adherent '>’I-BSA, then gamma counted
to determine the amount of 'I-BSA covalently bound. The amount of '2°]-
BSA covalently bound to the hydrolyzed segments via EDC was significantly
greater than both control and hydrolyzed controls at all solvent concentrations
evaluated (Figure 7.6).

7.7.4.2 Protein binding to a bifunctional polyester surface

A similar technique was used to immobilize protein to a bifunctionalized
polyester surface. Scoured control and hydrolyzed segments were reacted with
ethylenediamine. The EDA-exposed segments were then removed and placed
into distilled water overnight at room temperature (C-EDA or Hyd-EDA) [134].
Staining with Methylene Blue and with C.I. Acid Red 1 was used to quantify
the two functional groups present. The C-EDA segments were then assessed
for ' I-BSA binding via a range of commercially available heterobifunc-
tional cross-linkers (Traut’s reagent, sulfo-SMCC, and sulfo-SPDP). These
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Figure 7.6. Protein binding to hydrolyzed polyester

cross-linkers react specifically with primary amine groups, but vary in solubility
and chain length. EDA-treated PET was reacted with the various cross-linkers
and washed. Sulfo-SMCC was added to '*I-BSA solution and reacted for
20 min at 37°C in a water bath. The >’ I-BSA-SMCC intermediate was then
purified via gel filtration. The '>’I-BSA-SMCC solution was then added and
reacted for either 3 or 20 h at room temperature on an orbital shaker (150 r.p.m.).
After incubation, control and test segments were removed and washed four
times in PBS with Tween 20. Segments were then gamma counted. Using protein
concentration determined via Lowry assay and gamma counts of a set 2’ I-BSA
volume (i.e., specific activity), the amount of '2I-BSA/Polyester segments was
determined. C-EDA segments incubated with the various cross-linkers had
significantly greater >’ I-BSA binding when compared with C-EDA exposed
to protein only (non-specifically bound segments) materials (Figure 7.7). The
linking combination of Traut’s reagent with sulfo-SMCC resulted in the binding
of 604 ng '>’I-BSA per 1 mg polyester, regardless of the cross-linker reaction
(surface reaction versus protein reaction). Reaction of SPDP (surface) with
sulfo-SMCC (protein) resulted in lower protein binding than the Traut’s—sulfo-
SMCC reaction. Increasing the reaction time from 3 to 20 h not only increased
total protein binding, but also significantly increased non-specific binding.
Reaction of the surface with sulfo-SPDP (surface) with Traut’s (protein) for
20 h had the greatest 'I-BSA binding. Non-specific binding also increased.
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Figure 7.7. Protein binding to a bifunctional polyester surface

7.7.4.3 Protein binding to laser-treated polyester

The linking of protein to carboxylic acid groups created via laser exposure
was assessed. Laser hydrolysis permits localized formation of carboxylic acid
groups, whereas sodium hydroxide hydrolysis forms carboxylic acid groups
through the entire material. The laser treatment was varied: the control software
was set up to scan knitted polyester segments (30 mm x 30 mm) at a scanning
speeds of x (mm/s) for a total scan cycle time of y (s). After scanning, the sam-
ples were washed in a mild detergent solution, rinsed, and air-dried. As before,
methylene blue staining was used to quantify carboxylic acid group forma-
tion. Knitted and woven polyesters, scoured or scoured and sodium hydroxide-
hydrolyzed, were used as controls. Polyester specimens were immersed into
EDC solution in 100% ethanol for 30 min at room temperature, then removed,
shaken, and placed into a '2I-BSA solution for 2 h at room temperature. The
segments were removed then sonicated in PBS containing Tween 20 for 5 min.
The amount of '’ I-BSA bound (ng) per 1 mg polyester was calculated for each
segment.

Carboxylic acid formation was evident from the uptake of Methylene Blue,
with formation increasing with increasing laser exposure time. Modification
was limited to the specific area exposed to the laser. EDC reaction with all
materials containing carboxylic acid groups resulted in significantly greater
125].BSA binding (Figure 7.8). For the laser-treated knitted polyester, 2> I-BSA
binding was slightly less than the knitted hydrolyzed polyester (740 ng '’ I-BSA
per 1 mg polyester) but is significant given the limited area of the material
modified. Non-specific ' I-BSA binding to the laser-treated and hydrolyzed
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Figure 7.8. Protein binding to a laser-treated polyester surface

polyester surfaces was similar. '>I-BSA binding to the woven segments was
comparable to that observed in the earlier studies.

7.7.4.4 Development of an anti-microbial bioactive polyester surface

The earlier-mentioned studies evaluating protein immobilization to the var-
ious functional groups served as the foundation for creating a multifunctional
surface. In our previous studies using unmodified polyester, broad-spectrum
fluoroquinolone antibiotic Ciprofloxacin (Cipro) uptake into the fibers was un-
successful using exhaust dyeing, with anti-microbial activity lasting <4 h after
extensive washing [129—131]. Pad heating, a high temperature technique that
opens the fiber structure, was used, and treated polyester demonstrated anti-
microbial activity for >50 days. While this technique was successful for incor-
porating Cipro, the elevated temperatures are not conducive to maintaining the
bifunctional groups created on the material surface (data not shown). In order
to develop infection resistance within a modified polyester material, exhaust
dyeing of the Cipro onto this more hydrophilic surface was re-examined. EDA-
treated polyester segments were placed into a Cipro “dyebath” of liquor ratio
20:1, 5% owf Cipro pH = 8.0, dyeing for 2 h at 70°C. After air-drying overnight,
Cipro-dyed segments were autoclaved for 15 min (10 min dry). Control seg-
ments were treated in a similar fashion; however, no heating or autoclaving
was performed. Segments were also stained to determine the presence of the
functional groups post-dyeing. Macroscopically, a yellowish hue was evident
after Cipro-dyeing into the C-EDA segments. C-EDA segments dipped into
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Figure 7.9. Protein binding to an antibiotic-modified polyester pre- and post-exposure
to bacteria

Cipro but not heated had no gross color change. Exposure of pre- and post-dyed
C-EDA segments to staining had no visible difference in dye uptake demonstrat-
ing that the functional groups were not affected by the low-temperature dyeing.

Cipro-dyed C-EDA and control segments were treated with Traut’s reagent
for 1 h and then washed twice with bicarbonate buffer. Sulfo-SMCC was added
to a >’ I-BSA solution and reacted for 20 min at 37°C. The ' I-BSA-SMCC in-
termediate was purified via gel filtration then added reacted for 3 h at room tem-
perature with the C-ED-Traut’s segments. Segments were removed and washed
in PBS with Tween 20 for 5 min. Using protein concentration determined via
Lowry assay and gamma counts of a set ! I-BSA volume (i.e., specific activity),
the amount of '>’I-BSA (ng)/bD-PU-AB segment (mg) was determined.

Incubation of the Cipro-dyed C-EDA segments with Traut’s reagent resulted
in two-fold greater '2’I-BSA binding compared with controls without Traut’s
(Figure 7.9). Even after exposure to bacteria, > I-BSA remained bound to the
C-EDA surface. Sonication is typically used to remove non-specific protein
binding. However, a combination of the wash buffer and sonication was shown
to remove Cipro from the material (data not shown). Therefore, only detergent
washing was employed, which may have resulted in higher non-specific binding
to the controls.

Cipro-dyed C-EDA segments with covalently immobilized '>’I-BSA had
comparable anti-microbial activity to Cipro-dyed C-EDA segments that
were not exposed to protein and Cipro-dyed C-EDA segments that had
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Figure 7.10. Anti-microbial activity of polyester with bound protein

non-specifically bound '*I-BSA (Figure 7.10). Untreated C-EDA segments had
no anti-microbial activity. Anti-microbial activity from the unwashed Cipro-
dyed C-EDA was greater than these three Cipro-dyed C-EDA segment treat-
ments, which were exposed to various solutions throughout the experimental
procedure. Thus, although Cipro concentration is decreased with the various so-
lution incubations, protein attachment does not further decrease anti-microbial
activity. The anti-microbial activity of the Cipro-dyed C-EDA segments with
covalently bound '°I-BSA is still significant.

Untreated C-EDA, unwashed Cipro-dyed C-EDA, Cipro-dyed C-EDA seg-
ments that underwent all solution processes without protein exposure, Cipro-
dyed C-EDA segments with non-specifically bound '°I-BSA, and Cipro-dyed
C-EDA segments with covalently bound '>’I-BSA were evaluated for anti-
microbial activity against Staphylococcus epidermidis and were thawed at 37°C
for 1 h. Control and test segments were embedded into streaked Trypticase Soy
Agar (TSA) plates and incubated overnight. Standard 5 ug Cipro Sensi-Discs
were used as a positive control. The zone of inhibition each piece was deter-
mined, taking the average of three individual diameter measurements.

7.7.5 Potential uses for various modified polyester materials

A majority of the previous and current biomaterial modifications continue
to focus on a “magic bullet” approach for biomaterial healing. This unidirec-
tional approach has yet to produce a clinically acceptable bioactive material,
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potentially due to the simplistic approach taken for such a complex phe-
nomenon. The native tissue that these materials are implanted into possesses
a multitude of functions that undergo various responses upon injury such as
controlling thrombus formation and orchestrating controlled cellular regrowth.
Therefore, the next generation of biomaterials must also possess several char-
acteristics in order to better mimic some of the key functions inherent to native
tissue. These individual functions, when incorporated into a single biomaterial
surface, will act synergistically, resulting in a novel biomaterial with localized
biologic activity to stimulate complete healing of the biomaterial.

Two essential areas will need to be addressed when designing a novel bio-
material: material design and surface biologic characteristics. Material design
will permit simulation of the physical characteristics of the native tissue such
as compliance and durability. The material must also be easy to handle, as
well as to implant (suturability). For the base material, polyester could still be
utilized due to the biodurability of the fiber and the potential for creating nu-
merous variations in the material design (i.e., knitting, weaving). Additionally,
polyester can be chemically modified, creating functional groups within the
polymer structure [132—134]. For these reasons, polyester would be the ideal
candidate for the base material due to its proven clinical history as well as the
various knitting procedures that are available.

Creation of a polyester material that possesses specific biological properties
directly at the material surface can be created via immobilization of various
proteins. For example, prevention of surface thrombus formation could involve
covalent linkage of the potent anti-thrombin agent rHir. Thrombin is a piv-
otal enzyme in the blood coagulation cascade that is primarily responsible for
cleavage of fibrinogen to fibrin [135]. During clot lysis, enzymatically active
thrombin is released rendering the vessel susceptible to prompt rethrombosis
[136, 137]. Even within a clot, thrombin functions as a smooth muscle cell
mitogen [138] are chemotactic for monocytes and neutrophils [139, 140] and
an aggregator of lymphocytes. Thus, thrombin that goes unregulated within a
clot or pseudointima may lead to cellular infiltration and uncontrolled smooth
muscle cell proliferation. rHir is the most potent direct inhibitor of throm-
bin [141], inhibiting the enzymatic, chemotactic, and mitogenic properties of
thrombin [142, 143]. Additionally, rHir has also been shown to inhibit clot-
bound thrombin [144]. Thus, immobilization of rHir provides an attractive
strategy to controlling surface thrombus formation prior to cellular healing.

Another example is a surface that propagates hemostasis and stimulates
wound healing is a desired property for hernia repair mesh as well as wound-
dressing materials. Activation of the coagulation cascade in order to promote
thrombus formation in an effort to control excess bleeding at the injury site is the
first step. Thrombin is a pivotal enzyme in the blood coagulation cascade that
is primarily responsible for cleavage of fibrinogen to fibrin [145]. During clot
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lysis, enzymatically active thrombin is released rendering the vessel susceptible
to prompt rethrombosis [146, 147]. Even within a clot, thrombin functions as
a smooth muscle cell mitogen [138] are chemotactic for monocytes and neu-
trophil [139, 140] and an aggregator of lymphocytes. Thus, immobilization of
thrombin to hernia repair mesh or a wound dressing could expedite hemostasis
by directing enzymatic fibrinogen cleavage at the biomaterial surface/injury
interface as well as by activating additional clotting factors within the wound
(e.g., platelets).

For cellular attachment and proliferation, VEGEF, a 42 kDa homodimeric
glycoprotein, has been shown to be a potent endothelial cell mitogen and va-
sopermeability factor [148]. VEGF, which is produced by many different cell
types both in tissue culture and in vivo, binds to plasma membrane receptors on
endothelial cells only with an extracellular transmembrane glycoprotein linked
to an intracellular tyrosine kinase domain [149]. This mitogen has also been
implicated as a necessary component of wound healing [150, 151]. VEGF in
these studies was being released from either a protein scaffold or a viral vector.
Thus, covalent linkage of VEGF or another growth factor such as basic fibroblast
growth factor to a vascular graft, hernia repair mesh, or a wound dressing would
promote initial cellular growth followed by complete healing at the site of injury.

7.8 Conclusion

Polyester is a widely used and useful material. Its usefulness extends into the
medical field, where its strength is maintained in implanted devices and materi-
als: it is biodurable. In both medical and non-medical use, it has properties that
are less than desirable. A large volume of research has been aimed at modifying
the fiber, to make it more dyeable, less soil-retentive, more comfortable, less
flammable, and so on. The modifications have been achieved with a wide range
of techniques of several different types. These techniques, both in principle
and practice, can be used to overcome the limitations that polyester faces in
medical use, principally its clotting behavior, lack of infection resistance, and
incorporation into body tissue.
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8.1 Introduction

Among the major classes of biomolecules, carbohydrates allow almost un-
limited structural variations. The molecular diversity of carbohydrates offers a
valuable tool for drug discovery in the areas of biologically important oligosac-
charides, glycoconjugates, and molecular scaffolds by investigating their struc-
tural and functional impact. The high density of functional groups per unit mass
and the choice of stereochemical linkages at the anomeric carbon have always
challenged synthetic chemists toward a multitude of approaches to this rich
class of compounds.

The last decade of the past century witnessed the transformation of gly-
coscience in a worldwide domain. The reason may be that the synthesis of a
saccharide chain with biological functions does not involve nucleic acids di-
rectly. In other words, in contrast to protein synthesis by genetic information,
saccharide synthesis is assisted by a number of enzymes (e.g., glycosidases
and glycosyl transferases) acting on a particular position of a molecule on a
particular site and at a particular time. Therefore the structure of saccharide
chains depends on the environment and often it is uncertain.

Many natural polysaccharides participate in a variety of in vivo biochemi-
cal reactions. However, it is quite difficult to elucidate the mechanism of their
biological activity because of the complex geometry and chemical structure
of natural saccharide chains, as well as due to impurities difficult to be re-
moved. In order to understand better the relationship between the biological
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activity and the chemical structure of saccharide chains, chemical synthesis of
polysaccharides has been attempted [1]. Several types of stereoregular polysac-
charides, such as amino and deoxy polysaccharides having a linear or abranched
structure were synthesized to this aim by ring-opening polymerization of an-
hydrosugar derivatives.

There has been an intensified effort in recent years in identifying the biologi-
cal functions of polysaccharides as related to potential biomedical applications.
A large palette of polysaccharides derived from plants, lichens, and algae has
been tested. Polysaccharides appear in many different forms in plants. They
might be neutral polymers or they might be polyanionic consisting of only
one type of monosaccharide, or they might have two or more, up to six differ-
ent monosaccharide types. They can be linear or branched and they might be
substituted with different types of organic groups, such as methyl and acetyl
groups. More often than not the biologically active polysaccharides are charged,
for example, when the polymers contain uronic acid units, e.g., D-galacturonic
acid as in pectic polysaccharides. Other types of polysaccharides isolated from
plants used in the traditional medicine were identified as having their bio-
logically active sites in the complementary system, the case of arabinans and
arabinogalactans [2].

Similar types of polysaccharides have also been shown to have dissimilar
biological activities [3, 4]. Glucans have for a long time been known to have an
effect on the immune system. The polymers are normally (3-1,3-glucans with a
certain degree of branching through C¢. These glucans have been investigated
especially in Asian countries, and when it was found that the glucan isolated
from the edible mushroom Lentimus edodes exhibited a marked anti-tumor ef-
fect, the interest in this type of compounds arose [5—7]. In a series of works
started early in 1970s Maeda et al. [8—10] reported that lentinan, a polysac-
charide composed mostly of (3-1,3 and 3-1,6 glucosidic linkages, inhibited
the growth of Sarcoma-180 transplanted subcutaneously into mice and that
the anti-tumor activity was due to a host mediated reaction with participation
of thymus or thymus dependent cells (T cells). The authors found that three
kinds of protein components deferring from properdin increased markedly in
mouse serum soon after lentinum administration. Thus, it appeared that there
was a close relationship between the increase of protein components and the
anti-tumor activity of polysaccharides. In addition, this fact indicated that at
least in an early stage, serum factors could play an important role in the tumor
regression, as well as in the cell mediated immune response [10]. A more recent
publication on lentinan and related polysaccharides gives a good overview on
the studies performed on these types of polymers [11].

Later on Sasaki and Nitta [12] found that the administration of curdlan
with an average degree of polymerization DP = 450, at a dose of 5-50 mg/kg
for 10 days, had a marked inhibitory effect on subcutaneously (SC) implanted
Sarcoma-180. This glucan was also highly inhibitory active at doses of 50
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and 100 mg/kg when administrated intraperitoneal (IP). The effect of this
polysaccharide is thought to be host mediated because of a lack of in vitro
activity. In a subsequent work Marikawa and Mizumo [13] indicated that the
presence of calcium ions is essential for the anti-tumor activity of curdlan.
A similar biologically active polysaccharide has been reported by Bao et al.
[14]. The authors isolated a linear (1— 3)-[3-D-glucan from the spores of Gan-
oderma lucidum which affected lymphocyte proliferation and had potent stim-
ulating effects on the immunological system.

Another source of biologically active polysaccharide is Mahonia aquifolium
(Pursh) Nutt. This plant from the Berberidaceae family has been used for a long
time in homeotherapy as an organotropic drug for treatment of inflammatory,
scaling dermatoses; it is also known as a topical anti-psoriatic drug [15]. The
active principle of the mahonia tincture were thought to be the extracted al-
kaloids [16, 17], but some experiments led to the suggestion that there are
probably other components positively influencing the immune mechanisms of
human leucocytes. Kardosova et al. [18] proved that the true active component
contained by Mahonia aqueous—ethanolic extract is a neutral polysaccharide
with a linear (1—4)-3-D-glucan structure. The same authors [ 19] found that the
water-extractable polysaccharide complex from the aerial parts of Rudbeckia
fulgida var. sullivantii, possessed a high anti-tussive activity and Bukovsky et al.
[19] reported on significant immunostimulating activity of aqueous—ethanolic
extracts from the roots of the same Rudbeckia species. In view of these findings,
Kardosova and Matulova [ 19] provided results on isolation and structure identi-
fication of the main neutral component of the water-extractable polysaccharide
mixture, a fructofuran of the inulin type. Due to its urinary tract tropism, insulin
might find wider application in medicine as a drug carrier, especially of drugs
to cure urogenital diseases [20].

A new type of polysaccharide was isolated from the Icelandic lichen, Tham-
nalia subuliformis. This polysaccharide, Thamnolan, has an unusual struc-
ture as it is basically composed of (1 —3)—Ilinked galactofuranosyl units with
branched on C¢, and rhamnosyl units being predominantly (1—2) linked with
branches on C; and Cg4, while some units are (1—3) linked. Xylose is only
present as terminal units, while glucose or mannose and galactofuranosyl also
are found as terminal units. Glucose and mannose are also (1—4) linked. The
immunostimulating activity was tested in an in vitro phagocytosis assay and
anti-complementary assay, and proved to be active in both tests [21].

Interest in the sialic acids has rapidly increased in recent years, especially
since their involvement in the regulation of a great variety of biological phe-
nomena was recognized. Based on such observation, it was recognized that
sialic acids play a strong, protective role in living cells and organisms. This
remarkable function of sialic acids appears to be mainly due to their peripheral
position in glucoconjugates and, correspondingly to their frequent, external
location in cell membranes [22].
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Derivatized and modified polysaccharides such as water-soluble cellulosic
derivatives or oxidized carboxymethylcellulose (CMC) exhibit various bio-
logical activities, such as oxygen affinity [23]. Blood anti-coagulant activity
was certified for sulfonated polysaccharides [1, 24a]. At the same time, it was
found that sulfonated polysaccharides have potent anti-human immunodefi-
ciency virus activity (anti-HIV), which increases with the proportion of the
amino sugar and branched units on the main chain, but decreases with the
increase of deoxy sugar units [1].

Polymers with negative charge on the chain can also function as drugs. Both
natural polyanions such as heparin and hyaluronic acid [24b], and synthetic
polyanions such as polyacrylic acid and maleic anhydride copolymers exhibit
anti-viral, anti-tumor, and anti-fungal activities [25].

