


Biofunctional Textiles and the Skin

(This book is collected by Kazi Md. Yakub,
student of Bangladesh College of Textile Engineering and Technology,
34th batch.)



Current Problems in
Dermatology

Vol. 33

Series Editor

G. Burg Zürich



Biofunctional Textiles and
the Skin

Basel · Freiburg · Paris · London · New York ·

Bangalore · Bangkok · Singapore · Tokyo · Sydney

Volume Editors

U.-C. Hipler Jena

P. Elsner Jena

53 figures, 7 in color, and 29 tables, 2006



Current Problems in Dermatology

Bibliographic Indices. This publication is listed in bibliographic services, including Current Contents® and
Index Medicus.

Disclaimer. The statements, options and data contained in this publication are solely those of the individ-
ual authors and contributors and not of the publisher and the editor(s). The appearance of advertisements in the
book is not a warranty, endorsement, or approval of the products or services advertised or of their effectiveness,
quality or safety. The publisher and the editor(s) disclaim responsibility for any injury to persons or property
resulting from any ideas, methods, instructions or products referred to in the content or advertisements.

Drug Dosage. The authors and the publisher have exerted every effort to ensure that drug selection and
dosage set forth in this text are in accord with current recommendations and practice at the time of publication.
However, in view of ongoing research, changes in government regulations, and the constant flow of information
relating to drug therapy and drug reactions, the reader is urged to check the package insert for each drug for 
any change in indications and dosage and for added warnings and precautions. This is particularly important when
the recommended agent is a new and/or infrequently employed drug.

All rights reserved. No part of this publication may be translated into other languages, reproduced or
utilized in any form or by any means electronic or mechanical, including photocopying, recording, microcopying,
or by any information storage and retrieval system, without permission in writing from the publisher.

© Copyright 2006 by S. Karger AG, P.O. Box, CH–4009 Basel (Switzerland) 
www.karger.com
Printed in Switzerland on acid-free paper by Reinhardt Druck, Basel
ISSN 1421–5721
ISBN-10: 3–8055–8121–1
ISBN-13: 978–3–8055–8121–9

Library of Congress Cataloging-in-Publication Data

Biofunctional textiles and the skin / volume editors, U.-C. Hipler, P.
Elsner.

p. ; cm. –  (Current problems in dermatology ; v. 33)
Includes bibliographical references and index.
ISBN 3-8055-8121-1 (hard cover : alk. paper)

1.  Contact dermatitis. 2. Textile fabrics–Physiological aspects. 3.
Biomedical materials. I. Hipler, U.-C. (Uta-Christina) II. Elsner, Peter,
1955- III. Series.

[DNLM: 1. Skin Physiology. 2. Anti-Infective Agents, Local–therapeutic
use. 3. Biocompatible Materials–therapeutic use. 4. Dermatologic
Agents–therapeutic use. 5. Skin Diseases–immunology. 6.
Textiles–microbiology. W1 CU804L v.33 2006 / WR 102 B6157 2006]

RL244.B56 2006
616.5�1–dc22

2006010081



V

Contents

VII Foreword

Mecheels, S. (Boennigheim)

IX Preface

Elsner, P., Hipler U.-C. (Jena)

Interactions between Skin and Textiles

1 Skin Physiology and Textiles – Consideration of Basic Interactions

Wollina, U. (Dresden); Abdel-Naser, M.B. (Cairo); Verma, S. (Baroda)

Interactions between Skin and Biofunctional Metals

17 Silver in Health Care: Antimicrobial Effects and Safety in Use

Lansdown, A.B.G. (London)

Efficiency of Biofunctional Textiles

35 Antimicrobials and the Skin Physiological and Pathological Flora

Elsner, P. (Jena)

42 Antimicrobial Textiles – Evaluation of  Their Effectiveness and Safety

Höfer, D. (Boennigheim)

51 Physiological Comfort of Biofunctional Textiles

Bartels, V.T. (Boennigheim)



Safety Evaluation of Biofunctional Textiles

67 Antimicrobial Textiles, Skin-Borne Flora and Odour

Höfer, D. (Boennigheim)

78 Hygienic Relevance and Risk Assessment of 

Antimicrobial-Impregnated Textiles

Kramer, A. (Greifswald); Guggenbichler, P. (Erlangen); Heldt, P.; Jünger, M.; 

Ladwig, A.; Thierbach, H.; Weber, U.; Daeschlein, G. (Greifswald)

Manufacturing of Biofunctional Textiles

110 Production Process of a New Cellulosic Fiber with 

Antimicrobial Properties

Zikeli, S. (Frankfurt/Main)

Biofunctional Textiles in the Prevention and Treatment of Skin Diseases

127 Use of Textiles in Atopic Dermatitis.

Care of Atopic Dermatitis

Ricci, G.; Patrizi, A.; Bellini, F.; Medri, M. (Bologna)

144 Coated Textiles in the Treatment of Atopic Dermatitis

Haug, S.; Roll, A.; Schmid-Grendelmeier, P.; Johansen, P.; Wüthrich, B.; 

Kündig, T.M.; Senti, G. (Zürich)

152 Silver-Coated Textiles in the Therapy of Atopic Eczema

Gauger, A. (München)

165 A New Silver-Loaded Cellulosic Fiber with Antifungal and 

Antibacterial Properties

Hipler, U.-C.; Elsner, P.; Fluhr, J.W. (Jena)

179 Antimicrobial-Finished Textile Three-Dimensional Structures

Heide, M.; Möhring, U. (Greiz); Hänsel, R.; Stoll, M. (Freiberg); 

Wollina, U.; Heinig, B. ( Dresden-Friedrichstadt)

200 Author Index

201 Subject Index

Contents VI



VII

Foreword

Biofunctional textiles present a novel disci-

plinary and scientific field. It evolved through the

need to create very specific, biologically func-

tional materials which would have a targeted effi-

cacy on human skin. 

At first, the experts were very skeptical as

to whether it could be possible to change the structure of a textile, especially the

surface of the fibers, to a point where it would be able to take over the biologi-

cal functions of the skin. However, thanks to the research foundations on the

mechanisms of surface kinetics and of the forming of depot structures, it took a

relatively short time to reach a promising approach for the task. With the found-

ing of the Competence Center for Textiles and Skin in 2002, research data were

gathered from the Clinic for Dermatology and Dermatological Allergology at

the Clinic of the Friedrich Schiller University at Jena, the German Textile

Research Center North-West, Krefeld, and the Hohensteiner Institute at

Boennigheim, and a new scientific field was introduced, namely ‘biofunctional

textiles’.

Experts in textiles and medicine acknowledged which new possibilities lay

in producing biofunctional textiles, especially their functional properties.

Research in dermatology and clinical practice were already at a very advanced

stage and the time had come for the vast knowledge accumulated by the indi-

vidual researchers and research groups to be brought together. This has been

achieved in this book. Thanks go to the initiators, Prof. Dr. med. Peter Elsner

and Dr. rer. nat. Uta-Christina Hipler, for making this state-of-the-art expertise



available to the public. Leading experts in the fields of textiles and medicine are

highly appreciative of this achievement. 

The current state of knowledge forms a good basis for research into func-

tionally useful products. We hope that the scientific knowledge published

herein will encourage a more objective discussion on biofunctional textiles and

the weighing up of emotional objections against scientific argumentation. 

With biofunctional textiles, the textile industry and medicine have taken a

step forward together along the path to enriching the use of textile materials for

the good of mankind. 

Stefan Mecheels, Boennigheim

Foreword VIII



Preface

According to the archaeologists and anthropologists, the earliest clothing

probably consisted of fur, leather, leaves or grass, draped, wrapped or tied about the

body for protection from the elements. Knowledge of such clothing remains infer-

ential, since clothing materials deteriorate quickly compared to stone, bone, shell

and metal artifacts. Anthropologists at the Max Planck Institute for Evolutionary

Anthropology have conducted a genetic analysis of human body lice that indicates

that they originated not more than about 72,000 ± 42,000 years ago. Since most

humans have very sparse body hair, body lice require clothing to survive, so this

suggests a surprisingly recent date for the invention of clothing. Its invention may

have coincided with the spread of modern Homo sapiens from the warm climate of

Africa, thought to have begun between 50,000 and 100,000 years ago.

The significance of clothing is extensive, including clothing as a social

message. Social messages sent by clothing can involve e.g. social status, occu-

pation, ethnic and religious affiliation, marital status or sexual availability.

Anyway, the practical functionality of clothing is the most important feature.

Practical functions of clothing include providing the human body protec-

tion against the weather – strong sunlight, extreme heat or cold, and rain or

snow – also protection against insects, noxious chemicals, weapons and contact

with abrasive substances. In sum, clothing protects against anything that might

injure the naked human body. Humans have shown extreme inventiveness in

devising clothing solutions to practical problems.

Especially in recent years, new technologies have been permitting the pro-

duction of ‘functional textiles’ and ‘smart textiles’, i.e. textiles capable of sens-

ing changes in environmental conditions or body functions and responding to

IX



these changes. The examples of special fabrics cover underwear with integrated

cardio-online system up to textiles with carrier molecules. Such fabrics are able

to absorb substances from the skin or can release therapeutic or cosmetic com-

pounds to the skin.

The current interest in biofunctional textiles is mainly focussed on the use

of such textiles supporting therapy and prevention in dermatology.

Textiles interact with the skin in a very intensive manner. Therefore, the

microorganisms of the skin can influence the skin itself, the textiles as well as

the interaction between skin and textiles. During the last few years, the materials

for manufacturing textiles show positive tendencies towards a higher functional-

ity. The market has been enriched with innovative antimicrobial products, espe-

cially with silver fibers or materials with enclosed silver ions. These textiles

could not only find a domain in the wellness sector, but the goal is to use textile

fabrics with antimicrobial finishing sufficient for prophylaxis and therapy.

On the other hand wearing these new textiles can generate problems, un-

known till now. Potential health risks can occur. To minimize such risks, careful

and reliable in vitro as well as in vivo test systems should be established, which

is, by the way, one of the most important requirements of the European

Conference on Textiles and Skin. Standards are necessary for the effectiveness

of antimicrobial textiles as well as for the evaluation of their undesirable side

effects, like cytotoxicity, allergenic and irritative potentials.

Because of the fact that this subject is of current interest, many papers have

been published in the last few years about the interaction between textiles and

skin. Also, a previous volume in this series, Textiles and Skin, was well accepted

by researchers, dermatologists and others interested in learning about this

important subject.

Therefore, the editors decided to continue this successful project. This vol-

ume in the series Current Problems in Dermatology collects information about

the new trends in the interaction of textiles and skin and especially the develop-

ment of antimicrobial-finished textiles. We apologize that not all aspects of this

topic could be taken into consideration and trust that all readers will accept the

choice we made. Hopefully, this issue will contribute to the further consolida-

tion of the dialogue between dermatologists and textile engineers.

The editors thank all the authors for their effort contributing to this volume

with articles of excellent quality. Finally, we would like to thank the staff of 

S. Karger AG, Basel, for the productive co-operation and their kind help with

this project.

Uta-Christina Hipler

Peter Elsner

Jena, 2006
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Skin Physiology and Textiles –
Consideration of Basic Interactions

U. Wollina a, M.B. Abdel-Naser b, S. Verma c

aDepartment of Dermatology, Hospital Dresden-Friedrichstadt, Academic Teaching

Hospital of the Technical University of Dresden, Dresden, Germany; bDepartment of

Dermatology, Ain Shams University Cairo, Cairo, Egypt; cPrivate Practice, Baroda,

India

Abstract
The skin exerts a number of essential protective functions ensuring homeostasis of the

whole body. In the present review barrier function of the skin, thermoregulation, antimicro-

bial defence and the skin-associated immune system are discussed. Barrier function is pro-

vided by the dynamic stratum corneum structure composed of lipids and corneocytes. The

stratum corneum is a conditio sine qua non for terrestrial life. Impairment of barrier function

can be due to injury and inflammatory skin diseases. Textiles, in particular clothing, interact

with skin functions in a dynamic pattern. Mechanical properties like roughness of fabric sur-

face are responsible for non-specific skin reactions like wool intolerance or keratosis follicu-

laris. Thermoregulation, which is mediated by local blood flow and evaporation of sweat, is

an important subject for textile-skin interactions. There are age-, gender- and activity-related

differences in thermoregulation of skin that should be considered for the development of

specifically designed fabrics. The skin is an important immune organ with non-specific and

specific activities. Antimicrobial textiles may interfere with non-specific defence mecha-

nisms like antimicrobial peptides of skin or the resident microflora. The use of antibacterial

compounds like silver, copper or triclosan is a matter of debate despite their use for a very

long period. Macromolecules with antimicrobial activity like chitosan that can be incorpo-

rated into textiles or inert material like carbon fibres or activated charcoal seem to be promis-

ing agents. Interaction of textiles with the specific immune system of skin is a rare event but

may lead to allergic contact dermatitis. Electronic textiles and other smart textiles offer new

areas of usage in health care and risk management but bear their own risks for allergies.

Copyright © 2006 S. Karger AG, Basel

The skin is a communicative, sensitive and protective organ. The skin sur-

face with the stratum corneum represents a critical structure in the interaction

of the human body with the environment. Without the horny layer a terrestrial

Interactions between Skin and Textiles
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life would be impossible. On the other hand, the stratum corneum becomes
impaired in any kind of superficial or deep injuries. To retain body homeostasis,
recovery of the stratum corneum is necessary.

Other important protective functions of the skin are protection against
infection and irradiation, in particular ultraviolet irradiation, thermoregulation
and synthesis of hormones and other bioactive substances. The skin has a great
importance in social life and is a basis of attractiveness as well. Many of these
functions are also related to an intact barrier function.

The epidermis derives from the ectoderm. Initially the epidermis comes as
a monolayer. In the first trimester the epidermis is covered by a single-layered
periderm. Epidermal stratification starts after 8 weeks. During the second
trimester cornification is realized. Then the periderm disappears and becomes a
constituent of the vernix caseosa. The epidermal thickness in an immature new-
born is about 29 �m, in mature newborns and adults the thickness is about
50 �m. The skin surface of the newborn is covered by the protective gelatinous
vernix caseosa, whereas the skin surface of adults is rather dry [1].

If one considers clothing as a protective measure of skin in human life, the
vernix caseosa may be seen as the first ‘clothing’ in an individual’s life pro-
duced by the mother’s body to protect the newborn especially during the very
first period of adaptation to terrestrial life.

Stratum Corneum Barrier and Skin Surface

The stratum corneum is the essential structure of the skin barrier. The
major constituents of the stratum corneum are lipids and proteins. In a typical
case about 20 layers of nucleus-free corneocytes densely packed with keratin
filaments are surrounded by a matrix. The matrix is composed of filaggrin and
its derivates, and lipid-rich lamellar bodies. Lamellar bodies fuse end to end,
thereby forming lipid double layers [2].

The lipid constitutes are cholesterol, ceramides and free fatty acids.
Ceramides stand for about 50% of horny layer lipids and are essential for the
lamellar structure of the epidermis. Cholesterol regulates the phase behaviour of
the stratum corneum. The free fatty acids are mostly long-chained molecules with
more than 20 C atoms. Lipids are responsible for the hydrophobicity of the horny
layer [3]. The water exchange occurs via migrating pores, i.e. polar transport
pathways within the lipid mosaic [4]. The matrix develops under the influence of
pH gradients, sodium ions and enzymes (synthetases, reductases, hydrolases,
lipases) [3]. In a simplistic way, the stratum corneum can be described by the
bricks-in-mortar model [2]. More recent studies discovered subunits of octahe-
drons of corneocytes within the horny layer which may migrate [4].
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The horny layer is covered on its surface by a thin amorphous film con-
tributing to stratum corneum structure and function. In newborns there is an
almost neutral skin surface with a pH of 6.6 that changes within days or weeks
into an acidic pH of 5.9 (acid skin surface film). This leads to activation of pH-
dependent hydrolytic enzymes like �-glucocerebrosidase and stratum corneum
secretory phospholipase A2 [5, 6]. Skin surface pH is modulated by microbial
harvest, eccrine and sebaceous gland secretions, and endogenous catabolic path-
ways. The acidification of the horny layer is necessary for barrier function [7].
Exposure of the horny layer to neutral buffers (i.e. wet work conditions) or
blocking of acidification increases the pH. Hereby, serine proteases become
activated that digest desmoglein 1. Desmoglein 1 is a major constituent of cor-
neosomes. Metabolization of desmoglein 1 decreases cohesivity of corneocytes
and enforces horny layer permeability [8].

The horny layer impairment as subclinical dryness of skin is quite common. It
may have substantial impact on the whole body. Itching sensations are a common
symptom [9]. Prolonged exposure of human skin to wetness (water) and/or occlu-
sion leads to measurable disturbances of barrier function. The transepidermal
water loss increases in relation to duration of exposure and temperature [10, 11].

Interaction of clothing with the skin surface is first a mechanical one with
the skin surface structure. Friction and pressure are the major forces. Surface
quality of textiles may directly interfere with skin integrity. This is of particular
importance for socks. The plantar skin is not only the thickest of the whole
human body with a well-developed multilayered stratum corneum, it has to
stand repeated pressure and friction during the whole human life. Even the
smallest peaks of pressure when occurring frequently enough – as caused by a
seam for instance – may cause skin lesions in patients with impaired skin resis-
tance (e.g. bullous disease or diabetes) [12]. Friction is also a major cause of the
induction of keratosis follicularis on the thighs and the outer upper arms [13].

Xerosis cutis is a consequence of the reduction of epidermal water content
(�10% of stratum corneum). An increased transepidermal water loss leads to
itching, scaling, roughness and fissuring [14]. Xerosis might be a symptom of
irritant contact dermatitis, atopic dermatitis or ichthyosis. In case of so-called
sensitive skin which is often a dry skin as well, e.g. in atopic dermatitis, the tac-
tile threshold is lowered. Rough textile surfaces, such as wool, can induce irre-
sistible prickling and itching known as ‘wool intolerance’ [13, 15]. Smooth
textile surfaces are often more comfortable irrespective of the fibres included.
These qualities are of particular relevance in direct skin-textile interaction like
in underwear. The perceived importance of fabrics and sweat as triggering exac-
erbating factors in atopic dermatitis is high. About 40% of 12- to 14-year-old
schoolchildren believe that wool fabrics and sweating during exercise are wors-
ening their skin condition [16].
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Atopic dermatitis and dry skin often flare up during wintertime, but the
mechanisms of winter deterioration of dry and atopic skin are not fully under-
stood. Dryness of textile-protected skin in particular is prominent around the
shoulders (fig. 1). Change of washing clothing with anionic, additive-enriched
detergents to a non-ionic, additive-reduced detergent for a period of 2 weeks
improved skin conditions in Japanese patients who had worn cotton underwear
and used to wash it with cold tap water. Under these conditions residues of
common washing detergents/surfactants in cotton underclothes may contribute
to winter worsening of dry or atopic skin [17]. In an experimental study on pro-
fessional laundry, a broad variety of surfactant residues according to the type
and amount could be identified on cotton-based textiles. The skin reaction dur-
ing patch testing in healthy and skin-sensitive adults was not strictly correlated
with a threshold limit or the concentration of surfactants. Non-ionic surfactants
were better tolerated than anionic ones [18].

a

c

b

Fig. 1. Mechanical irritation. a Mechanical irritation by clothing of the polyamide
type; cotton was well tolerated. The lichenoid lesions healed only by changing the clothing. 
b Hair loss induced by tight polyester jeans. c The traditional sari friction dermatosis causes
hyperpigmentation and lichenoid papules in the hip region.
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Clothing and Thermoregulation

In neonates body temperature rapidly drops soon after birth. In order to
survive, neonates must accelerate heat production by lipolysis in brown adipose
tissue, i.e. non-shivering thermogenesis. This process is oxygen dependent [19].
Clothing has to function as insulation and therefore supports thermoregulation.
Heat loss prevention is a major task in the delivery room and thereafter, which
is of particular relevance in preterm neonates.

The cutaneous thermosensitivity is not evenly distributed over the body.
Local thermosensitivity can be calculated from changes in sweat rates and ther-
mal discomfort. The highest cold sensitivity is found on facial skin, 2–5 times
higher than in any other part of the body. Facial skin has also the highest warm
sensitivity. In contrast, the limb extremities are the least thermosensitive seg-
ment for warming and cooling [20].

A key function of clothing is insulation. Thickness of the material and
therefore the volume of air enclosed in the fabric appears to be the major deter-
minant. Dry heat transfer through fabrics consists mainly of conduction and
radiation. During exercise or in extremes of environment (cold and heat), the
interaction of body thermoregulation with clothing gains even greater impor-
tance. Recent developments with phase-changing materials open the opportu-
nity for buffering heat [21].

The total body as well as per body surface sweating rate increases after
puberty. In contrast mass-related evaporative cooling and sweating efficiency are
highest in prepubertal humans [22]. These findings illustrate the different needs
of age groups in terms of thermoregulative support by clothing. Although sweat
gland activity is directly controlled by the central nervous system controlling the
core body temperature, sweat glands can also be influenced by local cutaneous
thermal conditions. It might be considered that improper clothing can support
the phenotypic realization of focal (axillary or plantar) hyperhidrosis. Local tem-
peratures above 32�C predominantly affect neurotransmitter release [23]. On the
other hand, there are also gender- and gene-related differences in thermoregula-
tion of humans [24]. The sweating rate is higher in males [25]. In women after
the menopause, changes in reproductive hormone levels substantially alter the
thermoregulatory control of skin blood flow as illustrated by the occurrence of
hot flashes. Pre-existent pathological conditions alter the thermoregulative
response as well. In type 2 diabetics the ability of skin blood vessels to dilate is
impaired [26]. Compared to normal males hypertensive males develop higher
skin temperatures in the heat. Water ingestions recommended for normal men
during exercise may cause abnormal cardiac workload in hypertensive individu-
als [27]. Functional textiles may support patients to ensure a quite normal body
temperature without cardiac overload by water ingestion.
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Cold stress can quickly overwhelm human thermoregulation leading to
impaired performance or even death. Convective heat loss is the most important
factor. Cold exposure induces both vasoconstriction and thermogenesis [28].
Several layers of textiles with thermoinsulative qualities and a wet-protective
outer surface are capable of allowing to stay in the cold and an unfriendly envi-
ronment.

Clothing at its best is an interactive barrier ensuring thermal balance
despite changes in ambient temperature and humidity, metabolic heat produc-
tion, gender and age differences, and intended use [29, 30]. In such a way cloth-
ing can serve a protective function by reducing radiant heat gain and thermal
stress. Clothing construction affects these functions [31].

During exercise in moderate heat, a clothing fabric that promotes sweat
evaporation did not affect mean body temperature, rectal temperature (as a
measure of core temperature), mean skin temperature, heart rate or comfort
sensation responses compared to a traditional cotton fabric [32]. The more
intense the exercise and/or the more extreme the environment, the higher is the
impact of clothing on thermoregulation [33]. Intermittent regional microcli-
mate cooling is more than twice as efficient in reducing exercise heat strain
than constant microclimate cooling [34]. Adoptive functions of textiles should
be capable of supporting microclimate changes. Major items of interaction of
clothing with the human body and the environment are thermal and water
vapour resistance, mass transfer, directed fluid transport (e.g. of sweat), evapo-
ration, thermal load, air gaps and contact layers. Perception of clothing comfort
is positively related to warmth and negatively to dampness [35].

Clothing and the Skin-Associated Antimicrobial Defence System

The skin-associated immune system comprises specific and non-specific
defence mechanisms. The non-specific ones will be discussed in detail, since
they seem to represent the base for human body homeostasis. The specific part
is composed of antigen-presenting cells (i.e. Langerhans cells and epidermal
keratinocytes) and lymphocytes (B, T and NK types).

The prototype of a specific immune reaction to clothing, completely
unwanted but fortunately quite rare, is (allergic) contact dermatitis. The induc-
tion of an allergic contact dermatitis has been recognized since the 19th cen-
tury. This type of an allergic contact dermatitis needs an intense contact with
the skin surface. Areas with a high sweat gland density are at special risk such
as the intertriginous skin. The most common allergens are textile dyes such as
disperse dyes [36, 37]. Rarely other components like fibre additives, finishing
or contaminants may be responsible for textile-related allergies. For a more



Skin Physiology and Textiles 7

detailed discussion we would like to refer to the excellent review by Hatch and
Maibach [36] and Le Coz [37] (fig. 2). The matter needs a re-evaluation with
development and usage of smart, hybrid and interactive or electronic textiles in
the market [38–40]. However, even more important is the possible interference
of textiles with non-specific defence mechanisms of the skin.

The non-specific immune function of skin involved in antimicrobial defence
is of even greater importance, provides the base for resistance to microbial threat
and may interact in several ways with the specific immune function whenever
necessary.

The stratum corneum is the essential structure for non-specific resistance
supported by skin gland secretions. There is a close relationship between horny
layer barrier function and the risk of skin infection [41]. In recent years research
has identified several families of antimicrobial peptides in vertebrates includ-
ing humans [42, 43]. Many of these peptides are multifunctional. They are not
only natural antibiotics but chemotaxins as well. The human cathelicidin LL-37
is chemotactic for neutrophils, monocytes, mast cells and T lymphocytes, causes
mast cell degranulation and supports vascularization and re-epithelialization of
wounds [44].

In human skin appendages genes like DCD and CAMP are expressed
encoding antimicrobial peptides cathelicidin LL-37 and dermicidin. By the action
of serine proteases, new antimicrobials are produced with their own antimicro-
bial profile [45, 46]. �2-Defensin has been identified in lamellar bodies of the

Fig. 2. Acute contact dermatitis due to clothing and sweating. Sweat is a critical com-
ponent in interactions between human skin and textiles. Sweat may dissolve dyes and other
components from clothing and increase the skin permeability for hydrophilic compounds.
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human skin [47]. There seems to be some antimicrobial activity of the lipid
phase in the stratum corneum. In addition, such substances are secreted together
with the sweat and spread on the skin surface [46, 48].

In newborns there is a 10- to 100-fold increase in the expression of cathe-
licidin LL-37 and �2-defensin compared with adult skin [49]. This can be
viewed as a compensatory mechanism of a still immature immune system in
adapting to postuterine life. The antimicrobial peptides are concentrated in the
vernix caseosa. Both �1- to �3-defensin and cathelicidin LL-37 have been
detected there [50].

During the recovery of barrier function after wounding or inflammatory
disease (eczema, psoriasis) there is a close interaction between growth factors
and antimicrobial peptides [51]. The microbial settlement induces antimicrobial
control mechanisms: for instance, the saprophytic yeast Malassezia furfur, but
bacteria as well, induces the expression of �2-defensin in human epidermal ker-
atinocytes [52, 53].

Clothing may impair the antimicrobial defence of skin by mechanical
alteration of the barrier function but also by its effects on skin wetness and local
blood flow. Athletes are prone to develop tinea pedis, ‘athletes’ feet’, due to the
humidity in socks and sports shoes. Viral plantar warts are not uncommon and
their spread can be facilitated by plantar hyperhidrosis [54].

On the other hand, textiles can support the non-specific cutaneous defence.
In the most simplistic way, clothing provides a mechanical barrier against infes-
tation, insect bites, protozoa and microbes, e.g. the mosquito net or the protec-
tive textiles in an operation room.

The use of textile materials to support and deliver active chemicals is as
old as the application of an ointment to a fabric for covering a wound. What
may not be so obvious is the potential volume and number of textile products
which could benefit from this technology. Medical products are perhaps the
largest application of this kind of technology. In health-related professions, pro-
tection from pathogens is a growing concern, and textiles with antimicrobial
properties are desirable. Fungi, bacteria and associated insects are responsible
for significant infections and allergy problems. Less obvious applications for
antimicrobial textiles include air filters (indoor air quality), carpets, draperies,
wall coverings etc., particularly in environments where the sick, elderly and
other susceptible individuals live.

Until recently, biocidal textiles have not been widely available in the market,
in spite of the obvious commercial potential. Even with the recent announce-
ments of new products, their efficacy and safety are not readily compared.
There is a reasonable array of chemicals which can act as biocides, including
chemical oxidants, photo-oxidants, membrane disrupters, heavy metals, organic
protein denaturants and chemicals which mimic biochemical intermediates but
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which function improperly in the micro-organism. Protein denaturants and bio-
chemical metabolites are likely to require release from the biocidal fibre and
diffusion through the cell wall before being effective. Membrane disrupters
may work acceptably from outside the microbe and may not require release
from the fibre, at least until the microbe is in close proximity [55].

General oxidants and some membrane disrupters appear to be the least
objectionable and offer the greatest potential as biocidal agents in textiles. The
more specific materials which inhibit micro-organisms by malfunctioning in a
metabolic pathway are more elegant, but are more likely to induce immunity in
the organism. Induced immunity is a problem which has just been reported for
the latest, widely used antimicrobial agent for consumer goods.

The scientific and technological approaches are complex. Biocidal parti-
cles have to be attached to the fibre surface or alternatively incorporated into
the fibre. Conventional chemical reactions are evaluated to attach molecules
and particles covalently to the fibre surface, but also copolymerization of bioci-
dal monomers into the fibre-forming polymer – followed by fibre extrusion,
surface grafting of a biocidal monomer covalently to the fibre surface with
ultraviolet or peroxide initiation, and incorporation of an antimicrobial agent
into fibre during extrusion.

Finally, the molecular mechanics modelling approaches are under investi-
gation. They have to address each of the issues such as the number of reactive
groups which can be stored on the surface, the kinetics of ionic release and the
mobility of the surface-grafted molecules.

Although it would seem that the number of reactive species that could be
stored by simply grafting a ‘storage polymer’ to the surface of the fibre could
increase without bound, available data argue against this. When the radius of
gyration of the storage polymer is equal to one half the average distance
between graft sites, the maximum storage potential is achieved. For smaller
molecules, the surface has many bare spots which do not store any reactive
species. When the storage polymer is larger than optimum, it blocks adjacent
graft sites, thus preventing attachment of additional storage polymers, again
resulting in bare fibre surface. Recent investigations try to optimize the effect
of polydispersity, both in the storage polymer and in the graft site density on the
surface, on storage efficiency.

Most polymers (except cellulose) have very few reactive sites on their sur-
faces. Therefore, it is impractical to store a large amount of reactive species on
their surfaces unless an amplification system is used. Although plasma treating
can be used, it is too expensive for most applications. Another approach is to
graft to the surface a polymeric material that contains groups to which the reac-
tive species can be grafted, e.g. poly(acrylic acid), poly(vinyl alcohol), poly(vinyl
amine) or copolymers containing these groups [55]. There are several issues
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that need to be dealt with: (a) What is the maximum number of reactive groups
that can be stored on the surface? (b) How can they be released? (c) How does
the mobility of the surface-grafted polymer affect the delivery of the reactive
species?

The durability or rechargeability of the fabric is a practical problem.
Recharging would reduce waste products. Can it be realized in situ or does it
need repeated processing of the fabric? More important for textile-skin interac-
tion are fundamentals of safety and toxicity. Under these circumstances the
release of active chemicals from the fabric bears a greater potential risk than
biocidals that remain attached either by covalent binding or physical attachment
to the textile. Novel approaches include inclusion of biocidal compounds into
silica matrices using the sol-gel technique. Moreover, silica coatings with
embedded nanoparticular silver combined with organic biocidal compounds
effectively decreased the survival rates of different bacteria on textiles and med-
ical catheters [56].

To enhance the protective efficiency against insects, clothing has been
impregnated with repellents. As shown in a French study in Côte d’Ivoire on mil-
itary health service personnel, permethrin impregnation of uniforms improved
protection against mosquito bites but not enough to reduce significantly the
incidence of malaria among non-immune troops [57].

Copper and silver ions exert antibacterial, fungicide and nematocide activi-
ties. They are not skin sensitizing. Their use in mattresses, antifungal socks, anti-
dust-mite mattress covers or antibacterial fabrics is under investigation [58, 59].
Silver-nylon fibres were effective in vitro against Staphylococcus aureus,
Pseudomonas aeruginosa and Candida albicans. In vivo silver-nylon cloth pre-
vented colonization of burn wounds [58]. Silver-coated textiles have been shown
to reduce colonization of skin by S. aureus in atopic dermatitis within a couple
of days [60]. The S. aureus cell wall compononents peptidoglycan and liptotei-
choic acids have been identified to activate human keratinocytes by activation of
toll-like receptor 2 pathways [61]. In the clinical study reduction of skin colo-
nization was accompanied by clinical improvement of atopic dermatitis [60].

A combination of polyhexamethylene biguanidine, quaternary ammonium
silane organic-based compounds and silver was developed for uniform bacteria
mitigation on the military battle field. After 24 h a 100% effectiveness was
obtained against Gram-positive bacteria on nylon-based fabrics [62]. Heavy
metals and protein denaturants are effective, but toxicity problems are a con-
cern [63].

Silver is used as a topical agent in wound dressings for burns, diabetic ulcers
and other chronic open wounds. Absorption can lead to deposition within the
wound and internal organs such as the liver and kidney. Despite this, the risk of
lasting tissue damage or functional disorders has been estimated to be low [64].
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Very recently, de novo synthesis of biomimetic polymers and oligomers
that mimic the structure and biological activity of natural antimicrobial peptides
such as margainins and creopins has become reality. It remains to be seen
whether such compounds will offer new options and safety in finished textiles.

The resident skin flora represents a balanced ecosystem, where resident
germs play an important physiological role. One of the main benefits that
humans derive from resident flora is protection from infection. Any change in
the microbiological equilibrium can carry negative consequences [65]. In preterm
infants, coagulase-negative staphylococci are the most common species on the
skin representing about 80% of the neonate’s flora, numerous strains with
antibiotic resistance or multiresistance [66]. Later on there is a great interindi-
vidual and intra-individual variation of resident microflora. With increasing
age, streptococci disappear and corynebacteria occur. Anaerobic propioni-
bacteria are more frequent in youngsters when sebum production is increased.
Micrococci, Gram-negative germs like Acinetobacter and yeasts like Malassezia

spp. are also components of the resident flora [67]. 
The antibacterial activity of biocide-finished textile products containing

silver, zinc, ammonium zeolite and chitosan was evaluated under wet and dry
conditions. The antibacterial activity was limited to wet conditions. Addition of
organic matter decreased the antibacterial activity. In any case antibacterial
effects required several hours of incubation. Some bacteria species and strains
were not affected. The authors concluded that antibacterial properties of
biocide-finished textiles in the clinical setting may be of limited value [68].

The body odour is a product of sweat gland activity, bacterial contamina-
tion (in particular corynebacteria) and steroidal metabolism. Diseases (like dia-
betes, cancer or Fish odour disease) interfere with body odour just as nutrition
or medication and the use of cosmetics and hygiene products as well. Body
odour may be a signal of sexual attraction and a non-verbal communicator of
emotions [69, 70]. Malodour of the axillary and pubic region has been associ-
ated with Corynebacterium spp. which are capable of generating several odor-
ous compounds derived from androgens [71]. Reduction of malodour can be
achieved by antimicrobial measures and reduction of sweat gland activity.
Textiles with a high rate of directed vapour transport may thereby reduce the
odour in a non-specific way. Antimicrobial activity is used to diminish the bac-
terial load. The antibacterials should be fixed to the textile fibres to avoid con-
tact sensitization and disturbances of non-specific microbial defence by the
resident microflora. Development of bacterial resistance has to be considered as
a serious problem [72, 73].

Prevention of odour and discoloration of the textile material are signifi-
cant, if less critical reasons to use antimicrobials. Consumers are showing
increasing interest in antimicrobial products, particularly those products like
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carpets which are suspected of harbouring microbes. The applications will
result in products which will become pervasive throughout the medical ser-
vices, filtration industries, home furnishings and selected apparel items (like
socks). Indeed, several product introductions in this area have been made.

Triclosan-incorporated polymers are on the market for hospital use as fab-
ric seat covers, chairs and clothing. Testing antibacterial activity on the other
hand was found to be discouraging. In light of recent studies that have shown
specific interactions of triclosan with the bacterial lipid synthesis pathway,
triclosan-incorporated polymers may provide an ideal setting for resistant
strains of bacteria to grow and thus should not be used in a broad range but only
in selected hospital settings [74]. Safety concerns have been addressed on the
other hand because of a possible interaction with the normal skin flora, percuta-
neous absorption and systemic toxicity [73]. Human studies suggest that percu-
taneous absorption of heavy metals through intact skin is poor [64].

The situation is somewhat different for triclosan. After in vivo topical appli-
cation of a 64.5-mM alcoholic solution of [3H]triclosan to rat skin, 12% radioac-
tivity was recovered in the faeces, 8% in the carcass, 1% in the urine, 30% in the
stratum corneum and 26% was rinsed from the skin surface 24 h after applica-
tion. Free triclosan and the glucuronide and sulfate conjugates of triclosan were
found in urine and faeces. Triclosan penetrated rat skin more rapidly and exten-
sively than human skin in vitro. Twenty-three percent of the dose had penetrated
completely through rat skin into the receptor fluid by 24 h, whereas penetration
through human skin was only 6.3% of the dose. Chromatographic analysis of the
receptor solutions showed that triclosan was metabolized to the glucuronide, and
to a lesser extent to the sulphate, during passage through the skin. Triclosan glu-
curonide appeared rapidly in the receptor fluid whereas triclosan sulphate
remained in the skin. Although the major site of metabolism was the liver, con-
jugation of triclosan in skin was also demonstrated in vitro and in vivo, particu-
larly to the glucuronide conjugate which was more readily removed from the
skin. By extrapolation of the comparative in vitro data for human and rat skin it
is reasonable to deduce that dermal absorption in humans of triclosan applied at
the same dose is about one third of that in the rat in vivo [75].

Charcoal-containing textiles are in use as wound dressings for the mal-
odorous wound. Creating an enlargement of the adsorptive surface by charcoal,
physical binding of debris and bacteria is supported. The health hazards on
intact skin are not known. In open wounds carbon may be deposited within the
phagocytic cells without further medical problems [64].

Charcoal-containing devices can also be used to improve body odour or to
reduce flatus odour when worn inside underwear. Here they are quite efficient
to bind sulphide gases when used in construction of briefs made of activated
charcoal fibres. Pads were much less effective under this view [76].
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Some naturally occurring polymers like chitosan, alginates or kapok fibres
offer antimicrobial activity and biocompatibility [77]. Supramolecular struc-
tures fixed to textile fibres like cyclodextrins allow to reduce bacterial contam-
ination of sweat-gland-rich body parts like the axillary region or the feet [77].
The importance of laundering in the prevention of skin infections has been dis-
cussed in detail elsewhere [78].

Conclusions

Antimicrobial-finished textiles have just entered the market. Antimicrobial-
finished textiles for special purposes such as the operation room or the military
battlefield seem to offer advantages. Many of the currently available products
interfere more intensely with skin-derived microbes on the textile than with 
the skin-associated microbial ecosystem. The use of soluble or volatile anti-
microbials in clothing can be associated with problems such as intolerance of
the human body, allergies or disturbances of the human skin resident flora. The
development of new technologies and products should seriously consider the
delicate balance of the skin microflora and take it into account for the selection
of compounds and techniques. Other important areas of interference of textiles
with human skin physiology are barrier function of skin and thermoregulation.
If the skin is seen as a complex and adaptive organ, textiles and clothing can be
created that will support body function and allow keeping homeostasis even in
the most unfriendly environment.
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Abstract
Silver has a long and intriguing history as an antibiotic in human health care. It has been

developed for use in water purification, wound care, bone prostheses, reconstructive ortho-

paedic surgery, cardiac devices, catheters and surgical appliances. Advancing biotechnology

has enabled incorporation of ionizable silver into fabrics for clinical use to reduce the risk of

nosocomial infections and for personal hygiene. The antimicrobial action of silver or silver

compounds is proportional to the bioactive silver ion (Ag�) released and its availability to inter-

act with bacterial or fungal cell membranes. Silver metal and inorganic silver compounds ion-

ize in the presence of water, body fluids or tissue exudates. The silver ion is biologically active

and readily interacts with proteins, amino acid residues, free anions and receptors on mam-

malian and eukaryotic cell membranes. Bacterial (and probably fungal) sensitivity to silver is

genetically determined and relates to the levels of intracellular silver uptake and its ability to

interact and irreversibly denature key enzyme systems. Silver exhibits low toxicity in the

human body, and minimal risk is expected due to clinical exposure by inhalation, ingestion,

dermal application or through the urological or haematogenous route. Chronic ingestion or

inhalation of silver preparations (especially colloidal silver) can lead to deposition of silver

metal/silver sulphide particles in the skin (argyria), eye (argyrosis) and other organs. These are

not life-threatening conditions but cosmetically undesirable. Silver is absorbed into the human

body and enters the systemic circulation as a protein complex to be eliminated by the liver and

kidneys. Silver metabolism is modulated by induction and binding to metallothioneins. This

complex mitigates the cellular toxicity of silver and contributes to tissue repair. Silver allergy is

a known contra-indication for using silver in medical devices or antibiotic textiles.

Copyright © 2006 S. Karger AG, Basel

Silver is a precious metal found in many parts of the world. The date of its

discovery is not documented, but early manuscripts describe its medicinal prop-

erties and the value of silver vessels and coins in purifying the drinking water.

Since these early days, silver has been used in a wide range of medical devices

Interactions between Skin and Biofunctional Metals
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including bone prostheses, surgical sutures and needles, cardiac implants, cat-

heters, dentistry, wound therapy and surgical textiles [1]. Whilst much of the

early enthusiasm for using silver may have stemmed from its aesthetic value as

a precious metal, evidence over the past 200 years increasingly points to its

proven ability to protect the human body from infectious diseases. The French

surgeon Credé [2] claimed that 0.5–1.0% silver nitrate reduced the incidence of

neonatal eye infections in his clinic from 10.8 to about 2%, although details of

this work are not available. It is anecdotal that whereas early 19th century sur-

geons like Credé and William Halstead chose silver foil and silver nitrate to

protect wounds against disease, the actual isolation of infectious agents (bacte-

ria) and their sensitivity to silver and other metals derive from the classical

studies of Louis Pasteur and the postulates of infectious diseases by Robert

Koch several years later [3].

Classical surgical studies demonstrating the antiseptic properties of silver

date back to the times of Ambroise Paré (1517–1590), who used silver clips in

facial reconstruction, and Halstead [4], chief surgeon of the Johns Hopkins

Medical School, who employed silver wire sutures in surgery for hernia and

found silver foil an effective means of controlling postoperative infections in

surgical wounds. Silver nitrate has a long history in treating infectious diseases

and proved an efficacious antiseptic for wound care for more than 150 years.

Early clinical observations indicated that silver nitrate complexes with

proteins in skin wounds to form ‘resistant precipitates’ and that the local

antibacterial action can be easily controlled. This antiseptic action extends

‘quite deeply’ into wounds with silver forming soluble double salts of silver

albuminates and silver chloride in the tissues. Its caustic and astringent prop-

erties are well documented in early pharmacopoeias when lunar caustic, silver

nitrate pencils and strong silver preparations proved beneficial in eliminating

calluses, warts and unsightly wound granulations [5]. Silver nitrate is still used

in wound care and burns clinics today despite its astringency and ability to dis-

colour the tissues.

Silver metal and silver nitrate formed the mainstay of antibiotics suitable

for medicinal use up to the 1920s. Pharmaceutical studies of the 1920–1940 era

provided fundamental knowledge on the antimicrobial action of silver. Von

Naegeli (1895) is accredited with observing that silver exerts an ‘oligodynamic’

action on bacteria, namely that it exerts a lethal effect at very low concentra-

tions. Later, Clarke [6] reported that bacteria, trypanosomes and yeasts are

killed by silver at concentrations from 105 to 107 ions per cell, this concentra-

tion being equivalent to the ‘estimated number of enzyme-protein molecules

per cell’. More recent research suggests that most pathogenic organisms are

killed in vitro at concentrations of 10–40 ppm Ag� with particularly sensitive

organisms susceptible to 60 ppm [7].
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In an attempt to overcome the irritancy of silver nitrate solutions, colloidal

silver preparations were introduced into pharmacopoeias about 80 years ago [5].

Pharmacologists presumed that, by precipitating silver in the form of silver pro-

teinate or colloidal solution, they could provide an efficacious antiseptic with-

out undesirable side-effects. Although early colloidal silver products identified

as mild or strong silver protein, colloidal silver halides and silver proteins

achieved some popularity, they were superseded by newer and safer antiseptics,

notably penicillins and silver sulphadiazine [8].

The introduction of silver sulphadiazine marked a renaissance in the use of

silver in wound care. Whilst researching the antibiotic therapies available for

controlling Pseudomonas aeruginosa in burn wounds, Fox [9] combined the

antiseptic properties of silver with sulphonamide to provide a broader spectrum

and safer antibiotic for use in burn wounds and surgery. Silver sulphadiazine

and silver nitrate have been highly successful in controlling infections for many

years even though the emergence of sulphonamide-resistant bacteria led to a

temporary withdrawal of silver sulphadiazine in some hospitals in the mid-

1970s [10]. Silver sulphadiazine has achieved a wider use in recent years with

its inclusion in coatings for indwelling catheters and cardiac devices.

Improved technology permits manufacturers to enhance the delivery of silver

ions to wounds to provide a safer and more efficacious antibacterial action (includ-

ing methicillin-resistant Staphylococcus aureus, MRSA, and vancomycin-resistant

enterococci) and effective prophylaxis against wound re-infection. The recent

development of sustained silver release dressings marks a second renaissance of

silver in wound therapy [8, 11]. The variety of silver release dressings now

licensed in Europe and the USA differs greatly in composition, mechanism of pre-

sumed action and rates of silver release. They are variously tailored with recom-

mendations for treating acute surgical wounds, burns, chronic or indolent wounds

with profound exudation, unpleasant odours and severe patient discomfort.

Experience gained in the use of silver in wound care has inevitably led to

the development of silver antibiotics in other medical devices. Thus, silver

metal or a suitable silver compound is incorporated in polymers and resins used

in the construction of medical devices, catheters, prostheses, bone cements etc.,

or it has been applied as an antibiotic ‘coating’ to silicone, textiles and other

materials. Whilst clinicians have reported some success in reducing bacterial

contamination and associated bacteraemias, recurrent problems have been

encountered in biofilm transformation. These calcareous colonies of resistant

bacterial and fungal infections form as a means of self-preservation. Biofilms

are prevalent in indwelling catheters and implants, and are resistant to antibi-

otics and a host’s own immune system. Although silver exhibits some ability to

reduce bacterial adhesion as a preliminary step to biofilm formation, its success

in eliminating or fully protecting against infections is limited.
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The use of silver and silver release compounds in textile technology repre-

sents a new and exciting progression in health care [12]. Medicated clothing for

nurses working in intensive-care clinics is a potentially beneficial means of

controlling life-threatening nosocomial infections including MRSA as well as

adding to levels of personal hygiene. The technology is discussed elsewhere in

this publication, but antimicrobial efficacy against a range of pathogenic bacte-

ria and fungi has been demonstrated in in vitro cultures. A feature of modern

technology relevant to silver is compliance with safety standards. At the

moment, most safety data and details on the metabolism and elimination of sil-

ver derive from occupational exposures complemented by clinical studies with

silver sulphadiazine, but this holds clear clinical indications for the use of silver

in other products.

Silver in Medical Devices and Textiles

Chemistry of Silver and Compounds Available for

Antibiotic Action

Silver occurs naturally as two isotopes – Ag107 and Ag109 – in approxi-

mately similar proportions. It exhibits three oxidation states – Ag[1], Ag[2] and

Ag[3] – but only compounds of the Ag[1] state are sufficiently stable to be of

relevance as antibiotics in medical devices and textiles [7]. Like all other met-

als, silver is an electron-positive element with the Ag� cation showing a pro-

found ability to interact with and bind proteins and anions in a medium.