The polymer systems explored for pharmaceutical applications include
[26-28]:

—polymer drugs, i.e., polymers or copolymers that are themselves physio-

logically active;

—drug-carrying polymers, i.e., polymers that have active drug bound cova-
lently to a parent polymer backbone;

—time-release drug polymers, i.e., polymers used for sustained or controlled
release of drug; the drug may be covered with water-soluble polymer
coatings dissolving at different rates and releasing the drug at various
times, or the drug may be imbedded into a polymer matrix which diffuses
it at specific rates;

—drug-cyclic oligomers inclusion complexes, where the system is estab-
lished only through non-covalent interactions between the drug and the
cyclic carrier;

—site-specific drugs, i.e., polymeric systems that have special chemical
groups attached to the polymer carrying the drug; these groups can com-
bine with specific receptors sites on proteins or lipids on the cell surface
to achieve specific binding and drug delivery.

Even if macromolecular drugs cause certain therapeutical complications
(related to toxicity, reduced capacity of access, etc.) they represent, neverthe-
less, an alternative to classical drugs.

One of the most interesting possibilities of chemotherapy’s development is
the utilization of oligomers as drug carriers [29-31]. [t maintains the advantages
of polymers employed as drug carrier matrices and eliminates some of the
disadvantages created by them.

Saponines constitute bioactive substances of vegetal origin, having a wide
range of biological activities, such as growing stimulants for various veg-
etal cultures, as well as anti-oxidant and anti-fungal properties [32]. The
chemical structure of such compounds may be viewed as consisting of
two distinct regions, namely the oligosaccharide chain and the genine part
having a rigid steroid skeleton. A typical saponine structure is given in
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formula I, were R represents a short normal or branched oligosaccharides
chain.
OH

R—O
I. Saponine

On the other hand, saponines may be considered as functionalized oligosac-
charides, in which the polysaccharide chain forms the hydrophilic part, while
the genine part (also known as aglycon) is the hydrophobic part.

In a series of studies, Kintya and Bobeyko [33, 34] put into evidence the
possible utilization of such substances as contraceptives, anti-viral, and anti-
tumor agents. As to the anti-tumor activity, in vivo experiments evidenced
that—by means of experimental tumors of the AK 755 (adenocarcinoma of
the mammary gland) and C 37 (Sarcoma type)—saponines anti-tumor activity
ranges between 6% and 69% (expressed as average tumor retention—ATR),
being conditioned by the presence of at least six anhydroglucan units in the
chemical structure.

In 1990, Bobeyko et al. [35] utilizing the alcoholic extraction of tomato seeds
(Lycopersicum aesculentum) obtained Tomatoside® the chemical structure of
which is given in formula II.

OH

O\]
~Glc

R—[-O
Where:
[aglycone] is the rest between parentheses
Glc = rest glucose
and R is as depicted below

HOCH,
HOCH,
0 0
OH
Ho-<OH
H
HOCH, o 0
0
OH
HO

Il. Tomatoside, T
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Alcoholic extraction of lady’s glove (Digitalis purpurea) produced a related
compound known as Pavstim® (formula III).

OH
O/\]\Glc
(0]
HO
R-[-O
Where:

[pavstim aglycone] is the rest between parentheses
Glc = rest glucose
and R' is as depicted below

HOCH,
HOCH,
HOCH, oo o
or© OH
o< OH HO "
OH o) Q
Cy
HO I1l. Pavstim, P
OH

Viewed globally—at present—the evolution of chemotherapy goes over an
asymmetrical period, being deeply anchored on tradition, and quite opaque to
any innovation. Consequently, it was proved as incapable of applying the new
ideas put forth as early as the beginning of the century, preferred the so called
“variation on the same theme”, and rejected the perspectives and strategies
based on innovative principles.

The science and application of macromolecular drugs may represent a new
stage in chemotherapy, quite similar with what earlier decades of the past cen-
tury represented for physics. Unfortunately, pharmacologists, physicians and—
to a considerable extent—biologists remained quite indifferent to such novelties
and made no attempts of integrating the polymer science within the fascinating
field of the living matter [36].

In our opinion, the interaction between the living matter and the active bi-
ological compounds—be they either natural or synthetic—represents a mutual
exchange of information. In such a situation, classical drugs are quite primitive
and are incapable of reacting promptly against various agents attacking the
living organism. The present chapter describes the biological activity of some
artificial and natural polyanionic polymers. The data analyzed in the following
have been obtained in our laboratories in the investigations initiated as early as
1990.
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8.2 Experimental

8.2.1 Oxidation reactions

Commercial cellulose for column chromatography or CMC, both as pow-
ders of 100200 meshes, where treated with sodium metaperiodate at ambient
temperature in the dark. The amount of metaperiodate added was 1.4-fold as
much as that required by the reaction. The oxidation was performed in a reaction
vessel for more than 150 h or at least until the periodate concentration leveled
at a constant value; the amount of periodate consumed in the reaction process
was determined spectrophotometrically at 290 nm. The excess periodate was
decomposed by adding ethylene glycol in the system. The oxidized products
were separated by centrifugation into a water-insoluble precipitate and a su-
pernatant liquid. The precipitate was recovered as a colorless powder after a
sequential washing with water, 50% ethanol, and ethanol 99.9% and drying in
vacuum. In this manner 2,3-dialdehyde cellulose (DAC) or 2,3-dialdehyde car-
boxymethylcellulose (DACMC) were obtained, DAC and DACMC were used
for the synthesis of 2,3-dicarboxycellulose (DCC), formula IV,

|CH2_OH

CH —oO
—[—HC< \CH —o -5
(l‘T—OH (”)—OH
o o]

IV. 2,3-dicarboxycellulose, DCC

or 2,3-dicarboxy-CMC (DCCMC), formula V. Aqueous suspension (300 mL)
containing DAC (15 g) or DACMC (15 g) were further oxidized to this aim
with sodium chlorite and acetic acid as described elsewhere [36-39].

lCHz—O—CHZ—C”)—OH
CH —O o]
AN
—[—HC/ CH —O0-]-
C”)—OH Cﬁ—OH
o] o]

V. 2,3-dicarboxy CMC, DCCMC

Tomatoside and Pavstim were obtained by alcoholic extraction as mentioned
before [35]. Two-step oxidation with 10, and ClO; of Tomatoside and Pavstim
generated polycarboxylic products VI
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(.“,HZ—OH ?Hz—OH
HOOC —CH—O —‘CH —0O —CH—CH —O—CH—[aglycone] —0—CcH—0— CH2—COOH
HOOC—CH COOH COOH COOH
o
(:3H—COOH
O
CfH—CH 5~OH
COCH VI. Oxidized tomatoside product, OT

and VII, respectively [40].

‘CH2—OH ?H (‘DOOH
HOOC—CH—O—(‘DH—O—CHZ—CH—QH —O—?H—O—CH—?H—O—9H—R"
COOH CHZ—OH ?H—COOH CHZ—OH COOH
o}
CH—COOH
@)
C‘7H2—COOH

Where R" has the structure shown below:

—[pavstim aglycone]—0O —CH;—~ O—CH—COOH
|
CH2— OH

VII. Oxidized pavstim product, OP

8.2.2 Modification of cellulose polymers

CMC, DCC, and DCCMC were modified with benzocaine (ethyl- p-amino
benzoate) and N-hydroxy-3,4-dihydroxy benzamide (DIDOX) according to
literature indications [41—45]. The modified polymers (VIII-XII) were charac-
terized by elemental analysis and FTIR.

CMC —C —NH
0]

COOH

VIIl. Benzocaine modified CMC, BMCMC
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CMC —("3—0
O OH
(l.l‘,—NH —OH
o}

IX. Didox modified CMC, DMCMC

<|:H2— OH
CH—O
AN
-ve CH—o-]-
\ R R /
X. Benzocaine modified DCC, BMDCC
where R is:
— C—NH
[
(@]
COCH
CH,— OH
|
CH—O0
AN
-[-He < CH —0 -]-
Nr &7
XI. Didox modified DCC, DMDCC
and

CH, —O—CH, — R’
|
H—O

,° N

-[-He - s

CH —o0 -]-
n

XII. Didox modified DCCMC, DMDCCMC
where R is:
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J— (”;_O
0 OH
C— NH —OH
I
(0]

8.2.3 Biological evaluation

The anti-viral and anti-tumoral activity of the compounds DCC, DCCMC,
BMCMC, DMCMC, BMDCC, DMDCC, DMDCCMC, oxidized Tomatoside,
and oxidized Pavstim was studied on groups of 30 (in the case of anti-viral ac-
tivity) from the Hygiene and Public Health Institute, Virussology Department,
and the anti-tumor activity was evaluated with male adult Wistar 10 rats in
each group, 11 week old, free from chronic disease obtained from the National
Cancer Institute, Bucharest, Romania.

Anti-viral activity. Each group, except the control, received 0.4 mL of
COCXACKIE A4 virus in sterile saline solution by sub-occipital insection.
Then the mice were placed to the cages and maintained on food and water ad
libitum. One hour after the virus administration, the mice were injected with
8 mg/kg of the above compounds.

Anti-tumor activity of the synthesized compounds was evaluated with male
adult Wistar rats, 11 weeks old, free from chronic diseases.

The animals were treated daily, for 9 days. The tumor bearing rats were di-
vided into experimental groups (10 rats per group). Experimental Okker solid
tumors were obtained by subcutaneous injection of cell suspensions, accord-
ing to Pollak’s modification of the published procedures [45, 46], to afford
for greater reproducibility and easier routine screening. Starting one day after
tumor inoculation, each group received 1.5 mg/day/rat of synthesized com-
pounds. After sacrificing, the standard methods were used for the evaluation
of hematological, serological, anatomomorphological parameters and biodis-
tribution. The concentration of the compound in the liver, spleen, and tumor
of the animals was determinated by liquid chromatography using the method
proposed by Markaverich et al. [47] and a Beckman 166 liquid chromatograph
with a ODS column (250/4.6 mm) and a mobile phase composed of water—
methanol—acetic acid.

8.3 Results and discussion

8.3.1 Anti-viral activity

The COCXACKIE A4 virus caused simultaneous generalized paralysis fol-
lowed by death within the first 24 h after infection. In the presence of the new
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Table 8.1. Comparative anti-viral activity

Death rate expressed as number of dead mice per day

Compound 24 h 35h 55h 96 h
Control 30 — — —
IuT 30 — — —
DCC 24 2 3 1
DCCMC 23 1 3 3
BMCMC 20 2 4 2
DMCMC 25 2 3 —
BMDCC 21 3 3 3
DMDCC 25 1 2 3
DMDCCMC 25 1 4 —
T 30 — — —
oT 22 3 3 2
P 30

(01 23 3 4 —

Note: IUT, inoculated and untreated group.

compounds paralysis appeared to begin more gradually and started from the
rear part of the animal. Based on the data given in Table 8.1, some preliminary
conclusions can be drawn with the respect of the structural-anti-viral activ-
ity relationship. The presence of carboxyl groups appear to be essential for
the anti-viral activity. The anti-viral effect is enhanced by the number of car-
boxyl groups per structural unit and by the insertion of benzocaine as a spacer
unit. The intensity of the anti-viral effect seems to depend on the presence of
lipophilic moieties in the investigated compounds.

8.3.2 Anti-tumor activity

Hematological data indicated that, compared to the control sample group,
the tumor presence and the mode of treatment did not significantly change
hematological parameters or the serum protein composition (unlisted data). At
the same time, the tumor and the treatment mode did not affect visibly the
weight changes or the liver weight of rats (unlisted data).

Shown in Table 8.2 is the development of the tumor under the treatment with
the synthesized compounds. It appears that the number and the distribution of
the carboxyl groups are not the only factors determining the tumor inhibiting
effect. Based on these data, the cytotoxicity and the mechanism of the action
of studied compounds cannot be fully explained.

On the other hand, some literature data [48—53] evidenced a permanent se-
rious concern for organic compounds with hydroxamic groups, among which,
special attention should be given to DIDOX. Unfortunately, in spite of it strong
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Table 8.2. Comparative anti-tumor activity

Compound ATR (%)
DCC 30
DCCMC 35
BMCMC 55
DMCMC 60
BMDCC 60
DMDCC 55
DMDCCMC 60
T 69
oT 10
P 44
opP 17

Note: ATR, average tumoral regression.

cytotoxic effect DIDOX exhibited no suitable selectivity. The synthesis of
DIDOX cellulosic and CMC derivatives aimed to a suitable selectivity and
diminution of secondary effects.

The results listed in Table 8.2 showed that oxidized and derivatized polysac-
charides had a significant anti-tumoral activity. However, the oxidized sapo-
nine samples exhibited a lower anti-tumoral activity than the unmodified com-
pounds.

The average tumoral regression, ATR, was determined as follows:

ATR = 100(Mc — My)/Mc (1)

where Mc and My represent respectively the average tumoral weight of the
control group and the average tumoral weight of the treated groups.

Regarding the biodistribution of investigated compounds, the variation of
the concentration ranged between 20 and 100 g in blood and liver and between
150 and 200 pg in tumoral tissue. These data have been reported earlier [51]
and they correlate with the results on solid tumors published by Maeda [54, 55].

Therefore, after the process of extravasation, the polymeric drugs meet
the tumor mass. How is it possible for polymeric drug to penetrate into the
interstitial tissue of the tumor from the blood compartment? To obtain an answer
to this question, we should have a proper understanding of the unique feature
of the tumor vasculatures.

It is now well accepted that, because of the activation of the kinin-generating
cascade and the secretion of vascular permeability factor, blood capillar-
ies at tumor tissues develop in a considerably high density with enhanced
permeability due to the loose of the interendothelial junctions. This process
leads to enhanced passive transport of macromolecular substances, such as
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proteins and macromolecular drugs, across the blood vessel into the interstitial
space of the tumorous tissues. On the other hand, the development of lym-
phatic drainage system is insufficient in tumorous tissues, resulting in a poor
tissue drainage of macromolecular substances. Consequently, macromolecular
substances may exhibit a considerable accumulation in the tumor due to the
synergistic effect of the increased vascular permeability and the decreased tis-
sue drainage. This effect has been studied by Maeda and is termed enhanced
permeability and retention (EPR) [54, 55]. It has now become one of the major
guiding principles in drug targeting using polymeric carriers. Macromolecu-
lar accumulation due to the enhanced permeability of blood vessels is also
expected to take at the site of inflammatory reactions, as a result of several
causes, including microbial infections [55-58].

8.3.3 Mechanism of action

Polymers have many limitations when used either as drugs or as drug carriers
[59]. One of the most serious limitations is the existence of cell membrane bar-
rier. Polymer normally cannot enter cells by diffusion through a membrane or
by active process via membrane proteins. As early as the 1980s it was reported
that the normal mechanism whereby such a polymer passes the cell membrane
is by endocytosis [60]. This represents engulfment by an infolding of the plasma
membrane with formation of a cytoplasmic vacuole (phagosome). Following
uptake, fusion with the enzyme-containing lysosome yields the digestive vac-
uole. The endocytosis of polymers is initiated by their adsorption on the cell
uptake of large particles and is influenced by various factors such as molecular
weight, chemical structure, and lipophilicity.

In the case of oral administration, the polymer drugs, prior to the endo-
cytosis, must be involved in a transcytosis, process by which it is assimilated
in blood circulation. In transcytosis [61], a polymer or oligomer can be shut-
tled across a cellular barrier by first binding to a small piece of the plasma
membrane and subsequently becoming entrapped inside as a small vesicle.
The polymer or oligomer containing vesicles can be processed within the cell,
translocated across the cell cytosol, and then are able to release their con-
tent via fusion with the plasma membrane on the opposite side of the cell
monolayer.

Both the above-mentioned processes are enhanced or inhibited by struc-
tural characteristics of the various polymeric drugs such as chemical structure,
molecular weight and its distribution, lipophilicity, and hydrophilicity [62, 63].

The mechanism of anti-viral activity of polyanionic polymers has not been
completely defined and a general structure—activity relationship in regard to
this effect still needs to be performed. The major models of anti-viral action
that have been considered are
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a) direct inactivation of virus;

b) inhibition of virus replication;

¢) interferon induction;

d) stimulation of phagocytosis and inflammation;

e) specific immunoenhancement of humoral or cell mediated immune re-

sponses against the virus;

f) enhancement of macrophage anti-viral functions.

Polyanions can directly inactivate viruses [64]. However, the levels required
are greater than those needed for anti-viral activity in vivo.

Inhibition of virus replication by mechanisms similar to conventional
chemotherapic drugs also does not appear to play an important part in polyan-
ionic resistance in vivo [65].

Considerable efforts has been directed toward determining whether induc-
tion of the anti-viral protein interferon accounts for anti-viral action of polyan-
ions [66]. There is no clear evidence that systemic induction of interferon play
any role in the anti-viral of polycarboxylic polysaccharides [67].

Because polyanions are immunoregulators, attention has been directed to-
ward specific immunoenhancement as the mode of anti-viral action. Specific
immunostimulation, however, does not appear to play a proeminent role in
the anti-viral activity of polyanions and especially of the polycarboxylic
polysaccharides [68].

Investigations that demonstrated no correlation between interferon in-
duction and anti-viral activity provided the first suggestion that activated
macrophages might be involved in the anti-viral action of polyanions. Our
data substantiate this hypothesis [34]. Moreover, modified CMC-activated peri-
toneal macrophages exhibit potent anti-viral activity in vitro [34]. Thus we have
demonstrated that activated macrophages have the capacity for anti-viral ac-
tivity; however, proofs are still needed that these cells are the major mode of
action in vivo in animals treated with polyanions.

A possible mechanism for the activity of the synthesized polymers on tumor
growth may be related to coupling of the polymers to tumor antigen. However,
the action of polyanions on a wide range of enzymes, alteration of the isoelectric
point of protein, and anti-viral action all indicate alternative concepts of anti-
tumor action.

The anti-tumor activity of polyanions is apparently not due to direct cyto-
toxicity [69]. However, our observations [70] that a certain synthetic polyanions
was selectively cytotoxic for HelLa tumor cells supported the hypothesis that
polyanion’s anti-tumor activity is due to the direct cytotoxicity and may be
also mediated by activated macrophages. Additional experiments will be re-
quired to determine polyanion’s role in the process of tumor inhibition and the
mechanism(s) by which activated macrophages are selectively cytotoxic for
tumor cells.
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At the present time the basis for this discrimination is unknown but it must
be assumed that the polycarboxylic polymers or the activated macrophages can
recognize a feature of tumor cell that is inconsistent with that found on a normal
cell. For some time new researchers have been trying to delineate singular
differences between normal and tumor cells in a given system. Tumor cells
have been found to exhibit differences in lecithin binding and agglutination,
membrane microviscosity, enzyme activity, and cytochemical structure when
compared to normal cells. However, the mechanism by which polyanionic or
activated macrophages recognize tumor cells remains to be elucidated.

Conclusions

Significant anti-viral and anti-tumor activity of polycarboxylic polymers
was achieved by derivatizing cellulose and CMC with benzocaine and DIDOX.
The chemical structure of the synthesized compounds was confirmed by analyt-
ical methods. The in vivo evaluation of the polymers provided some qualitative
insights with respect to the mechanism of the polymer transport through the
cell membrane.

Quo vadis pharmaceutical chemistry?

We liken the problem of designing a drug to that of finding a street address
in Tokyo. As any visitor to Japan may know many areas of that old city have
no street signs and no house numbers. But if one knew the right neighborhood,
and could knock on every door in that neighborhood, the problem would be
solved. Structural techniques and high-throughput screening offer the hope that
we can start our search for new drugs in the right neighborhood. Libraries of
natural products, synthetic oligonucleotides and combinatorial small organic
compounds give us the capability to knock on literally thousands of doors. Our
designs no longer have to be perfect, or even nearly perfect, the first time. This
is the recipe for a revolution.

So, believe we really do stand on the threshold of a new era in pharmaceutical
chemistry. To summarize, here is what I think the pattern will be ever the next
20 years or so. Target identification will come primarily from genomics and
basic cell biology research aided by natural products that define new pathways
and molecules to be inhibited or activated. If there is any structural information
about some molecules—usually natural products—that are already known to
bind to that target, we will make small directed libraries of compounds that will
contain one or more high nanomolar leads. If all we have is an assay, we will
be able to convert it to a high-throughput screen and fish out several hits from
large diversity libraries and pools of natural products. Optimization of these hits
into leads will be produced by medicinal chemistry, abetted where necessary
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by directed combinatorial methods of making analyses and high-resolution
structures of lend compound/target complexes.

Development from leads to drugs will follow much the same strategy. Clin-
ical trials will be conducted with several compounds in parallel, with the power
performers dropping out until the best drug emerges at the end even though
we still might not quite be able to make “designer” drugs. We believe that these
new tools for drug discovery—all of which derive from basic research, be the
way—will enable us to find leads and develop them into drugs two to three times
faster than that has been possible. We always could call spirits from the very
deep. This time, they just might come.
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BIOLOGICAL ADHESIVES
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9.1 Introduction

The need to effectively manage very important problems like hemostasis and
tissue sealing has had a strong influence on the development of modern surgical
techniques. A group of chemical products (natural and synthetic materials)
known as sealants, glues, or tissue adhesives has been developed to reduce
bleeding and promote tissue sealing. For example, it has been shown that the
use of a cyanoacrylate adhesive contains the bleeding from gastric varices with
a higher rate of success and a lower rate of mortality than the administration of
ethanolamine oleate, a sclerosing agent [1]. In blepharoplasty, an eye surgery
technique, octyl-2-cyanoacrylate, a cyanoacrylate approved by the U.S. Food
and Drug Administration (FDA) has been used with excellent results in terms
of quality when compared with the use of sutures [2]. Three types of adhesives
have been utilized in cardiovascular surgery: fibrin glues, which are resorbable
but do not provide strong adhesion and require rapid healing of the tissue;
enbucrilates, which have been used successfully for left ventricular free wall
rupture [3] but produce a marked exothermic reaction and are unstable; and
biological glues. The latter have been employed to bond pericardial patches
and reinforce sutures. In aortic dissection, a very serious clinical situation, a
bioadhesive is used to bond the proximal and the distal edges of the dissected
aorta, which are then sutured. The mechanical behavior of the bioadhesive in
this clinical situation has yet to be characterized and the association of sutures
appears to be indispensable [4].