Additionally Ag� binds receptor groups on the surfaces of adjacent cells, bacte-

ria and fungi/yeasts. Silver metal and the majority of silver compounds ionize

in the presence of water, body fluids and tissue exudates to some extent to

release Ag� or other ‘biologically active silver ions’ for antibiotic action or

absorption into adjacent human tissues. The chemistry of silver is not well doc-

umented, and accurate data on relative ionization rates for the compounds com-

monly used in medical devices are not available (table 1).

Occasionally, documents fail to identify the nature of the chemical source

of silver in products referring only to ‘silver content’ or ‘ionic silver’. The ion-

izing capacity of the silver metal or silver compound is critical in comparing

their antimicrobial activities and in predicting the possible toxicity or health

risk. To be effective in killing pathogenic organisms, each silver source should

release silver ions. The expressions ‘activated’ or ‘hydro-activated’ are used

colloquially to denote the bioactive state of the silver ion. The silver cation

binds strongly to electron donor groups of biological molecules containing sul-

phur (�SH), oxygen and nitrogen.
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Metallic silver has been used in wound care products over many years even

though it ionizes slowly. The development of nanochemistry has facilitated the

production of microfine silver particles (�20 nm diameter) with greatly increased

‘solubility’ and release of silver ions (70–100 ppm). Ionization of silver metal is

proportional to the surface area of the particle exposed. Ionization of silver or sil-

ver compounds is enhanced also by electric currents which are increasingly used in

medical devices for orthopaedic surgery and wound care therapies [13].

Biological Properties of Silver

Silver is not a recognized trace metal but occurs in the human body at low

concentrations (�2.3 �g�l�1) due to ingestion with food or drinking water,

inhalation and occupational exposures [7, 14]. Blood silver (argyraemia) is a

measure of silver exposure from all sources. Clearly, occupational exposure or

medicinal use of silver as an antibiotic in wound dressings, indwelling catheters,

cardiac devices and in orthopaedic surgery will be associated with higher than

normal blood levels and may be a safety concern [14]. Uptake of silver through

mucous membranes (urethra) or by the haematogenous route from indwelling

catheters is not well documented.

The percutaneous uptake of silver from medicated textiles like Sea Cell®

[12] is not known. Medicated fabrics like cellulose fibres, rayon etc. will be in

contact with the human skin for prolonged periods. Silver ions released in the

presence of sweat, sebum and any moisture accumulate on the skin surface, and

some will penetrate the superficial layers of the skin to precipitate as silver sul-

phide in the stratum corneum. Some will be bound by chloride ions in sweat but

a minute proportion can be expected to penetrate into the circulation bound to

Table 1. Silver compounds used in medical devices and textiles

Compound Ionizing capacity

Metallic silver (incl. nanocrystalline forms low (�1 g�ml�1)

and silver coatings)

Phosphate moderate

Nitrate very high

Chloride low

Sulphate moderate

Zeolite ?

Sulphadiazine complex high

Colloidal silver preparations moderate to high

Allantoinates ?

Oxide (Ag2O) low
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albumins and other proteins [15, 16]. Hair and nail growth provides a route for

the excretion of silver from the human body, but most will be eliminated via the

liver and kidneys [14]. Hot weather and high humidities leading to hyperhidra-

tion will promote silver uptake through the skin and mucous membranes, but

toxic risks are predictably low, except in individuals sensitized to silver.

Silver in Wound Care

Since early reports of clinicians using silver wire sutures, silver foil pro-

tection and silver nitrate in soft tissue surgery, silver has been the antibiotic of

choice as a prophylactic or therapeutic against pathogenic infections in skin

wounds, burns and transplant surgery [1, 7, 8]. As newer technology has come

to hand, manufacturers of wound dressings have increasingly been able to tailor

their products to suit wound type, infectious status and clinical features (pain,

exudates, granulation tissue etc.). The amount of silver released can be con-

trolled over the expected period of use of the dressings. Present approaches 

in wound dressings are towards safer and more efficacious dressings, cost-

effectiveness and ease of use [17]. Basic principles of silver technology learned

in the early days are equally relevant now.

Wound therapies employing silver as antibiotic range from silver metal,

silver nitrate and silver sulphadiazine to the new generation of sustained silver

release dressings. Emphasis in the silver release dressings is placed upon the

nature of the silver source and patterns of release of silver ion. Even now there

is a hot debate as to the clinical benefits of the fast high-concentration (bolus-

like) silver ion release compared to the gentle, more sustained approach. Either

way, wound care embracing silver antibiotic necessarily involves either (a) pro-

phylaxis – to provide a barrier function in protecting acute skin damage (as in

postoperative surgery) from nosocomial and idiopathic infections – or (b) ther-

apeutics – to alleviate the microbiological burden in acute and chronic wounds.

The therapeutic management of chronic wounds increasingly observes

principles of wound bed preparation [18], which can be critical in advancing the

repair of chronic indolent wounds and ulcers. Wound bed preparation involves

controlling the balance between commensal bacteria and pathogenic organisms.

Silver Nitrate

Silver nitrate is caustic and irritant at concentrations exceeding 1%; in con-

tact with living tissue it can cause leakage of cellular electrolytes including

sodium and potassium. However, it is an excellent antibacterial agent and at

0.5% is particularly effective in inhibiting P. aeruginosa which can prove fatal

in burn wounds. Silver nitrate is claimed to be superior to many other antibi-

otics including chlorhexidine and silver sulphadiazine, especially in eliminating

more resistant strains of Streptococcus pyogenes, S. aureus and P. aeruginosa
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[10]. Silver nitrate compresses are claimed to reduce levels of infection in

severe burns by up to 70% and significantly reduce mortality. It exhibits

haemostatic properties and may be useful during minor surgery.

Silver Sulphadiazine

Silver sulphadiazine represents a second generation of silver antibiotics.

Developed by Charles Fox in 1968, this complex combines the antibiotic prop-

erties of silver with a sulphonamide that proved invaluable in controlling wound

infections in World War II [9]. It avoids many of the disadvantages of silver

nitrate and at 1% in a cream base provides suitable prophylaxis for burns,

chronic leg ulcers and pressure sores. Although silver sulphadiazine is spar-

ingly soluble in water, it ionizes readily in body fluids to release silver ions. The

amphiphilic (fat- and water-soluble) cream base enhances the penetration of sil-

ver sulphadiazine through intact skin and skin wounds allowing up to 10% to

reach the systemic circulation [19]. Depending on the severity and depth of

wounds, systemic silver sulphadiazine concentrations may reach up to

300 �g�l�1, absorption being higher where application is made to partial-thick-

ness wounds with greater vascularity than full-thickness lesions. At concentra-

tions of up to 50 mg�l�1, silver sulphadiazine is claimed to be effective against

up to 95% of bacteria commonly found in skin wounds.

The low toxicity and antibacterial efficacy of sulphadiazine have been

developed in a number of wound dressings using different vehicles and poly-

mers (polyethylene glycol � poly-2-hydroxyethyl methacrylate, liposomes,

poly-L-leucine and cadaver skin). Many have not progressed past the early lab-

oratory stages, but a new lipocolloid formulation containing 3.75% silver sul-

phadiazine (Urgotul® SSD, Urgo-Parema Medical) is currently available and

efficacious in treating acute and chronic wounds infected with a wide range of

infections including MRSA [20]. Silver sulphadiazine cream 1% (Flamazine®)

is still widely used either alone or in combination with other silver dressings. It

is well tolerated by most patients and is preferred in burn clinics. A further

development of particular benefit in burn wound therapy is Flammacerium®

cream comprising 1% silver sulphadiazine with 2.2% cerium nitrate [21]. Both

substances exhibit antibacterial properties, but the cerium ion actively reduces

inflammatory changes, provides transitory immunosuppression against toxic

factors released in tissue destruction and reduces mortality. Flammacerium is

recommended in the treatment of severe burn wounds where excision is imprac-

tical and where infection is a serious health risk [21].

Sustained Silver Release Wound Dressings

Sustained silver release dressings presently available vary greatly in their

technology, silver content, patterns of silver ion release and recommendations
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for clinical application [14, 20]. In each case, wound fluids and tissue exudates

trigger the release of free silver ions for antimicrobial action or for absorption

into tissues of the wound bed. Ideally, silver ion release will be sustained for the

expected life-span of the dressing (up to 7 days). Three main forms of dressing

are currently available:

(1) those releasing high levels of silver for rapid antimicrobial action;

(2) dressings that absorb wound exudates and where silver ions released pro-

vide sustained antimicrobial action (fig. 1);

(3) dressings that release silver sulphadiazine (Urgotul SSD).

Some dressings embody features of the first two of these considerations

but all release more silver than the 10–40 ppm deemed necessary for appropri-

ate antimicrobial action [14]. The excess silver compensates for that bound by

scavenger anions or proteins in the wound bed (including wound debris) and

which is unavailable for killing bacteria and fungi [20].

The silver content of dressings currently available varies from �10 mg�
100 cm�2 to more than 100 mg�100 cm�2. Several dressings provide a twofold

objective of liberating silver as an antimicrobial agent and incorporating a mater-

ial such as hydrocolloid, synthetic fabric or organic fibres to absorb exudates,

odours and wound debris. These additional features are consistent with present

clinical approaches to wound care, including wound bed preparation [18]. In each

case, dressing materials or additives used are of low toxic risk and selected to

absorb wound exudates, control pain and remove distasteful odours [7, 8, 17].

Nanotechnology has been used beneficially in the production of the high

silver release dressing Acticoat (Smith & Nephew). Minute particles of silver

Ag�

Ag�

Impermeable backing

Hydrophilic polyurethane 

foam containing particulate 

silver 100mg·100cm2

Wound bed

Fig. 1. Contreet® Foam Wound Dressing (Coloplast a/s, Humlebaek, Denmark). This

dressing absorbs wound exudates into the hydrophilic matrix. Silver ions released within this

matrix kill bacteria and fungal infections and inactivate toxins.
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contained within a 3-ply dressing of absorbent rayon polyester provide release

of up to 70 ppm silver ions and antibacterial action lasting up to 3 days [14, 20].

This dressing is claimed to be effective against 150 wound pathogens including

MRSA and more efficacious than silver nitrate or silver sulphadiazine. A further

development of a wound dressing based on metallic silver employs activated-

charcoal-impregnated cloth as a specific means of controlling wound odour

attributable to pathogenic bacteria. The dressing (Actisorb Silver, Johnson &

Johnson) is claimed to clear infections with the charcoal absorbing odours and

bacterial toxins.

A third form of technology seen in wound dressings involves silver glass

chemistry, similar to that developed for use in bone surgery and in orthopaedic

prostheses. The polyurethane film dressings containing inorganic silver oxide,

phosphate and polyphosphates have achieved notable success in the prophylaxis

of acute wound therapy including open heart surgery. They protect wounds

from nosocomial and other pathogenic flora whilst being entirely safe. The thin

laminate slowly dissolves in wound fluids to release silver, calcium and phos-

phate ions for antibacterial action and wound repair.

It is unfortunate that although notable antibacterial and antifungal activity

has been reported for all the sustained silver release dressings in in vitro exper-

iments, clinical verification of their action is not generally available. Preliminary

clinical trials in the Charing Cross Hospital have shown that patients treated

with a range of dressings still show residual infections. It is unclear whether

these bacteria are pathogenic or whether they are silver resistant [20]. So far, we

have identified only 1 incidence of silver-resistant bacteria in a wound treated

with a sustained silver release dressing (the coliform organism Acinetobacter

cloacae) [Lansdown and Philip, unpubl.]. Further studies are now required to

confirm whether this phenotypic silver resistance is a reflection of genetically

determined changes.

Silver in Catheters

Clinical catheters for central vascular insertion or for urethral drainage are

notoriously prone to infection with nosocomial organisms leading to biofilm

formation. Indwelling central venous catheters are a major source of bacter-

aemias and candidaemias. Biofilm formation and accumulation of mineralized

aggregates is a recurrent cause of catheter obstruction. New technology has

been directed to engineer out risks of infection using silver as a component of

catheter polymers or in the form of a hydrophilic coating to inhibit adhesion

and colonization by pathogenic bacteria and yeasts with varying levels of suc-

cess (fig. 2) [22, 23]. Catheters treated with silver metal (including nanocrys-

talline forms), silver oxide, silver sulphadiazine and other ionizable silver

complexes have been evaluated in vitro, in animal experiments and in clinical
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trials. Occasionally, other antibiotics including gentamycin, chlorhexidine glu-

conate or rifampicin have been included to complement the action of silver.

Silver sulphadiazine and chlorhexidine gluconate act in a form of ‘synergy’

whereby the chlorhexidine gluconate serves to denature the bacterial cell mem-

brane allowing improved ingression of silver ions. The copper ion exhibits a

similar effect in medical catheters. Copper:silver filters are widely used in the

purification of hospital water systems against Legionella sp. [8].

Silver-coated and silver-impregnated catheters have been evaluated for

their antimicrobial action and capacity to prevent biofilm formation in a variety

of in vitro systems, some simulating conditions of expected catheter use in clin-

ical practice [23, 24]. Although laboratory experiments have substantiated the

antimicrobial efficacy of silvered catheters, the observations have not been sub-

stantiated in live animal models or in clinical practice.

Silver has occasionally been employed to control infections associated

with intraperitoneal catheters. Thus, silver as impregnate in cuffs, coatings or

as ion-beam-assisted deposition has been applied as a coating for Silastic or

other catheters but antibacterial protection has not been routinely con-

firmed [23].

Silver in Devices for Orthopaedic Surgery

Infection is a recurrent problem in association with external fixation pins

and screws, prostheses, cements used in orthopaedic surgery and dental cavity

fillings. Nosocomial organisms are documented causes of inflammatory

changes, degenerative conditions, impaired healing and tissue function leading

to lowered patient survival. Prophylactic concentrations of ionizable silver

compounds have been included in these devices or applied in the form of a coat-

ing on the expectation that ions are released to control pathogenic infections

(1) Silicone

(2) Primary layer

(3) Hydrophilic

 top coat

Ag�
Ag�

Ag�

Bacteria/yeasts
Urethral wall

Fig. 2. Diagram of a silver-coated catheter (Dover®; Tyco Healthcare) showing a silicone

core catheter with a primary coating of silver compound within a hydrophilic outer layer.
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without influencing repair mechanisms. At the moment, insufficient experi-

mental or clinical evidence is available to justify the use of colloidal silver or

other silver coating in fixation pins. Polymethacrylate bone cements laced with

silver have proved effective in controlling P. aeruginosa, S. aureus and

Escherichia coli in experimental studies but this has yet to be validated in clin-

ical trials. The same is true where silver is used in bone prostheses.

The development of Bioglass® and its applications in bone surgery and in

antiseptic sutures holds current interest in orthopaedic medicine. Bioglass biode-

grades in the presence of tissue fluids and macrophages to release calcium, sili-

con and phosphate for bone repair and has clinical applications in hard and soft

tissue repair. Silver oxide added to this bone cement has shown excellent antimi-

crobial potential in preclinical studies but approval for clinical studies is pending.

In the same way, where medical silk sutures were ‘doped’ with silver oxide (fig. 3),

antibacterial action as demonstrated in vitro and in experimental studies

[Lansdown, Blaker and Boccaccini, unpubl.], clinical work is still pending.

Silver in Cardiovascular Surgery

Limited success has been achieved in using silver to control infections

associated with cardiovascular devices including heart valve sewing rings,

stents and prostheses. Although infections associated with prosthetic valve

prostheses may lead to 80% fatality in clinical practice, devices such as the 

St. Jude Medical Silzone® sewing cuff, polyester-woven fabrics or knitted pros-

theses are not clinically acceptable or efficacious in controlling infections.

Fig. 3. Mersilk® (Ethicon) suture fibres following immersion in a slurry of silver-

oxide-treated Bioglass granules. High-resolution SEM � 600.
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Darouiche [23] concluded that the validation of silver as an antimicrobial in

cardiovascular devices was based on insufficient investigation and inadequate

preclinical studies.

Silver in Textiles

The use of silver in medical textiles is at an early stage at present but holds

many possible advantages in controlling clothing-borne nosocomial infections

in hospitals and in personal hygiene products. It is expected to offer special

advantages in protecting those people with acquired or inherited immunodefi-

ciency conditions who are at greatest risk from even mildest infections. We have

experience of silk sutures dipped in a slurry containing a Bioglass-silver oxide

complex which have been developed at Imperial College (London) to be com-

patible with human cell lines in vitro. Electron microscopy has demonstrated

distribution of the silvered granules on the surface of these silk sutures in a suf-

ficiently robust form to withstand clinical incision at surgery (fig. 3).

In contrast, an antifungal and antibacterial cellulose fibre fabric (Sea Cell)

has been developed at the Friedrich Schiller University in Jena (Germany) [12].

The natural cellulose fibres containing algal extracts provide a functional car-

rier for an ionizable silver compound which has shown commendable antimi-

crobial action against a range of pathogenic organisms in vitro at least. Clinical

confirmation of this efficacy is urgently awaited.

Antibiotic Action of Silver

In his Manual of Pharmacology (1942) Sollemann [5] remarked that inor-

ganic silver salts (especially nitrate) are astringent, caustic and antibiotic, that

their action was readily controlled and their toxicity low. Since the 1940s when

strong concentrations of silver nitrate as ‘lunar caustic’ or silver pencils were used

to remove warts, unsightly granulations and skin calluses, silver has been a choice

antibiotic (0.1–0.5%) for treating skin infections and bacterial and fungal infec-

tions associated with respiratory disease, bone and joint surgery, prostheses, car-

diac devices, eye lesions and transplant surgery. Research has led to a greatly

improved understanding of the mechanisms of antimicrobial action of silver and

the molecular and genetic basis for silver resistance in bacteria and fungi [8, 20].

In its metallic form, silver is inert and exhibits no biocidal action.

However, it ionizes in the presence of water or tissue fluids to release Ag� or

other biologically active ions. This ‘activated’ ion shows a strong affinity for

sulphydryl groups and protein residues on cell membranes. Importantly, silver

exerts its antimicrobial action at low concentrations (1 ppm) and exhibits the

so-called oligodynamic effect coined by von Naegeli in 1895. The lethal effect
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in sensitive microflora was estimated to be equivalent to the number of intracel-

lular enzyme systems to be inactivated, possibly in the range from 10�5 to 10�7.

Sensitive bacteria accumulate silver against a concentration gradient until lethality

is reached [6].

More recently, microbiologists and molecular scientists have sought to

unravel the genetic basis for resistance of bacteria to silver. Scanning and trans-

mission electron microscopy has been used to examine:

• the action of silver on cell membranes; 

• intracellular uptake and intracellular distribution of silver;

• interaction between silver and subcellular cytoplasmic components

(enzymes, metal ion pathways etc.);

• the genetic and morphological basis for bacterial silver resistance.

Available evidence points to a direct correlation between bacterial lethal-

ity and ‘available’ concentrations of free silver in the medium. The silver ion

that is chelated, bound or precipitated in insoluble complexes in tissue exudates

or secretions is not available for antimicrobial action.

Silver is now known to inhibit a wide range of laboratory strains and type

cultures of Gram-positive and Gram-negative strains. Broad extrapolations are

made in predicting the responses of infections in the human body to silver. It is

conceivable that where silver has been used in the components of materials

used in medical devices or coatings, and where limited antimicrobial efficacy

has been noted, a large proportion of silver ions released has been mopped up

by chelating or binding agents in the micro-environment.

Mechanisms of antibacterial action by silver in sensitive organisms are

complex and equivocal (fig. 4). Binding of silver to cell membranes and intra-

cellular absorption is an obligatory first step; silver binds to electron donor

DNA 

RNA

Ag�

Ag�

Ag�

�

�

�

�

� Ag�

Proteins
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Wound dressing

Antimicrobial 

catheter

Fig. 4. Antimicrobial action of silver: (1) attachment to the bacterial cell membrane;

(2) absorption/diffusion into the cell; (3) coagulation with bacterial proteins/enzymes.



Lansdown 30

receptors, notably disulphide, amino, imidazole, carbonyl and phosphate residues

on membranes leading to intracellular absorption by endocytic vacuoles and

phagocytosis. Inactivation of membrane-related enzymes like phosphomannose

isomerase results in denaturation of the bacterial cell envelope and its func-

tional capacity to regulate the inward diffusion of nutrients (e.g. phosphates,

succinates) and limits the effusion of essential electrolytes and metabolites.

Membrane damage has been identified by pitting and increased permeability as

a prelude to lethality. The predominant intracellular effect of silver probably lies

in its ability to impair key intracellular enzyme systems by impairing trace met-

als and electrolytes leading to defective respiratory pathways and RNA and

DNA replication [7].

Silver resistance in bacteria at least has a molecular, morphological and

genetic basis [8]. A silver-resistant strain of E. coli isolated from a burn wound

containing two large plasmids failed to absorb or retain silver, whereas in a sensi-

tive strain silver accumulation was fivefold higher. Genetic manipulation of these

plasmids can dramatically alter silver uptake and hence the silver sensitivity/resis-

tance of an organism. Electron microscopy and molecular techniques have shown

that silver resistance encodes in a pericytoplasmic protein – SilE – and that this is

expressed in the presence of metallothionein (a silver-induced, cystine-rich metal-

binding protein). Cytoplasmic changes in a sensitive strain of S. aureus have been

identified as electron-light regions in the cytoplasm associated with denatured

DNA. Resistance (or R factor) can be transmitted through natural gene transfer

mechanisms in bacteria, possibly similar to that seen in biofilm formation.

Continued exposure of pathogenic infections in burns or other situations were

associated with the clinical emergence of resistant strains in patients in the

Birmingham Accident Hospital in the 1970s [10]. Experience suggests that

emerging resistance among nosocomial and commensal bacteria may in part be

controlled by restricting the use of antibiotics, changing practice in antibiotic

therapies and using mixed antibiotics (e.g. silver � chlorhexidine) [22].

Biofilm formation is a major problem in the continued use of indwelling

catheters and in orthopaedic materials [23, 24]. A wide variety of bacteria (and

possibly yeasts and fungi) are known to adhere to surfaces of these devices,

migrating along inner and outer surfaces to establish antibiotic-resistant colonies

embedded in calcareous matrices. Proteus mirabilis has shown a remarkable

ability to creep along such surfaces and develop biofilms. Offending bacteria

undergo morphological and genetic changes in transforming from their natural

‘pelagic’ existence to the static way of life. Silver antibiotics in device coatings

or materials have shown limited success so far in reducing the initial bacterial

adhesion or in penetrating the biofilm matrix to achieve lethality. The reasons for

this limited success are not immediately clear but may be related to the insuffi-

ciency of free silver ions released for antibacterial action in the devices. Much
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research is still needed to understand the mechanisms of bacterial resistance to

silver in biofilm formation, why silver fails to penetrate the calcareous matrix

and how silver interacts to influence natural human protective mechanisms. It is

also unclear whether biofilms are likely to be a problem in the use of medicated

textiles in nurses’ uniforms or other hygiene products.

Metabolism and Toxicity of Silver in the Human Body

Silver is not a trace metal and serves no physiological role in the human

body [7]. Silver absorbed into human tissues from antiseptic respiratory sprays,

implanted medical devices, wound dressings or indwelling catheters can be

expected to reach the systemic circulation, mostly as a protein complex.

Argyraemias are more frequent in people exposed to silver occupationally or by

environmental exposures including food and drinking water. Theoretically, sil-

ver can be deposited in any tissue in the human body but the skin, brain, liver,

kidneys, eyes and bone marrow have received greatest attention [14]. Current

information shows that the uptake and metabolism of silver are not well docu-

mented and are largely limited to a few clinical studies with silver sulphadi-

azine, where blood silver levels of �300 �g�l�1 have been recorded [15, 16,

19]. Although silver released from intraurethral catheters is available for

absorption through urinary tract membranes, the extent to which this occurs is

not known. In these cases, primary attention is given to the influence of silver

on bacteraemias and biofilm formation [24]. It is expected that as international

regulatory requirements become more stringent, silver absorption data from a

wide variety of products including textiles will become mandatory.

The silver ion is absorbed through the gastro-intestinal tract and through

the lungs following inhalation of silver dust and vapour possibly by passive dif-

fusion of a silver-protein complex or by protein transfer in a form of endocyto-

sis [14]. Absorption through intact skin is low (�1 ppm?) since much of the

free ion is precipitated as silver sulphide in outer parts of the stratum corneum.

As much as 10% of silver sulphadiazine is absorbed through partial-thickness

burns with exposure to high vasculature [19].

The intracellular metabolism of silver within human tissues is illustrated with

reference to cells of a wound margin exposed to silver sulphadiazine. The silver

ion absorbed into epidermal cells induces synthesis of the cystine-rich metal-

binding proteins metallothionein 1 and 2. Silver avidly binds these proteins to form

stable complexes [14, 20]. Increased cellular metallothionein favours the uptake of

the key trace elements zinc and copper which in turn promote RNA and DNA syn-

thesis, cell proliferation and tissue repair. Metallothionein thus provides a double

action, it protects tissues against the potential toxic effects of a xenobiotic metal
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and promotes healing. It is expected that irrespective of the route of exposure,

silver will bind to proteins in tissue fluids and exudates, particularly the albumins

and globulins. These will be absorbed into the systemic circulation for distribution

to soft and hard tissues. The rate of silver absorption is not known accurately for

any route of exposure but silver in urine may provide a useful monitor for clinical

or occupational exposure and absorption.

Silver absorbed into the human body accumulates in a transitory fashion in

the liver, kidney, brain, lung and bone marrow with minimal or no toxic risk.

Silver uptake by bone/teeth is low. On the other hand, silver absorbed intestinally

or from antiseptic sprays does accumulate in the cornea of the eye (argyrosis)

and in the dermis of the skin (argyria), especially tissues exposed to solar radi-

ation. Argyrosis and argyria attributable to fine deposits of silver metal or silver

sulphide tend to be long lasting or permanent but not life threatening. Argyria-

like symptoms have been seen in patients subject to chronic silver sulphadi-

azine therapy or long-term exposure to dressings releasing high levels of silver

[14]. These black silver sulphide deposits in wound debris are not in my opinion

a true argyria; they are rarely permanent, not present in living tissues and are

normally lost as wounds heal.

Silver or silver sulphide deposits in living tissues are rarely a cause for tox-

icological or physiological concern. In the liver and kidney which form the

principal routes for silver excretion, silver granules accumulate in the cyto-

plasm of phagocytic cells, hepatocytes and renal tubular epithelium bound

mostly in lysosomal vesicles. Silver is released into bile ducts and urinary ducts

for excretion in the faeces and urine, respectively. Greater concern relates to the

influence of chronic silver ingestion or silver sulphadiazine therapy on the bone

marrow and circulating neutrophils [14]. Reports of neutropenia and erythema

multiforme in burned children treated with silver sulphadiazine are now

believed to be a self-limiting and transient change of no toxic significance.

Leukopenia regressed when treatment was withheld. However, silver is known

to sensitize predisposed individuals; this is a permanent effect and a contra-

indication for using silver products for any infection. The incidence of silver

allergy is not known (silver sensitivity tests are not routinely conducted except

for diagnostic purposes). Clearly, evidence of silver allergy is a contra-indication

for using any silver products therapeutically and avoiding silver-containing tex-

tiles which come into direct contact with the body.

Neurotoxic changes have been documented but not substantiated following

the use of silver antibiotic in medical devices. Deposits of silver sulphide in the

eye tend to be long lasting but pathological changes have not been identified in

the tissues at concentrations as high as 970 �g Ag�g�1 tissue weight. Rarely,

these silver sulphide deposits have been found to impair night vision but not

optic function [14].
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Inherent risks of using silver in wound care, medical devices or in textiles

are predictably low. On the other hand, workers exposed to fine silver dust, sil-

ver vapours and ion beam technology in manufacturing processes are expected

to be at greater risk to silver. The inherent risks of occupational silver exposure

will be minimized by close adherence to standard procedures in good manufac-

turing practice, use of appropriate protective clothing and observation of strin-

gent regulations such as Control of Substances Hazardous to Health (UK)

which embodies a ‘scientific assessment of risk’. Consumers exposed to silver

in textiles are expected to be at minimal risk. Silver is not absorbed through

intact skin, even in moist areas, to any great extent. It will be considerably lower

than seen in patients exposed to 1% silver sulphadiazine cream (30% Ag) or

wound dressings releasing at least 100 mg Ag�cm�2.

Discussion

Metallic silver and silver compounds are used widely in medical devices

and health care products to provide antibacterial and antifungal action.

Experience has shown that they are generally safe in use and effective in con-

trolling pathogenic organisms. They do not achieve a ‘germ-free’ state in

wounds, device-related infections or biofilm formation however. Biofilms are

silver resistant, and silver-resistant bacteria have been isolated from burn

wounds, chronic ulcers and nosocomial isolates [20]. It is expected that where

silver has been unsuccessful in limiting infections, much of the free silver ion

released for antimicrobial purposes has been mopped up by albumins, globu-

lins, free anions and protein residues on cell membranes. At the moment, we do

not know the minimal levels of silver ion necessary in any situation to clear

infections, although recent research suggests that concentrations of free ion

equivalent to 0.5–1.0 M silver nitrate will be adequate [Lansdown and Philip,

unpubl.]. Manufacturers of new products should envisage providing a balance

between the silver ion released for antibacterial purposes and the minimal toxic

threshold. Although much initial research is still conducted in the laboratory

with types of bacterial/fungal strains, further clinical and pharmacological stud-

ies are urgently required to examine the safety and efficacy of silver in human

patients and volunteers with close attention to ethical considerations.
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Abstract
Healthy human skin is regularly colonized by nonpathogenic microorganisms. Bacterial

genera isolated are coagulase-negative staphylococci and diphtheroid rods on the skin

surface and propionibacteria in the infundibulum of the sebaceous glands. As for fungi,

Pityrosporum (Malassezia spp.) is regularly present. The distribution and density of the flora

is dependent on age and environmental factors such as sebum secretion, occlusion, tempera-

ture and humidity. Odor production in the axilla is related to the activity of aerobic diph-

theroids. Antimicrobials may reduce the density of the skin resident flora, but they do not

completely eliminate it. While antimicrobials may cause irritant and allergic contact der-

matitis, no evidence exists that the use of antimicrobial substances may change the ecology

of resident bacteria on the skin thereby leading to the overgrowth of pathogenic bacteria.

Copyright © 2006 S. Karger AG, Basel

Antimicrobials have been used in textiles originally to prevent rotting,

especially under adverse environmental conditions such as tropical climate.

This dates back to World War II when cotton fabrics used in the South Pacific

by the US Forces were protected from microbial decay.

The application of antimicrobial substances in textiles is now extended to

textiles for medical uses (e.g. in the treatment of atopic dermatitis) but also in

sports and leisure. In order to understand the use of antimicrobials in textiles,

textile engineers should have some basic knowledge of the anatomy and physi-

ology of the skin, especially its microbiology. While textiles should support

physiological functions, they should not pose a risk to human health under nor-

mal or reasonably foreseeable use.

Efficiency of Biofunctional Textiles
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The Human Skin Flora

The skin is the largest organ of the human body. In the adult, it has a sur-

face of 1.8 m2 and a weight of 10 kg.

As the skin forms a barrier against harmful chemical and physical impact

of the environment, it also protects the organism from infection by pathogens,

parasites, fungi, bacteria and viruses.

One important protective factor against infection by pathogenic organisms

is skin surface pH that physiologically is between 5 and 6 at nonoccluded sites

[1]. Intertriginous areas such as the axillae, the toewebs, the genital and the

perianal regions have a higher pH and are more prone to infection. In addition

to pH, certain stratum corneum lipids have been shown to have inhibitory

effects on pathogenic bacteria [2]. In recent years, defensins, peptides with

antibiotic properties, have been demonstrated in human skin [3]. Peptidoglycan

recognition proteins 3 and 4 are bactericidal against several pathogenic and

nonpathogenic Gram-positive bacteria of transient, but not normal flora [4].

Despite these antibacterial substances present on the skin surface, the skin

is not sterile but harbors nonpathogenic bacteria. The human skin flora is

defined as the microbes present in healthy skin on the skin surface, within the

stratum corneum, in the infundibulum of the sebaceous glands and in the hair

follicles (fig. 1) [6]. It may be differentiated: the resident flora that is continu-

ously present on the skin and thus may be regularly sampled, the transient flora

that is only sampled at low frequency or density and the temporary resident

flora that transiently grows on the skin without leading to infection.

The following genera make up the skin resident flora: micrococci with

coagulase-negative staphylococci, Peptococcus spp., Micrococcus spp., diph-

theroids with corynebacteria and Brevibacterium spp., propionibacteria and

gram-negative rods.

The bacteria of the resident flora of the normal human skin live as micro-

colonies [7] on and between the layers of the stratum corneum [8] and in the

follicles of the sebaceous glands [9]. In the uppermost layer of the stratum

corneum, Corynebacterium spp. and sometimes microorganisms of the tran-

sient skin flora are present. In the infundibulum of the sebaceous glands, there

is a topographic distribution of Propionibacterium spp. from the deepest part of

the infrainfundibulum up to the entrance of the acroinfundibulum and of coag-

ulase-negative staphylococci from the middle part of the infundibulum to its

entrance.

Pityrosporum spp. are located near the ostium in the acroinfundibulum [9].

Skin bacteria are distributed within a three-dimensional space and not on a sur-

face. Penetration of antimicrobial agents, especially into the infundibulum, is

particularly difficult, because of the sebum/bacteria/corneal cell mass. Reduction
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of the CFU counts per square centimeter of the bacteria of the resident flora to

zero in vivo is impossible even after repeated applications of a potent skin dis-

infectant [10].

Korting et al. [11] have pointed out that the composition of the skin flora is

subject to age: the streptococci which are found in infants disappear, and

coryneform bacteria occur, which are mainly responsible for odor production.

Anaerobic propionibacteria are more numerous in juveniles and young adults, a

fact that may be explained by increased sebum production [11].

The relevance of skin resident flora for the healthy skin lies in the fact that it

generates an ecological system protecting from pathogens. Thus Staphylococcus

epidermidis, Propionibacterium acnes, corynebacteria and Pityrosporum ovale

produce lipases and esterases that break triglycerides to free fatty acids leading to

a lower skin surface pH and thereby unfavorable growing conditions for skin

pathogens. S. epidermidis and P. acnes are known to produce antibiotics that may

interfere with pathogenic organisms.

Endogenous and exogenous factors may influence the skin flora, thus facil-

itating skin infections. These factors include cellular and humoral immunity

(e.g. diabetes, HIV infection), medication (e.g. Gram-negative folliculitis induced

by long-term antibiotic treatment), environmental factors (e.g. humidity,

Corynebacterium spp.

Pityrosporum spp.

Staphylococcus epidermidis

Propionibacterium spp.

Stratum

corneum

Acro-

Infra-

Detergent scrub 

method

Cyanoacrylate 

method

Infundibulum

Fig. 1. Three-dimensional distribution of human physiological skin flora (based on

Hartmann et al. [5]).
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temperature), and cosmetics and hygiene (e.g. antibacterial washes). Occlusive

garments may be a risk factor for skin infections, and it is a well-known clinical

experience that contaminated clothing may lead to a spread of infection, e.g. in

staphylococcal folliculitis in hot, humid climates.

Skin Odor and Bacterial Flora

Already in the 1980s, several groups studied the relationship between skin

odor and bacterial flora. Leyden et al. [12] showed that the axillary flora is a

stable mixture of Micrococcaceae, aerobic diphtheroids and propionibacteria.

Higher numbers of bacteria can be recovered from the axilla of persons with

pungent axillary odor. This is related to the activity of aerobic diphtheroids,

which could be ascertained in experiments with droplets of apocrine sweat

placed on the forearm and inoculated with various bacteria: only diphtheroids

generated the typical body odor. Cocci produced a sweaty odor attributable to

isovaleric acid [12]. No ecological interactions between the members of the res-

ident flora were found in the axilla [13]. Similar results were reported for foot

odor, where high population densities of staphylococci and aerobic coryneform

bacteria predispose to odor [14].

Malodorous androstenes (5�-androst-16-en-3-one, 4,16-androstadien-

3-one, 5,16-androstadien-3�-ol, 5�-androst-16-en-3�-ol and 5�-androst-

16-en-3�-ol) seem to be produced by bacteria in the axilla [15]. Recently, 

the biochemical pathways for the production of these steroid substances 

have been described and a metabolic map for axillary corynebacterial

16-androstene biotransformations was proposed, detailing potential enzyme

activities [16].

Skin odor may be reduced by antibacterial agents without modifying the

amount of sweat secreted. A clinical study has shown that the improvement of

malodor correlates with a reduction of both micrococci (70%) or diphtheroids

(73%) [17]. In persons presenting with persistent bromidrosis, the bacterial

count per square centimeter did not significantly decrease and remained above

104 diphtheroids/cm2 suggesting that body odor may be at least indirectly corre-

lated to microbial counts with a bacteria threshold ranging around and above

104 [17].

Effects of Antimicrobials on the Bacterial Flora of the Skin

Antimicrobial substances are used to reduce the skin resident and transient

flora, especially to eliminate pathogens in hygienic and surgical disinfection.
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In Germany, the German Society for Hygiene and Microbiology has been

publishing standards for the testing of disinfecting substances since 1959, and it

publishes a list of tested and approved disinfectants including methods of hand

decontamination and hygienic hand wash. The most widely used method for

testing the efficacy of antiseptics in Europe is European standard EN 1500. In

the USA, requirements for in vitro and in vivo testing of health care worker

handwash products and surgical hand scrubs are outlined in the Food and Drug

Administration’s ‘Tentative final monograph for healthcare antiseptic drug

products’ [18]. A list of the most frequently used approved topical antimicro-

bials with their spectrum of activity is given in table 1.

Table 1. Antimicrobial spectrum and characteristics of hand hygiene antiseptic agents (from Boyce and

Pittet [19])

Group Gram- Gram- Myco- Fungi Viruses Speed of Comments

positive negative bacteria action

bacteria bacteria

Alcohols ��� ��� ��� ��� ��� fast optimum 60–95%; no

concentration

persistent activity

Chlorhexidine ��� �� � � ��� intermediate persistent activity; 

(2% and rare allergic reactions

4% aqueous)

Iodine ��� ��� ��� �� ��� intermediate causes skin burns; 

compounds usually too irritating 

for hand hygiene

Iodophors ��� ��� � �� �� intermediate less irritating than 

iodine; acceptance 

varies

Phenol ��� � � � � intermediate activity neutralized 

derivatives by nonionic 

surfactants

Triclosan ��� �� � – ��� intermediate acceptability on hands

varies

Quaternary � �� – – � slow used only in 

ammonium combination with 

compounds alcohols; ecological 

concerns

��� � Excellent; �� � good, but does not include the entire bacterial spectrum; � � fair; – � no activity

or not sufficient. Hexachlorophene is not included because it is no longer an accepted ingredient of hand 

disinfectants.
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The main concern with the regular use of topical antimicrobial substances

is the development of irritant and allergic contact dermatitis [19]. As a conse-

quence of contact dermatitis in health care workers, the bacterial flora will

change. Eczematous skin is characterized by papules, vesicles and, in irritant

dermatitis, fissures that will lead to the exudation of intercellular fluid, thus

promoting the growth of pathogens. In a prospective observational study of 40

nurses (20 with diagnosed hand irritation and 20 without), nurses with damaged

hands did not have higher microbial counts (p � 0.63) but did have a greater

number of colonizing species (means: 3.35 and 2.63, p � 0.03) [20]. Twenty

percent of nurses with damaged hands were colonized with Staphylococcus

aureus compared with none of the nurses with normal hands (p � 0.11). Nurses

with damaged hands were also twice as likely to have Gram-negative bacteria

(p � 0.20), enterococci (p � 0.13) and Candida (p � 0.30) present on the

hands [20]. In using topical antimicrobial products, it is therefore important to

select those with the lowest irritant and sensitizing potential under the given

situation. When considering antimicrobials for the use in textiles with a possi-

ble transmission of the substances onto the skin, safety regarding irritation and

sensitization should be shown by appropriate use tests employing noninvasive

bioengineering technology [21]. A safety assessment as required by the

European Cosmetics Directive is mandatory in these applications.

While evidence exists that the use of antimicrobial substances may change

the ecology of resident bacteria of the gut thereby leading to the overgrowth of

pathogenic bacteria, there are no such data for the skin [22]. As Jones [23]

stated in 1999, based on current knowledge, the benefit from the use of topical

antimicrobial wash products in combination with standard infection control 

and personal hygiene practices far outweighs the risk of increased antibiotic

resistance.
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Abstract
The number of biofunctional textiles with an antimicrobial activity has increased consid-

erably over the last few years. Whilst in the past it was predominantly technical textiles which

had antimicrobial finishes, in particular to protect against fungi, nowadays textiles worn close

to the body have been developed for a variety of different applications as far as medical and

hygienic tasks. Together with the increase in new antimicrobial fibre technologies and possibil-

ities in the hygienic and medical applications, the demand for proper test systems to evaluate

the effectiveness as well as the safety of antimicrobial textiles rose. With the aid of agar diffu-

sion and suspension tests, it is possible to record qualitative and quantitative data on the in vitro

‘degree of effectiveness’ of antimicrobial textiles. Test systems based on testing the biocompat-

ibility of medical devices are suitable to evaluate the safety of antimicrobial textiles.

Copyright © 2006 S. Karger AG, Basel

Applications and Objectives

The number of applications of textiles with antimicrobial activity has

increased dramatically. A brief summary of the various fields of applications

and associated products is shown by way of example in table 1.

From the data presented in table 1, one can deduce four main objectives

behind the use of antimicrobial finishes [1]:

(a) to avoid the loss of performance properties as a result of microbial fibre

degradation;

(b) to significantly limit the incidence of bacteria;

(c) to reduce the formation of odour as a result of the microbial degradation of

perspiration;

(d) to avoid transfer and spread of pathogenic germs.
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Together with the increase in new antimicrobial fibre technologies and pos-

sibilities in the hygienic and medical applications [2], the demand for proper test

systems to evaluate the effectiveness and safety of antimicrobial textiles rose [3].

Two Types of Activity

Before testing textiles with antimicrobial activities for their effectiveness,

one has to take into account the technology and the bioactive substance which

have been used to equip the textile. Three fundamental procedures have become

established:

(a) the bioactive substance is applied directly to the spinning mass;

(b) the bioactive substance is applied to the fibre surface, e.g. with the aid of

spacer molecules;

(c) the manufactured fabric is coated with a resinogenic finishing agent.

Depending on the type of technology and bioactive substance, textiles

result with different antimicrobial active principles. Coarsely, these principles

can be divided into two categories: materials with passive and materials with

active effects [4].

Passive Antimicrobial Principles

Passive antimicrobial fibres do not contain any type of antimicrobial addi-

tives but have a quasi-antimicrobial effect, e.g. the microbial colonization of the

textile is prevented by the surface structure of the fibre (microdomain-structured

surfaces, lotus effect). In other words, the bacterial cells themselves are not

affected – instead, the micro-organisms are prevented from adhering to the fibre

surface (to prevent fibre degradation) or are attacked by non-leaching surface-

active compounds. An example are so-called co-polyamines, antimicrobial

polymers which have covalently attached polycationic compounds, that interact

Table 1. Antimicrobial textiles and their fields of application

Medicine Sport and leisure Outdoor Technology Domestic

Support stockings Shoes Jackets Wall hangings Curtains

Antidecubitus mattress Socks Tents Roof coverings Coverings

Incontinence liners T-shirts Uniforms Facade linings Cloths

Encasings Cycle wear Personal protective Air filters Bath mats

Bedding filling Team kit Astro turf Automotive Sanitizers

Pillows Jogging suits Sunshades Geotextiles Underwear

Implants Awnings Carpets
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with the bacterial cell wall [5]. More recently, anti-adhesive, ‘intelligent’ poly-

mers have been developed which prevent the formation of a biofilm on implants

and thus offer a preventive measure for infections associated with implants

(so-called plastic infections) [6].

Active Antimicrobial Principles

The majority of textiles with antimicrobial activity are materials with active

finishes which contain specific active antimicrobial substances acting upon

micro-organisms; either on the cell membrane, during metabolism or within the

core substance (genome). A number of metallic compounds are also used; various

silver compounds are currently very popular. Besides this, quaternary ammonium

compounds, biguanides, amines and glucoprotamine displaying polycationic,

porous and absorbent properties are active substances. Natural products such as

chitosan are also being used more frequently [7]. The effectiveness of textiles

with active antimicrobial activity is based on the so-called diffusion principle, i.e.

the bioactive substance diffuses out at a variable rate from the finish or from

within the fibre by ion exchange, by the substitution of cations from perspiration.

The antimicrobial principles listed above brought their own problems,

however: it was often difficult or impossible to detect antimicrobial activity

using conventional test methods, although the active substances themselves are

clearly recognized and described as antimicrobial. This is due to the fact that a

range of test systems only react to highly diffusive leaching substances (active

principle) and therefore often give false-negative results where non-diffusive or

weakly diffusive compounds are present.

Evaluating the Effectiveness of Antimicrobial Textiles

To record the quantitative reduction of bacteria by antimicrobial textiles,

test systems have become established which specifically record this process. It

is far beyond the scope of this article to compare all of the most important rec-

ognized international test methods for antimicrobial textiles (table 2). Therefore,

we focused on the pros and cons of two major test systems: the agar diffusion

test and the suspension test (challenge test).

Agar Diffusion Test

The agar diffusion test has a long-standing tradition in microbiology (e.g.

testing the antibiotic resistance of germs). A probe is placed directly onto the

surface of a germ-containing agar plate [8]. The test can easily be run with

various micro-organisms. In textile research, this method can be recommended

as a quick and preliminary qualitative method to distinguish between active
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(i.e. clear zone of growth inhibition around the probe) and passive antimicrobial

principles (no zone of inhibition). The diameter of the zone of inhibition may

give an indication of the dimension of the antimicrobial activity or the release

rate of the diffusive compound. Thus, it is not more than a semi-quantitative analy-

sis. Nevertheless, the agar diffusion test is also favourable when testing textiles

with passive antifungal activity (fig. 1), since fungi do not grow or are impaired

in their growth on the specific probes. For textile materials other than fabrics,

only very poor or imprecise conclusions can be drawn using this method.

Suspension Tests

With the aid of suspension tests such as the JIS 1902-2002 it is possible to

record the maximum achievable in vitro ‘degree of effectiveness’ of the finished

textiles as growth inhibitors of test bacteria [9]. This standard was not designed

as a wear test for textiles, but it is an excellent method to assess the degree of the

antimicrobial activity of textiles. Suspension tests can also be used to differ-

entiate between a specific or general antimicrobial activity, and they can be

modified to check the activity of textiles with the passive principle. When cal-

culating and evaluating the antimicrobial activity, it is advantageous that the

composition of the control and sample materials is identical, as in the test for

specific antibacterial activity. The only difference must be the antibacterial

component of the sample. This is the only way to guarantee that the test results

reflect the specific antibacterial activity of the treatment over the test period.