Chemically, tissue glues and adhesives can be defined as any substance with
characteristics that allow for polymerization [1]. This chemical polymerization
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must also hold tissues together. Glues and adhesives are materials whose at-
tachment to a surface principally involves molecular attraction.

Certain logical features are required of surgical glues. First of all, the chem-
ical substance employed as the adhesive must remain present and preserve its
chemical characteristics long enough for the tissues to bond well without any
additional supports and for the necessary time. Evidently, a rapid degradation
of the adhesive before the healing process is completed would be counterpro-
ductive. The degradation of the adhesive should always occur after that time.
Some authors describe the mechanism of action of a good adhesive as a result of
two different physical forces. The glue is usually spread on each of two objects;
it is held to them by adhesion involving intermolecular forces between the two
dissimilar materials. With an effective glue, adhesion and cohesion are about
as strong as the internal cohesion of the objects to be joined.

Finally, it must be safe. The agent should not create more problems than
it solves. When first introduced, fibrin sealants were banned from use in the
United States because of the risk of the transmission of infections. Not until
blood products could be adequately screened for these pathogens were they ap-
proved. Safety is a critical issue. Like all biomaterials, adhesives should meet
certain safety norms, which are regulated by different international organiza-
tions. Adhesives and glues must promote tissue healing without the risk of
infection or viral transmission. To obtain these properties, the different manu-
facturers must test their products at least for acute, subacute, local, and systemic
toxicity according to well-established protocols that recommend that the tests
be carried out in each individual component, in the final product (if there are
two or more components mixed together to obtain the final glue or adhesive)
and in its degradation products.

As these materials will act in living organisms, it is necessary to take into
account that the human body is a very aggressive environment. It is a saline
medium with a temperature of 37 °C, so certain conditions—minimum tissue
toxicity at the application sites, parallel sealing and biodegradability times to
get a proper healing time, wettability; ease of utilization in the surgical theater,
and of course, low cost—must be met.

At the present time, tissue adhesives are being used in a number of surgical
specialties, but all of them have to offer the same properties or qualities. They
must be easy to use (as mentioned above), have fast action in bleeding systems,
undergo no exothermic reaction during polymerization, have sufficient strength
for each type of tissue to which they are applied and produce no inflammatory
reactions.

We review some of the general characteristics of these adhesives and de-
scribe our experience (in experimental models) in the mechanical behavior of
biological glues that could potentially be utilized, alone or in combination with
sutures, to join inert biological tissues that have been chemically treated. The
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biological tissue employed was glutaraldehyde-fixed calf pericardium similar to
that employed in the manufacture of the valve leaflets of cardiac bioprostheses.

9.2 Fibrin glues

Fibrin glues are employed in surgery to help bond tissues during wound
healing and repair. Carless et al. [7] published a systematic review of the ran-
domized controlled trials carried out to study the efficiency of fibrin sealants
in 2002. Being resorbable, their use in implants or bioprostheses is prohibited.

9.2.1 Composition

A commercially prepared fibrin sealant comes in a kit that includes two
lyophilized components. One component contains a pooled fibrinogen factor
XIII concentrate, which is dissolved in an antifibrinolytic solution (aprotinin).
The other component is bovine thrombin reconstituted with 40 mM CaCl,. The
kit also includes a double-barreled syringe system that releases equal volumes
of fibrinogen and thrombin through a needle. Historically, the main problem
with fibrin sealants was the high associated risk of hepatitis transmission from
the human plasma pooled to obtain fibrinogen. The composition of commercial
solutions varies considerably. The fibrinogen concentration ranges between 50
and 115 mg/mL, whereas that of factor XIII is 5-80 IU/mL. The thrombin
concentration ranges from 200 to 600 u/mL?.

9.2.2 Mechanism of action

Fibrin sealants are employed for tissue healing and topical hemostasis, so
their action mimics the blood coagulation cascade (Figure 9.1) to obtain a
final semirigid, insoluble, fibrin clot by mixing the two components. Thrombin
catalyzes the step that transforms fibrinogen into fibrin monomers and, with
calcium ions as a cofactor, activates factor XIII. Fibrin then starts to polymerize
by means of electrostatic interactions and hydrogen bonds. In the presence of
calcium, active factor XIIla converts non-covalent bonds to covalent bonds,
which render the cross-linked structure of a fibrin clot.

The fibrin clot is degraded by physiological fibrinolysis. The antifibrinolytic
agent, aprotinin, supplied in the kit slows the breakdown of the clot by plasmin,
the fibrinolytic agent of our organism.

To prevent virus transmission, fibrin sealants are subjected to a variety
of chemical treatments to ensure a safe product, free from virus. At present,
fibrinogen can be obtained from individual units of blood plasma that are previ-
ously tested for the associated risk of hepatitis and human immune deficiency
virus (HIV). In addition, for viral inactivation, commercial solutions are purified
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Figure 9.1. Mechanism of clotting factor interactions

using a two-step vapor-heating method at 60 and 80 °C, or other methods such
as pasteurization (10 h in an aqueous solution at 60 °C), detergent treatments,
nanofiltration, chromatography, ultraviolet C light, etc. A combination of these
treatments is preferable because none of them is 100% effective. The methods
employed by the manufacturers offer a sufficient margin of safety against HIV
and hepatitis B and C viruses. In 2000, Gosalbez et al. reported a parvovirus
B19 transmission attributed to the use of fibrin sealant [3], but there are no
cases of serious viral transmission reported in the literature.

9.2.3 Mechanical behavior

A study of the behavior of fibrin sealants when employed in combination
with conventional sutures showed no improvement in the resistance or elas-
ticity of biological tissue samples. However, a more homogeneous mechanical
behavior was observed in sutured samples in which a fibrin glue was subse-
quently applied to the holes created by the suture. These results do not have a
clear explanation and further studies will be required to confirm or refute their
validity [10].
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Table 9.1. Mean tensile stresses at the time of rupture of the samples

Series No. Mean (Mpa) Standard deviation 95% Confidence interval

PPI 12 6.83 2.34 5.35,8.32
PI 12 7.06 243 5.52,8.61
PC 12 10.40 2.66 8.72,12.10
PD 12 8.27 3.18 6.24,10.29
PPD 12 8.70 2.71 6.98,10.41

PPI: samples from the left side of the pericardial sac, sutured at a 45° angle and glued.
PI: pericardium from the left side, sutured at a 45° angle. PC: control pericardium. PD:
pericardium from the right side, sutured at a 90° angle. PPD: pericardium from the right
side, sutured at a 90° angle and glued.

PC versus PI: p = 0.027; PC versus PPL: p = 0.016.

9.2.4 Mechanical characteristics

For the study of the mechanical characteristics of these adhesives, we an-
alyzed a commercially available fibrin glue, Tissucol® Immuno 5.0, that is
authorized for medical use. This sealant is manufactured from two components
of human origin: a lyophilized protein concentrate to be dissolved in a solution
containing aprotinin and lyophilized human thrombin, which is reconstituted
with a calcium chloride solution (Baxter AG, Vienna, Austria).

The study consisted of subjecting 60 samples of calf pericardium, a material
that is utilized in the manufacture of bioprosthetic valve leaflets, to tensile
testing. A running suture from edge to edge, at a 45° (PI) or 90° (PD) angle with
respect to the principal axis, using 5.0 Prolene was performed in 24 samples.
Another 24 samples (PPI and PPD) were sewn in the same manner, after which
the holes made by the suture were reinforced with the fibrin glue. Twelve
samples were neither sutured nor glued to serve as a control group (PC). All the
samples were then subjected to tensile testing until rupture and the mean tensile
stresses being exerted at that point were compared. These stresses, expressed
in MPa, are shown in Table 9.1.

In the control series (PC), the mean value was 10.40 MPa. In the sutured and
glued series, the mean values ranged between 6.83 and 8.70 MPa. Statistically
significant differences were observed only when series PC was compared with
the series sutured at a 45° angle (PI) (p = 0.027) and that sewn at a 45° angle
and glued (p = 0.016).

9.2.5 Study of the elongation (strain)

The stress in MPa was analyzed for an elongation, or deformation, of 15%.
The findings are shown in Table 9.2. In the control series (PC), the mean value
was 3.15 MPa, which was significantly different when compared with the mean
value in the other series, which ranged between 0.92 and 1.98 MPa (p = 0.001
to p = 0.0041).



150 Chapter 9

Table 9.2. Tensile stress in MPa for an elongation of 15%

Series No. MPa Standard deviation 95% Confidence interval

PPI 12 1.81 1.05 1.14,2.47
PI 12 1.98 0.93 1.38,2.57
PC 12 3.15 1.29 2.33,3.97
PD 12 1.55 1.00 0.91,2.18
PPD 12 0.92 0.53 0.59,1.26

PC versus PPI: p = 0.013; PC versus PI: p = 0.041; PC versus PD: p = 0.002;
PC versus PPD: p = 0.001.

The results obtained confirm the loss of resistance to tensile stress in the
samples sutured from edge to edge, regardless of the angle of the suture line,
when subjected to this 15% elongation.

This does not imply that the sutured and the glued series (PPl and PPD)
present greater elasticity, although their behavior is seen to be more uniform, as
shown by linear regression analysis comparing the tensile stress in the control
series with that of the other series (Table 9.3).

The homogeneity of the samples, and thus of the results, is of the utmost
importance for predicting the durability and safety of devices made with bio-
materials.

In conclusion, fibrin glues add little to the resistance or elasticity of the
samples, although their contribution to the homogeneity of the samples, if
confirmed, should be taken into account.

9.3 Biological glues

Gelatin—resorcinol—formaldehyde blue (GRF): This glue (also known as
French Blue) was developed in the 1960s by Cooper and Falb [11] as an alter-
native to the cyanoacrylates. The mixture of gelatin and resorcinol (3:1) and
addition of an 18% formaldehyde solution renders a sealant which cross-links
tissues (covalently and avidly) in less than 1 min.

Table 9.3. Linear regression coefficients, where PC represents the independent
variable (x), and PPI, PI, PD, and PPD are dependent variables ()

Series a a r

PPI () 0.542 0.018 0.996
PI (y) 0.586 0.031 1.000
PD (y) 0.542 0.018 0.999
PPD (y) 0.542 0.018 0.999

r: correlation coefficient.
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Figure 9.2. Chemical structure of the components of some BioGlues

BioGlue: Evolved from GRF glue, it is composed of 10% glutaraldehyde and
45% bovine albumin. When these two components are combined, the aldehyde
groups of glutaraldehyde form stable imine cross-links with the amino groups
of the proteins (Figure 9.2). The polymerization of the adhesive commences
immediately and the reaction is completed in less than 2 min.

Both GRF and BioGlue have been used in a variety of soft tissue applica-
tions, but technical problems and the cytotoxicity of formaldehyde and glu-
taraldehyde have limited their application to acute type A aortic dissection.

The use of and results with these sealants are controversial. Some authors,
in a retrospective 20-year analysis, report the use of GRF as extremely useful
during initial emergency surgery for acute type A dissection, making the pro-
cedure much easier and safer [12]. Others who have reviewed its use report
alterations of the aortic wall, unacceptable long-term complications and a high
incidence of recurrent aortic regurgitation [4, 12, 13]. Still others prefer full root
replacement to treat dissection of the aortic root [15]. These controversial data
should be considered with caution. Success with biomaterials of this type (as
with other types of surgical procedures or pharmacological treatments) depends
on the experience of the surgical team, the amount of the product applied, and
the physical conditions of the tissue, which is to be sealed. In other words, the
correct use of the glue and previous training on the part of the surgeon (if inexpe-
rienced) in in vivo models prior to employing it in patients are essential aspects.

9.3.1 Mechanical characteristics

We compared the mechanical behavior of two commercially available ad-
hesives, the biological glue “BioGlue” and the cyanoacrylate Loctite 4011, as
bonding agents in 18 samples of a biological tissue, calf pericardium, which
were cut in half and then glued with a 1 cm? overlap [16]. The major objective



152 Chapter 9

Table 9.4. Results after tensile testing until rupture in samples glued with
Loctite 4011 with BioGlue

Series No. Mpa SD 95% CI kg SD 95% CI

Loctite 12 0.15* 0.05 0.12,0.18 1.56** 0.49 1.25,1.88
BioGlue 6 0.04* 0.01 0.02,0.05 041** 0.15 0.25,0.57

SD: standard deviation. 95% CI: 95% confidence interval.
*p =0.001.
**p =0.001.

of this assay was to determine the mechanical resistance to tensile testing of the
samples after being rejoined. The mean tensile stresses at rupture are shown
in Table 9.4. They are expressed in MPa and machine kg (the load to which
the samples were being subjected at rupture according to the tensile testing
machine) for a better comparison.

In both cases, the samples repaired with the biological glue showed a statis-
tically significant loss of resistance when compared with the samples bonded
with the cyanoacrylate (p = 0.001).

Perhaps the greatest problem with the biological glue is that, in order for
it to be effective and achieve the necessary resistance, it has to be applied
over a dry surface, a difficult condition to meet in this assay in which the
calf pericardium was treated with glutaraldehyde at the time of gluing. It would
appear to be equally difficult to achieve a dry surgical field for the repair of aortic
dissection [4].

9.3.2 Study of the strain (elongation)

To assess the elongation that the samples underwent, we determined the
mathematical fit of the values for stress (y) and strain (x) in the two series.
The best fit corresponded to a third-order polynomial, the shape of which is
expressed as y = a;x + a;x? + a3x>. The coefficients of the resulting curves
appear in Table 9.5.

Table 9.5. Coefficients of the stress—elongation (strain) curves,
showing the mechanical behaviors of the series glued with Loctite
4011 and with BioGlue

Series a a as R?
Loctite —0.07 4.22 —8.03 0.861
BioGlue —0.02 0.98 —1.09 0.919

y = arx + ax? + a3x>, where y is the stress in MPa and x the per unit elongation.
R?: coefficient of determination.



9. Biological adhesives 153

The analysis of these functions shows that both adhesives allow a marked
elongation of the samples, approximately 20%, at very low levels of stress: 0.1
MPa for the tissue glued with the cyanoacrylate and 0.04 MPa for that repaired
with the biological glue.

9.4 Cyanoacrylate adhesives

Cyanoacrylate tissue adhesives are pale yellow or transparent liquid
monomers that polymerize rapidly through an anionic mechanism in the pres-
ence of weak bases such as water, alcohol, or amino groups (from proteins)
that come in contact with the tissue surfaces. It is an exothermic reaction that
yields a strong flexible film that bonds the wound edges.

Methylcyanoacrylate was the first material tested but was ruled out because
of its rapid in vivo degradation. Longer-chain alkylcyanoacrylates (Figure 9.3)
such as n-butyl cyanoacrylate and octylcyanoacrylate were developed to avoid
this problem. Butyl cyanoacrylates have poor tensile strength, a circumstance
that limits their use to small lacerations and incisions. The development of a
longer-chain (octylcyanoacrylate) improved the performance of these bioma-
terials as adhesives for wound repair.

Cyanoacrylates in contact with living tissues in a moist environment poly-
merize rapidly to create a thin elastic film of high tensile resistance which
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Figure 9.3. Cyanoacrylates used in biological glues
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guarantees firm adherence, stronger than that obtained with fibrin glues.
Cyanoacrylates provide a flexible, water-resistant coating that is not impaired
by blood or organic fluids and that also inhibits microbial growth. Easy to apply,
these adhesives do not require the use of local anesthetics. The polymerization
time varies as a function of the type of tissue with which the glue comes in
contact and the nature of the fluids present. Polymerization starts after 1-2 s
and takes about 1-1.5 min. Some authors prefer the superior physical properties
of octylcyanoacrylate compared with butyl cyanoacrylate to repair facial lac-
erations [17]. As advantages, cyanoacrylates slough off spontaneously within
5-10 days, eliminating the need for suture removal.

Thus, it can be said that they are more cost-effective than sutures or staples
because of the reduced need for follow-up and practitioner time [17—19].

Some disadvantages of the cyanoacrylates are the decreased tensile strength
and the requirement that the areas to be treated be dry. Moreover, the application
of an excessive amount of product, in addition to prolonging setting time,
increases the exothermal reaction associated with polymerization, with possible
thermal damage to the tissue. Thus, the glue should never be applied inside a
wound over mucous membranes. It should also be avoided over areas of frequent
friction, such as hands or feet, because of the risk of detachment of the adhesive.

Singer and Thode reviewed the literature on octylcyanoacrylates and re-
ported that the current generation of octylcyanoacrylates (high-viscosity for-
mulations) can be used successfully in a wide variety of clinical and surgical
settings for multiple types of wounds involving most of the surface of the hu-
man body [20]. In an experimental study in rats, using another formulation,
ethyl-2-cyanoacrylate, the histopathological analysis of vascular, myocardial,
and pulmonary tissue sections demonstrated that there were no significant dif-
ferences between sutures and ethyl-2-cyanoacrylate in controlling hemorrhage
and air leakage [21].

9.4.1 Mechanical characteristics

We assessed the mechanical characteristics and stability over time of a
commercially available cyanoacrylate, Glubran 2 (n-butyl 2-cyanoacrylate
(monomer)/methacryloxysulfolane (monomer) (GEM, s.r.1., Italy). It is a trans-
parent, instantaneous biological adhesive with low viscosity that is authorized
for medical use according to the VSP norm (class VI). *(footnote) The results
of the study are currently pending publication.

9.4.2 Resistance to rupture

Samples of calf pericardium, cut from the pericardial sac in two perpen-
dicular directions, longitudinally, or from root to apex, or transversely, were
subjected to tensile testing.



9. Biological adhesives 155

The pericardium had previously been treated for 24 h with 0.625% glu-
taraldehyde (pH 7.4) prepared from a commercially available solution of 25%
glutaraldehyde (Merck) at a ratio of 1/50 (w/v), in 0.1 M sodium phosphate
buffer. Then 60 samples, 30 cut in longitudinal direction (series LP) and 30 cut
transversely (series TP), were cut in half and glued with Glubran 2, with an
overlap of 0.5 cm (for a total surface area of 1 cm?). Twelve additional samples,
6 longitudinal (series LC) and 6 transverse (series TC), were used as controls.

The samples were stored until the assay at 4 °C in saline (0.9% NaCl) plus
two antibiotics: streptomycin at a concentration of 333 pg/mL and penicillin at
a concentration of 2000 U/mL. Six samples each from series LP and TP were
subjected to uniaxial tensile testing, always in the direction of the principal axis
of the sample, until rupture 7, 30, 60, 90, and 120 days after being glued. The
controls were assayed on day 7. The trials were performed on an Instron TTG4
tensile tester (Instron Ltd., High Wycombe, Buck, U.K.), which determines
tensile stress and the elongation, or strain, it produces.

The mean results at rupture in kilogram, according to the load being exerted
by the machine at that moment, are shown in Tables 9.6 and 9.7. While Table
9.6 shows a statistically significant loss of resistance in the glued samples when
compared with the controls on day 7, Table 9.7 demonstrates that the results
in the glued samples assayed up to and on day 120 do not change significantly,
indicating the stability of the bond.

9.4.3 Elastic behavior

We have observed no loss of elasticity over the 120-day period that could
be attributed to a hardening of the tissue secondary to the use of the adhesive.
On day 120, the elastic behavior of the glued samples was maintained or even
improved, a circumstance that suggests that there are no deleterious effects in
this respect over time.

The analysis of the deformation, or elongation, of the samples was of most
interest in the series assayed 120 days after being glued (Table 9.8). We observed
a reversible deformation after rupture, that is, once the region affected by the

Table 9.6. Comparison of the means in the control series (LC and TC) and the glued series (LP
and TP) cut longitudinally and transversely, respectively, on day 7 after gluing

Series No. Mean (kg) Standard deviation 95% Confidence interval p
LC 6 13.35 271 10.51, 15.19 *
TC 6 12.24 3.67 8.38, 16.09 **
LP 6 1.56 0.54 0.99, 2.12 *
TP 6 1.87 0.34 1.50, 2.23 ok

*LC versus LP: p = 0.001.
**TC versus TP: p = 0.001.
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Table 9.7. Comparison of the means in the glued series (LP and TP) cut longitudinally and
transversely, respectively, on days 30, 60, 90, and 120 after gluing

Series No. Mean (kg) Standard deviation 95% Confidence interval
Day 30

LP 6 1.28 0.51 0.73, 1.81
TP 6 1.10 0.66 0.41,1.79
Day 60

LP 6 1.04 0.23 0.79,1.29
TP 6 1.18 0.56 0.59,1.77
Day 90

LP 6 1.55 0.63 0.88,2.22
TP 6 1.10 0.89 0.17,2.03
Day 120

LP 6 1.67 0.62 1.02,2.32
TP 6 1.39 0.54 0.83, 1.96

rupture had amply surpassed the elastic limit [22]. To explain this phenomenon,
it is necessary to take into account the differences in the elastic behaviors of the
various regions of a given sample, with loads concentrated in the area near the
glued portion. The collagen fibers of that zone would absorb these loads, un-
dergoing permanent deformation and rupture, while the collagen fibers farther
from the repair would be subjected to less stress, not surpassing the elastic limit.
Once the load was eliminated, they would recover their original length [23].

Finally, we wish to point out that this method of bonding using cyanoacry-
lates demonstrates considerable resistance, but probably not sufficient for their
use without other bonding elements in bioprostheses or implants. However, it
allows a surprising degree of elasticity in tissue samples subjected to tensile
testing.

Table 9.8. Percentages of elongation, or deformation, in series cut longitudinally
(LP) and transversely (TP) 120 days after being glued

Elongation No. Mean (%) Standard deviation 95% Confidence interval

Irreversible

LP 6 10.13 7.95 1.78, 18.47
TP 6 8.55 9.49 1.42,18.51
Reversible

LP 6 14.51 7.41 6.73,22.28
TP 6 12.43 5.86 6.27,18.58
Total

LP 6 23.89 348 20.24,27.55

TP 6 20.97 4.23 16.53,25.41




9. Biological adhesives 157

We obtained similar results, with stable resistance to tensile stress for up to

150 days and marked elasticity of the bond, with Loctite 4011, a commercially
available ethyl cyanoacrylate described above [24], which is also authorized
for medical use according to the VSP norm (class VI).
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10.1 Introduction

Nowadays, the goods produced from cellulose fibers have the largest share
in the textile market due to the excellent exploitation properties of these fibers.
Cotton is breathable, moisture and heat conductor, drawing moisture and heat
away from the body, thereby providing coolness at wearing and thus overall con-
sumers’ comfort. Cotton fibers are soft, hypoallergenic (do not irritate sensitive
skin or cause allergies) and anti-static, which is why they are particularly favored
for underwear and garments that get close to the skin, bandages and gauzes.
Furthermore, the cellulose fibers can be easily blended with other fibers such
as synthetics like polyester or lycra to combine the good mechanical properties
of the synthetic polymers with the benefits of using natural-based materials
in specific applications, e.g., medical textiles, easy-care fabrics, non-woven,
composites, etc.

However, chemical modification of cellulose fibers by introducing new func-
tional groups or compounds is still needed in order to improve their performance
characteristics, e.g., dye fixation, water and soil-repellence, crease-resistance,
handle, flame-retardance, and others. For this purpose, a large number of chem-
ical compounds are used depending on the specific application of the fibers.
This chapter refers to two distinct functional finishes for cellulose fibers, namely
crease resistant and flame retardant.
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10.1.1 Crease-resistance finishing

The crease-resistance of cellulose fibers is not satisfactory to meet the con-
temporary requirements for “easy-care” textile materials. When cotton fab-
ric and garments are deformed, the numerous H-bonds, which exist between
cellulose molecules are destroyed and consecutively created fixing the new
deformed state of the fabric. The conventional crease-resistant finishes to im-
prove the crease-resistance are mostly achieved on the basis of a condensation
reaction at high temperature between N-methylol compound, such as dimethy-
loldihydroxyethylenurea (DMDHEU) or its derivatives and cellulose. In the last
years, many efforts have been done to develop formaldehyde-free cross-linking
agents since the formaldehyde, which is released during the fixation proce-
dure has been identified as a potential human carcinogen. For this purpose,
some product with lower formaldehyde content have been suggested—i.e., x-
hydroxyalkylamides, polymers from urea and glutaraldehyde, and diamidodi-
hydroxyethane products, all of them cross-linking the cellulose trough ether
bond formation [1, 2]. Methylolamide adducts of formaldehyde and amides
are common cross-linking agents for finishing of cellulosic fiber materials. The
adducts of amides have large share in the pallet of conventional durable-press
products for textile application [3]. One product of low formaldehyde content
that became of commercial importance is the N-hydroxymethyl acryl amide. It
reacts by N-methylol group with cellulose in a single step, using an acid-acting
catalyst—zinc nitrate [4, 5]. The crease-resistance effect is provided by the
formation of a network of ether bonds between each molecule of the reagent
and cellulose (Scheme 10.1).

Rce”‘OH + HO‘CH2'N H'CO'CH=CH2 ) RCEH_O_CHZ-N H'CO'CHz'CHz'O'Rce”
Scheme 10.1. Reaction between N-hydroxymethyl acryl amide and cellulose

Nowadays, only a few formaldehyde-free finishing agents are commercial-
ized and are still quite expensive to replace entirely the traditional resins. The
most promising formaldehyde-free reagents are the polycarboxylic acids—
1,2,3,4-cyclopentanetetracarboxylic, 1,2,3,4-butanetetracarboxylic (BTCA),
or combination of citric acid and polymers of maleic acid. The reaction with
the cellulose substrate proceeds trough ester cross-linking, catalyzed by sodium
hypophosphite [6, 7] (Scheme 10.2).

COOH COOH COORcell COORcell

ReeirOH  +
HOOC COOH RcellOOC COORcell

Scheme 10.2. Reaction between 1,2,3,4-butanetetracarboxylic acid and cellulose
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It is a well-known drawback of any crease-resistance treatment on cotton
fabrics that the improvement of the dimensional stability and wrinkle resistance
is always correlated with significant decrease of the tensile strength [8, 9]. The
loss of fabric mechanical strength has been attributed to two main factors:
acid-catalyzed depolymerization and cross-linking of cellulose molecules [8,
10]. The cross-linking reduces the mobility of the macromolecules and greater
stress, which could not be uniformly distributed along the polymer chains, is
accumulated in fabric structure, leading to its disruption. The fabric strength
loss caused by cross-linking is described as a reversible process and could be
restored by removing chemically the cross-links [11-23]. However, the partial
removal of the cross-links, so that the desired crease-resistance is preserved,
requires the use of reagents that have minimal or controlled penetration beyond
the fiber surface. Normally, the classical alkaline or acid hydrolysis (depending
on the bonds to be broken) is difficult to be controlled and might damage
seriously the crease-resistant effect and even the fabrics.

Currently, there is no commercially available enzymatic system, which
specifically could attack the ether links between N-hydroxymethyl acrylamide
and cellulose. However, several proteases have the potential to hydrolyze the
amide bonds in N-hydroxymethyl acryl amide. The proteases catalyze the hy-
drolysis of certain peptide bonds in protein molecules. Serine-type proteases
could act on the amide bonds in the cross-linked cellulose structure since these
enzymes are known to tolerate large structural variations of the substrates and
additionally are cheap and robust biocatalysts [24].

The ester bonds in polycarboxylic acids cross-linked cellulose could be
partially hydrolyzed, restoring the strength of the fibers using lipases. The
lipases are an unique class of hydrolases [25, 26], which are catalytically active
in water, in mixtures of water and a water-immiscible organic solvent, and in
organic solvent, catalyzing both hydrolysis and esterification reactions. The
large excess of water favors the hydrolysis reaction. Most of the lipases are
serine hydrolases, containing a serine residue in their active site, and forming
intermediate acyl-enzyme substrate complex similarly to the above described
proteases (Scheme 10.3).

it o
)% R /f d—pe
R'") O—R2— O - R1)LO—Lipase

. e H
Lipase-0: Lipase acyl enzyme

R'COOLipaseHOH—— R'COOH

Scheme 10.3. Mechanism of the lipase catalyzed hydrolysis
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10.1.2 Flame retardant finishing of cellulose fibers

Most of the currently commercialized products for flame retardant finishing
of cellulose are based on phosphorous containing salts. However, the effect of
flame retardance is not permanent since these products are not covalently fixed
on the fibers and are gradually removed during washing. Conversely, chemical
phosphorylation of cellulose usually is a rather complicated process, requiring
several protection and deprotection steps [27, 28]. Enzymatic phosphorylation
could make the synthesis more efficient, eliminating many of these steps. The
introduction of phosphate groups in cellulose will provide permanent flame
retardance and a highly reactive polymer toward various chemical types of
compounds. The ability of hexokinase for phosphate group transfer suggested
the application of this enzyme for functional modification of the C6-hydroxyl
groups in cellulose (Scheme 10.4). Hexokinases catalyze phosphoryl transfer
from adenosine-5'-triphosphate (ATP) [29-32] to the 6-hydroyl group of a
number of furanose and pyranose compounds [33].

OH /{;I:OO,
. (0]
*+O Q hexokinase o
o o ATP o
OH n - o—
HO OH n
NH, Cellulose
N o)
N (
N OH
N N AN N
OHO OH O
o o

Scheme 10.4. Mechanism of hexokinase catalyzed cellulose phosphorylation

The objectives of this research were to perform a controlled biocatalytic
hydrolysis of the amide bonds in N-hydroxymethyl acryl amide—and of the
ester bonds in polycarboxylic acids—cross-linked cellulose fibers in order to
restore partially the strength loss, without deteriorating the crease-resistance
effect. On the other hand, enzymatic phosphorylation of cellulose would impart
permanent flame-resistance to the fibers and will further provide functionalized
cellulosic materials for broad range of applications.
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10.2 Experimental

10.2.1 Textile material

The fabric used in this study was desized, scoured, and bleached cotton
cellulose.

10.2.2 Crease-resistant finish

10.2.2.1 N-hydroxymethyl acryl amide application

The aqueous bath was prepared from 13% N-hydroxymethyl acryl amide
(Aldrich) and 1.56% zinc nitrate hexahydrate (Aldrich) as catalyst. The cotton
fabric was impregnated on foulard (80% wet pick-up), dried at 105 °C for 2 min
and then cured in a Verner Mathis curing machine at 175 °C for 1.5 min.

10.2.2.2 1,2,3,4-Butanetetracarboxylic application

The fabric was impregnated on foulard (100% wet pick-up) with solution
containing of 1,2,3,4-BTCA (from Aldrich), and anhydrous sodium hypophos-
phite (from Sigma) as the catalyst; with a BTCA-to-catalyst ratio of 3:2 (w/w)
[15,20]; dried at 80 °C for 5 min and then cured at 180 °C for 2 min. Afterward,
the treated cellulose material was washed thoroughly in order to remove the
remaining unreacted reagents and catalysts.

10.2.3 Enzyme treatment

10.2.3.1 Protease treatment

Serine protease (EC 3.4.21.62) from bacillus microorganism—Alcalase®
3.0 T (Novo Nordisk), 3 AU/g solid, was applied on N-hydroxymethyl acryl
amide cross-linked cotton at pH 7.5 (0.1 M phosphate buffer) and 50 °C, in a
shaker with 100 rpm [34].

10.2.3.2 Lipase treatment

Lipase (EC 3.1.1.3) Type VII from Candida rugosa, 724 U/mg solid, was
purchased from Sigma and applied to the BTCA cross-linked fabrics at pH 7.5
(0.1 M phosphate buffer) and 37 °C, in a shaker with 100 rpm.

10.2.3.3 Hexokinase treatment

The enzymatic phosphorylation of the samples was carried out at 30 °C
in an Ahiba Spectradye—Datacolor dyeing apparatus with closed vessels, at
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40 rpm for 6 h, with 40 U/mL hexokinase (EC 2.7.1.1., Type IV: from Bakers
Yeast, from Sigma; one unit will phosphorylate 1 pmol of D-glucose per min
at pH 7.6 at 25 °C) dissolved in 50 mM phosphate buffer pH 7.6, and 50 mM
deionized water solution of ATP, disodium salt (from Sigma), in liquor to fabric
ratio 20:1. The fabrics were first treated for 15 min with the solution of ATP to
ensure the impregnation of the textile material, and then the enzyme was added.
After completing the process the enzymatically treated fabrics were washed at
boil to remove any residual protein.

10.2.4 Analysis techniques

10.2.4.1 Wrinkle recovery angle and tensile strength

Wrinkle recovery angle (WRA) and tensile strength of the N-hydroxy
methyl acryl amide and BTCA treated fabrics were measured according to
AATCC test method 66-1990 and ASTM method D5035-90, respectively.

10.2.4.2 FTIR analysis

Diffuse reflectance spectra of the samples were collected by Bomem MB-
series FT-1R spectrometer, performing 100 scans for each spectrum. No smooth-
ing function and baseline correction were applied. Potassium bromide was used
to obtain the background spectrum. The effectiveness of the protease hydrol-
ysis was assessed following the decrease of the amide carbonyl band intensity
at 1667 cm™~! [35]. Lipase deesterification was assessed comparing the ester
carbonyl band intensity at 1724 cm~! [15-22]. The BTCA cross-linked fabrics
were treated for 2 min at room temperature with 0.1 M NaOH to convert the
free carboxyl to carboxylate to avoid overlapping of the carboxyl and the ester
carbonyl bands [18].

10.2.4.3 Dyeability of cross-linked cellulose fibers

The protease and lipase treated samples (1 g each) were dyed 1 h, at 50 °C
with 20 uM C.I. Acid Blue 25 and C.I. Basic Blue 9 (from Aldrich), respec-
tively. The color of the fabrics was evaluated using a reflectance measuring
Datacolor apparatus (LAV/Spec. Incl., d/8, Dg5/10°) in terms of K/S values.
The Kubelka—Munk relationship (K/S), where K is an adsorption coefficient
and S is a scattering coefficient, is applied to textiles under the assumption
that light scattering is due to the fibers, while adsorption of light is due to the
colorant. The shift of the coordinates of the color in the cylindrical color space:
L*, a*, and b*, based on the theory that color is perceived by black—white (L),
red—green (a), and yellow—blue () sensations, was summarized by the overall
color difference (A E*) value.
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10.2.4.4 Detection of phosphorylation

Sigma procedure No. 345-UV for quantitative, ultraviolet, kinetic deter-
mination of glucose-6-phosphate dehydrogenase (G-6-PDH, EC 1.1.1.49) in
blood at 340 nm, was adopted for detection of glucose-6-phosphate (G-6-P)
formed in the hexokinase phosphorylation reaction. G-6-PDH is an enzyme,
which catalyzes the first step in the pentose phosphate shunt, oxidizing G-6-P
to 6-phosphogluconate (6-PG) and reducing nicotinamide adenine dinucleotide
phosphate (NADP) to NADPH, according to the reaction (Scheme 10.5):

G-6-PDH .
G-6-P+ NADP <——> 6.PG + NADPH + H

Scheme 10.5. Reduction of NADP by G-6-PDH in the presence of G-6-P

NADP is reduced by G-6-PDH in the presence of G-6-P. The rate of for-
mation of NADPH (measured spectrophotometrically following the increase in
absorbance at 340 nm) is proportional to the G-6-PDH activity and thus to the
concentration of G-6-P. The assay mixture contains 1 mL NADP (1.5 mmol/L)
and 0.01 mL G-6-PDH (2 U/mL; one unit will oxidize 1.0 umol of D-glucose
6-phosphate to 6-phospho-D-gluconate per min in the presence of NADP at
pH 7.4 at 25 °C). The solution was stored at room temperature (1826 °C) for
5—10 min. Then 2.0 mL G-6-P (1.05 mmol/L) was added and mixed gently.
The absorbance of the sample (4) at 340 nm versus water was recorded as A;.
The final absorbance (A4f) was read and recorded 5 min later. The G-6-PDH
activity was defined as: A4-min~! = (4; — 4¢) x 5~!. Standard curve of G-
6-PDH activity as function of G-6-P concentration was set (¥ = 0.292 x X,
R? = 0.981) so that the concentration of a sample, containing unknown amount
of G-6-P could be calculated there from. Then 1 g sample of phosphorylated
cotton fabric was completely hydrolyzed to the constituting glucose and pre-
sumably G-6-P units with 0.91 g/L total crude cellulase Ecostone L (from R6hm
Enzyme Finland), at 37 °C, pH 5, for 24 h. The solution was filtered trough
Ultrafree-4 centrifugal filter unit for concentration and purification of biolog-
ical samples (from Millipore Corp.), to separate the protein from the sugars.
The sample of G-6-P in the Sigma assay was replaced with equivalent amount
of enzymatically hydrolyzed, hexokinase treated cellulose.

Dyeability of phosphorylated cellulose fibers

Samples of enzymatically phosphorylated cotton fabrics (0.5 g) were dyed
with 1.5 g/L of the following commercial grade dyes (Everlight Chem. Ind.
Corp.): Basic Green 4 at 60 °C, for 60 min; Reactive Blue 198, in the presence
of 60 g/ Na,;SO4 and 20 g/L Na,COj; (Sigma), at 80 °C, for 60 min; Direct
Red 224, in the presence of 0.1 g/L. Na;SOy, at 90 °C, for 60 min. Each dyeing
experiment was repeated three times in an Ahiba Spectradye—Datacolor dyeing
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Table 10.1. Calibration curves for the dyes used in the experiments

Wavelength of maximum

absorbance Equation R?
C.1. Direct Red 224 521 nm Y =19.01 x X 0.9987
C.1. Basic Green 4 616 nm Y =142.27 xX 0.9918
C.I. Reactive Blue 198 629 nm Y =1851 x X 0.9928

apparatus with liquor to textile material ratio 100:1. The hexokinase-treated
fabrics were dyed also with 13.4 g/L. Disperse Red 60, in the presence of
30 g/L H,NCN (50%) from Aldrich. The fabrics were padded on foulard (80%
wet pick-up), pre-dried at 110 °C for 1 min, and then thermofixed with dry
air in a Werner-Mathis curing machine, at 190 °C for 3 min. Dyed fabrics
were repeatedly washed-off at boil to remove the unfixed dye. Improvement
of the dyeing results would be an indirect experimental confirmation for the
occurrence of the phosphorylation reaction.

Rate of dyes exhaustion and fixation. In order to define the rate of exhaus-
tion, samples were taken from the dyeing liquors every 10 min during the dyeing,
and were studied spectrophotometrically (Unicam HeAios UV-Vis spectropho-
tometer) after adequate dilution at the corresponding wavelength of maximum
absorbance for the different colorants. The concentrations of the baths were
calculated according to previously set dye calibration curves (Table 10.1).

The percentage of exhaustion was determined as a proportion between the
concentration of the dye initially presented in the dyebath—Cj, and the dye
remaining at the end of dyeing—Cs (Eq. 1):

E(%) = (1 - %’) x 100 (1)

1

10.3 Results and discussion

10.3.1 Proteases to improve the strength of N-hydroxymethyl acryl
amide cross-linked cellulose

10.3.1.1 Duration of the enzymatic hydrolysis

The time-dependent effect of the protease product (0.5 g/L) on the properties
of the cross-linked fabric is depicted in Figure 10.1. The strength loss recov-
ery of the fabrics, due to the protease treatment, reached about 15% after 30
min of enzyme reaction. Thus, nearly one half of the strength loss caused by the
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Figure 10.1. Time dependence of tensile strength recovery, WRA decrease and acid dye
dyeability of crease-resistant finished cotton (13% N-hydroxymethyl acryl amide/1.5%
Zn(NOs),.6H,0) hydrolyzed by 0.5 g/L protease

cross-linking was recovered during the enzymatic hydrolysis. Prolonging the
reaction time did not provide further strength improvement. Concomitantly the
WRA decreased by 8%. These changes in the mechanical characteristics of
the fabrics occurred during the first 30 min of reaction. The short time, suf-
ficient to improve the tensile strength of the fabrics, renders the enzymatic
process suitable for continuous operations in textile practice.

Comparative alkaline hydrolysis of the cross-linked cotton, carried out with
0.1 M NaOH, at 50 °C for 30 min did not provide better recovery of the me-
chanical strength (about 10%), however, caused twice higher loss of the crease-
resistant effect (about 15%) compared to the enzymatic process (Table 10.2).

The cleavage of the amide bonds in the cross-linked cotton was expected
to produce carboxylic and amine end groups. Thus, the dyeability with an acid

Table 10.2. Tensile strength and WRA of cotton fabric treated with 13%
N-hydroxymethyl acryl amide/1.5% Zn(NOs),.6H,0O and hydrolyzed by NaOH
or protease for 30 min

Fabric Wrinkle recovery angle, [°], (w + f)  Strength, [N]

Blank 129 590

Cross-linked 291 405

Cross-linked and 266 465
enzymatically treated

Cross-linked and 242 445

alkaline treated
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Figure 10.2. Time dependence of amide carbonyl band absorbance at 1667 cm™! for cotton, cross-
linked with 13% N-hydroxy methyl acryl amide/1.5% Zn(NOs),.6H,O and then hydrolyzed by
0.5 g/L protease

dye (C.I. Acid Blue 25) could be considered as an indirect indication for the
occurrence of hydrolysis. The K/S values (dyeability) of enzymatically treated
fabric notably increased (by 30%) compared to the K/S values for the non-
hydrolyzed one (Figure 10.1). The increased affinity of the protease-hydrolyzed
fabric toward an acid dye may be interpreted as due to the appearance of
free amine groups, coming from the amide bonds cleavage. After 30 min, the
dyeability of the enzymatically treated fabrics reached saturation.