Table 2. Overview of the most popular standards to test the performance of textiles,

fibres, yarns and polymers for antimicrobial effectiveness

Designation Title Principle

SN 195920-1992 Textile fabrics: determination of the Agar diffusion test

antibacterial activity

SN 195921-1992 Textile fabrics: determination of the Agar diffusion test

antimycotic activity

EN 14119:2003-12 Textiles-evaluation of the action of Agar diffusion test

microfungi

ASTM E 2149-01 Standard test method for determining Challenge test

the antimicrobial activity of immobilized 

antimicrobial agents under dynamic 

contact conditions

JIS Z 2801 Antimicrobial products – test for Challenge test

antimicrobial activity and efficacy

JIS L 1902-2002 Testing for antibacterial activity and Challenge test

efficacy on textile products
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Common Procedure: Test for Specific Antibacterial Activity

It is favourable to start with a log culture of bacteria (e.g. Staphylococcus

aureus 6538 ATCC, Klebsiella pneumoniae DSM 789) diluted with sodium chlo-

ride to a definite suspension with 105 CFU (colony-forming units). In this dilution

stage, the inoculum is deprived of virtually all reserve nutrients, in order to mini-

mize factors influencing growth and directly record the specific effect of the

antibacterial treatment applied to the textile fibres. It is also of advantage to con-

duct the suspension test with a sample material that has been given an antibacter-

ial treatment and a reference material. The latter is a fabric of the same structure

and chemical/physical properties and composition, but without the antibacterial

treatment. Both materials are inoculated and incubated for 18 h at 36�C. The aver-

age value is taken from parallel tests (e.g. triple control). After the incubation,

both materials are washed out with physiological salt solution with detergent sup-

plement, and the number of separated bacteria is recorded in terms of CFU, e.g.

using a spiral plater procedure. The bacterial growth over 18 h is calculated for the

reference material and the sample material (CFU sample), respectively.

Calculation and Assessment

The reduction value in the growth of micro-organisms R is calculated,

which expresses the difference in bacterial growth between the sample material

and the reference material RM over 18 h. It is expressed in log stages as the bac-

terial growth-inhibiting, antibacterial activity:

Fig. 1. Agar diffusion test with antimicrobial textiles. The two upper samples on the

plate show a clear zone of inhibition (bacteria have been destroyed around the samples). This

can be taken as an active antimicrobial principle. In contrast to this, the two lower fabrics do

not show any signs of an active zone, although these probes are also treated with an anti-

microbial finish (non-diffusive, passive antimicrobial principle). 
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specific antibacterial activity � log10 (CFURM/18 h) – log10 (CFUsample/18 h) � R

specific antibacterial activity � BGRM – BGsample 

where BG � bacterial growth.

The log10 values for the specific antibacterial activity can be rated accord-

ing to the assessment described in table 3.

When nutrients are limited during the incubation phase, depending on the

fibre type changes may be observed in the bacterial population: on substrates/

fibre types containing no nutrients, stagnation occurs, while natural fibres

which contain nutrients (wool, silk) may promote growth. Occasionally a slight

reduction in the bacterial culture may even be detected. However, by directly

comparing a reference material with the treated sample, it is always possible to

record the direct effect of the additional antibacterial treatment, because exter-

nal factors (e.g. supply of nutrients) can largely be excluded and, because of the

characteristics of the sample and reference materials, it can be assumed that any

potential growth pattern will be the same.

Controls

To check the capacity for growth of the test bacteria, an internal growth

control test should always be carried out using a defined test material. In

experiments, values between �0.5 log stages can been achieved. To check the

recovery rate, the 0-hour value should also be calculated. The bacterial suspen-

sion is also plated at 0 and 18 h and the CFU are counted.

Common Procedure: Test for General Antibacterial Activity

In the absence of a reference material with the same chemical/physical

properties, the internal growth control material can be used as a reference value.

In this case, the assessment should be specified to the term ‘general antibacter-

ial activity of textile’ in order to distinguish clearly from the term ‘specific

Table 3. Assessment of the antimicrobial activity

Antibacterial activity Specific antibacterial activity

Slight 0 to �1*

Significant �1 to �3

Strong �3

*Because of the instability of the bacterial growth, the biological variation

(laboratory standard � 0.5 log stages) should be taken into account in the ass-

esment criteria, especially in the lower range/where the effect is slight. When

bacteria are used, the term ‘antimicrobial’ can be specified to ‘antibacterial’.
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antibacterial activity’. If there is no reference material, the sample and refer-

ence cannot be compared and evaluated purely with regard to the antibacterial

treatment, i.e. directly. Additional treatment of the fibres in finishing processes,

dyeing, washing etc. can affect the growth of bacteria and so contribute to the

general antibacterial activity.

By comparing the 18-hour value for the internal growth control material

with the 18-hour value for the sample, the total activity of the treated textile can

be expressed using the following formulas:

general antibacterial activity � log10 (CFUIGM/18 h) – log10 (CFUsample/18 h)

general antibacterial activity � BGIGM – BGsample

where BG � bacterial growth and IGM � internal growth control material.

Evaluating the Safety of  Antimicrobial Textiles

More and more antibacterial textiles aim in particular at clients from

hygiene-sensitive sectors such as the health sector and the foodstuffs industry.

The fact that the clothing worn by doctors and nursing staff, as well as that worn

by workers in food-processing companies, can play a critical role in the transfer

of dangerous pathogens is indisputable [10, 11]. This is particularly true if the

effectiveness has been proven beyond all doubt, i.e. on the basis of practical

tests carried out by a neutral body. On the other hand, the term ‘antibacterial’

inevitably raises questions amongst wearers as to the skin compatibility of

antimicrobial textiles worn next to the skin. Compelling legal reasons such as 

§ 30 of the Ordinance on Foodstuffs and Articles for Domestic Use [12] require

the use of innovative textiles to ensure there are no risks to health. The user of

the textile products can therefore expect them to be safe in use and not to pose

a health risk. If, for instance, an employer demands that specific workwear is

worn or actually provides such workwear, he must ensure that this is safe as part

of his duty of care towards his employee. For this reason, validated test methods

have been developed to objectively assess the biological safety of textiles with

antimicrobial activity on a scientific basis. The risk analysis is central to this

test, in other words whether and in what way it is possible to assess the biologi-

cal effects of these types of textile finishes on humans, what benefits the mate-

rials offer the wearer and whether these benefits are achieved without posing

additional risks for the wearer.

Biological Safety Tests on Skin Test Systems

The basis for the biological safety tests for textiles is the EN ISO 10993

[13] for the biological evaluation of medical devices. This stipulates, depending
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on the type and duration of body contact, what risk analyses need to be carried

out and which test methods need to be employed for this. The cytotoxicity 

(tissue compatibility) and sensitization and irritation potential are tested [14].

Cytotoxicity

When considering the tissue compatibility of textiles with antimicrobial

finishes, it is particularly important to look at whether potentially cell-toxic

substances (i.e. bioactive leaching substances) could be released from the mate-

rial during normal wear. In the cytotoxicity test in accordance with EN ISO

10993, an extract from the textile is prepared using an artificial perspiration

solution. The effects of this on the L 929 fibroblasts and HaCaT keratinocytes

from the human epidermis provide information on potentially cell-toxic compo-

nents. Figure 2 shows the results of a test for cytotoxicity, carried out on a

antimicrobial active textile which was finished with silver and is used to treat

cases of atopic dermatitis [15, 16].

Irritation

A classic test to determine the irritation potential of a substance is the

Draize test, in which the substance to be tested is dripped onto the conjunctiva

of a laboratory animal’s eye in order to identify any potential irritants. The sci-

entifically recognized hen’s egg test on the chorio-allantoic membrane is an

alternative to the animal test [17]. This has been validated among others by the

European Centre for the Validation of Alternative Methods. It is possible to
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Fig. 2. Textile test for biocompatibility: dilutions of a textile extract (1–6) do not lead

to a significant reduction in cell growth of fibroblasts. Only the positive control results in a

tremendous and significant reduction in cell proliferation (�30%), indicating severe cyto-

toxicity.
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determine the irritation potential of substances which could be released from

the textile material just as accurately by observing the blood vessels of the

treated egg as using the animal test. In addition to the cytotoxicity test, the hen’s

egg test on the chorio-allantoic membrane therefore offers decisive additional

security regarding the use of antimicrobial textiles. In conclusion, new biologi-

cal test systems make it possible to scientifically determine the interactions

between textiles and the skin accurately and to recognize and evaluate potential

benefits and risks. The methods can be used as safety tests for textiles with

antimicrobial activity.
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Abstract
Statistics show that the wear comfort is the most important property of clothing

demanded by users and consumers. Hence, biofunctional textiles only have a high market

potential, if they are comfortable. In this work it is shown how the thermophysiological and

skin sensorial wear comfort of biofunctional textiles can be measured effectively by means of

the Skin Model and skin sensorial test apparatus. From these measurements, wear comfort

votes can be predicted, assessing a textile’s wear comfort in practice. These wear comfort

votes match exactly the subjective perceptions of test persons. As a result validated by wearer

trials with human test subjects, biofunctional textiles can offer the same good wear comfort

as classical, non-biofunctional materials. On the other hand, some of the biofunctional treat-

ments lead to a perceivably poorer wear comfort. In particular, the skin sensorial comfort is

negatively affected by hydrophobic, smooth (flat) surfaces that easily cling to sweat-wetted

skin, or which tend to make textiles stiffer. As guidelines for the improvement of the thermo-

physiological or skin sensorial wear comfort, it is recommended to use hydrophilic treat-

ments in a suitable concentration and spun yarns instead of filaments.

Copyright © 2006 S. Karger AG, Basel

There is no common definition of the term ‘biofunctional textiles’ in the lit-

erature, but they comprise materials which are e.g. antimicrobial or fungicidal [1]

due to special finishes or fibre modifications, as well as textiles with cyclodextrin

finishes [2], which act as ‘cage molecules’ and can enclose malodorous sub-

stances like sweat components or deliver drugs to the skin. Biofunctional textiles

can be used in many different textile applications. Here, the focus will be on

clothing:

• In the field of sportswear or occupational clothing, today biofunctional

textiles are frequently used to suppress the build-up of sweat odours.
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• Another important application for biofunctional textiles is the field of

medical textiles [3]. As examples, antimicrobial textiles are intended to be
used in work wear for hospital staff to improve hygiene by a higher protec-
tion against germ penetration and a lower risk of spreading germs from one
place to the other. Another example is clothing for people suffering from
neurodermatitis.
On the other hand, the wear comfort of clothing is a main quality criterion.

The wear comfort does not only affect the well-being of the wearer, but also his
performance and efficiency. Hence, it is appropriate to designate the wear com-
fort as the ‘physiological function’ of clothing. Its importance shall be demon-
strated with the example of a surgeon working in an OR gown with only poor
breathability [4]: after a certain tolerance time, the surgeon will start to suffer
from heat stress, which impedes his mental performance. As a consequence, the
risk of professional blunders increases, i.e. the poor physiological function of
the OR gown endangers the health or even life of the patient!

Wear comfort is also a major sales aspect: according to the journal World

Sports Activewear, ‘in fact, comfort is the most important thing in clothing…,
and it is coming from sportswear where consumers have become accustomed to
the comfort’ [5]. 94% of consumers would like their clothing to be comfortable,
i.e. wear comfort is No. 1 in consumer expectations [6]. Consequently, in a sur-
vey 98% of specialized German dealers believe wear comfort to be an impor-
tant or very important property of clothing [7, 8]. Hence, biofunctional textiles
only have a high market potential, if their wear comfort is as good as that of
normal, non-biofunctional materials.

But just recently, the influence of different biofunctional treatments of tex-
tiles on their wear comfort has been surveyed for the first time [9]. In that
research project, several constructions for work wear, leisure wear and sports
textiles were investigated. The data presented here are taken from a technical
report [9] (in German), which is available from the author.

Aspects of  Wear Comfort

After having recognized the importance of the wear comfort and the phys-
iological function of clothing, one should define in more detail what wear com-
fort is about. In fact, wear comfort is a complex phenomenon, but in general it
can be divided into 4 different main aspects [10]:
(1) The first aspect is denoted as the thermophysiological wear comfort, as it

directly influences man’s thermoregulation. It comprises heat and moisture
transport processes through the clothing. Key words are thermal insula-
tion, breathability, moisture management etc.



Physiological Comfort 53

(2) The skin sensorial wear comfort characterizes the mechanical sensations,
which a textile causes in direct contact with the skin. These perceptions
may be pleasant like smoothness or softness, but they may also be unpleas-
ant, if a textile is scratchy, too stiff or clinging to sweat-wetted skin. Textiles
with poor skin sensorial wear comfort may even lead to mechanically
induced skin irritations.

(3) The ergonomic wear comfort deals with the fit of the clothing and the free-
dom of movement it allows. The ergonomic wear comfort is mainly depen-
dent on the garment’s pattern and the elasticity of the materials.

(4) Last but not least, the psychological wear comfort is of importance. It is
affected by fashion, personal preferences, ideology etc. The psychological
aspect should not be undervalued: who would feel comfortable in clothing
of a colour he or she dislikes?
Here, the thermophysiological and the skin sensorial wear comfort of bio-

functional textiles are investigated, as they may both be influenced by the bio-
functional treatment.

Measurement of Physiological Comfort

Wear Comfort as a Measurable Quantity

Many people believe that comfort is something individual to each person,
which cannot be quantified or measured. But in fact wear comfort is directly
related to physiological processes within our bodies.

For instance, the thermophysiological comfort is based on the principle of
energy conservation. All the energy, which is produced within the body by
metabolism M, has to be dissipated in exactly the same amount from the body
[10, 11]:

M – Pex � Hres � Hc � He � �S/�t

with Pex the external work, Hres the respiratory heat loss because of breathing,
Hc the dry heat flux comprising radiation, conduction and convection, and, last
but not least, the evaporative heat flow He caused by sweating. If more energy is
produced than dissipated, the body suffers from hyperthermia. On the other
hand, too high a heat loss implicates hypothermia. Both lead to a change in the
body’s energy content �S with time �t. �S may be either positive (leading to
hyperthermia) or negative (hypothermia) and is zero for steady state.

As we have seen, the wear comfort is directly related to physiological
processes. It is therefore accessible to a quantitative measurement. The test-
ing techniques applied within the research project [9] are described in the
following.
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Skin Model

The thermophysiological wear comfort of textile materials is measured by
means of the so-called Skin Model. The Skin Model is a thermoregulatory
model of the human skin [12]. It is internationally standardized [13]. For pro-
tective clothing, it is the only test method for breathability, which is accepted
within the European standardization.

A photo and a schematic drawing of the Skin Model are given in figure 1.
The shown measuring unit is made of sintered stainless steel. Water, which is sup-
plied by channels beneath the measuring unit, can evaporate through the numer-
ous pores of the plate, just like sweat out of the pores of the skin. Additionally, the
measuring unit is kept at a temperature of 35�C. Thus, heat and moisture trans-
port are comparable to those of the human skin.

With the Skin Model different wear situations can be simulated [14].
Therefore, textile-specific parameters are obtained, characterizing the wear
comfort in the different scenarios:
(1) Normal wear situations [13] are characterized by an insensible perspiration,

i.e. the wearer does not recognize that he is sweating. Nevertheless, at least

Textile sample

Heated porous 

metal plate

Thermal guard

Water channels

Air stream

Fig. 1. Photo and schematic drawing of the Skin Model.
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30 g/h of water vapour is evaporated through the skin, which, in this case,
acts as a semi-permeable membrane. The water vapour has to be transported
through the textile by diffusion [15], i.e. the material has to be breathable.
The textile-specific parameters characterizing normal wear situations are:

• the thermal insulation Rct, which should be adjusted to climate and
activity;

• the water vapour resistance Ret, which should be as low as possible and
which corresponds to a high ‘breathability’;

• the water vapour permeability index

imt � 60 (Pa/K) Rct/Ret

which judges the breathability of fabrics taking their thermal insulation
into consideration; it ranges between 0 (no breathability at all) and 1
(value of still air);

• the short-time water vapour absorbency Fi.
(2) With heavier sweating, e.g. when walking upstairs, the wearer already rec-

ognizes that he starts to sweat, but he is not sweat wetted yet. In these situ-
ations, the skin produces vaporous sweat impulses, which can be simulated
with the Skin Model as well [16]. The textile has to maintain the microcli-
mate humidity as dry as possible. Therefore, the material’s abilities to
transport and take up water vapour are decisive. Both are combined in the
textile-specific parameter

• buffering capacity against vaporous sweat impulses Fd (moisture regu-
lation index), which should be high.

(3) During heavy sweating situations, a high amount of liquid sweat appears
on the skin. As liquid sweat is transported by other physical processes
(capillary effect, adsorption and migration) than water vapour [15, 17],
different Skin Model tests are required [16]. They measure

• the buffering capacity against liquid sweat impulses Kf which ranges
between 0 and 1 and is defined as the ratio of the amount of sweat
which is taken away from the skin over the amount which was origi-
nally present on the skin;

• the liquid sweat transport F1, which should be high.
(4) Last but not least, the wear situation directly after an exercise is also of

great relevance to e.g. sport textiles. Then, the textile might be soaked up
with sweat and has lost its thermal insulation. This leads to the so-called
postexercise chill, which is very unpleasant. The postexercise chill is char-
acterized according to BPI 1.3 [18] by the parameters:

• water retention �G, which should be small;

• thermal insulation of wetted textile Rct*, which should be high;

• drying time �t, which should be short.
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Skin Sensorial Test Apparatus

Also the skin sensorial wear comfort of textiles can be tested by a set of
special laboratory apparatus [19, 20]. Within this work, the following textile-
specific parameters have been measured: (1) the wet cling index iK, (2) the
sorption index iB, (3) the surface index iO, (4) the number of contact points with
the skin nK and (5) the fabric’s stiffness s.

As an example, in figure 2 the measurement of the surface index iO is
shown.

Wear Comfort Vote

From the Skin Model measurements as well as from the skin sensorial
tests, thermophysiological and skin sensorial wear comfort votes can be calcu-
lated, respectively [21, 22]. They range from 1 � ‘very good’ to 6 � ‘unsatis-
factory’. The thermophysiological and the skin sensorial wear comfort votes
can be combined to an overall wear comfort vote, predicting the perceived
wear comfort in practice. Differences of 0.5 or more can be regarded as
perceivable.

The thermophysiological wear comfort vote for woven fabrics used e.g. in
occupational clothing (work wear) or trousers is calculated by

WCT � 0.576 Ret � 2.314 Fd � 3.1613 Kf � 0.0823 F1 � 0.0341
�G � 4.83

Fig. 2. Measurement of the surface index iO.
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The one for ‘normal’ underwear worn in everyday situations is given by

WCT ��5.64 imt � 0.098 Fi � 2.248 Fd � 4.532 Kf � 10.8

The skin sensorial wear comfort votes are

WCS � �2.537 imt � 0.0188 iK � 0.00229 iB � 0.0209 iO � 0.00171 nK

� 0.0386 s � 1.64 for woven fabrics and

WCS � �2.537 imt � 0.0188 iK � 0.00229 iB � 0.0209 |9 � iO |
� 0.00171 nK � 0.0386 |16 � s | � 0.36 for knitwear.

For woven fabrics intended as work wear as well as for underwear the over-
all wear comfort is derived by the formula

WC � 0.66 WCT � 0.34 WCS

For sports underwear, which is frequently in contact with liquid sweat, the
overall wear comfort is

WC � �0.171 F1 � 0.293 �t � 16.047 imt � 0.153 Fi � 0.449 WCS

� 2.649

Wearer Trials

Within the research project wearer trials with human test subjects were
performed under controlled climatic and activity scenarios in a climatic cham-
ber. Via probes attached to the subject’s body, various objective data can be
obtained. The data presented here comprise heart rate, rectal temperature, skin
temperatures at different positions and humidity in the microclimate. An exam-
ple for these types of test is given in figure 3.

Materials

The textiles investigated are given in table 1. They differ in their applica-
tion (work wear, trousers, underwear) and their biofunctional treatment (Cu2S,
silvered copper monofilaments, cyclodextrin finishing, different fibres with
bacteriostatic agent in the polymer matrix).

As a reference, for each biofunctional treatment an identically constructed
but not biofunctional textile was investigated, too. It should be mentioned that,
as the wear comfort is not only affected by the biofunctionality of the textiles,
but also by their different constructions, one can only deduce the influence of
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the biofunctionality in comparison with its reference material, but not with
another biofunctional textile which is differently constructed.

Results and Discussion

Material Tests

It soon turned out that, from a physiological point of view, different biofunc-
tional modifications are not comparable. Some cause a clear and perceivable
worsening of the wear comfort, whereas others have no influence at all.

Fig. 3. Photo of a test person during wearer trials with tunics. The face mask is needed to
determine the metabolic rate by analysing the exhaled air’s oxygen and carbon dioxide contents.
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Interestingly, not only the finishes, but also the fibre-inherent biofunctionality
may cause clear differences to normal, non-biofunctional textiles.

In table 2, the skin sensorial and the overall wear comfort votes are given. In
each case the biofunctional textile is compared to its reference material. It can be
seen that especially the skin sensorial comfort may be significantly worsened by
the biofunctionality of the textile. Starting with sportswear, sample No. 7 with a
bacteriostatic agent has to be judged as ‘poor’ concerning its skin sensorial prop-
erties, whereas the reference material is at least ‘satisfactory’. Also No. 9 wors-
ens the skin sensorial wear comfort vote. This specimen is only rated as
‘sufficient’, but the reference material is ‘satisfactory’. These differences can be
clearly perceived by a wearer. On the other hand, the modified polyester fibre
with inherent silver ions on a ceramic substrate does not lead to a significant
worsening of the skin sensorial wear comfort (samples 13 and 14).

The modified polyester fibre does not deteriorate the overall wear comfort
either. The textile construction of sample No. 9 is good enough to mask the
worsening caused by the biofunctional acrylic fibre so that it gets the same very
good rating as its reference material. But sample 7 only offers a ‘satisfactory’
overall wear comfort, whereas its reference is to be judged as ‘good’.

Table 1. Description of the investigated textile samples

No. Application Material

1 work wear as No. 4 but weft with PA 6.6 threads covered by Cu2S
2 work wear as No. 4 but with silvered copper monofilaments in a 2-mm grid
3 work wear as No. 4 but with cyclodextrin finishing
4 work wear twill weave 2/1, PES/CO 65/35, 215 g/m2 (reference)
5 trousers as No. 6 but with cyclodextrin finishing
6 trousers twill weave 3/1, CO/EL 98/2; warp: CO; weft: CO/EL (reference)
7 underwear PA fibres with bacteriostatic agent in polymer matrix (fibre inherent) 

based on silver
8 underwear as No. 7 but with conventional PA (reference)
9 underwear PES/PAN, PAN fibre with bacteriostatic agent

10 underwear PES, as No. 9 but without biofunctional PAN (reference)
11 underwear single jersey, Nm70 CO/CMD 67/33, 150 g/m2, antibacterial sub-

stance incorporated into CMD fibres
12 underwear as No. 11 but with non-biofunctional CMD (reference)
13 underwear PES/CO 65/35, PES fibres with Ag ions on a ceramic substrate
14 underwear As No. 13 but with non-biofunctional PES (reference)
15 work wear PES/CO 65/35, PES fibres with Ag-ions on a ceramic substrate
16 work wear as No. 15 but with non-biofunctional PES (reference)

CMD � Modal; CO � cotton; EL � elasthane; PA � polyamide; PAN � acrylic; PES � polyester.
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It is interesting to discuss now why some of the biofunctional modifica-
tions worsen the wear comfort. In the case of the sportswear samples No. 7 and
9, the reason is a hydrophobic fibre surface. Textile No. 7 needs more than
9 min to soak up a single sweat drop, No. 9 does not take it up at all during a
10-min test. But their reference materials 8 and 10 just need iB � 25 or 12 s,
respectively, to take up the same amount of sweat.

The hydrophobic biofunctional textiles cause problems particularly in the
liquid sweat transport and lead to a moist skin, which can be easily irritated. In
addition, the hydrophobic surface is perceived as clinging more to sweat-wetted
skin (higher wet cling index iK). As clinging feels very ugly, the wearer subjec-
tively recognizes the difference to the hydrophilic reference materials.

Discussing the results for normal underwear, which is not intended to be
used during sports but in everyday situations (samples 11 and 12), one can see
that the antibacterial substance incorporated into the Modal fibres does not affect
the wear comfort. Within the accuracy of the prediction, both materials have to be
judged as equivalent regarding their skin sensorial and overall wear comfort vote.