The intensity of the amide carbonyl peak at 1667 cm™! decreased with
the increase of the hydrolysis time (Figure 10.2). Most significant decrease of
the signal was observed for reaction times up to 20 min. The carbonyl band
intensity reached a plateau after 30 min of enzymatic treatment, e.g., no further
hydrolysis occurred.

When considering enzymes that could hydrolyze peptides it should be no-
ticed that the amide bond is very stable (e.g., in contrast to esters, particularly
when exposed to water), presenting a planar, resistant to deformation struc-
ture. The amide hydrolysis proceeds through two steps—acylation and deacy-
lation, where the formation of acyl-enzyme intermediate is the rate-limiting
step (Scheme 10.6). A property, shared by all serine proteases is the hydrogen-
bonded triad of Asp-His-Ser. The enzyme is acetylated on the Ser residue. An
important feature in the catalytic reaction is the formation of an ester between
the oxygen of serine and the “acyl” portion of the substrate, with release of the
“amino” portion of the substrate as the first product, P,. For the release of the
second product P, reaction with water is necessary. Since, more than one amide
group in the crease-resistant finished cotton fabric might react with the enzyme,
many end amino and carboxylic groups may appear. When a nucleophile, such
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Scheme 10.6. Protease hydrolysis of amide cross-linked cotton

as amine, is present in the reaction between protease and substrate, a transacy-
lation reaction with the amine might occur and the rate of the disappearance of
the substrate becomes steady, e.g., further hydrolysis would be inhibited. The
amide bonds in the cellulose fibers cross-linked with N-hydroxy methyl acryl
amide are not a typical substrate for the enzyme. In contrast to low molecular
substrates, the products of the enzyme hydrolysis remain on the fabric since
the cross-linking agent is still bound to the cellulose via stable ester bonds,
which are not susceptible to hydrolysis. Perusal of the data presented in the
above Figures 10.1 and 10.2, and Table 10.2 supports the hypothesis that with
the proceeding of the enzyme hydrolysis of the cross-linked amide product,
the number of the nucleophilic amine groups should increase and thus the
transacylation reaction would become predominant. Saturation was observed
in the tensile strength recovery and in the dyeability of the fabrics. Another
explanation for the saturation of the enzymatic effect might be the limited ac-
cessibility of the cross-links to the large enzyme molecules. The WRA did not
change proportionally to the improvement in strength, due to the fact that the
linker still remained on the fibers.

10.3.1.2 Protease concentration

The effect of the enzyme concentration on the strength loss recovery and
WRA was studied for 30 min of reaction. As it can be seen in Figure 10.3, the ten-
sile strength recovery normally increases with the increase of the concentration.
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Figure 10.3. Effect of protease concentration on the tensile strength recovery, WRA,
and acid dye dyeability at 30 min reaction time

At 0.5 g/L protease, the strength recovery reached approximately 15%. Above
this concentration the amount of enzyme did not cause any further improvement
of fabric tensile behavior. The decrease of the WRA was up to 9% and followed
the same concentration dependence. The dyeability of the fabrics with an acid
dye increased rapidly for protease concentrations up to 0.5 g/L and then re-
mained steady independently on the amount of enzyme. The inhibition of the en-
zyme hydrolysis is reflected as well in the decrease of the intensity of the amide
carbonyl peak at 1667 cm ™! in the infrared spectrum of the fabrics (Figure 10.4).

10.3.2 Lipases to improve the strength of BTCA cross-linked cellulose

10.3.2.1 Lipase concentration

The effect of the enzyme concentration on tensile strength and WRA of
BTCA treated fabrics was investigated. Tensile strength normally increases as
the hydrolysis of the cross-linked fabric progresses. In our experiment, the ten-
sile strength of the BTCA cross-linked fabrics increased when up to 0.4 g/L
lipase was applied for hydrolysis of the ester bonds. Above this enzyme concen-
tration further improvement of fabrics tensile performance was not observed
(Figure 10.5). This limitation of the hydrolysis could be explained with the re-
stricted accessibility to the enzymatic attack of the BTCA/cellulose ester cross-
links in the dense cellulose structure. The ester groups have a slightly higher
concentration in the interior of the fabric than in its near surface [16]. The large
enzyme molecule is not able to enter in contact with substrate and to form the
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Figure 10.4. Amide carbonyl band absorbance at 1667 cm™! of cotton cross-linked with 13%

N-hydroxymethyl acryl amide/1.5% Zn(NO;),.6H,0 and then hydrolyzed by different concen-
tration of protease for 30 min

intermediate enzyme—substrate complex. The size of the protein molecule is
a self-limiting factor for undesirable further hydrolysis of the BTCA/cellulose
cross-linkages and lessening of the crease-resistance effect.

It is known that the electrostatic enzyme—substrate interactions play an
important role in the enzyme catalysis. It was found that the active site of
Candida rugosa lipases becomes negatively charged at pH 6 [36] (in our

—O— tensile strength —— WRA ——K/S

%

0 T T T T T T T T 1
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lipase concentration, g.I"!

Figure 10.5. Tensile strength recovery, WRA decrease and decrease in dyeability with cationic
dye of BTCA treated cotton (6% BTCA/4% NaH,PO,), hydrolyzed by different concentration
of lipase for 1 h
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experiments the lipases were applied at pH 7.5). The negative charge in the
active site is needed for the expulsion of the negatively charged hydrolysis
products and is therefore essential for the maximum activity of the enzyme.
After cleavage of the ester bond, an ionized acid will be ejected from the active
site due to electrostatic repulsion. If the active site is positively charged, a
product inhibition would occur due to interaction of the active site with the
negatively charged polycarboxylic acid. In the case of cross-linking of cellulose
with polycarboxylic acids, four ester bonds per acid molecule are possible.
Even though the enzyme hydrolyzed some of these ester cross-linkages, the
product still remains on the fabric due to singly bonded acid side groups
[16]. Thus, hydrolysis of the ester groups is faster than the rate of BTCA
molecule removal. With the progress of the hydrolysis reaction the fabric
will become more negatively charged and the enzyme will be rejected from
fabric’s surface, impeding further hydrolysis. As more hydrolysis occurs, the
intermediate binding between enzyme and substrate becomes more difficult
due to electrostatic repulsion. This might be another explanation, apart from
the steric constraints, why did the hydrolysis reach a maximum and afterward
remained steady independently on the enzyme concentration.

A comparative mild chemical hydrolysis was performed using 0.1 M NaOH,
at37°Cfor 1 h. The alkaline hydrolysis was accompanied with considerable loss
ofthe desired crease-resistant effect—nearly 40% decrease of WRA versus 30%
of strength improvement. At the same conditions, samples treated with enzyme
showed about 4% decrease of WRA, which corresponds to nearly 10% strength
recovery (Figure 10.5). Even though BTCA molecules were gradually removed
from the fabric as a result of hydrolysis, the effectiveness of the remaining
BTCA molecules as a cross-linking agent decreased only slightly. The change
of WRA was twice lower than the tensile strength recovery of BTCA cross-
linked cotton.

The dyeability of BTCA treated fabrics with Basic Blue 9 decreased after 1 h
hydrolysis with up to 0.4 g/L lipase (Figure 10.5). Significant correlation could
be found between the tensile strength recovery and the decrease in dyeability of
the hydrolyzed cotton. We expected that the presence of free carboxyl and car-
boxylate groups on the BTCA treated cotton after the cleavage of the ester bonds
would make it dyeable with basic dyes. However, the removal of the product
during the enzymatic hydrolysis reduces the affinity of the cationic dye toward
the fabric. The alkali hydrolyzed BTCA cotton was worst dyed (about 50%
decrease of K/S), while the untreated cotton was not dyeable with cationic dye.

The infrared spectroscopy data in Figure 10.6 showed decrease of the in-
tensity of the ester carbonyl peak at 1724 cm~! with increase of the lipase
concentration. Above 0.4 g/L lipase, where highest tensile strength recovery
was observed, the curve of the carbonyl band intensity reached a plateau, e.g.,
no further hydrolysis occurred.
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Figure 10.6. Ester carbonyl band absorbance at 1724 cm~! of cotton treated with 6%
BTCA/4% NaH,PO, and hydrolyzed with different concentrations of lipase

10.3.2.2 Hydrolysis time

The effect of the hydrolysis duration on fabric tensile performance and
crease-resistance was examined at fixed lipase concentration (0.4 g/L). The
time of process was varied from 30 min to 25 h. The tensile strength recovery
reached a maximum during the first hour of the process and remained constant
for the next 24 h of treatment (Figure 10.7). The decrease of WRA followed
the same tendency. Inactivation of the enzyme by the hydrolysis products and
long operational time is equally possible, apart from the above stated steric

—O—tensile strength —®—WRA —e—K/S

0 T T T T T T

0 150 300 450 600 750 900 1050 1200 1350 1500
hydrolysis time, min
Figure 10.7. Tensile strength recovery, WRA decrease and decrease in dyeability with cationic

dye of BTCA treated fabrics (6% BTCA/4% NaH,PO,), hydrolyzed by 0.4 g/L lipase for different
times
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Figure 10.8. Ester carbonyl band absorbance at 1724 cm™~! of cotton treated with 6%
BTCA/4% NaH, PO, and hydrolyzed with 0.4 g/L lipase for different times

and electrostatic considerations. The decrease in intensity of the ester carbonyl
peak in the infrared spectrum of the fabric corresponds to inhibition of the
enzymatic hydrolysis (Figure 10.8).

10.3.3 Phosphorylation of cotton cellulose with baker yeast hexokinase

The spectrophotometrically detected G-6-PDH activity with the sample of
hydrolyzed hexokinase treated fabric is a clear evidence for the occurrence
of enzymatic phosphorylation of cellulose. This enzymatic approach provides
an alternative to the 3'P NMR or XPS techniques, since the degree of phos-
phorylation expected on the fabrics is rather low. The enzymatic procedure is
reliable due to the high specificity of the enzyme toward the substrate under
investigation. The concentration of the G-6-P (0.01986 g/L) in the cellulose
hydrolisate was calculated according to the previously set calibration curve.
This value corresponds to phosphorylation of 0.03% of the glucopyranose
units. The phosphorylation occurs on the primary alcohol groups of cellu-
lose, which are most available for reaction. The secondary 3 OH group is
involved with the ring oxygen atom in extra hydrogen bonds, and the chain
is additionally coiled, protecting the 2 OH. Conventional dyeing procedures
[37] with basic, direct, and reactive dyes resulted in up to 10% improvement in
dye fixation on hexokinase treated cotton (Figures 10.9—10.11). Enzymatically
phosphorylated fabrics retarded nearly threefold the fire propagation [38] (1.1
cm?/sec), compared to the untreated cotton samples (3 cm?/sec), when exposed
to direct flame (Figure 10.12). These results are illustrated by the examples
below.
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Figure 10.9. Rate of dyebath exhaustion of Basic Green 4, determined according to its
calibration curve set at the wavelength of maximum dye absorbance, 616 nm

10.3.3.1 Dyeing with basic (cationic) dyes

Cationic dyes are primarily applied to acrylics, binding to the anionic acrylic
groups at higher than the glass transition temperature of the polymeric substrate.
Though the cationic dyes are not originally for dyeing of cotton, the higher
dye up-take on phosphorylated cellulose is a clear indication for the increased
negative charge of the textile substrate, due to the presence of phosphate groups
(Figure 10.9).

10.3.3.2 Dyeing with direct (anionic) dye

In the case of dyeing of cellulose fibers with direct dyes the exhaustion is
a measure of the substantivity of the anionic dye toward the fiber substrate,
provided sufficient time is allowed for the sorption equilibrium to be reached.
The fixation of the direct dyes is governed by their lengthy planar structure
trough H-bonds and dipole interactions with the cellulose polymer. The fixation
yield on hexokinase treated fabrics was higher than on the untreated ones
(Figure 10.10) as a result of the increased polarity of the cellulose substrate.

10.3.3.3 Dyeing with reactive dye

The large liquor to goods ratio (100:1) used in the experiment favored
the hydrolysis of the dye and thereby reduced the dyeing efficiency, which
could explain the relatively low dye exhaustion and fixation level. Nevertheless,
higher dye fixation was achieved on the hexokinase-phosphorylated cellulose
due to the introduction of more active centers (more OH groups) for ester bond
formation with the monochlorotriazine reactive dye (Figure 10.11).



176 Chapter 10

Figure 10.10. Rate of dyebath exhaustion of Direct Red 224, determined according to its
calibration curve set at the wavelength of maximum dye absorbance, 521 nm

@ % exhaustion enz.treated

M % exhaustion non treated

0 T T T

0 25 50 75 100 125

Time (min)

Figure 10.11. Rate of dyebath exhaustion of Reactive Blue 198, determined according to its
calibration curve set at the wavelength of maximum dye absorbance, 629 nm

10.3.3.4 Dyeing of cotton fabrics with disperse dyes

Most of the reactive dyes on cellulose are fixed under alkaline conditions.
However, there is another class of reactive dyes, which are applied, from mildly
acidic solution—the phosphonic acid dyes [39—41]. The synthesis of these dyes
originated from earlier research on durable flameproofing of cotton by treat-
ment with phosphonic acid, or methan phosphonic acid and cyanamide-type
compounds. Bond formation with the substrate was achieved at high temper-
ature 200-220 °C, for 1-3 min, through pad-dry-thermofix dyeing procedure.
The exact mechanism of the dye—fiber interaction is so far not fully under-
stood, and at least two possible pathways for dye fixation were suggested.
In general, the following simplified scheme (Scheme 10.7) of the reaction is
assumed:



10. Surface modification of cellulose fibers with hydrolases and kinases 177

O
Il

Dye—IID—OH + HO—Cell + H,N—CN
OH

o
I

Dye—P—0—Cell + HN—CONH,
OH

Scheme 10.7. Generalized mechanism of the reaction of cotton fabrics with phosphonic
dyes in the presence of cyanamide

The new type of phosphorylated cellulose, bearing already the reactive
group, otherwise coming from the dye, suggested that the modified cellulose
could react with disperse dyes, which do not possess reactive groups, but just
OH groups, in the presence of cyanamide, in a similar way as in the case of the
acid phosphonic dyes (Scheme 10.8):

Cell—O—P—OH + HO—Disperse dye + H,N—CN

.

CeII—O—T—O—Disperse dye + H,N—CONH,

O—1=0

OH

Scheme 10.8. Expected mechanism of the reaction of hexokinase-treated cellulose fibers
with disperse dye in the presence of cyanamide

The deeper color shade obtained on hexokinase treated fabrics, dyed with
disperse dyes (Table 10.3) is a confirmation of the proposed dye-cellulose
reaction mechanism, with the participation of phosphate groups, belonging to
the cellulose. The untreated fabric was poorly dyed, because the disperse dyes
are specifically designed for polyester fibers and possess low affinity toward
cellulose; except for if reactive cites on the fibers were created.

Table 10.3. Color difference between the untreated and
the enzymatically treated samples dyed with Disperse
Red 60, in the presence of cyanamide

AE* AL* Aa* Ab*

7.368 4.484 —5.834 0.380




178 Chapter 10

A B

Figure 10.12. Illustration of the results from the test for flame-resistance: (A) untreated
and (B) hexokinase treated fabrics

10.3.3.5 Flame-resistance of hexokinase treated cotton fabrics

Durable flame-resistance of textile fiber materials is achieved traditionally
by cross-linking with reactive compounds containing phosphonium structures.
The decrease in flammability of the hexokinase-phosphorylated cellulose sup-
ports the occurrence of the enzymatic functional modification (Figure 10.12).

10.4 Conclusions

Hydrolases and kinases based enzymatic processes, performed at mild to
the cellulose fibers conditions—neutral pH and moderate temperature were
efficient to restore the tensile strength of resins cross-linked cellulose fibers
and to introduce new phosphate functional groups in fiber structure.

The protease hydrolysis of the amide bond in N-hydroxymethyl acryl amide
cross-linked cellulose resulted in about 15% strength loss recovery coupled
with up to 8% decrease of the crease-resistance effect. The lipase treatment of
BTCA cross-linked cotton fabrics improved the tensile strength with up to 10%,
causing just 4% deterioration of the wrinkle-resistance. Data from FT-IR spec-
troscopy confirmed the occurrence of protease and lipase catalyzed hydrolysis
registering a decrease of the intensity of the amide and carboxyl carbonyl peaks
in enzymatically treated samples. The size of the enzymes and related steric
difficulties to form the enzyme—substrate intermediate complex restricted the
process on fiber surface preventing further undesirable cross-links removal.
In contrast, in the conventional alkaline hydrolysis the deterioration of the
wrinkle-resistance of the fabrics predominates on the recovery of the strength
loss.
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Cotton cellulose was enzymatically phosphorylated in a new biosynthetic
process using hexokinase in the presence of phosphoryl donor ATP. An inno-
vative enzymatic analytical approach, originally developed for determination
of G-6-PDH, was used to detect the occurrence of phosphate functional mod-
ification of cellulose. Phosphorylation of 0.03% of the glucopyranose units in
the cellulose fibers provided a textile material with improved dyeability and
flame-resistance, which additionally might be used for large number of chem-
ical synthesis.
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Abstract

During the recent years, various bacteria and fungi have been investigated concerning
their ability to degrade artificial polymers. This chapter reviews recent work on enzymes
used for hydrolysis/oxidation of synthetic polymers and discusses their use in polymer
surface modification.

11.1 Introduction

Polyethylene terephthalate (PET), polyamide (PA), and polyacrylonitrile
(PAN) are the most widely used polymers in textile industry. Manmade fibers
in general have a market share of 54.4% in textile industry and tend to gain
even more share compared to natural fibers. The advantages of manmade fibers
over natural fibers range from a lower specific weight to faster drying, better
water transport properties and to better easy-to-clean-properties.

The following Table 11.1 comprises the worldwide production of polymers
used for textile manufacturing.

Despite the increase in the production volume, the market shows a desire for
improved synthetic textile properties like wettability or increased hydrophilic-
ity. Furthermore, effects like better dyeability with water-soluble dyes or sur-
face functionalization for special applications like coupling of flame retardants
are desired. Strategies to obtain improvement in the said parameters range
from chemical treatment (e.g., alkali treatment) to plasma treatment (e.g., low-
temperature plasma treatment) [2, 3]. When compared to chemical treatments,
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Table 11.1. Worldwide production of polymers used in textile industry [1]

Polymer Yearly production (2001) +% compared to 2000
Polyester 31.3 +3.1
Polyamide 3.7 —-8.7
Polypropylene 32 2.9
Polyacrylonitrile 2.6 -2.0

an enzymatic treatment of the surface would have the advantage of a reaction
limited to the polymer surface only, and milder treatment conditions leading
to less damage of the fibers. It may save energy and avoids the use of strong
chemicals, which can become a problem when discharged with the process
effluent. Oxidative enzymes or mediator-triggered enzymes can be able to in-
troduce functional groups in an easily predictable way compared to plasma treat-
ment. Enzymes considered for application in textile industry include mainly
hydrolytic enzymes and oxidative enzymes.

In this chapter, recent promising results on enzymes for textile polymer
surface treatment are reviewed and their application for polyester, PA, and PAN
fiber surface treatment is discussed.

11.2 Enzymatic reactions

11.2.1 Polyester

Polyester is by far the most widely used polymer in synthetic textile man-
ufacture. Within this large group of polymers, PET serves as component for
more than 95% of all polyester textiles. Here, we focus our investigations on
PET. The following Figure 11.1 shows the molecular structure of PET.

[0}
) I o
o/\/o 0
[0}

Figure 11.1. Molecular structure of polyethylene terephthalate (PET)
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PET is known to be very hydrophobic and insoluble in water as well as in
most organic solvents, which makes an enzymatic reaction at the surface of
the polymer rather unlikely. Nevertheless, several enzymes have been found to
carry out hydrolysis reactions at the PET surface [4]. Hydrolysis leads to an
increase of free hydroxyl- and carboxylate end groups changing the surface
properties of the treated material. This introduction of charged and functional
groups directly leads to an increased hydrophilicity, which can be measured by
determining water retention, rising height, or contact angles [5]. Furthermore,
the increased amount of carboxylate and hydroxyl end groups facilitates the
attachment of cationic dyes and could allow furthermore a reduction of coupling
agents in special textile applications (e.g., PVC coating) [6].

11.2.1.1 Hydrolytic enzymes modifying PET

Lipases and esterases may potentially hydrolyze the ester bond of PET. Be-
sides these hydrolases used in many industrial applications such as in detergents
the potential of cutinases for PET modification has recently been assessed. Cuti-
nases are enzymes that hydrolyze the plant cutin, which is the main component
(between 40 and 80%) of the plant’s cutical layer. Its monomers are oxygenated
C6 hydroxyacids (e.g., 16-hydroxyhexadecanoic acid) and C;g hydroxyacids
(e.g., 18-hydroxy-9,10-epoxyoctadecanoic acid) that form a polymeric network
by ester linkages [7]. Cutinases belong to the family of serine hydrolases and
they are specific for the hydrolysis of primary alcohol esters. Their substrate
specificity is very broad, which can be seen from the wide range of chemical
substances that can be hydrolyzed or synthesized [8]. Given the fact that cuti-
nases act on insoluble esters of primary alcohols, it can be assumed that PET
is a potential substrate.