In the case of work wear, the inclusion of biofunctional PA 6.6 filament
yarns covered by Cu2S, as used in sample 1, was found to be disadvantageous

Table 2. Skin sensorial and overall wear comfort votes
WCs and WC of biofunctional textiles and reference materials

Sample No. WCs WC

1 3.5 2.3
2 2.7 2.3
3 3.1 2.2
4 2.5 2.1
5 2.8 3.1
6 2.2 2.8
7 4.8 3.0
8 3.3 2.0
9 3.9 1.0

10 2.7 1.0
11 2.6 2.1
12 2.4 2.0
13 1.9 1.5
14 1.6 1.6
15 2.2 1.9
16 2.3 1.9

The accuracy of WCs and WC is 0.3, differences �0.5 can
be subjectively perceived by a wearer.
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for the skin sensorial comfort (compared to the reference material 4). Again, the
biofunctional material gets hydrophobic, probably due to the Cu2S. In addition,
the use of non-textured filament yarns instead of spun yarns leads to a smoother
(flatter) textile surface, which has too many contact points with the skin nK and
clings more easily to sweat-wetted skin. However, there is only little influence
on the overall wear comfort.

In principle, the silvered copper monofilaments as used in sample 2 also
lead to a smoother surface and more contact points. But as these yarns are used
only in a 2-mm grid, their number is too small to have a negative effect. In fact,
the wettability index iB and the wet cling index iK are even slightly better than
those of the reference material 4. Hence, this grid construction does neither
worsen the skin sensorial nor the overall wear comfort.

If cyclodextrins are applied to textiles, the exact finishing process is crucial
for the wear comfort. Some of the finishes lead to cross-linking between the
cyclodextrin molecules, causing a stiffening of the textile, as it is observed for
samples 3 (work wear) and 5 (trousers), which is again problematic from a skin
sensorial point of view. Additionally, these cross-linking cyclodextrin finishes
effect a more hydrophobic textile surface. Consequently, their skin sensorial wear
comfort vote is worsened. Although the overall wear comfort vote is just affected
too little to be perceivable, especially the greater stiffness may be problematic.

These problems with cyclodextrin textiles can be overcome by special fin-
ishes, which selectively link the cyclodextrin molecules to the fibres [2].
However, also the finishing recipe is important, because overdosing would
again lead to cross-linking between cyclodextrins.

Last but not least, as for use in sportswear, the biofunctional polyester
fibres with Ag ions on a ceramic substrate do not negatively influence the wear
comfort of work wear (samples 15 and 16).

Wearer Trials with Test Persons

To verify that biofunctional textiles can indeed offer the same wear com-
fort as conventional, non-biofunctional ones, wearer trials with human test sub-
jects have been performed. As an example, antimicrobial work wear for hospital
staff was chosen. It is intended to have a better protection of the wearer against
germs and to reduce germ spread. Whether biofunctional textiles really offer
these hygienic advantages or not cannot be decided here but has to be discussed
by hygienists. But in any case, antimicrobial clothing is only accepted by hospi-
tal staff, if it offers a sufficient wear comfort.

For the wearer trials presented here, tunics were tailored from the materials
15 (biofunctional) and 16 (reference). Four test subjects wore each sample
twice (1 repetition, 8 trials per specimen). The test persons performed activity/
rest cycles consisting of walking on the treadmill with 5 km/h and sitting,
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simulating alternating work conditions in a hospital. Ambient temperature and
relative humidity were Ta � 23�C and fa � 50%, respectively. A photo of the
tests is shown in figure 3.

In figure 4, objective data of the increase in the rectal temperature DTre, the
heart rate HR, the mean relative humidity in the microclimate f

–
M (averaged

over all body positions) and the mean skin temperature T
–
s are given as functions

of time t. It can be seen that all curves for both samples are lying closely
together. Consequently, there are only a few significant differences, which are
too small to be perceived by the wearer at any time.

These objective data are confirmed by the subjective sensations of the test
persons given in figure 5. It is displayed that both tunics are judged approxi-
mately with mark 2 (‘good’). Thus, it has to be concluded that the antimicrobial
textile offers the same good wear comfort as the conventional one.
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In figure 5, the comparison with the predicted wear comfort vote based on
the Skin Model and the skin sensorial measurements is presented as well.
Obviously, the predictions are correct: Not only the relative assessment that
both materials offer the same wear comfort, but in particular the absolute values
nicely coincide with the statements of the test persons. Within the accuracy of
the measurements and the statistical distribution of the group of test persons
(having slightly different opinions) both data sets are equal (mark 2 ‘good’).

Information of the Customer

Producers who are able to convince the end user of their product’s benefits
like comfort or a biofunctional function, in particular directly at the point of
sale, have an advantage. Therefore, most apparels come with hang tags claim-
ing extraordinary wear comfort or functions. However, in the shop, the con-
sumer is not able to distinguish between real benefits and sole marketing
gimmicks. But a consumer who has been disappointed once is difficult to con-
vince to buy expensive high-tech clothing again.

Thus, from the consumer’s and the high-quality producer’s point of view,
there is a need for an independent testing of the apparel’s physiological and bio-
functional properties. At least in the field of protective clothing, many of these

15 16
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2

1

�n-1

Wearer trials
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Fig. 5. Wear comfort vote WC as judged by human test subjects and as predicted from
Skin Model and skin sensorial tests according to the section ‘Wear comfort vote’.
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garments have to be certified by EU-notified bodies, in order to guarantee the
end user a certain level of protection and comfort.

However, for many applications of biofunctional textiles like sportswear,
there is no European standardization in sight. But still producers of high-quality
textiles and clothing may wish to show that their product is independently
tested, e.g. for wear comfort or a biological function. An option is shown in
figure 6, the Hohenstein Institutes’ label ‘Tested Quality’. By this, apart from
other properties like wind or water tightness, in particular physiological or

Fig. 6. The Hohenstein Institutes’ label ‘Tested Quality’ as an example of how to dis-
play product benefits like wear comfort and antibacterial activity.
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biofunctional properties of the clothing product can be advertised. This label
may also be used by textile producers to show the benefits of their materials to
their direct customers like garment producers.

Conclusions

Today, the physiological wear comfort is of great importance, and biofunc-
tional textiles only have a high market potential, if they are comfortable. It was
shown how the wear comfort can be measured effectively by a set of clothing
physiological laboratory test apparatus. The resultant, predicted wear comfort
votes match exactly the subjective perceptions of test persons. As a result, bio-
functional textiles can offer the same good wear comfort as classical, non-
biofunctional materials. On the other hand, some of the biofunctional treatments
lead to a perceivably poorer wear comfort. Guidelines for the improvement of the
thermophysiological or skin sensorial wear comfort were given.
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Antimicrobial Textiles, Skin-Borne 
Flora and Odour

Dirk Höfer

Institute for Hygiene and Biotechnology, Hohenstein Research Center, 

Boennigheim, Germany

Abstract
Along with climate and physical activity, textiles have an effect on sweating and the devel-

opment of odours. Accordingly, textiles inadequately optimized in terms of clothing technology

as a result of poorly cut structures or poor materials result in increased sweating and odour.

However, the development of body odour itself cannot be avoided, even with optimally designed

clothing. Therefore new textiles, ‘treated with antimicrobial agents’, have been developed, with

the aim of reducing odour by decreasing the number of germs on the skin. From the scientific

point of view, the interactions between textiles, sweat, skin and skin flora are extremely complex.

For this reason, this article explains in more detail the basic principles of odour formation result-

ing from sweat and how this can be influenced by textiles treated with antimicrobial agents. With

reference to the results of recent research, the article looks into questions of how textiles treated

with antimicrobial agents have an effect on populations of skin bacteria.

Copyright © 2006 S. Karger AG, Basel

The Physiology of Sweating and the Development 

of Odour

For odour to originate from sweat, it is essential that certain germs on the

skin be involved. This can be seen already by the changing odour profile obtained

after the application of substances with no odour but with an antibacterial effect,

such as deodorants. The majority of sweat is formed in what are termed the sweat

gland coils in the dermis (eccrine sweat glands, fig. 1), approximately 2–3 million

of which are distributed over our entire body [1]. This eccrine sweat is a clear,

watery and almost odourless liquid made up of 99% water, which evaporates on

the skin and cools the body in the process. This means that eccrine sweat has a

direct part to play in the measurable wear comfort of textiles in terms of clothing

Safety Evaluation of Biofunctional Textiles



Höfer 68

physiology (‘breathing activity’). However, the purpose of this article is rather to

explain the development of the pungent, unpleasant sweat odour, an odour profile

arising out of another type of sweat gland, the odour glands also known as apoc-

rine sweat glands (fig. 1). These occur alongside the eccrine glands in various

parts of the body, the armpit hair follicles, eyelids, the aural and nasal passages,

around the nipples and in the pubic and anal areas. The duct aperture of the odour

glands is not at the skin surface but at the base of the hair follicle. Odour glands

are most frequently found in the human armpit at a ratio of 1:1 with eccrine sweat

glands. However, even the freshly produced apocrine sweat is initially completely

odourless when it reaches the surface of the skin. Only when exposed to the

effects of certain bacteria of the skin flora does the characteristic, more or less

unpleasant body odour arise.

The purpose of textiles treated with an antimicrobial agent is to achieve a

reduction in body odour by restricting the growth of these bacteria, a task which

clothing worn next to the skin is, of course, better able to fulfil than outer cloth-

ing, as it is in closer contact with the germs on the surface of the skin.

The Skin: Protective Organ and Environment for Skin Germs

To gain a better understanding of the way antimicrobial textiles work, it

is worth taking a close look at the environment occupied by our skin flora, the

Apocrine sweat gland coil

Sweat glandsEccrine sweat gland coil

Fig. 1. Scheme of human sweat glands.



Antimicrobial Textiles, Skin Flora and Odour 69

distribution of odour-causing micro-organisms and how they work. Skin flora

micro-organisms have evolved by adapting to their living conditions on and in

the skin [2]. Accordingly, the relevant bacterial flora on the skin is generally

relatively stable. Typical (locally resident) skin flora includes aerobic micro-

organisms such as staphylococci, coryneform bacteria, micrococci, yeasts and

propionibacteria (table 1). To date, there is no indication that illness-causing

(pathogenic) germs play a part in the creation of odour. Nevertheless, patho-

genic germs are kept away from the environment of the resident germs by a

variety of defence mechanisms: in the first instance, the horny layer, the outer

layer of the epidermis, represents an effective protective system, and at the same

time a significant mechanical barrier against pathogenic micro-organisms.

It also provides the skin with the greatest degree of protection against a variety

of chemical and physical influences from the surrounding environment. The

horny layer is made up of some 15–20 layers of cells in the form of dead skin

cells, termed horn cells; these are embedded in various fat molecules in the

outer skin (cholesterol, free fatty acids, ceramides), along with which they form

an effective permeability barrier. The skin’s protective system against patho-

genic bacteria and fungi also includes the hydrolipid film, an emulsion of water

and fat covering the horny layer, keeping the surface of the skin supple and the

skin itself moist. The hydrolipid film is made up of sweat and sebaceous-gland

fats, along with substances from the horn-producing process, e.g. horn cells.

Due to the proportion of slightly acidic components such as lactic acid, pyrroli-

done carbon and amino acids, the hydrophilic proportion of the hydrolipid film

represents the so-called acidic mantle of the skin, displaying physiological pH

values of between 5.4 and 5.9. Staphylococci, coryneform bacteria and micro-

cocci prefer to remain in the hydrolipid film; however, they are also found more

deeply in the skin, in the top layer of the horny layer cells. Yeasts and anaerobic

Table 1. The human skin flora

Occurence Type Bacteria Dominant species

Moist and dry areas staphylococci aerobic gram-positive staphylococcus 

of skin micrococci cocci epidermidis et 

hominis

Moist and dry coryne bacteria brevi aerobe coryneforme 

areas of skin bacteria rods

Hair follicles with many proprioni bacteria anaerobic coryneforme proprionibacterium 

sebaceous glands rods acnes

Hair follicles with many malassezia furfur yeast fungi pityrosporum ovale

sebaceous glands
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coryneform bacteria of the species Propionibacterium occur predominantly in

the sebaceous-gland ducts and hairs (table 1). The micro-organisms of the resi-

dent skin flora support the low pH value of the acidic mantle through the addi-

tional production of low-molecular-weight fatty acids, by breaking down

organic components of the sweat and the hydrolipid layer. These bacterial meta-

bolic products cause the typical, slightly acidic odour of the actual skin, but not

the pungent, unpleasant smell of sweat. At the same time, the acid pH value of

the acid mantle wards off Gram-negative bacteria (e.g. Enterobacteriaceae, pri-

marily gut germs) from the surface of the skin.

As an additional protective system for the skin, eccrine sweat contains the

body’s own antimicrobial substances, such as immunoglobulins, lysozyme (an

enzyme which attacks the bacterial wall of the germ) and dermicidin, a 47-

amino-acid-long peptide exerting an antimicrobial influence on a large number

of pathogenic micro-organisms [3]. Under the horny layer, the living skin cells

(keratinocytes) also produce antimicrobial substances (peptides such as catheli-

cidin, secretory leukoprotease inhibitor, the C-terminal fragment of cathelicidin

LL-37, psoriasin, �-defensin) [3, 4], especially when the skin is defending itself

against pathogenic germs which have made their way in (e.g. in the case of pso-

riasis) [4]. Finally, pathogenic germs are also kept away from the surface of the

skin by special antimicrobial peptides (bacteriocins) emitted for the defence of

the micro-organisms of the resident skin flora [5]. Accordingly, in the above

competition, the resident germ population can, for the most part, successfully

hold its own over foreign germs, such as Staphylococcus aureus, species from

the bacillus family, pseudomonads and Enterobacteriaceae.

Odour Formation and Odour Molecules

Human skin flora displays clear intra- and interindividual differences and,

accordingly, different odours, i.e. the typical armpit odour which is different

from the slightly acidic skin odour of eccrine sweat. In the moist, warm armpit

in particular, micro-organisms find ideal living conditions. At the same time,

the type of bacteria is the determining factor for human odour. In bacteriologi-

cal terms, at present a distinction is made between 2 types of armpit germ flora:

those in which coryneform bacteria dominate and those dominated by micro-

cocci. Micrococci tend to give rise to a weaker ‘acidic’ body odour, an odour

type occurring particularly frequently among women. Conversely, the ‘pungent,

biting’ type of odour occurs to a greater degree among men. It is caused by the

effects of lipophilic corynebacteria which occur predominantly (also in terms of

quantities) among males. At the same time, the intensity of the smell is basi-

cally determined by the number of bacteria. The average density of bacteria in
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the case of coryneform flora is 6 times higher than under coccal domination,

meaning that women generally generate less armpit odour than men. Apart

from personal hygiene, of course, the food available (nutrition), varying levels

of sebaceous-gland production and differing degrees of moisture also play an

important part in the composition of personal skin flora. If, e.g. what are

normally dry areas of skin are kept within a moist ‘subtropical’ climate (e.g. by

textiles displaying little breathability), then an explosive increase in the bacter-

ial density of coagulase-negative staphylococci and coryneform bacteria up to

about 5 factors of 10 can be established [6].

Coryneform rod bacteria convert decomposition products of the male sex

hormone testosterone from armpit sweat [7]. Women also produce quantities of

testosterone in sweat, even if to a lesser degree [8]. Initially, the bacteria convert

the testosterone derivative androstadienone – eliminated along with the sweat –

to form androstenol so that, in a subsequent step, it can be further processed

into androstenone, a molecule to which the female nose seems to be quite

specifically sensitive. From the group of the many volatile C6–C11 long fatty

acid molecules, to date it has only been possible to identify isovalerian acid and

3-methyl-2-hexenoic acid as significant odour molecules, in terms of quantity.

Short-chain fatty acids and isovalerian acids are also the main odour-creating

components of foot sweat [9, 10]. Interestingly, the fatty acids from the depths

of the apocrine sweat glands initially reach the outer surface of the skin by bind-

ing onto special carrier proteins and are only released at the surface by the bac-

terial effects of these proteins, to emerge as odoriferous material [11].

The aversion to the smell of sweat is a sociological and cultural phenomenon.

Who likes to be in the company of a ‘strongly smelling’ companion? Throughout

evolution, individual body odour has played a significant role in social behav-

iour. So what makes the body odour of two people so individual? Apart from dif-

ferent skin flora and the subsequent production of fatty acids, this is presumably

due to the part played by proteins in the specific body scent. Accordingly, it is

known that the transplantation proteins specific to each person (MHC proteins)

play a part in the creation of an individual scent signature [12]. MHC trans-

plantation proteins are found as individual ‘identifying proteins’ on the surface

of certain immune cells (MHC II) and other body cells (MHC I). It is largely

unknown how these proteins help to influence body odour. Apart from MHC

proteins, there is often discussion of hormone-type scent materials, so-called

pheromones, as possible odour molecules [13]. While these scent molecules

have an interesting role to play in the animal kingdom in terms of sexual

and social behaviour, it is presumed that they do not play a part in the personal

body scent of the human being, as, to date, there is no unambiguous scientific

evidence that pheromones have any effect at all on humans. In addition, in the

animal kingdom pheromones are not consciously identified by the nasal mucous



Höfer 72

membrane – and therefore as a scent signature – so if nevertheless they should

occur in humans, in any case pheromones may be registered subconsciously.

Safety Aspects of the Interaction between Textiles 

and Skin Flora

In the past, there have been questions raised by dermatologists and hygien-

ists in terms of safety in the use of textiles treated with antimicrobial agents.

Given the complexity of the interactions between textiles and the skin along

with our skin flora (see above), these questions are, of course, not easy to

answer. What can be said about the chemical-toxic effects of the biocide agent

used on our skin or on the human organism is that these influences are, of

course, dependent on the specific human toxicological properties of the relev-

ant substance used as the agent. With the use of preparations with a silver con-

tent, most textile processors have preferred a treatment surrounding where there

are no reservations in terms of human toxicity, with this even being successfully

put to therapeutic use on the sensitive atopic dermatitis skin [14, 15]. The ear-

lier use of tri-butyl tin has, in the meantime, largely disappeared from the mar-

ket. A further question is directed at possible secondary risks due to the

influence exerted on the flora balance. In this connection, a few scientific com-

parisons have to be discussed.

How Intensive Is the Contact between Antimicrobial 

Textiles and the Skin Flora?

Trials involving wearing textiles treated with antimicrobial agents to avoid

body odour show that reducing the Gram-positive germ population of the resi-

dent skin flora, especially in the above-mentioned problem areas (armpits, feet),

results in a reduction of body odour. To record the reduction in germs brought

about by antimicrobial textiles, test systems containing Gram-positive test

germs are therefore appropriate, e.g. the JIS 1902-2002 quantitative suspension

test [16]. In this test, the test germs are introduced into a reaction vessel for

18 h, in permanent and direct, intensive contact with the test sample so that

almost all of the fibres are in close contact with the germs. This allows the max-

imum achievable ‘efficiency rating’ of the treated textiles to be quantitatively

recorded as ‘growth inhibition’. In its structure, the test is not designed as a

‘textile-on-skin wearing test’, as even textiles worn next to the skin only make

contact with the skin at some sites, and not over the full surface, forming indi-

vidual points of contact instead [17]. The degree to which antimicrobial-treated

textiles make contact with the skin, and therefore with the skin flora, depends

on the relevant textile construction: depending on the fibre or thread titre, thread
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structure or type of surface profile there is, for example, a different number of

contact points nK1/C1 formed with the skin [17]. The adhesion to skin soaked

with sweat, which can be recorded as adhesive force index iK1/C1, has an influ-

ence as a textile parameter on the contact between treated textiles and the skin.

Therefore, in the final analysis, the question can only be answered by long-term

wearing trials in the course of which a variety of textile constructions involving

textiles treated with antimicrobial agents are used.

What Efficiency Rating Is Achieved by Textiles 

Treated with Antimicrobial Agents on Skin Flora?

In the JIS 1902-2002 suspension test, after 18 h of incubation some textiles

achieve a reduction in growth in the germ suspension of around 3 powers of 10.

What significance should be attributed to this figure? If we take into account

that, by definition, disinfectants must achieve germ reductions of �5 log levels,

it can be deduced that antimicrobial textiles cannot operate as ‘skin disinfec-

tants’. This would be an incorrect assumption. Rather, these textiles reduce the

germ population to a certain degree. If one compares the textile situation with

clinical studies in which, e.g. an area of the skin is disinfected with disinfectant

before an operation, it can be seen that the germ population of the skin is only

reduced in the short term but by no means disappears [2]. After a certain time,

new skin micro-organisms germinate out of the deeper skin deposits mentioned

above (sweat pores, hairs, outer skin layers) and make up the ‘deficit’ in the skin

flora on the surface. So from the scientific point of view, the same effect should

be anticipated from wearing antimicrobial textiles.

What Effective Range Is Achieved by Textiles Treated 

with an Antimicrobial Agent?

Basic wear tests have been conducted to look for the effective range of bac-

teria found in antimicrobial textiles. In the first instance, the question of the extent

to which textiles can be colonized by typical skin germs on the emission of eccrine

sweat was addressed. Accordingly, test subjects wore a synthetic polyamide (PA)

material in a 6-hour wearing trial under non-occlusive conditions on the side of

the chest. The textile was then incubated in DAPl solution in order to mark the

DNA of the adhering skin germs. Under the fluorescence microscope in figure 2

a colony of typical skin germs (Staphylococcus epidermidis) can be seen, adher-

ing between two parallel PA fibres. With reference to the sample surface of

1.8 � 1.8 cm used, the colony in the test fibres must be described overall as very

small. However, given the period of time of 6 h and the low level of nutrition

available (eccrine sweat is relatively low in nutritional value), this is hardly

surprising. There was preferred colonization of parts of the textile especially in

the area of adhering skin flakes (greater amount of nutrient available compared



Höfer 74

with PA) if the textile was incubated for a further 18 h at 36�C after the wearing

test. Here, there was a clear increase in bacteria observed, especially in the area of

skin flakes adhering to fibres (not shown).

As the nutrient available on/in the textile is clearly a crucial parameter for

the growth and colonization of certain germs, non-treated textile fibres on an

agar plate with a nutrient content were inoculated with germs capable of forming

biofilms (Klebsiella pneumoniae). In these studies, there was a change in the

adhesive behaviour of the germs. In a fluorescent image, figure 3 shows a clear

biofilm structure created by Klebsiella germs along a non-treated textile fibre.

The question as to the effective range of treated textiles – and, consequently,

the influence exerted on skin flora – is posed both in respect of odour develop-

ment (interaction between body bacteria, sweat and the textile) as well as the pos-

sible use of textiles treated with an antimicrobial agent for the prevention of

infection (interaction between airborne germs, or, as the case may be, foodstuffs,

organic components and the textile). In order to identify the initial reference

points here, PA textile fibres treated with antimicrobial agent (e.g. in the form of

silver impregnation) were placed into a bacterial colony of K. pneumoniae and

then marked with Syto 9 fluorescent dye which penetrates through the cell

membrane of living germs and stains the inside of the bacterium. Under the

fluorescence microscope, this resulted in the focus level in a large number of

fluorescence-marked bacteria rods, for the most part occupying a position outside

an inhibition zone alongside the textile fibre. Morphometric measurement of the

fibre showed a fibre average of 100 �m, meaning that in this case it is possible to

deduce a 50- to 100-�m-wide inhibition zone along the fibre (fig. 4a). At the

Fig. 2. Fluorescence image of two parallel PA fibres with DNA-labelled skin germs.



Antimicrobial Textiles, Skin Flora and Odour 75

same time, in the same testing procedure, use was made of a further fluorescent

dye (propidium iodide), which is only absorbed by bacteria which have been

killed (fig. 4b). Here, the same fibre displays red-fluorescent dead bacteria found

in direct contact with the fibre or predominantly within the inhibition zone.

a b

Fig. 4. a Fluorescence image of living germs along an antimicrobial fibre. The dashed

line indicates the active zone of inhibition (50–100 �m), which lacks living micro-organisms.

b Fluorescence image of dead germs along an antimicrobial fibre. Please note the attachment

of dead germs on the fibre surface (arrow) and their accumulation within the zone of inhibi-

tion (dashed area).

Fig. 3. Biofilm-producing micro-organisms, attached to a man-made fibre, labelled

with the DNA marker Sytox green. Dashed line: PA fibre.
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To summarize, the in vitro results can be interpreted as apparently indicat-

ing that germs are killed off only in very close and direct contact with fibres

treated with an antimicrobial agent. Furthermore, bacteria are found especially

in those parts of the textile where there are nutrients attached (e.g. skin flakes,

foodstuffs, fats). These data suggest that the human skin flora can only be influ-

enced where the skin is in direct and permanent contact with the treated fibre.

Extensive wear trials with antimicrobial textiles show that there is a clear

odour-reducing effect of the textile, but not the skin of the wearer. This is

mainly due to the passive soaking effect, attaching sweat, skin germs and their

substrates into the fabric and onto the active fibre.

Conclusion and Outlook

In hospitals in particular, textiles (gowns, smocks) along with the standard

channels of transfer (hand-carried and droplet-borne infections) play a consider-

able role in the spread of pathogenic germs. It has been proven that, under cer-

tain circumstances, pathogenic airborne germs adhere to the textile and can in

this way be transferred from ward to ward [18]. At present, there is an estimated

number of up to 40,000 deaths occurring every year during a stay in a German

hospital due to the patient acquiring some bacterial (nosocomial) infection.

Apart from the protection of the patients and staff in the hospital, it should also

be determined whether textiles treated with an antimicrobial agent also offer a

greater degree of hygiene safety for wearers of personal protective equipment in

the emergency services, foodstuff operations and the military environment.

Interestingly, a current, previously unpublished wearing trial study carried out

among hospital staff indicates that in a direct comparison experiment with spe-

cial smocks which had been treated with an antimicrobial on the right side ver-

sus none on the left, after work the smock side with the treated fibres was

distinctly less germ laden than the side which was not treated. Against this back-

ground, the use of antimicrobial clothing in certain areas in hospitals would

seem to be thoroughly recommended for the prevention of infection.

Unlike the situation with outer protective clothing, for the reduction of

odour in the sporting, leisure and private areas, textiles treated with antimicro-

bial agents tend to be worn close to the body. If one considers that depending on

the design and type of fibre, only a few textile fibres are in direct contact with

the skin, and then only briefly, the results presented in this article show that no

dramatic change in skin flora should be anticipated. However, long-term wear-

ing tests with treated textiles carried out under conditions of dermatological

qualification should further underline the safety of the application.
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Abstract
The antimicrobial impregnation of textiles is intended to provide protection of textiles

against microbial corrosion, prevention of malodor or prophylaxis and therapy of infections,

respectively. For every biocidal product a careful risk assessment for humans and the environ-

ment has to be performed. The advantage of antimicrobially active textiles has to be documented

for every agent as well as for every application, and a balance has to be found between a textile’s

quality rating and the potential risks, e.g. sensitization, disturbance of the ecology of the skin,

toxic side effects by means of systemic absorption, cytotoxicity, genotoxicity, carcinogenicity,

teratogenicity and ecotoxicity. This article evaluates the applicability of silver compounds as well

as the classic antimicrobials triclosan, quaternary ammonium compounds, copper and further new

options like chitosan and zeolite. It has to be emphasized that there are no objections against the

use of antimicrobially active textiles if their use is equal or superior to other preventive or thera-

peutic measures. This applies to the amelioration of the course of dermatological diseases with

disturbed skin flora, in particular atopic dermatitis, the prevention and therapy of acute and

chronic wound infections by wound dressings, the use of impregnated surgical suture material as

well as special indications in the prevention of infection in medical facilities. The use of antimi-

crobial textiles for the prevention of dermatomycosis by antifungal impregnation is of question-

able use; the antimicrobial impregnation of textiles for deodorization purposes has to be avoided.

Presently, from a hygienic point of view, the following questions have to be clearly determined:

declaration of any antimicrobial impregnation; development of international standards for in

vitro testing and preclinical evaluation of efficacy and tolerance; evaluation of the advantage of

the antimicrobial properties for the intended use including the risk-benefit assessment.

Copyright © 2006 S. Karger AG, Basel

Herbs and spices for the conservation of textiles, e.g. for embalming

mummies, were already used by the pharaohs [Vigo, 1983]. During the
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Second World War, the German army used uniforms impregnated with quater-
nary ammonium compounds (quats) under the suggestion that secondary
wound infections can be prevented [Arnold, 1963]. At the same time Engel and
Gump [1941] recommended hexachlorophene impregnation of cotton and
wool.

With the worldwide expansion of synthetic textiles the need for antimicro-
bial impregnation of textiles increased substantially as synthetic textiles absorb
about 25% less water vapor compared to cotton or wool. The blocking of evap-
oration of sweat results in a thin fluid film on the skin, which consequently
impairs further the evaporation of sweat, providing an ideal environment for
proliferation of bacteria and fungi. Soon, commercial interest was directed to
the antimicrobial impregnation of natural fibers.

Purpose and Risks of Antimicrobial-Impregnated Textiles

The purpose of antimicrobial impregnation of textiles is:
• elimination of malodor by deodorization or absorption;
• increasing the lifetime of technical textiles, but also of household textiles

and leather by prevention of microbial corrosion (e.g. moulding, discol-
oration);

an official assessment of 109 textile and leather samples disclosed biocidal concen-
trations between 1 and 649 mg/kg in 77 samples, thereof 4-chlor-3-cresol up to
200 mg/kg, 2-phenylphenol up to 210 mg/kg and 2-(thiocyanatomethylthio) benzothia-
zole up to 540 mg/kg in leather clothing, and pentachlorphenol(!), 4-chlor-3-cresol and
2-phenylphenol up to 2 mg/kg and triclosan up to 640 mg/kg in textiles (www.bfr.
bund.de, 11th session of the working group ‘health assessment of textile adjuvants and
dyes’);

• prevention of dermatomycosis by antifungal impregnation;
• impact on the progress of dermatological diseases by alteration of skin

flora;
• prevention or therapy of wound infections;
• prevention of infections in medical facilities. 

Regarding the side effects for humans and the environment, every textile
with antimicrobial activity must undergo a risk assessment. At the same time,
also the benefits derived from the use of the biocide have to be assessed and
balanced for its risks.

The following side effects can be provoked by biocides:
• sensitization and manifestation of allergic disorders, in particular as con-

tact eczema;
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• anaphylactic reaction (presently described only for chlorhexidine [Kramer,
2001]);

• negative impact on the microecology of the skin with influence on colo-
nization resistance (presently not evaluated in detail);

• induction of development of antimicrobial resistance including cross-
resistance with antibiotics;

• with long-term application dermal absorption of biocides and dose-related
chronic toxicity including genotoxicity, cancerogenicity and teratogenicity
have to be investigated;

• in case of missing or low-degree biological degradation, of high-level burden
or toxification of biocides, the cumulative ecotoxic effects have to be assessed.
In Germany the actual federal regulation of textile declaration requires

only information about the textile fibers but not about the adjuvants. However,
according to the food and legislation act for articles of daily use (§ 30), the
manufacture of articles of daily use with potential health hazards is restricted.
Up to now this has required neither declaration nor obligatory registration. The
presently used practice to declare biocides only in case of allergic potential is
not satisfactory. Regarding the risk potential a general declaration is required.
In future, biocides for impregnation of textiles can only be used, when they are
contained in the ‘positive list’ of the biocide product guideline.

Hygiene Assessment for the Use of Antimicrobial-

Impregnated Textiles

Deodorants

Besides local dermal applications impregnated textiles or synthetic fleece
are rarely used for deodorization [Untiedt, 2004]. The intended use for textiles
impregnated with a deodorant is to prevent bacterial degradation of sweat not at
the site of the skin but in the textile itself. The impregnation of textiles for deodor-
ization is inevitably less active than the direct application of the deodorant to the
skin, as the contact of an antimicrobial-impregnated textile with the skin, e.g. in
the axilla, is substantially worse. Therefore this application cannot legitimately be
recommended. Regarding the environmental burden, the application at the site of
the textile has to be considered as more critical than the dermal application.

The use of antibacterial textiles for infants and children is controversial. In the
light of the hypothesis that infections in early childhood may be protective against
the development of allergic disorders [Strachan, 1989; Cookson and Moffatt,
1997; Matricardi, 1997; Matricardi and Bonini, 2000; Matricardi et al., 2000;
Friedrich et al., 2006], reduction of the skin flora might be hazardous [Bodner
et al., 1998; Farooqi and Hopkin, 1998; Bager et al., 2002; Gibbs et al., 2004].
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A potential explanation provides the Th1/Th2 paradigm [Mosmann et al., 1989;
Romagnani, 1992]. The two helper cell subsets Th1 and Th2 are characterized by differ-
ent patterns of cytokine production and have different functions. Th2-derived cytokines
inhibit the development of Th1 cells and vice versa. Atopic diseases are Th2 mediated
and characterized by the release of IgE, whereas bacterial and viral infection are more
likely to be Th1 mediated. Thus, the infection-induced Th1-cell-specific cytokine
inhibits the development of allergen-specific Th2 cells. This theory is however not uni-
formly accepted.

The endowment of towels with deodorizing agents is principally contradic-
tory. This is also valable for the addition of deodorants into the wash process for
laundry and rugs.

Conclusion: Dirty and smelling textiles must be cleaned with detergents.

It does not make sense to block and to override the smell by deodorants.

Protection against Mouldiness and Bacterial Destruction

The antimicrobial impregnation of textiles improves durability. Antimicrobial
textiles can be used for tents, covers, curtains, nets, sacks, technical felts, filters
and special work clothes [Wallhäusser and Fischer, 1970]. The choice of the
appropriate antimicrobial agents must follow strict toxicological and ecological
criteria. The necessity must be carefully evaluated.

Antifungal Impregnation

Modern clothing materials provide an optimal milieu for growth of bacte-
ria and fungi, because synthetic fibers create a moist chamber with maceration
of the skin [Meyer-Rohn and Kulenkamp, 1975]. As synthetic fibers cannot be
boiled, fungi and bacteria can survive and cause colonization, infection or
reinfection, respectively. Shoes play a crucial role in the development of plan-
tar mycosis. In a study with several thousands of soldiers, it was found that
wearing sandals resulted in 3.5% plantar mycosis in contrast to 28% of persons
wearing closed shoes [Taplin, 1976]. In common public facilities [Salminen
et al., 1974; Kraus and Tiefenbrunner, 1975] as well as in pedicure salons, shoe
shops and locker rooms, fungal spread takes place, which cannot be controlled
by the use of antifungal textiles. This can predominantly be achieved by per-
sonal hygienic measures, wearing comfortable well-aerated shoes, avoidance
of barefoot walking in risk zones and antimycotic therapy in early stages of
infection. In public facilities with high risks for dermatomycosis, basic pre-
ventive measures by the employer are mandatory. Carefully drying the feet
including the space between the toes together with skin care is important
[Seebacher and Kramer, 1997].

Conclusion: There is neither an epidemiological nor a hypothetic justifica-

tion for antifungal endowment of textiles for the prevention of fungal infections.
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It is rather sufficient to change textiles regularly, to wash or clean underwear

and socks at a minimum of 60�C. If this is not possible, the laundry of persons

with overt dermatomycosis as well as of particularly predisposed persons can be

washed at 30�C, yet the addition of disinfectant cleaner is helpful.

Adjuvant Therapy of Dermatomycoses

In contrast to the previous opinion that an allergic pathogenesis is exclu-
sively responsible for the typical lesions seen in patients with atopic dermatitis,
recent research results suggest a 2-step pathogenesis. It is still commonly
accepted that the initial trigger is an allergic antigen-antibody (IgE) reaction.
However, newer studies found that bacteria and fungi are responsible for the
maintenance of clinical symptoms, for the exacerbations and progression of the
disease. The skin, altered by the inflammatory process, is colonized by substan-
tially higher amounts of bacteria. Therefore modern therapeutic strategies focus
on the adjuvant antimicrobial therapy of atopic dermatitis.

An early start of therapy with antimicrobial active immune modulators, e.g.
tacrolimus and pimecrolimus, which are thought to modify the allergic part of the dis-
ease, can prevent the outbreak and the spread of eczematous skin lesions. In addition to
the immunomodulatory effect, these medications are antimicrobially active as the basic
molecule of these compounds is a macrolide antibiotic.

A good clinical efficacy has been demonstrated with silver-coated antimi-
crobially active textiles without evidence of bacterial resistance. It has been
documented that the antiseptic activity of silver-coated textiles can reduce the
colonization with Staphylococcus aureus as well as the production of staphylo-
coccal exotoxin whereby the inflammatory reaction is suppressed [Werfel,
2001]. In contrast to impregnation of textiles with silver salts, metallic silver
exhibits a good tissue tolerance. Starting with an enteral absorption of �2 g of
silver, argyrosis has been observed, which is a deposition of silver in the super-
ficial skin layers. The amount of silver, which is absorbed even through dam-
aged skin by the inflammatory process, is 1,000-fold below the toxic level even
when the textile is used over years.

The cumulative costs of therapy are limited to the initial costs of the silver-
coated textile.

Nevertheless the declaration of silver impregnation cannot be correlated
with clinical efficacy. Three different textiles endowed with silver by different
technologies (No. 1: 50% of fibers are coated with metallic silver, No. 2: 50%
polyamide fibers with a durable silver staining, No. 3: silver-impregnated
Trevira) have been investigated for their antimicrobial activity.

Pieces of 1 cm2 of the textiles were incubated with a suspension of 109

colony-forming units (CFU) of the test organism. In 3-hourly intervals, 50 �l of
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the suspension were inoculated on Columbia agar (containing 50% sheep
blood). After incubation for 24 h the number of CFU was determined.

Table 1 shows substantial differences between the different silver textiles
[Guggenbichler, unpubl.].

In another study the influence of a moisture-permeable silver textile on the
skin of 5 healthy volunteers was investigated.

An area of 10 � 10 cm was tightly covered with one of the samples manu-
factured according to the technologies described above . Every 3 h for the first
9 h and 6 h thereafter the number of CFU on 1 cm2 of skin was determined.

At the beginning of the experiment, a mixed flora consisting of
Staphylococcus epidermidis, Propionibacterium acnes and Streptococcus mitis

in an amount of 4.3–5.5 log CFU/cm2 was isolated. Textiles No. 1 and 2 reduced
the skin flora every 3 h by 1 log, so that at 9 h no organisms could be isolated
any more. This effect lasted for another 9 h; thereafter, the normal flora gradu-
ally recolonized the skin so that at 36 h the normal skin flora in the amount
mentioned before could be detected. No irritation of the skin occurred during
the experiment. Textile No. 3 did not show any antibacterial effect. Twenty-four-
hour extracts of these three textiles in physiological saline were investigated for
cytotoxicity on mouse fibroblasts. No reduction of viability was seen with the
methylene blue test with any of the textiles [Guggenbichler, unpubl.].

Table 1. Number of surviving bacteria after exposure to three silver textiles (No. 1–3)
for various reaction times

Textile No. Test organism Bacterial count, log CFU

3 h 6 h 9 h 12 h 15 h 18 h 24 h

1 S. aureus 9 8 6 4 0 0 0
S. epidermidis 8 6 4 0 0 0 0
E. coli 6 4 0 0 0 0 0
P. aeruginosa 8 7 6 5 0 0 0

2 S. aureus 9 8 6 5 0 0 0
S. epidermidis 8 6 0 0 0 0 0
E. coli 6 4 0 0 0 0 0
P. aeruginosa 8 7 5 0 0 0 0

3 S. aureus 9 9 8 8 7 7 7
S. epidermidis 9 8 8 7 6 6 6
E. coli 9 8 7 7 7 6 5
P. aeruginosa 9 8 8 8 7 7 6

The value 0 means below the level of detection of 105 CFU/ml.
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In a controlled clinical trial with patients suffering from atopic dermatitis,
the influence of silver underwear on the normal skin flora was investigated over
a period of 1 month. Patients in the first group were wearing silver textiles
manufactured according to technology No. 1 (see above) throughout from day 0
to day 28. The patients in a second group were wearing identical cotton under-
wear without silver from day 0 to day 14 and then the silver textile from day 14
to day 28. From day 28 all patients returned to their individual underwear. In the
first group bacterial reduction on the skin with neurodermitic lesions over a
period of 56 days was observed. In the group with the patients wearing silver
textiles for 14 days, no significant reduction of the skin flora was noted (table
2). Apparently wearing this silver underwear for 14 days is not sufficient for a
substantial reduction of the skin flora. The analysis of microorganisms revealed
an analogous reduction for S. aureus and S. epidermidis. The lower number
of colonizing organisms which was observed on day 56 warrants addi-
tional attention as it is assumed to be a remanent effect. It is conceivable that
silver deposits in the skin could be responsible for this reduction. In order to
obtain further insight into this hypothesis, silver elimination in the urine
was investigated. In the urine no silver was detected (threshold of detection
0.9 �g/ml).

Clinical evaluation of the patients revealed that silver underwear worn over
the longer period resulted in a significant improvement of the SCORAD
(Scoring Atopic Dermatitis) index compared to the group with a shorter wear-
ing period. The silver underwear does not tolerate washing temperatures above
60�C. Therefore the overall hygienic impression was unsatisfactory. After wear-
ing the textiles for more than 2 days, the patients were disturbed by malodor and
discomfort, which increased with duration of use [Jünger et al., 2006].

Other groups of investigators achieved comparable results. In an open con-
trolled trial with 15 patients, two sites of neurodermitic lesions in the same

Table 2. Mean total number � SD of isolated microorganisms in neurodermitic skin
lesions (log CFU/cm2) of patients (determination by direct agar contact method) 

Group Day 0 Day 14 Day 28 p1 Day 56 p2 p3

Ag textile 1.87 � 0.51 1.41 � 0.82 1.35 � 0.64 0.07 1.45 � 0.46 0.6 0.03
Cotton 1.59 � 0.88 1.41 � 0.97 1.42 � 0.67 0.6 1.53 � 0.95 0.9 0.9

1t test with paired samples, comparison between day 0 and day 28.
2Comparison between day 28 and day 56.
3Comparison between day 0 and day 56.
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patients were compared over 14 days. The elbow of one arm of the patients with
neurodermitis was covered for 7 days with a silver-coated material, the other
site with normal cotton. Thereafter an observation period of 7 days followed.
After 2 days a significant reduction of colonization with S. aureus was obse-
rved on the site covered with the silver textile. The total number of CFU of skin
flora remained below the initial concentrations of skin microorganisms on the
control site for another 7 days. The SCORAD at the beginning of the experi-
ment was identical on both arms. On days 2, 7 and 14 the SCORAD was sub-
stantially improved on the silver-textile-covered arm. During the follow-up
period, the difference between the silver textile and the control site was still
accentuated. In 5 patients the condition remained stable; in another 6 patients
further improvement was observed. At the site covered by cotton without silver,
a slight but nonsignificant clinical improvement of the eczematous lesion was
observed on day 2. On days 7 and 14 the SCORAD deteriorated. The compari-
son between the two sites revealed an optical improvement with the silver tex-
tile (p � 0.05) on days 7 and 14 [Gauger et al., 2003].

In a randomized, controlled clinical trial with atopic dermatitis patients (35
patients with silver-coated textiles, 22 with placebo), an improvement of the
SCORAD – in the silver group of 27.4% (p � 0.05) and in the placebo group of
16.3% (p � 0.05) – was observed. The affected area of the skin in the silver
group regressed by 16.6% (p � 0.05) and by 8.3% (p � 0.05) in the control
group; the difference versus placebo was at the threshold of significance
(p � 0.051). An equal improvement was seen in the DIELH score (Deutsches
Instrument zur Erfassung der Lebensqualität bei Hauterkrankungen; score of
Schäfer et al. [2001]). After 7 days, the patients noted a recognizable improve-
ment in itching, comfort and dryness in the silver versus the placebo group
(p � 0.05). The differences became accentuated after 14 days. Also, concomi-
tant medication (corticosteroid ointments) was more frequent in the placebo
group (p � 0.05) [Schäfer, in prep.].

Conclusion: An improvement in the therapy of atopic dermatitis by silver-

coated/impregnated textiles could be demonstrated and must be confirmed in

larger studies, before being advised as therapeutical option.

Prevention of Postoperative Wound Infections

The impregnation of suture material is a promising approach to the pro-
phylaxis of postoperative wound infections.

After surgical interventions in microbially colonized areas, the risk of wound
dehiscence is given. Interventions in areas colonized with �105 CFU/g tissue normally
are without risk for postoperative wound infections in immunocompetent hosts [Elek
and Conen, 1957]. However, with impaired host defense mechanisms, foreign bodies
and ischemia, even substantially lower amounts of microorganisms (�103 CFU) are



Kramer/Guggenbichler/Heldt/Jünger/Ladwig/Thierbach/Weber/Daeschlein 86

able to cause a wound infection [Schmitt, 1991]. In the presence of suture material even
concentrations of 102 S. aureus/g tissue are critical [Elek and Conen, 1957]. Sutures in
abdominal surgery are generally pulled through the lumen of the gut and are contami-
nated with a variety of aerobic and anaerobic bacteria. Under these circumstances a
wound infection and dehiscence of the suture must be taken into consideration. Clinical
experience shows that sutures in the large intestine are more frequently insufficient than
sutures in the stomach. The proportion by which sutures are responsible for a primary
wound infection can only be resolved by clinical studies comparing the incidence of
postoperative wound infections in patients with antimicrobial sutures and in controls.
Vincent [2003] reports an incidence of postoperative wound infections of 15%. The risk
of implanted foreign bodies, e.g. sutures or clips as primary cause for nosocomial
wound infections, is estimated to be low; however, implanted biomaterials play a major
role in the perpetuation of infections; the percentage is unknown (no studies).

In vitro studies demonstrate a zone of inhibition for S. epidermidis around a
triclosan-impregnated suture of 14.5 cm3, for S. aureus or methicillin-resistant
S. aureus (MRSA) of 17.8 cm3. The antibacterial activity lasted 7 days
[Rothenburger et al., 2002]. However, a disadvantage of triclosan-impregnated
sutures is the intrinsic resistance of triclosan against Pseudomonas aeruginosa,

Serratia marcescens and Alcaligenes spp. In vivo studies confirmed the efficacy.
Sutures were implanted in the dorsolateral thighs of guinea pigs; 5 � 104

CFU S. aureus were instilled into the wound by a catheter, and 48 h later the
suture was explanted. Thereafter 103.6 CFU were isolated from nonantimicro-
bially active suture material in contrast to 101.85 CFU in triclosan-impregnated
sutures (p � 0.05) [Storch et al., 2002a, 2004]. The addition of triclosan to the
suture did not influence physical properties and the handling of the device
[Storch et al., 2002b].

No cytotoxic effect of the impregnated sutures was observed in tissue cul-
tures, and the material was nonpyrogenic. No intracutaneous and intramuscu-
lar side effects were observed. Between the triclosan-impregnated materials
and nonimpregnated materials, in none of the animal models differences could
be detected [Barbolt, 2002]. Accordingly any difference in the healing process
of experimental wounds in guinea pigs could be disclosed [Storch et al.,
2002a].

Conclusion: The use of antimicrobial-impregnated surgical suture materi-

als is beneficial, particularly in critically contaminated wounds and in patients

with a high risk of infection. The benefit for reduction of postoperative wound

infections has to be documented in clinical trials. The uptake of triclosan with a

suture is toxicologically noncritical. As long as the in vitro inducible develop-

ment of resistance to triclosan has no clinical relevance, the use in suture mate-

rial is uncritical [Kramer et al., 2005a]. A promising alternative approach will

be the use of nanocristalline silver. 
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Antiseptic Wound Dressings

For the prevention of postoperative and posttraumatic wound infections 
as well as for the treatment of acute wound infections, antisepsis (irrigation,
ointment, gel) in combination with surgical debridement is the method of
choice [Kramer et al., 2004]. For colonized or infected chronic wounds, it is
important to eliminate the microorganisms and toxins without disturbing the
wound-healing process. For this purpose antiseptic wound dressings with
simultaneous absorption of toxins are useful [Müller et al., 2003]. Presently silver-
containing wound dressings represent the state of the art. Wound dressings
which do not release silver into the tissues are preferable especially to prevent
disturbance of the healing process.