Hydrolysis of PET with cutinases and other esterases has been proven as
an increase of hydroxyl end groups of the polymer powder as well as on fab-
rics. A 48-h fabric treatment with an esterase increased the amount of hy-
droxyl end groups from 62 to 138 mmol/kg fabric [9]. Cutinases and so called
polyesterases, which may be lipases or esterases, have been reported to re-
duce the pilling properties of PET [10, 11]. A pre-pilled PET fabric has been
treated with a polyesterase from Genencor resulting in the removal of nearly all
pills. A weight loss of about 4% correlates with the depilling effect [10]. Hsieh
and Cram have tested the ability of lipases to hydrolyze the PET surface and
achieved a water contact angle decrease from 78° (untreated fabric) to 40—60°
depending on the lipase used. These results correlated with a change in water
retention, which was found to be increased from 0.2 pL/mg fabric (untreated
fabric) to 1.0 pL/mg fabric, showing strongly increased hydrophilicity [5]. Fur-
thermore, PET hydrolyzing enzymes have been shown to improve color clarity
in fabrics [11].
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A vast number of esterases and lipases has been isolated and characterized
and many enzymes are commercially available for manifold industrial applica-
tions. In contrast, less information is available about cutinases in the literature.
In general, cutinases are very stable enzymes that can be produced from dif-
ferent sources in reasonable amounts and stabilized for long-term storage by
solid formulations or in micellar liquids [12, 13]. Cutinases from fungi show
considerable stabilities at acidic pH around 4 while cutinases from bacterial
sources such as Thermomonspora fusca are reasonably stable up to pH 11
[8, 13]. Thermostability of cutinases has been reported to be as high as 70°C
with a half-life time of 60 min at the pH optimum [13]. Thermostability of cuti-
nases can even be increased by site directed mutagenesis. It has been described
that an exchange of one or more negatively charged amino acids near the N-
terminal of the protein by neutral or positively charged amino acids can increase
the thermostability of the cutinase by at least 5°C [14]. Also, cutinases have
been reported to be produced in high yields from carbon sources such as tomato
peel or apple pomace, which are usually wastes or low value animal food [13].
These facts like good pH and thermostability and cheap production possibilities
make cutinases applicable and competitive for industrial applications.

11.2.1.2 Oxidative enzymes modifying PET

Laccases are unspecific oxidoreductases that catalyze the removal of a hy-
drogen atom from the hydroxyl group of ortho- and para-substituted mono- and
poly-phenolic substrates and from aromatic amines by one-electron abstraction.
The substrate range of laccases can even be expanded by the use of electron
mediators. Laccases have been reported to strongly enhance the hydrophilicity
of a PET knitted fabric measured by determining the water contact angle and the
rising height. Depending on the treatment time, the laccase activity in the assay
and the mediator used, rising heights of 5.8 cm (laccase activity: 1000 nkat/g,
treatment time: 300 s), 7 cm (laccase activity: 1000 nkat/g, mediator: violuric
acid, treatment time: 300 s), and 7.3 cm (laccase activity: 1000 nkat/g, mediator:
2,2,6,6-tetramethylpiperidin-1-yloxy, treatment time: 300 s) compared to 0.2
cm for the untreated fabric have been observed [15]. However, the mechanism
of these investigations has not been elucidated until now.

11.2.2 Polyamide

PAs used for textile purposes comprise Nylon® 6,6, which consists of adipic
acid and bishexaneamine as monomers and Nylon 6 made of the monomer 6-
aminocaproic acid (Figure 11.2) (laut kai beide wichtig).

Like PET, PA is quite recalcitrant to microbial degradation and therefore,
only few enzymes are known with the potential to modify the polymer surface.
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Figure 11.2. Molecular structures of Nylon® 6,6 (upper picture) and Nylon® 6 also
known as Perlon

The aim of PA modification is an increased hydrophilicity and an introduction of
functional (e.g., ionic) groups for further chemical or enzymatic modification.
In general, hydrolytic enzymes can act on the polymer surface resulting in an
increased amount of free amino- and carboxylate end groups giving the PA
similar properties as described for PET in chapter 2.1. Another possibility is
the surface modification of PA by oxidative enzymes resulting in introduction
of functional groups either by cleaving or retaining the backbone.

11.2.2.1 Hydrolytic enzymes modifying PA

It has been shown recently that several bacterial strains were found with
the ability to use PA, namely Nylon® 6,6, and a model substrate for Nylon®,
adipic acid bishexaneamide, as the only carbon source for growth. Preliminary
experiments with enzyme preparations of the above mentioned bacterial strains
showed a significant hydrolytic activity for adipic acid bishexaneamide [9].
These enzymes have been shown not to be inhibited by commercial protease
inhibitors. Even though the nature and mechanism of the enzymes have not
been revealed yet, they have potential to modify the PA polymer surfaces, as it
has been shown for hydrolytic enzymes from Comamonas acidovorans [16].

11.2.2.2 Oxidative enzymes on PA

A white rod fungal strain [ZO-154 has been isolated with the ability to
degrade Nylon® 6,6 films during growth on glucose and ammonium tartrate.
Investigations of changes in the molecular mass have shown a decrease indicat-
ing a cleavage at the backbone of the PA. Subsequent NMR analysis of the fibers
revealed the emerging of four new end groups i.e., -CHO, -NHCHO, —CH3,
and —CONHj; indicating an oxidative cleavage of C—C and non-amidic C—N
bonds rather than hydrolytic cleavage at the amide bonds [17]. The isolation
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and characterization of the enzyme responsible for the Nylon® 6,6 degradation
has been shown to be a manganese peroxidase although a different reaction
mechanism has been suggested [18]. It can be assumed that the purified en-
zyme system can be used to modify PA fibers and fabrics, since the emerging
end groups can change the PA surface significantly and may serve as anchor
groups for other molecules (e.g., dyes, polymers, etc.). A strong deterioration
can be avoided by shortening the treatment times. Deterioration is reported to
take place after a 2-day incubation. Still, it has to be mentioned that manganese
peroxidases are not reported to be very stable, and also their need for Mn(I1I)
salts do not make them a competitive enzyme for industrial scales.

Other authors have isolated a Phanerochaete chrysosporium strain able to
degrade Nylon® 6 fibers during growth on Nylon® 6 as the only nitrogen
source. Degradation is reported to take place within several months of growth
and has been followed by determination of the molecular weight calculated from
relative viscosity. The molecular weight of the PA decreased from 16,900 g/mol
to about 8500 g/mol [19]. Even though the mechanism of the biodegradation
has not been elucidated until now, these preliminary investigations may result in
the purification thatmodifies the PA surface oxidatively as it has been discussed
by Deguchi et al. [17].

Fujisawa et al. have investigated a laccase-mediator system for its ability
to degrade Nylon® 6,6. Using 1-hydroxybenzotriazole (HBT) as a laccase
mediator, they have shown that Nylon® 6,6 membranes are disintegrated after
a 2 days treatment [20]. Other investigations, where a laccase-mediator system
was used to increase the hydrophilicity in Nylon® 6,6 have shown that the rising
height as a parameter for hydrophilicity was enhanced from 1.8 (untreated) to
3.8 cm after a 300 s treatment with laccase and violuric acid as a mediator, and to
5.5 cm with laccase alone [15]. Despite these promising results the mechanism
for laccase catalysed oxidation of polyamide remains to be elucidated. Laccases
as potential enzymes for an industrial application show the advantage of being
stable enzymes that can be produced very cheap in high amounts.

11.2.3 Polyacrylonitrile

PAN is a manmade fiber that is produced by radical polymerization of
acrylonitrile. The following Figure 11.3 shows the molecular structure of PAN.

PAN usually has a molecular weight of about 55,000 g/mol and generally
contains 5-10 mol% of a copolymer, e.g., vinyl acetate to disrupt the high
crystallinity of the PAN polymer. Even though PAN is known to show high
hydrophilicity and skin comfort compared to PET or PA, an improvement of
these properties is still desired. Besides this, the moisture uptake and the dye-
ability with ionic dyes shall be improved by maintaining the good mechanical
properties of PAN [9].
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Figure 11.3. Molecular structure of polyacrylonitrile
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Figure 11.4. Reaction scheme of a nitrilase (upper picture) and a nitrile hydratases/amidase
enzyme system

In general, nitrile hydrolyzing enzymes can be used to modify the PAN
surface by hydrolyzing the nitrile groups to the corresponding amide or acid.
Enzymes showing esterase activity may be used to modify the vinyl acetate
groups in the PAN.

Within the large group of nitrile hydrolyzing enzymes, two pathways of
nitrile hydrolysis can be described as illustrated in the following Figure 11.4.

As it can be seen from the picture, nitrilases are enzymes that catalyze the
hydrolysis of a nitrile directly to the corresponding acid, most probably form-
ing an acylenzyme as reaction intermediate [21]. Nitrile hydratase/amidase
enzyme systems catalyze the hydrolysis in a two-step reaction [22]. Both en-
zymatic ways to change the PAN surface are possible; nevertheless, the nitrile
hydratase/amidase enzyme system has been reported more often to be used for
modification of the PAN surface.

Tauber et al. have isolated a nitrile hydratase and amidase from a Rhodococ-
cus rhodochrous strain able to modify the surface of PAN. The hydrolysis of
the nitrile groups to the corresponding acid was observed by determination
of the resulting NH3 and by XPS analysis. The resulting amino groups were
measured by determining the increase of the K/S values with Methylene blue
and Coomassie brilliant blue. Treatment of PAN fabric with the nitrile hy-
dratase/amidase enzyme system resulted in a significant increase of amide
groups but no corresponding acid groups. The modified PAN showed much
higher K/S values after Methylene blue and Coomassie brilliant blue staining
[23].
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Treatment of PAN with nitrile hydratases from Brevibacterium imperiale
and from Corynebacterium nitrilophilus resulted in an increase of amide groups
at the PAN surface. This change was monitored by XPS surface analysis and
lead to properties like increased hydrophilicity, measured by the contact angle
method, and dyeability with acid dyes coupling to the protonated amide nitrogen
atoms [24].

11.3 Conclusion

Since the middle of the 1990s, investigations on the surface modification
of synthetic fibers have been made. Shortcomings in the technologies used for
textile processing such as use of strong and sometimes hazardous chemicals,
insufficient quality of the fibers and fabrics, and the need for investigations
in technologies for special applications have resulted in the assessment of the
potential of enzymes for surface modification of synthetic textiles. Using the
ability of microorganisms for fast adaptation to new substrates (e.g., synthetic
polymers) and the knowledge of enzyme engineering and genetics, promising
results have been achieved until now.

For PET, PA, and PAN, the hydrophilicity of the fibers/fabrics have been
proven to increase due to enzymatic action on the polymer surface. Furthermore,
treatment with hydrolytic enzymes promise better dyeability with ionic dyes
and the newly introduced end groups give space for further reactions (such as
adsorptive bonding of special agents such as flame retardants or other finishers).
An introduction of functional groups into PET and PA without hydrolysis of
the polymer backbone by oxidative enzymes has also been discussed.

The enzymatic surface modification of manmade polymers is a promising
field of research giving rise to the hope for new competitive and environmentally
friendly technologies.
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Abstract

A variety of enzymes are available for the surface modification of cellulosic fibers, both
in the area of textile applications and for pulp and paper applications. Enzymatic treatment
conditions are milder, less damaging for the fiber, and are environmentally friendly while
producing effects comparable to chemical treatments. Surface modifications can be achieved
by oxidative and/or hydrolytic enzymes. Some of the enzymatic processes have recently
attained commercial importance and more systems are being developed. The following
chapter will review current research in the application of oxidoreductases and hydrolases
that are valuable for textile and forest products industries.

Keywords: surface modification; oxidoreductase; laccase; peroxidase; hydrolase;
cellulose-binding domain.

12.1 Introduction

Fibers derived from plants have a surface chemistry that is inherent in the
structure and the source of the material. These fibers will often have a set of
properties, such as water-binding capability, flexibility, rigidity, hydrophilic and
hydrophobic regions, and the ability to adhere to themselves and other materi-
als, which is dependent on the structure and assembly of the major components
of'the fiber (hemicellulose, cellulose, and lignin). For economic or supply avail-
ability concerns, it is often desirable to modify these properties, thus altering
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the fiber or its surface, to suit the end-product. A variety of chemical techniques
have been developed to achieve this goal.

One way of changing fiber surface properties is to remove components of
the fiber. The first steps in both the textile and the pulp and paper industries are
usually processes to separate the cellulosic material from non-cellulosic impu-
rities. The well-known processes of kraft or sulfite pulping result in a cellulosic
fiber with good paper strength and little lignin or hemicellulose content. The
fiber is bludgeoned into the suitable form for the product. In the textile indus-
try, scouring and bleaching processes remove oils, fats, pectin, hemicellulose,
and coloring matter and render the fiber material clean, water absorbent, and
prepared for further modification, such as dyeing.

Another possibility to alter a fiber is to add components. Pulps with high
cellulosic content, for example, can be made into cellulose acetate films and
carboxymethylcellulose derivatives depending on whether the carboxylic acid
of the added acetyl group is involved in an ester or is free to react in an aqueous
solution. The result of these additions is a more soluble fiber in the case of
carboxymethylcellulose or a more insoluble fiber in the case of cellulose acetate.
Acetyl esters of wood created with acetic anhydride can make the wood more
dense and more hydrophobic [1]. Attachment of carboxylic acids also affects
the strength of paper. The presence of carboxylic acids [2—4] and the effect of
different cations [5—7] bound to the dissociated acid have been shown to have
significant effects on the strength of paper. Cellulosic fibers for textile uses
can be modified by addition of hydrophobic groups for water repellency, cross-
linking agents for improved performance, or softeners for enhanced hand, for
example [8].

A third method of fiber alteration is to change the nature of fiber functional
groups; for instance, by oxidation reactions to increase the acidic groups avail-
able for better bonding in the case of pulp fibers [2]. A variety of bleaching
techniques can be used to remove color from pulps used for writing papers by
either oxidative or reductive methods [9—-14]. As a result of bleaching, the chro-
mophore is removed, altered, or destroyed, although in some cases brightness
reversion may occur [10, 15, 16].

Chemical treatments of fiber involving harsh reaction conditions or highly
reactive chemicals create problems with non-specific reactions, potential haz-
ards to the user, and cost in yield of the products or loss of desirable com-
ponents. Such conditions can cause a reduction in degree of polymerization,
loss of hemicellulose, and oxidation reactions at end-groups so that the fiber
negatively changes its properties and loses strength. It is of utmost importance
to maintain mild conditions for modification of cellulosic surfaces when the
fiber integrity is to be maintained [17]. As a consequence of these limitations
of chemical systems and the nature of the fiber, the use of enzymes to perform
some of these reactions has been investigated [18-21].
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Enzymes, applied at mild conditions, have the advantage of being specific
to their substrates and more easily controlled, and they are viewed as environ-
mentally friendly and less damaging to the fiber [18, 20, 22]. The disadvantages
with enzymes are that they are often not robust enough for the process [23]; they
are expensive, especially when used in a single step without enzyme recycle,
and frequently, they are not available in commercially useful quantities [18].

Enzymatic surface modifications of fibers can be created by oxidative and/or
hydrolytic enzymes. Oxidoreductases, such as peroxidases, laccase, and cel-
lobiose dehydrogenase, all have uses in the modification of fiber surfaces [10,
18-21]. Likewise hydrolases, such as cellulases, hemicellulases, pectinases,
amylases, lipases, and proteases, are able to modify fiber surfaces [18-20, 22].
Attachment of various functional groups or enzymes by the use of cellulose-
binding domains (CBDs) is also becoming more common [24, 25]. We will
review recent research on enzymatic modifications of fibers for the textile and
forest product industries, including results from experiments performed in our
laboratories.

12.2 Oxidative enzymes and their applications

12.2.1 Laccases for pulp and paper modification

Laccases are enzymes that catalyze the oxidation of a variety of pheno-
lic and similar compounds [26, 27] and are implicated in the degradation of
lignin [28]. Laccases have been identified in both fungi and bacteria [29]. The
enzymes abstract an electron from substrates containing phenolic or aromatic
nitrogen, which produces a free radical, and reduce oxygen to water, as shown in
Figure 12.1 for hydroquinone. Laccases can degrade model lignin compounds
[30-32] and have been useful in the removal of lignin from pulps [33]. Remov-
ing lignin is important for the properties of chemical pulps (improved flexibility,
better fiber to fiber bonding, increased sheet strength) and the brightness of the
paper. In addition to delignification, laccases are able to bleach, oxidize, and
graft materials onto the fiber surface [19, 28, 34].

laccase non-enzymatic
1/2 0,

Figure 12.1. Enzymatic abstraction of electron from hydroquinone
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Delignification of pulps and various mediator combinations with laccases
have been studied by many authors [19, 28, 35—41]. Delignification is most
prominent when the lignin content of the pulp is high [33]. For effective deligni-
fication, laccase requires the addition of a mediator [42]. The mediator oxidizes
lignin at a distance from the enzyme and also reacts with compounds that are
not substrates for laccase. As depicted for hydroquinone (Figure 12.1), laccase
abstracts an electron from a suitable substrate with the reduction of molecular
oxygen. The enzymatic free radical products may undergo further oxidative
and non-enzymatic reactions, including polymerization and dismutation [41,
43].

The reaction and decay of the free radicals generated in a complex sub-
strate such as lignin are difficult to foresee, and the products of the reaction
are complex. The complexity of the products of the laccase reaction depends
in part on the resonance structures of the free radical, the solubility of the
product, other compounds available to react with the radical, and the longevity
of the radical [41, 44]. Despite this complexity, carefully designed reactions
can predict the reactions taking place and obtain product in reasonable yield
[45].

Mediators are substrates of laccase able to react with structures that the lac-
case enzyme cannot oxidize [30, 46]. Mediators can be long-lived free radicals
or transition metal complexes [38, 47]. They can be natural products of fungi
or other chemicals [48]. The use of laccase in bleaching and delignification
requires mediators, and commercial application is hampered by the lack of an
inexpensive source [42, 49]. New mediators and laccase substrates are being
sought and reported [27, 41].

The laccase mediator for bleaching may have different effects depending
on the material being bleached or delignified [S0-53], the enzyme used [27],
and the mediator employed [46]. The mechanism of laccase mediator reactions
has been investigated—some proceed by a radical hydrogen atom transfer (us-
ing mediators, 1-hydroxybenzotriazole, violuric acid, or hydroxyphthalimide)
while the most often reported mediator, 2,2’-azino-bis(3-ethlybenzthiazoline-
6-sulfonic acid), can proceed via an electron transfer mechanism [43].

The reaction of laccase on fiber can create a variety of effects. Wood-
based products can be oxidized, providing better strength in composites [54],
papers and fiberboards [55-57], and reducing energy costs [58]. For example,
reactions of laccase with radiata pine chips resulted in energy savings during
mechanical refining and a stronger handsheet from the pulp [58]. Laccase treat-
ment was shown to increase the strength of various fiberboards [59, 60] and
paper [55].

A relatively new area for laccase application is the grafting of materials to
lignocellulose [61, 62]. The laccase reaction with lignin builds up a phenoxy-
radical charge in the material [62]. The radicals in these polymers appear to be
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either long-lived or are rapidly regenerated by the enzyme. These radicals have
been used to graft various materials onto the fiber, including carbohydrates
[62], acrylates [63, 64], and acrylamides [65, 66]. Other polymeric materials
[54, 62] can also be attached, thus modifying the fiber surface. The addition of
polymers changes the material properties of the cellulosic material, increasing
its strength or water-holding capacity.

Exploration of the vast substrate range of laccase and the effects of different
substrates on a lignocellulose product are in its infancy [67]. Phenolic acids
can be attached to pulps using laccase and various substrates such as gallic acid
[68], 4-hydroxybenzoic acid [69], and 4-hydroxyphenylacetic acid [67, 70].
The attachment of the phenolic acids increases the burst and tensile strength
of test handsheets, presumably by the presence of the organic acid. However,
the attachment of phenolic materials that alter the surface characteristics of
fiber, such as resorcinol, phloroglucinol, and catechol, does not increase the
strength of handsheets [67]. The effect of laccase treatment of substrates must
be empirically derived because of reactions with oxygen and other radicals
generated in the reaction, polymerization of the substrate, and condensation
onto lignocellulose. The nature of the laccase substrate can only suggest that a
particular effect on the surface chemistry may be obtained.

12.2.2 Textile fiber applications of laccases

Laccases have also found applications in textile processes. The introduc-
tion of a more user-friendly laccase formulation to the textile-finishing market
spurred an interest in its use for treatment of indigo-dyed cotton denim. Sev-
eral reports of laccase bleaching appeared in the literature by the turn of the
last century [71]. Laccase was applied together with a suitable mediator to
create a bleached-out look to jeans, which was fashionable at that time. In
this process, the indigo chromophore was transformed into isatin [71], and
backstaining was reduced or avoided. This process worked especially well for
indigo while laccase was found to be ineffective for bleaching undyed cotton.
Tzanov et al. [72] developed a laccase pre-treatment that, when followed by
a traditional hydrogen peroxide bleach, resulted in a whiter cotton fabric than
possible without the pretreatment.

Lignin probably plays an importantrole in the reaction mechanism of laccase
bleaching. Raw cotton probably could not be satisfactorily bleached using only
laccases because cotton has little lignin. Ossala and Galante [73] published a
comparative study on scouring of flax rove with a variety of enzymes. They
found, however, that laccase performed the least effective of all investigated
enzymes. Hydrolases, such as pectinase, gave superior results.

Similar to the case with the pulp and paper industry, laccases have been
tested in reactions to both bleach and graft materials to textiles. Shin and
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Cavaco-Paulo [74] made use of the laccase reaction by in situ dyeing of wool
fibers with laccase and small phenols as substrates. Similar reactions were
patented by Aaslyng et al. [75] for human hair.

12.2.3 Peroxidase applications for pulp

Manganese peroxidase, lignin peroxides, and other peroxidases have also
been used for pulp-bleaching reactions [18]. The use of peroxidases requires
the addition of hydrogen peroxide, which at high concentrations also inhibits
the enzyme. One approach is to meter in the hydrogen peroxide at low con-
centrations, matching the consumption rate with the supply rate. Another is to
use an enzyme like glucose oxidase or another hydrogen peroxide generating
system at levels that produce the needed amount of substrate. The generation
or metering of hydrogen peroxide alleviates the inhibition of the enzyme.

The requirement of an additional substrate such as manganese is a small
problem for the marketable use of these enzymes compared to the lack of
commercially available amounts of the enzymes. Laccases, even with the re-
quirement for mediators, have been favored since they have been relatively
easy to produce in heterologous expression systems. Peroxidases have long
been available, but the use of manganese peroxidase and lignin peroxidase has
been limited by the lack of commercial quantities of these enzymes.

Research on the use of manganese peroxidase has indicated a variety of
potential applications. Manganese peroxidase has been used for the bleaching
of chemical pulps [76], delignification of pulps [77], and treatment of pulps
to lessen electrical refiner energy and improve handsheet strength [78]. Lignin
peroxidase is promising since it can react with non-phenolic components of
lignin and does not require the addition of manganese. The commercialization
of processes using lignin peroxidase has been hampered by the recalcitrant
heterologous expression of the enzyme.

Textile applications of peroxidases for bleaching of cotton and of lignin-
containing fibers, such as linen, are being explored, with limited success [79].
Possible options are combining compatible oxidoreductases or applying the
enzymes in suitable sequences of optimum pH and temperature. For example,
the application of manganese peroxidase in the first step followed by glucose
oxidase results in slightly higher whiteness levels than the application of glucose
oxidase alone. Such process modifications might have a greater potential than
does treatment with only one peroxidase. However, the process costs are still
high and might not be economically justified at present.

Cellobiose dehydrogenase has also been explored to modify the structure
of lignocellulosic materials. While under certain conditions cellobiose dehy-
drogenase can catalyze lignin degradation [80], the cost and action of this
enzyme will probably prohibit commercial application in pulp bleaching and
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delignification [81]. The modification of carbohydrate by creating carboxylic
acids is a potential cost-effective application of cellobiose dehydrogenase [81].

12.2.4 Glucose oxidase bleaching of textile substrates

Flavo-enzymes, such as glucose oxidase, have long been regarded as uneco-
nomical and ineffective for textile applications except for their incorporation
in laundry formulations [82] for stain removal and as anti-redeposition agents
[83].

HOH,C
2 +enz-FAD  HOMQ
m + enz- FADHZ (reduced enzyme)

-D-Gl 4-D-Gluconolactone
P-D-Glucose enz-FAD + H,0,

H,0, non-enzymatic (reoxidized enzyme)
hydrolysis

D-Gluconic acid

Glucose oxidase specifically oxidizes 3-D-glucose to 6-D-gluconolactone,
releasing hydrogen peroxide, which then can be used for bleaching of cellulosic
materials. A closed-loop process using glucose-rich effluents from enzymatic
desizing and scouring in conjunction with bleaching whitened cotton to a level
close to that of chemically bleached material [84]. A similar bleaching process
was established using glucose oxidase immobilized on alumina or glass support,
which increased the stability of the enzymes and offers the possibility of enzyme
recycling to reduce the cost of the process [85].

We performed bleaching studies involving the treatment of unbleached linen
fabric with laccase alone and in combination with glucose oxidase. Laccase
was first applied as the sole enzyme with minimal gain in whiteness. Adding
glucose oxidase in a second step and finally, in the third step, raising the pH and
temperature to 10.5 and 90°C, respectively, resulted in whiteness levels nearly
comparable to that of chemically bleached linen [79, 84].

12.3 Hydrolases

12.3.1 Xylanase for pulp and paper applications

Oxidative enzymes are not the only useful enzymes in the modification of
pulp and paper. Perhaps the most successful enzymatic application in the pulp
and paper industry has been the use of xylanase to assist in bleaching of kraft
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pulps. Xylanases have been shown to aid in the bleaching of many different
softwoods and hardwoods [18, 86]. Both chemical and mechanical pulps have
benefited by xylanase treatment [18]. Since the first description of the use of
xylanase to boost the bleaching of pulps [87], there has been an acceleration
in the identification of new xylanases and continuing research into developing
xylanases that are more suitable for the elevated temperatures, alkaline pH, and
other conditions (presence of proteases) in the stages where the enzyme is used
[18, 86, 88-90].

In bleaching, xylanase acts by cleaving the xylan, producing shorter, easier
to remove oligosaccharides, which aids in the removal of colored compounds
[91-94] and bleach-consuming chemicals such as hexenuronic acid [95-98].
In addition, the removal of xylan enhances the removal of lignin, which is
also a major contributor to color in the pulp. Synergistic action was noted
when different xylanases were used [99] or a combination of xylanase and
oxidative enzymes [100]. Xylanase treatment decreases the amount of bleaching
chemicals required to attain the desired brightness. Again, as with laccase,
several reviews have been published on the use of xylanases in enhancing pulp
bleaching [18, 19, 101].

Other hydrolases have also been reported as suitable for the bleaching of
paper pulps. Cellulases have been useful in the removing colored material
from recycled yellow pages and print in recycled pulps [102]. Mannanases and
xylanases can act synergistically to aid in bleaching some pulps [103—-109].
These enzymes do not work on all pulps since there are considerable variations
in the type of pulp (mechanical, thermomechanical, kraft, sulfite, or recycled
fiber) as well as in the tree species used in the pulping process [18]. Different
enzymes will often work better on a specific pulp, so the appropriate enzyme
and dose are determined by empirical testing.

Xylanases have also been included in the enzymatic scouring formulation
for raw cotton to reduce the amount of seed coat fragments. Immature cotton
fibers and seed coat fragments are problems for the textile industry because they
cannot be dyed, especially with dyes applied at neutral pH, and thus remain as
small spots. Seed coat fragments and immature cotton fibers, which are low in
cellulose, can be removed to a great extent by a harsh chemical scouring process
under alkaline conditions. Enzymatic scouring with pectinases and cellulases,
however, is specific for pectins and cellulose, respectively, thus ineffective on
both seed coat fragments and immature cotton. The addition of xylanases has
been helpful to some extent [79].

Lipases are used in both the pulp and paper and textile industries. Lipases
remove pitch from pulps [20, 110]. Pitch deposits are imperfections in the
paper caused by fats and resins. These deposits can accumulate and cause
problems during the papermaking process and limit the value of the paper.
Lipase treatment of the pulp cleaves the triglycerides and allows the fatty acids
to be removed with other waste in the rinse water.
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Cellulases have been applied in the pulp and paper industry with great
caution [111]. The degradation of the cellulosic fibers must be avoided, but
enzymes can be used to remove the cellulose that does not provide value to the
product. Cellulases have been particularly effective in improving the drainage
[102, 112—-114] and deinking of recycled fiber [115-120] as well as cellulose
fabrics [121]. Cellulases have also been used successfully followed by per-
oxide bleaching for low-quality recovered paper containing unbleached and
mechanical fibers which are a major obstacle in recycling lower quality paper
mixes [122]. Hemicellulases, lipases, and esterases have also been employed
in deinking of recycled fiber [119].

Cellulase-assisted deinking can involve the use of other additives such as
surfactants [123—125]. If floatation is the primary method of ink removal, the
cellulase application must be tested to determine if removal of the amorphous
cellulose on ink particles will be advantageous or detrimental to the removal of
the specific type of ink used [126]. The removal of the amorphous regions can
improve the drainage of the recycled fiber and has been used both before and
after refining [19]. Removal of stickies contaminants with cellulase treatment
during the recycling process not only enhanced flotation removal efficiency, but
also allowed the process to be conducted at neutral pH. The enzyme process
resulted in a substantially cleaner process overall [127].

Much research has been published on using enzymes to modify the proper-
ties of textiles. Lipases, amylases, and proteases have been included in a variety
of detergent formulations to aid in removing stains [128—130]. Proteases have
been used for shrink-proofing and softening wool fibers and for degumming
silk [131, 132]. Cellulases are now commercially applied to biopolish and
manually improve cotton [133—138] and to achieve the “peach-skin” effect on
lyocell fibers by fibrillation [139, 140]. The macroscopic effect of cellulases is
the removal of small protruding fibrils from the fiber surface with or without
mechanical impact, thus enhancing softness and color brilliance by an “abra-
sive, bio-polishing” action.

Cotton is usually scoured in an alkaline solution. The process requires a
considerable amount of water and generates waste that must be neutralized and
disposed. Bioscouring using enzymes such as pectinases or a mixture of cellu-
lases, pectinases, and xylanases can be done at neutral pH [141-146]. Because
of the specificity of the enzymes, the fiber damage is minimal. Additionally,
less waste water is generated. The end result is a stronger material with good
absorbency.

12.3.2 CBDs as means of attachment

One new application is to establish the binding of various enzymes and other
materials to cellulosic fibers using the CBDs of fungi and bacteria [147]. The
fungal CBD is relatively short and can be added to the coding sequence of many
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enzymes (both carboxy- and amino-terminal extensions) to provide a functional
domain able to fold properly and bind to cellulose [24, 25]. Bacterial CBDs
are also used, and expression cassettes are available from molecular biology
supply companies; the CBDs from both bacteria and fungi can be incorporated
into the sequence of a protein to be expressed [148].

The simple binding of CBDs is sufficient to alter the dye affinity of cot-
ton [149] and the properties of the pulps to which it is attached [150]. The
addition of CBD increases the strength and drainability of secondary fibers
[151]. As measured by atomic force microscopy, the binding of a CBD de-
creases repulsion between cellulose surfaces [152]. If the CBD is multimeric,
there is also a greater adhesion between cellulose surfaces [152, 153]. CBD
attachment alters the appearance of ramie cotton fibers, greatly smoothing their
appearance.

The binding of different functional groups to cellulose has also been ex-
plored. Combining a CBD with a metal chelating peptide produces a product
with the ability to remove metals [154]. Attaching an indicator enzyme to a
CBD provides a solid-based device to detect the presence of a variety of com-
ponents and is used in diagnostic and research materials [155]. Different CBDs
bind to different regions of cellulose and with varying affinities. The presence
of more than one cellulose-binding module per protein can influence the avidity
with which the protein binds to cellulose.

Natural polymers such as xyloglucan can also be used to bind to cellulose and
provide new chemistries on the surface of cellulosic fibers. Modified xyloglucan
oligosaccharides have been incorporated into xyloglucans using xyloglucan
endoglycosylase [156]. The affinity of xyloglucans for cellulose fibrils has
made them useful in both textiles [156] and papermaking [157]. The alteration
ofthe chemistry present in the xyloglucan will further the use of the xyloglucans
in modifying cellulosic materials.

12.4 Conclusions

Enzymes have provided new products and have improved the quality and
economics of processes in both the textile and forest products industries. In
a capital-intensive industry like pulp and paper, there is a reluctance to use
new processes if they require additional capital investment. The process must
be able to fit the existing equipment. The techniques of molecular biology
and heterologous expression allow the adaptation of enzymes to the process
used. Even with these possibilities, the cost of enzymes is often too high for
the action of the enzyme. New enzymes are being identified by basic research
and genomics studies. The application of new enzymes can be expected when
applied research tests their suitability for given applications.
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Chapter 13

THE ATTRACTION OF MAGNETICALLY
SUSCEPTIBLE PAPER

Douglas G. Mancosky and Lucian A. Lucia

Institute of Paper Science and Technology, Georgia Institute of Technology, 500 10th St. NW,
Atlanta, Georgia 30332-0620, U.S.A.

Abstract

We have imparted magnetic susceptibility to lignocellulosic fibers by adding iron powder
to the fibers during hydrogen peroxide bleaching chemistry. We have, therefore, generated
carboxylic acid groups in the fibers by deliberately inducing cellulose degradation through
Fenton catalysis of the hydrogen peroxide during the chemical oxidation process at a spec-
ified level of iron. The iron particles consequently have an exposed layer of iron oxide that
allows ionic neutralization of the negatively charged fiber acid groups. After removal of
non-attached excess iron, these fibers have been cast into two-dimensional sheets with two
different original iron concentrations and tested for physical and chemical properties. Phys-
ical tests included tensile, zero-span tensile, caliper, and surface resistivity. Chemical tests
included surface charge, kappa, and viscosity. Scanning electron microscopy (SEM) and in-
ductively coupled plasma (ICP) emission spectroscopy were also conducted. Remarkably,
the magnetically susceptible sheets with incorporated iron were able to retain a tensile
strength similar to the unbleached sheets despite attenuation in fiber strength. This is likely
due to a chemical refining phenomenon that allowed for increased fiber—fiber bonding. The
introduction of the retained iron also significantly alters the surface resistivity of the paper
sheets. Such fibers may have a use in applications where charge conduction or dispersion
is necessary.

Keywords: magnetic susceptibility; lignocellulosics; iron

13.1 Introduction

Imparting specific functionality to lignocellulosic fibers potentially offers
great promise to increasing the attractiveness and utility of related materi-
als. Recently, a number of research groups have focused on chemically ma-
nipulating these fibers for controlled applications or unique functionality. For
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example, lignocellulosics, in general, have been at the “core” of several mate-
rial processing applications such as lignosulfate-based hydrogels, polyurethane
foams, bimorphous ceramics, photocatalysis supports, and thermoplastic
extrusions.

On a similar front, fiber modification with a view toward developing new
functionality is currently witnessing a renaissance. Choplin has demonstrated
the feasibility of using cellulose as a support for a catalyst (Pd-based) for al-
lylic alkylations [1]. Basso has shown lignocellulosics as feasible biosorbents
of trace toxic metals [2]. Ghosh was able to photofunctionalize fibers with
photoactive acids for grafting and property modification [3]. Induction of mag-
netic susceptibility in lignocellulosics, however, has received very little research
attention.

The work presented here has examined the nature of lignocellulosics as
platforms that support the force of magnetism. Recently, we have explored
the induction of magnetic susceptibility in lignocellulosic fibers through the
generation of fiber carboxylic groups as a result of iron-catalyzed hydrogen
peroxide bleaching. Using titration measurements as an elementary probe for
the accretion of carboxylic acid functionalities, we observed an increase of ca.
20% in acid functionalities on the surface (55 peq/g of pulp). The increase
is lower than expected due to a substantial loss in carbohydrates through the
degradation process. We have found from previous work that hydrogen peroxide
bleaching is typically a very effective method to introduce carboxylic acid
groups in kraft pulps.

13.2 Experimental

All work was conducted using standard hydrogen peroxide bag bleaches.
Bleaches were conducted at 15% peroxide for 2 h in which trace peroxide
residuals were determined after the bleach. All bag bleaches were outfitted
with several bags due to extensive gas production during the bleach. All runs
were done at temperatures of 90°C and conducted at 10% iron. A caustic
solution of pH 12 was used for all make-up water, which was added to maintain
all pulp-water solutions at a 10% solid level (mass of pulp/mass of pulp and
water). A base-bleached sample was designated, as the H,O, sample had the
iron separated by several days of mixing on a magnetic stir plate in which the
iron was extracted. Iron could not be easily extracted with normal washing.
“25%” iron level sheets (m/m) were made by adding additional iron powder to
the bleached pulp to achieve the mass balance ratio required. Tensile strength
was tested using the TAPPI standard method on random handsheets. SEM was
conducted using standard operational conditions. Surface carboxylic acid group
levels were determined by standard potentiometric acid titration procedures. All
percentages of iron were determined via ICP. Volume and surface resistivity
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m —~——— Magnet

Figure 13.1. Setup for measure of magnetic susceptibility

were determined by ASTM D4949-94 and determination of DC resistivity of
writing paper (Keithley Method). Magnetic susceptibility was determined using
the setup depicted in Figure 13.1. The interpolar distance, /, for threshold of
attractive adherence to the poles of the magnet was measured.

13.3 Results

Once it was discovered that the iron was intractably bound to the sheets and
could not be readily removed, a study was designed to determine the properties
of sheets made from the magnetically susceptible fibers. Initial efforts focused
on studying the nature of the adherence of the iron particles to the fibers using
SEM. The iron particle distributions appeared heterogencous and also were
found to bound to fiber surface as opposed to physically entrapped between
fibers. A sample micrograph can be seen in Figure 13.2. The iron particles
were found to be physico-chemically adsorbed to the surface of the fibers.
These fibers were washed extensively with deionized water, but demonstrated
fair adsorption of the small iron particles across the fiber surface.

The next step in our investigations was to determine the levels of iron
contained in each pulp. All iron addition levels were made on the basis of
unbleached fiber. It was clear there was significant degradation and yield loss
during bleaching since the final levels of iron, as determined by ICP, were
significantly higher than the projected amounts based on raw fiber. It was also
clear that our method of removing the iron from the bleached pulp over several
days of magnetic stirring was effective since the levels of iron contained could
be reduced to the levels found in the base pulp. The ICP measurements are
shown in Table 13.1.

The next step was to determine the impact of degradation and iron incorpo-
ration in the sheets on the sheet strength. It was determined that the overall sheet
strength was not significantly affected. This was most likely due to a chemical
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20% iron powder, shiny side down, 600K

Figure 13.2. A typical SEM micrograph of a 20% iron powder sheet at 600 x magnification

refining effect allowing for greater fiber bonding, even though individual fiber
strength was most likely decreased. Tensile measurements can be seen in
Figure 13.3.

The finding in Figure 13.4 was remarkable and extremely important for the
further evaluation of this process. Although not unprecedented, it demonstrated
that bonding could be improved via chemical means.

It was important to understand the level of magnetic susceptibility imparted
to the pulp and compare this to a full-metal substrate. As expected, when the
percentage of iron was increased, the magnetic susceptibility was increased.

Table 13.1. The iron addition levels that were found in the pulps
from ICP evaluation

Substrate Fe (mg/kg) Percentage (iron/pulp)
Base pulp 3830 0.4

H, O, bleached 2160 0.2

10% Fe® H,0, bleached 130,000 13

25% Fe® H,0, bleached 317,000 32
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Figure 13.3. Tensile energy absorption comparison

Interestingly, the magnetic susceptibility was proportional to the level of iron.
This work can be seen in Figure 13.4.

In addition to magnetic susceptibility, the iron addition also imparted an-
other interesting property: a significant decrease in the electrical resistivity. The
volume resisitivity was cut in half for the 10% sample and almost to one-third
in the 25% sample. The surface resistance was even more greatly impacted.
The bleached sample with the iron removed actually had a higher resistance
than the base stock. The 10% and 25% iron samples had near equal resistivity
that was about 1/250th of the original base stock. This could have significant
implications on new products where electrical properties are important such as
computers. A graph comparing surface and volume resistivity for all samples
can be seen in Figure 13.5.

From these results, it is possible to impart meaningful magnetic suscepti-
bility to pulp using hydrogen peroxide bleaching, without significant changes
in tensile strength. This iron addition has the welcome side effect of changing

18
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10% Fe 25% Fe Control (paper clip)

Figure 13.4. Comparison of magnetic susceptibility
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Figure 13.5. Comparison of surface and volume resistivity

the electrical resistance of the sheet. Such fiber modification could allow for
use in unique end products and increase pulp value.

13.4 Conclusions

Iron powder was successfully incorporated into peroxide-bleached sheets
resulting in magnetic susceptibility. The level of magnetic susceptibility was
proportional to the level of iron incorporated. The magnetically susceptible
sheets, with incorporated iron powder, were able to retain a tensile strength
similar to the base (unbleached) stock. The magnetically susceptible sheets also
had dramatically decreased volume and surface resistivity. This new substrate
has great promise for future pulp and paper products.
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FIBER MODIFICATION VIA
DIELECTRIC-BARRIER DISCHARGE

Theory and practical applications to lignocellulosic fibers

L. C. Vander Wielen and A. J. Ragauskas

Institute of Paper Science and Technology, 500 Tenth Street NW, Atlanta, GA 30332-0620,
US.A.

14.1 Introduction

Given global emphasis on environmental awareness, the demand for inno-
vative technologies that apply green chemistries to renewable resources for the
21st century will continue to grow [1]. The application of cold plasmas to wood
fibers offers means to alter the surface chemistry and physical properties of one
of the world’s most abundant renewables. Plasma, the fourth state of matter,
can be generated by a variety of methods including high heat conditions, the
application of electromagnetic waves at radio and microwave frequencies in
a vacuum, or when electrons in an electric current gain energy in amounts
sufficient to separate gaseous atoms and molecules causing ionization.

The invention of the dielectric-barrier discharge device, which applies an
electric current for plasma formation, is attributed to Werner von Siemens, who
introduced the concept of dielectric-barrier discharge treatment of air for ozone
generation in 1857 [2]. Today, dielectric-barrier discharges continue to be used
for ozone generation [3] but have found applications in pollution control [4],
silent discharge CO, lasers and ultraviolet excimer lamps [5], plasma displays
[6], and the surface treatment of polymers [7]. The purpose of this review is to
provide an overview of current and relevant research into the potential applica-
tion of dielectric-barrier discharge to the surface modification of lignocellulosic
fibers. Impacts of treatment in terms of the surface chemistry, physical strength
properties, and water affinity of lignocellulosic fibers are discussed.
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14.2 Dielectric-barrier discharge treatment

Dielectric-barrier discharge treatment involves a metal high-voltage treat-
ment electrode, a ground electrode, and an insulating material covering at least
one electrode to allow for the formation of glow discharges at atmospheric
pressure, as opposed to the formation of one or several localized streamers [8].
However, the dielectric-barrier discharge is not without streamers as it con-
tains numerous micro-discharges that exist for nanoseconds [9]. These micro-
discharges increase in number as treatment power or time is increased while the
properties of individual micro-discharges remain constant [5]. Surface treat-
ment occurs when 10-30kV are applied across 1-3 mm gaps between treatment
electrodes, ionizing the air in the gap that appears as a visible violet—blue corona
[5, 10-14]. Figure 14.1 typifies the surface treater used in our research studies,
which is representative of industrial dielectric-barrier discharge configurations
designed for the surface treatment of moving webs.

Dielectric-barrier discharge treatment applies a low temperature plasma of
approximately 27-35 °C [13, 14] to materials. In our laboratory, the application
of dielectric-barrier discharge treatments to paper sheets formed from ligno-
cellulosic fibers in a 1.5-mm treatment gap caused sheet temperatures to reach
as much as 40 °C at high treatment levels when samples were passed repeat-
edly across treatment electrodes at 5 m/min as measured by Thermography
[15]. A maximum temperature of 36—40 °C was confirmed using Cole Parmer
temperature indicator strips [15]. Cold plasmas for surface treatment can also
be generated using radio frequency waves and microwaves, which require vac-
uum conditions. In contrast, dielectric-barrier discharges can be performed at
atmospheric conditions, making dielectric-barrier discharge technologies ad-
vantageous from a practical standpoint [16].

Stationary
aluminum treatment
electrode

15kV AC
generator
At least one dielectric barrier material
1\ within treatment gap

Plasma occurs in
1.0-1.5 mm [ |

discharge gap
\ Velocity controlled aluminum

ground electrode

Figure 14.1. Schematic for a dielectric-barrier discharge treater
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An atmospheric dielectric-barrier discharge plasma consists of photons [17],
electrons [2, 5], free radicals [18], ions [2, 19], and excited molecules [20].
A major by-product of dielectric-barrier discharge is the production of ozone
gasin the air [2]. When the high-energy electrons reach the surface of substrates,
they have energies sufficient to break molecular bonds resulting in the creation
of ions, free radicals, and other species on treated surfaces [10]. This leads
to changes in surface energy, surface oxidation, cross-linking, broken bonds,
disruption of surface layers, surface cleaning, and creation of free radicals on
the surface of treated materials [10, 12, 21-23].

14.2.1 Physical and chemical modification of lignocellulosic fibers

Throughout the literature, dielectric-barrier discharge-initiated surface
treatment is associated with increased surface energy and wettability as ev-
idenced by the decreased contact angles of water on polymeric and lignocellu-
losic surfaces [23—26]. In our laboratory, the contact angle of nano-pure water on
the surface of polyester film decreased from 65 ° to 30 © with 0.056 kW/m?/min
applied dielectric-barrier discharge treatment [15]. Decreased contact angles of
water on the surface of cellophane with increased dielectric-barrier discharge
treatment have been reported [25]. In our studies, the treatment of unbleached
thermomechanical pulp fibers at low treatment dosages led to decreases in con-
tact angle of approximately 12%; however, this effect diminished as treatment
levels were increased (Table 14.1) [27].

Experimental difficulties measuring contact angles on rough, fibrous, and
absorbent surfaces make inverse gas chromatography desirable for examining
changes in the surface energy of lignocellulosic fibers [28—32]. Research studies
reported that the dispersive surface energy of a-cellulose powder increased from
31.9 to 46.3 mJ/m? with corona discharge treatment [33]. However, the disper-
sive surface energies for dielectric-barrier discharge-treated bleached kraft and
unbleached mechanical pulp fibers increase by 27.5% and 8.7%, respectively,

Table 14.1. Contact angles for
dielectric-barrier discharge-treated

fibers [27]
Treatment intensity
(kW/m?/min) Contact angle (°)
0.0 58.2
1.5 40.8
3.3 455
6.0 49.5

9.3 49.2
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Table 14.2. Change in ratio of O/C detected via ESCA for dielectric-barrier
discharge-treated fibers

Percentage increase
in O/C ratio due to

Substrate surface treatment Reference
Hardwood a-cellulose powder 10.1 [33]
Pine thermomechanical pulp 10.3 [15]
Spruce thermomechanical pulp (acetone extracted) 9.5 [27]
Bleached kraft pulp (acetone extracted) 2.8 [27]
Newsprint 20.5 [40]

with 0.12 kW/m?/min applied dielectric-barrier discharge treatment [27]. As
treatment intensity is further increased, the dispersive surface energies decrease
until at or below those of untreated samples. This trend agrees with trends seen
when the contact angle (Table 14.1) was investigated [27].

Electron spectroscopy for chemical analysis (ESCA) has been widely ap-
plied for examining the surface chemistry of lignocellulosic fibers [34—39].
The determination of surface O/C ratios via ESCA indicate that lignocellu-
losic materials are typically oxidized by dielectric-barrier discharge treatment
(Table 14.2) [27, 33, 40].

ESCA studies regarding functional groups suggest that the measured sur-
face carboxylic acid content of purified hardwood «-cellulose changes from
0% to 4.7% with dielectric-barrier discharge treatment while aldehyde groups
increase from 12.4% to 19.9% [41]. Another study revealed increases in car-
boxylic acids of 0.04% in thermomechanical pulp sheets and 0.02% on What-
man filter paper, with respective increases of 0.58% and 0.98% among ethanol
extracts that were attributed to an oxidative depolymerization and degradation
process [21]. In our studies, an increase in surface carboxylic acids on bleached
kraft fibers of approximately 45% occurred with 0.12 kW/m?/min dielectric-
barrier discharge treatment, with decreases of only 20% detected upon ace-
tone extraction of treated samples due to the removal of degraded materials
as detected via ESCA and surface titration methods (Table 14.2) [27, 42]. For
dielectric-barrier discharge-treated unbleached thermomechanical pulp fibers,
a 65% increase in carboxylic acid groups was measured before and a 23%
net increase was measured after acetone extraction to remove degraded ma-
terials [42]. The spikes in surface acids at low treatment levels show a trend
that is strikingly similar to the spike in dispersive surface energy seen at 0.12
kW/m?/min [27]. In addition, the aldehyde content of thermomechanical pulp
fibers was approximately doubled with dielectric-barrier discharge treatment
[27, 42].
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Figure 14.2. Impact of dielectric-barrier discharge treatment upon surface acid content
of fibers measured by polyelectrolye titration [27, 42]

Wet chemical methods using methylene blue dye, methylene violet dye, and
Schiff’s reagent followed by spectrophotometry, and the measurement of col-
orimetric nitrogen content were used to explore carboxyl and aldehyde groups.
These methods indicated no increase carboxylic acid groups, and possibly a
decrease, but did detect an increase in aldehydes [43]. The application of bulk
conductometric titrations to fibers failed to detect changes in the carboxylic
acid content of treated pulps [42]. The dye and conductometric titration meth-
ods measure the total acid groups, as opposed to surface acids. These methods
are relatively insensitive to changes in the fiber surface acid groups since the
large number of acid groups throughout the fiber may make it difficult to detect
the impact of surface treatment. Nonetheless, detectable increases in surface
acids were observed (Figure 14.2) when employing dielectric-barrier discharge
treatment at low energy treatment dosages [27, 42].

Along with the surface chemistry effects of dielectric-barrier discharge
on lignocellulosic fibers, several reports have documented changes to physi-
cal properties. The coefficient of friction of newsprint has been shown to in-
crease with increased dielectric-barrier discharge treatment [40] while treated
bleached kraft and unbleached thermomechanical pulps exhibited increases in
the static coefficient of friction at low treatment levels, which reverse at high
treatment levels (9.3 kW/m?/min), as indicated in Table 14.3 [27]. Atomic
force microscopy (AFM) images revealed a rough, fibrillar appearance at low
dielectric-barrier discharge treatment, and a smoothing of the fiber surface at
high dielectric-barrier discharge treatment, which was quantified using AFM
to measure the root-mean-square (RMS) roughness [27]. The RMS roughness
of bleached kraft and unbleached thermomechanical pulp fibers increased by
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Table 14.3. Impact of dielectric-barrier discharge treatment on the static
coefficient of friction (COF) and viscosity of lignocellulosic fibers [27]

COF for unbleached  Viscosity (cP)

Surface treatment  COF for fully thermomechanical of bleached
(kW/m?/min) bleached kraft pulp  pulp kraft

0.0 0.71 0.54 13.73
0.1 0.80 0.63 13.01
33 0.81 0.71 12.34
6.0 — — 5.96
9.3 0.72 0.48 4.94

42% and 31%, respectively, at low treatment levels, then became smoother
until roughness levels were similar to those of untreated samples as treatment
intensity was increased [27]. Physical changes to cellulosic fibers were also
reported in terms of pulp viscosity [27], which decreases as dielectric-barrier
discharge treatment is increased (Table 14.3).

Damage to over-treated fibers, along with other property changes, can be
seen when fibers are over-treated with dielectric-barrier discharge. Scanning
electron microscopy (SEM) shows fibril damage and pin-holing at increased
treatment levels [48]. In our laboratory, pin-holing of southern pine thermome-
chanical pulp sheets was seen at treatment levels at 0.13 kW/m?/min or greater
[15], as illustrated by Figure 14.3. Recent studies report treatment of fibrous

-, 100um 240X

s

Figure 14.3. Pin-hole formed due to arcing in dielectric-barrier discharge system due to
over-treatment of unbleached southern pine thermomechanical pulp fibers



14. Fiber modification via dielectric-barrier discharge 221

Table 14.4. Change in brightness of dielectric-barrier discharge-treated fibers [15]

Surface treatment level,

Surface treatment unbleached

level, bleached kraft thermomechanical pulp

pulp (kW/m?/min) Brightness (%) (kW/m?/min) Brightness (%)
0.0 84.9 0 51.5

0.1 85.2 1.49 50.8
0.233 85.2 3.31 49.8

33 85.9 5.96 49.1

9.3 86.0 9.27 46.6

non-wovens involving the coverage of both electrodes by dielectric materials,
rather than only one electrode, results in diminished pin-holing [44].

In addition, the brightness of bleached kraft fibers increases with dielectric-
barrier discharge treatment while the brightness of unbleached thermomechan-
ical pulp fibers decreases (Table 14.4) [15]. This is likely due to the surface
cleaning of bleached kraft fibers [27] versus the oxidation of lignin on the
surface of unbleached fibers to form chromophores [45].

14.2.2 Dielectric-barrier discharge induced grafting onto
lignocellulosic fibers

An alternative application of dielectric-barrier discharge is to initiate graft-
ing of materials onto lignocellulosics. Early studies into this avenue of research
employed a two-step methodology [46]. In the first stage, a dielectric-barrier
discharge was applied under reduced pressure (0.1mmHg) in the presence of
nitrogen or air. The samples were subsequently immersed into an aqueous so-
lution of ethyl acrylate. Untreated films showed no grafting, whereas treated
films showed incorporation of up to 110% by weight at optimal conditions
[46]. Dielectric-discharge treatment was also used to prime a fibrous cellu-
lose sheet (Whatman filter paper) for grafting [47, 48]. After dielectric-barrier
discharge treatment, styrene was grafted to the paper’s surface in methanol.
Optimal grafting occurred at a styrene concentration of 50%, with the bulk of
grafting occurring in the first 30 s [48].

Our research group recently reported the dielectric-barrier discharge-
initiated in-situ grafting of acryl amide [49] and maleic acid [50] onto lig-
nocellulosic fibers. ToF-SIMS, SEM, elemental analysis, and titration methods
showed that increased dielectric-barrier discharge treatment intensity results in
increased grafting, that grafting occurs more abundantly on fully bleached kraft
fibers than onto unbleached mechanical pulp fibers, and that grafting may be
performed in situ rather than in a two-step process [49, 50]. When comparing
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Figure 14.4. SEM micrograph of acryl amide grafted onto bleached kraft pulp fibers at 1.2
kW/m?/min treatment taken at 2000 x

the in-situ and two-step grafting methods, the yield for the in-sifu grafting is
lower [46—50]; however, in-situ grafting can be performed quickly in a contin-
uous web-fed process. Both methods result in grafting that appears to occur
unevenly across the fiber surface [46-50]. The uneven grafting seen in our
studies is described in Figure 14.4.

Given a high enough treatment dosage and sufficient monomer, the in-situ
grafting process results in the formation of a composite material in which the
grafted material coats the surface of the fibers [49] as described in Figure 14.5.

Two reaction mechanisms for dielectric-barrier discharge-initiated grafting
onto cellulose in solution have been proposed [46, 48]. The “trapped radical”
mechanism involves grafting to cellulose when monomers diffuse to react with
trapped radicals within the fiber that become accessible in solution due to fiber
swelling [46]. The other mechanism proposed is the formation of peroxides at
the fiber surface, which would break down in solution when heat is applied,
forming radicals in solution and on the fiber surface [48]. Bataille ef al. [47]
attributed the bimodal molecular weight distribution found when styrene was
grafted onto cellulose film to a combination of both of these mechanisms.
However, Sakata and Goring [46] found that when grafting ethyl acrylate to
cellulose films, little to no homopolymer formed, and ferrous ion, which is
known to catalyze the decomposition of peroxy species into radicals, actually
inhibited grafting. For these reasons, they concluded that it was trapped radicals,
rather than the formation of peroxides at the surface, which acted as grafting
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Figure 14.5. SEM micrograph of acryl amide grafted onto bleached kraft pulp fibers at 4.7
kW/m?/min. Grafted (bottom right) versus unmodified fiber (upper left) are compared

initiators. In the case of in-situ grafting, the reactions are tentatively attributed
to a free-radical mechanism [49].

14.2.3 Bonding of lignocellulosic fibers

The application of dielectric-barrier discharge to lignocellulosic materi-
als for improved dry-strength performance was reported (1967) and patented
(1969) by Goring [12, 51]. Pressing together layers of surface-treated cellu-
lose acetate films or sheets formed from bleached hardwood and softwood
kraft fibers increases the bond strength between laminates [11, 12, 43, 52].
The adhesion between treated laminates of wood, cellulose films, or paper with
treated synthetic polymers can also be improved via dielectric-barrier discharge
[11, 53]. Chemical additives impact this process, as the benefits to adhesion
between paper and polyethylene upon surface treatment are enhanced in the
presence of starch [54] while calcium carbonate fillers reduce adhesion [55].
Dielectric-barrier discharge is also applied to improving the adhesion of glues
[56], paints [24], and inks [57] to lignocellulosic fibers. For example, the ad-
hesion of toner ink to paper [57] can be enhanced by dielectric discharge in a
photocopy machine.

When bleached kraft or unbleached thermomechanical pulp fibers were
dielectric-barrier discharge treated over a wide range of treatment intensities
(0-9.3 kW/m?/min) and subsequently formed into sheets, the only significant
improvements to bonding detected were increases in the wet-tensile index.
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Table 14.5. Change in the wet tensile of dielectric-barrier discharge-treated
fibers [59, 61]

Surface Wet-tensile Wet-tensile index Wet-tensile index
treatment index-bleached thermomechanical thermomechanical
(kW/m?/min)  kraft (Nm/g) pulp (Nm/g) pulp (kKNm/g)

0 0.53 0.67 0.045

33 0.71 0.86 0.073

6.0 0.83 1.17 0.090

9.3 0.91 2.53 0.111

Sheets formed from surface-treated bleached kraft and unbleached thermome-
chanical pulp sheets showed wet-strength increases of 20% and 60%, respec-
tively [58, 59]. The dry-strength properties such as tensile, tear, and z-direction
tensile remained unchanged. When fibers were grafted with monomers, such as
acryl amide and maleic acid, followed by formation into sheets, similar results
were observed [50, 58].

It was reported that treated sheets formed from bleached kraft pulp fibers
with and without added polyacrylamide showed increases in breaking length
(dry-tensile strength) at treatment levels up to 3.2 kW/m?/min, which dimin-
ished above this treatment level [60]. In our studies, the surface treatment of
formed kraft and thermomechanical pulp sheets at treatment levels ranging up to
9.3 kW/m?/min caused no statistically significant changes to dry-strength prop-
erties, including tensile, tear, and z-direction tensile [58, 59]. However, the wet-
tensile index of bleached kraft and unbleached thermomechanical pulp sheets
increased with increased dielectric-barrier discharge treatment (Table 14.5)
whether or not polymers were added [58, 59]. Since the magnitude of increases
seen without polymer were similar to those seen when polymer was added,
the data reported in Table 14.5 reports only data acquired when testing fibrous
sheets not containing polymer. Wet-stiffening of fibers is also seen with in-
creased dielectric-barrier discharge treatment [61].

14.2.4 Water absorption of lignocellulosic fibers

The water affinity properties of lignocellulosics are also impacted by plasma
treatment. Modification by means of carbon tetrafluoride plasmas [62], the
plasma deposition of hexamethyldisiloxane [63], and the application of other
water repellent additives provides hydrophobic fiber surfaces. The atmospheric
dielectric-barrier discharge treatment of wood causes water uptake to increase
while dielectric-barrier discharge treatments in methane and acetylene ren-
der the surface of wood more hydrophobic [64]. The volumetric swelling
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Table 14.6. Impact of dielectric-barrier discharge on the water affinity properties of
fibers [15, 27, 59]

Percentage
Surface TAPPI Percentage  change in linear
treatment level WRVat WRVat  water dimensional Vertical water
(kW/m?/min) 900g 225g uptake stability wicking (cm/s?)
Bleached kraft pulp
0.0 0.93 2.93 0 0 0.66
0.1 0.97 3.04 11.50 —2.56 0.66
33 0.89 2.76 —2.59 17.59 0.69
9.3 0.84 2.66 —34.24 49.75 0.69
Unbleached thermomechanical pulp
0.0 1.15 4.0 0 0 0.76
0.1 1.15 3.7 13.84 —16.67 0.92
33 1.14 34 —4.94 25.00 0.89
9.3 1.13 3.1 —57.77 82.30 0.85

of cellophane films increases by up to 80% with up to 5.0 min corona dis-
charge treatment [25]. Both the water absorption of ply-bonded paper formed
from corona-treated bleached kraft hand sheets and the moisture absorption of
corona-treated bleached kraft pulp were lower than that of untreated reference
samples [43].

Our studies indicated both hydrophilic and hydrophobic behaviors among
dielectric-barrier discharge-treated lignocellulosic fibers depending upon treat-
ment intensity (Table 14.6) [27, 59]. The water retention value (WRV), which
is indicative of fiber swelling, was tested by both Tappi Useful Method 256
[65], which provides centrifugation at 900g, and an additional lower accel-
eration (225g) method [15]. The WRYV tests, change in linear dimensional
stability, and percent water uptake each indicated increases in the water affinity
properties of bleached kraft pulp at low treatment levels, which diminished
with increased treatment [27, 59]. However, water-wicking studies detected
no statistically significant changes in the vertical wicking of bleached kraft
fibers. The 225g WRYV test, analysis of change in linear dimensional stability,
change in percent water uptake, and wicking studies performed using thermo-
mechanical pulp fibers also indicated an increase in water affinity properties
at low dielectric-barrier discharge treatment levels, which decrease with in-
creased surface treatment [27, 59]. The spikes in water affinity at low treatment
levels show trends that are strikingly similar to spikes in surface acids, the
dispersive surface energy, and surface roughness previously discussed. These
properties also diminished with increased dielectric-barrier discharge treatment
intensity.
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14.3 Conclusion

Surface treatment via atmospheric dielectric-barrier discharge has shown
great potential for modifying a series of chemical and physical properties of
lignocellulosic materials. The observed wet-strength benefits realized when lig-
nocellulosic fibers are dielectric-barrier discharge treated have obvious appli-
cations in the pulp and paper. In addition, the ability to graft acrylic derivatives
onto fibers provides a tremendous opportunity for the generation of biocompos-
ites. A notable feature of these treatments is they can be potentially performed in
a continuous process without requiring vacuum conditions or special solvents.
In addition, this process has been shown to tailor the surface topochemistry
of lignocellulosic fibers by simply adjusting treatment dosages with and with-
out chemical additives. Further research and development of dielectric-barrier
discharge applications to lignocellulosic fibers will undoubtedly be developed,
as it provides a green method for altering the surface chemistry of the world’s
most abundant renewable resource.
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