The toxic effect of Ag� is caused by the interaction of silver ions with the cell
membrane and the respiratory chain (reaction with cytochromes b and d and the
substrates of oxidation [Weber and Rutala, 2001]) of newly formed epithelial cells.
In keratinocyte and fibroblast cell cultures, AgNO3 and nanocristalline silver are
highly toxic in concentrations of 7 � 10	4 to 55 � 10	4% [Poon and Burd, 2004].
In comparison povidone-iodine and polyhexanide show substantially less cytotox-
icity (table 3).

Hidalgo et al. [1998] investigated the therapeutic activity (MIC/cytotoxic-
ity) of silver nitrate. Depending on microorganisms, growth inhibition was
detected after 100- to 700-fold dilution with even measurable cytotoxicity. As a
consequence 0.01% was recommended as therapeutic concentration. Innes et
al. [2001] compared the time for reepithelialization in a mesh graft model
(prospective controlled matched-pair study). The criterion of �90% reepithe-
lialization (p � 0.004) was seen in a silver-free dressing environment after
9.1 � 1.6 days, in a silver-containing dressing after 14.5 � 6.7 days. There was
no difference in bacteriological culture positivity. After 1 and 2 months, scar for-
mation was significantly worse by use of a silver-containing dressing compared

Table 3. IC50 of antiseptic agents on mouse fibroblasts
after 30 min of exposure [Müller and Kramer, unpubl.]

Agent IC50, mg/ml

Ag1 0.007–0.055
Silver sulfadiazine 0.030–0.040
Polyhexanide 0.150–0.200
Povidone-iodine 4.7–4.8

1Results of Poon and Burd [2004], calculated on the basis
of silver.



Kramer/Guggenbichler/Heldt/Jünger/Ladwig/Thierbach/Weber/Daeschlein 88

to a silver-free dressing. After 3 months the initial differences evened out. In
addition the risk of systemic side effects by liberation of free silver ions has to
be taken into consideration. After the application of silver sulfadiazine on burn
wounds, silver concentrations of 440 �g Ag/l blood and 12 �g Ag/l urine were
found [Maitre et al., 2002]. The authors recommend the monitoring of silver
levels, when silver-releasing compounds are used.

In order to estimate the relevance of the in vitro cytotoxicity, we evaluated
the minimal microbicidal concentration (MMC, defined as reduction factor 
5
log steps) in 10% fetal calf serum in a quantitative suspension test. Silver sulfa-
diazine was ineffective. 1% AgNO3 reduced the inoculum size of Escherichia

coli by maximally 1 log. Within 30 min all silver-containing compounds were
inactive against S. aureus. Against E. coli the concentration of �5% of mild sil-
ver protein solution was active. For the comparison of antiseptics we introduced
a biocompatibility index as quotient of IC50 and MMC 
5 log. For AgNO3 and
silver sulfadiazine no biocompatibility index could be calculated, because the
highest tolerated concentration (1%) did not result in any reduction of the initial
inoculum size. Colloidal silver resulted in a biocompatibility index (L929-
cells/E. coli) of 0.128, chlorhexidine had one of 0.729, povidone-iodine (related
to iodine) one of 0.95, polyhexanide one of 1.325 and octenidine one of 1.506.
Silver-containing antiseptics are highly cytotoxic without measurable antimi-
crobial activity within 30 min [Müller et al., 2006]. However, after 3 h of expo-
sure of a wound dressing, a reduction of 5 log steps against P. aeruginosa ATCC
15442 was noticed [Müller et al., 2003]. These data indicate that a slow release
of low silver ion concentrations is effective after an extended period of time.
The induction of silver resistance cannot be excluded in case of prolonged and
low-level release of silver ions [Percival et al., 2005].

Conclusion: Colonized or infected chronic wounds require the application

of adequate antiseptic wound dressings with the ability of toxin absorption, e.g.

endotoxins. When silver-containing wound dressings are used, the liberation of

silver into the wound environment should not reach cytotoxic concentrations. The

antimicrobial activity of silver in dressings cannot be compared with the rapid

bactericidal action achieved by other antiseptics. Over a period of several hours,

low nontoxic concentrations of silver ions are antiseptically effective and block

the attachment of microorganisms to epithelial cells as well as biofilm formation.

The activity of silver in dressings depends on the technology of silver bonding.

Prevention of Infections in Medical Facilities

No evidence exists for any preventive effect of antimicrobial-impregnated
bedlinens, diapers, work clothes and towels. If basic hygienic measures are
taken (e.g. hand disinfection, disinfection of patients near surfaces, change 
of textiles at regular intervals, barrier nursing) the antimicrobial equipment of
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textiles cannot provide additional protective effects. The skin as reservoir of
microorganisms remains active as a source of bacterial spread; nevertheless, the
amount of bacteria can be reduced. In addition the risk of sensitization has to be
taken into consideration. In contrast, the antimicrobial endowment of air filters
can be sensible, if no active compounds are liberated into the environment.
Equally the antimicrobial endowment of lacquers, e.g. for door knobs or siphons,
of flexible partition walls and of textile linings is meaningful and allows the
avoidance of prophylactic disinfection. For this purpose nanocristalline silver
seems to be the agent of choice.

The disinfection of surfaces or skin antisepsis by means of fleeces impreg-
nated with biocide must be considered as a special case of application of
antibacterial textiles.

In Germany the solution for fleeces is listed in the positive list of the German
Confederation of Applied Hygiene, if the recommended antimicrobial activity of the solu-
tion is fulfilled. This does not apply to antimicrobial-impregnated disinfecting fleece and
requires a comment insofar as the impregnated fleece does not achieve the activity of
the active solution per se. One textile, impregnated with 70% propan-2-ol, is effective
and registered as drug for skin antisepsis in Germany.

Conclusion: For special indications antimicrobial-impregnated textiles

can provide a valuable contribution to the prevention of infection. 

Methods of Antimicrobial Impregnation of 

Textiles and Hygienic Consequences

Highly diffusible impregnations are differentiated from nondiffusible or
poorly diffusible antimicrobial impregnations. For impregnation, the Foulard
application is most often used, where the active compound is applied during the
spinning process. Further techniques for application of antimicrobial sub-
stances are coating, vapor deposition (e.g. silver), spray application, aftertreat-
ment in a bath (e.g. for triclosan) or treatment of prefabricated items in a
washing machine, which is ecotoxicologically questionable. Even when libera-
tion into the environment is excluded, the ecological safety of the applied
biocide with respect to waste disposal must be considered. Besides, the impos-
sibility of liberation of the active agent must de documented not only for the
ready-to-use product, but also during usage, because sweat, antimicrobial
degradation and/or the washing process can lead to hazardous secondary prod-
ucts. It has been documented that triclosan can be transformed into the toxic
2,7/2,8-dibenzodichloro-p-dioxin by sunlight in sewage; this can be detected in
sewage plants [Mezcua et al., 2004].
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Characteristics of Selected Compounds for the 

Antimicrobial Impregnation of Textiles

Taking triclosan as an example, the problems of antimicrobial impregna-
tion of textiles will be demonstrated. Other compounds are described briefly.

Triclosan (2,4,4�-Trichloro-2�-Hydroxydiphenylether)

Antimicrobial Activity and Spectrum of Activity
Within 10 min of exposure, the MMC measured for S. aureus and Candida

albicans was 25 �g/ml, for E. coli 500 �g/ml. Within 72 h the MMC for S. aureus

was 0.1 �g/ml, for E. coli, Proteus spp. and Klebsiella pneumoniae 0.03–
0.3 �g/ml, for Enterobacter aerogenes 1–3 �g/ml, for Enterococcus faecalis, 

C. albicans and Saccharomyces cerevisiae 3–10 �g/ml [Räuchle, 1987;
Wallhäusser, 1995]. P. aeruginosa shows a high intrinsic resistance with an MIC
of �1,000 �g/ml [Räuchle, 1987; Chuanchuen et al., 2003]. Triclosan inhibits
the growth of Pityriasis versicolor at a concentration of 75 �g/ml within 1–2
days almost completely but does not eradicate the organism [Hundt et al., 2000].

The mode of action consists in the inhibition of the enoyl-acyl carrier pro-
tein reductase [McMurry et al., 1998, 1999; Levy et al., 1999; Heath and Rock,
2000], which destabilizes the membrane. The fatty acid synthase system (type
II) of bacteria is substantially different from the mammalian enzyme, which can
be an option for selective inhibition [Marrakchi et al., 2002].

Development of Resistance
Exposure of microorganisms to subbactericidal concentrations in vitro can

induce resistance [Hundt et al., 2000; Hundt, 2001; Brenwald and Fraise, 2003].
Cookson et al. [1991] described strains of MRSA with MICs between 2 and
4 �g/ml from patients with daily triclosan total body washings, whereas S. aureus

strains from patients without exposure to triclosan exhibited MICs between 0.01
and 0.1 �g/ml. As a result of the specific point of attack of triclosan on the bacte-
rial cell, the enoyl-acyl carrier protein reductase [Heath and Rock, 2000], and
because the resistance development mechanisms against antibiotics are compara-
ble to that against triclosan (target mutation, increased target expression, active
efflux from the cell, enzymatic deactivation/degradation), laboratory findings
related to the cross-resistance between triclosan and antibiotics are not surprising
[Russell et al., 1998; Chuanchuen et al., 2001, 2002, 2003; Braoudaki and Hilton,
2004, 2005; Randall et al., 2004; Sanchez et al., 2005].

The genetic product of fabI, the enoyl-acyl carrier protein reductase,
evolved as a major target site for the development of resistance to triclosan
[McMurry et al., 1999]. E. coli strains with mutation of the fabI gene frequently
showed low, medium or high triclosan resistance (MICs between 0.2 and
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25 �g/ml [McMurry et al. 1998]). S. aureus fabI mutants also showed increasing
MICs (1–4 �g/ml) against triclosan [Brenwald and Fraise, 2003]. Mycobacterium

smegmatis strains with a mutation of the inhA gene are resistant to triclosan as
well as to isoniazid. It has been suggested that also the tuberculostatic activity
of isoniazid is based on inhA products [Levy, 2001]. The discussion whether
plasmid-coded antibiotic resistance is able to induce triclosan resistance is still
controversial. Although it has been shown by Cookson et al. [1991] that tri-
closan resistance against S. aureus can be transferred simultaneously with the
plasmid-coded mupirocin resistance, this could not be verified by other investi-
gators [Suller and Russell, 2000].

On the basis of these laboratory findings it would be conceivable that, as
result of the widespread use of triclosan particularly in consumer products
[Furuichi et al., 1999; Braid and Wale, 2002] antibiotic resistances could be
selected [Schweizer, 2001], although up to now no organism with acquired tri-
closan resistance has been described [Gilbert and McBain, 2002; Screenivasan
and Gaffar, 2002; De Vizio and Davies, 2004]. Also the MIC values have
remained stable during the last decade [Goodfellow et al., 2003]. No clinical
data exist regarding a triclosan-induced resistance against antibiotics [Suller and
Russell, 1999; Russell, 2000, 2002, 2003]. The clinical relevance of the previous
laboratory findings has to be elucidated [Suller and Russell, 2000]. Until this
point the use of triclosan should be limited to medically proven indications.

Acute Toxicity
On the basis of LD50 (mg/kg body weight, BW), determined by oral appli-

cation, to mice of 4,500, to rats of 3,700–5,000, to dogs of 5,000 and, by dermal
application, to rabbits of 9,300 [Räuchle, 1987], the compound is classified as
‘little to nontoxic’. The subcutaneous LD50 for rats is �147,000 mg/kg BW [De
Salva et al., 1989], which suggests the categorization ‘nontoxic’.

In the rat, no changes of glutamic oxaloacetic transaminase, glutamic pyru-
vic transaminase and blood urea nitrogen were observed after a single oral dose
of 625 and 2,500 mg triclosan/kg BW in contrast to chlorhexidine after oral
administration of 
1,000 mg/kg BW. In vitro, a dose-related inhibition of the
accumulation of p-aminohippurate but not of N-methylnicotinamide in the
kidney of male rats was observed. The clinical relevance of these laboratory
findings has to be established [Chow et al., 1977].

Skin Tolerance and Photosensitization
The antiseptic concentration for use was tolerated without adverse effects.

A good skin tolerance has even been established in the ‘repeated-insult patch
test’ with soaps containing 10% triclosan [Räuchle, 1987]. Trials with humans
did not reveal any phototoxic reactions [Kligman and Breit, 1968].
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Eye Tolerance
Solutions of 1–10% induced a transient hyperemia and chemosis which

resolved after 24 h [Räuchle, 1987].

Sensitization and Photosensitization
Photosensitization was demonstrated neither in animal experiments nor in

clinical studies [Marzulli and Maibach, 1973; Thomann and Maurer, 1975;
Räuchle, 1987; Wnorowski, 1994]. Although occasionally photosensitization has
been described, the widespread use of triclosan in deodorants and soaps appar-
ently indicates an exceedingly low potential for sensitization [Roed-Petersen et al.,
1975; Lachapelle and Tennstedt, 1979; Hindson, 1975; Wahlberg, 1976; Veronesi
et al., 1986; Steinkjer and Braathen, 1988; Wong and Beck, 2001; Gloor et al.,
2002]. However, 10 from 88 patients with (photo)allergies to UV filters in sun-
creams reacted to triclosan [Schauder, 2001]. In a second investigation among
103 patients, 3 responded with an allergic contact reaction and none with a pho-
toallergic reaction [Steinkjer and Braathen, 1988]. Two of these patients received
ointments containing corticosteroid and 3% triclosan. A Swedish investigation
showed a prevalence of 0.2% (1,100 patients investigated) of contact allergy to
triclosan [Wahlberg, 1976].

Subacute Toxicity
The subacute toxicity test (28 days) in monkeys revealed a no observable

effect level (NOEL) of 100 mg/kg BW/day [Räuchle, 1987]; the daily adminis-
tration of 0.1% triclosan solution over 3 weeks to dogs revealed no signs of tox-
icity [Schmid et al., 1994].

Subchronic Toxicity
In a subchronic toxicity test (90 days of oral administration for various animal

species), the NOEL (mg/kg BW/day) reached for hamsters was 75, for rats 50,
monkeys 30, dogs 12.5 and rabbits 3 [Paterson, 1969; Goldsmith, 1983; Räuchle,
1987; Schmid et al., 1994]. With dermal application of 3% triclosan in propylene
glycol to rabbits, no local or toxic reaction was observed [Räuchle, 1987].

Chronic Toxicity and Cancerogenicity
For monkeys the NOEL was 30 mg/kg BW after oral administration over 

1 year [Drake, 1975]. In a 2-year test in rats, 250 and 750 mg/kg in nutrition
were well tolerated. After administration of 2,200 mg/kg, a mild reversible liver
hypertrophy developed [Räuchle, 1987].

The inducible hepatotoxicity after administration of high doses of tri-
closan is obviously due to a competitive and noncompetitive inhibition of the 
3-methylcholanthrene- and phenobarbital-inducible P450-dependent monooxy-
genase in liver microsomes by triclosan [Hanioka et al., 1996].
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A feeding test over 2 years revealed no signs of cancerogenicity at a doses of
168 mg/kg/day in male rats or 218 mg/kg/day in female rats [Yau and Green, 1986;
Räuchle, 1987]. The serum concentrations of triclosan in this test were between 26
and 27 mg/l. An independent review of this study reaches the same conclusion
[Goodman, 1990]. Also in hamsters the harmlessness was documented [Chambers,
1999]. A dermal application of 0.5 and 1% triclosan in acetone over 18 months was
well tolerated, and no signs of cancerogenicity occurred [Räuchle, 1987].

Mutagenesis and Reproduction Toxicity
Neither in vitro nor animal experiments revealed any signs of mutagenesis,

embryotoxicity or teratogenic effects [Russell and Montgomery, 1980; Gocke et al.,
1981; Räuchle, 1987; Henderson et al., 1988a, b; Jones and Wilson, 1988;
Morseth, 1988; Riach et al., 1988; Denning et al., 1992; Schroder and Daly, 1992].

Absorption and Elimination
In experiments with rats, rabbits and dogs no organospecific accumulation of

triclosan was detected. The elimination occurs after conjugation with glucuronic
acid in the feces, in rabbits mainly renally. In humans the renal elimination as glu-
curonic acid or as sulfate conjugate represents the main route. The half-life counts
10 days without signs of cumulation [Räuchle, 1987; Cantox, 2002]. Through
intact skin, 10–25% of the administered dose is absorbed [Black et al., 1975].

Ecotoxicity
The majority of bacteria are not able to metabolize triclosan [Vao and

Salkinoja-Salonen, 1986; Liaw and Srinivasan, 1990; Schmidt et al., 1992,
1993]; therefore triclosan is detectable in aquatic ecosystems, sediments and
sewage sludge [Tulp et al., 1979; Hites and Lopez-Avila, 1979; Lopez-Avila
and Hites, 1980; Miyazaki et al., 1984; Paxéus, 1996]. Voets et al. [1976]
described a 50% degradation of triclosan in an activated sewage model within 3
weeks. Further information regarding biological degradation was published by
Hundt et al. [2000], Hay et al. [2001], Meade et al. [2001], McBain et al. [2003]
and Schultz [2004]. Paxéus [2004] detected a degradation rate of �90% in bio-
logical sewage systems. Even under anaerobic conditions (sludge decomposi-
tion) a degradation of about 35% is possible [Räuchle, 1987].

Due to the high rate of photodegradation with a half-life of 3 h in summer
[Räuchle, 1987], concentrations in surface water of 50 ng/l are substantially low
[Singer et al., 2002].

Triclosan in sewage can exert negative effects on freshwater algae, nitrifying
bacteria [Wilson et al., 2003; Dokianakis et al., 2004] and fish [Räuchle, 1987].

Concentrations up to 2 mg triclosan/l (limit of solubility) in sewage did not
negatively influence the biological treatment of the sewage plants. Triclosan is
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highly toxic to fish (LC50 at 48 h dwell period 0.6 mg/l, threshold for harmful-
ness approx. 0.4 mg/l). In shorter dwell periods higher concentrations are toler-
ated, e.g. 10 mg/l at 5 min, 5 mg/l at 15 min, 2 mg/l at 30 min. The degradation
products, which are induced under the influence of light, are less toxic to fish.
In reality the concentrations appearing in sewage are at least 1 or 2 log steps
below the LC50 [Räuchle, 1987]. Plants can accumulate triclosan [Nishina et al.,
1991; von Woedtke et al., 1999].

The possibility of contamination of triclosan-containing products with
dioxin represents a critical issue. Therefore any contamination with furans and
dioxins has to be excluded, and a negative declaration by the manufacturer is
required.

Other Biocides

Other relevant substances used for the impregnation of textiles are silver
and copper compounds, chitosan, zeolites, quats, imidazoles, imidazolidinones,
isothiazolines, curcumin, thujopsene, hinokitiol (from cypress oil), sulfadiazine,
1,3-dimethylol-5,5-dimethylhydantoin, thiobisphenol, neomycin and dimethyl-
tetradecyl [3-(trimethoxysilyl)propyl]ammonium chloride and polyhexamethyl-
ene biguanide hydrochloride (polyhexanide) [Sun et al., 2001; Nakashima et al.,
2002; Takai et al., 2002; Qian and Sun, 2003, 2004; Thiemann, 2004; Han and
Yang, 2005; http://www.der-gruene-faden.de/ teyt/text2497.html, www.bgw.de].
As scientific data are difficult to obtain, the following characteristics (tables
4–6) are incomplete and underline the need for further scientific evaluation and
documentation.

The problem of different activities obtained with various textiles is exem-
plarily described in the following experiments.

The textile was cut into small pieces (2 � 2 cm), autoclaved after washing
with household laundry detergent, dried and incubated with test organisms.
After exposure, viable bacterial cells were counted. Relative humidity was
maintained at 100% for wet conditions and 50% for dry conditions at 22�C.

Under dry conditions Gram-negative rods rapidly lost their viability. Ag.
Zn, ammonium zeolite and chitosan were proven to be effective against S.

aureus for up to 6 h of incubation under wet and dry conditions, and also effec-
tive against MRSA for up to 24 h only under wet conditions (table 7). The
results indicated significant differences between the tested textiles; therefore
products should be tested by use of the same standard; however, a DIN EN ISO
is presently not available.

Surprisingly silver and copper exhibit marked differences in tolerance
although both are heavy metals with partly comparable chemical properties
(table 5). In the aquatic toxicity these differences are not primarily remarkable
(table 6).
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Silver
The therapeutic activity of silver has been known since the 5th century.

Ciro the Great ordered his troops to transport water in silver pots to protect the
drinking water against spoilage and to preserve its potability.

In contrast to triclosan, nanocristalline silver is equally active against
Gram-positive and Gram-negative bacteria, fungi and several viruses, and sur-
passes triclosan by antimicrobial activity [Thurman and Gerba, 1989; Ugur and
Ceylan, 2003]. The concentration of 0.2 �g Ag/ml eradicates the amount of E.

coli by 2 log steps within 13 min [Wuhrman and Zobrist, 1958]. After 3 h no
bacterial growth was detectable on a polyurethane catheter contaminated with
109 CFU of E. coli, P. aeruginosa, Enterobacter cloacae, Citrobacter freundii,

C. albicans or Candida glabrata [Guggenbichler, unpubl.].
Ag� is highly toxic to fish (table 6). The key mechanism of acute silver tox-

icity consists in the reduction of Na� uptake by blocking of Na�, K�-ATPase
[Bianchini et al., 2002]. Like other metals, silver accumulates in aquatic food
chains and may exert toxicity, which cannot be predicted from exposure to dis-
solved Ag� [Hook and Fisher, 2001].

For impregnation of textiles, silver can be anchored on fiber polymers so
that the silver is not removable from the fibers. As long as no silver is released,
no toxic risks are given.

Quaternary Ammonium Compounds
The attachment of a quat to silk fibers could be realized by its polymeriza-

tion. This new tissue combines the favorable properties of silk with protection

Table 4. Spectrum of activity of selected biocides for textile impregnation

Agent Bacteria1 Fungi1 Resistance

Gram-positive Gram-negative

Triclosan active lack of activity active in vitro inducible
Silver highly active highly active highly active no data 
Quats active lack of activity lack of activity in vitro inducible
Chitosan active active active no data
Polyhexanide active active active no data
Copper compounds active active active positive [Aarestrup et al., 2002;
(e.g. sulfide and Hasman and Aarestrup, 2002, 2005;
sulfate) Ugur and Ceylan, 2003]

1Studies on antimicrobial activity are not comparable due to differences in methodology.
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Table 5. Tolerance to selected textile biocides

Agent Dermal Toxicity Allergenicity Mutagenicity Carcinogenicity Teratogenicity
resorption

Triclosan yes little to nontoxic low neg. neg. neg.

Silver no depends on liberation no neg. neg. neg.
of compound: little
to nontoxic

Quats yes moderate to highly moderate neg. neg. neg.
toxic

Chitosan no data no hint (biologically no neg. no data no data
deduced)

Polyhexanide no little to nontoxic no neg. neg. no teratogenic hazard to 
humans

Copper no essential trace no partly neg., but  not cocarcinogenic neg. (2 mg Cu/kg) to rats
compounds element, dose- potentially mutagenic [Sunderman et al., [Mason et al., 1989] and 
(e.g. sulfide dependent toxicity [Agarwal et al., 1989] 1974] humans [Kahn-Nathan, 
and sulfate) 1975; Barash et al., 1990], 

pos. to crab and copepods 
at environmental 
concentrations [Fisher and 
Hook, 2002; Lavolpe et al., 
2004], shrimp [Rayburn
and Aladdin, 2003] and 
Chironomus tentans

[Martinez et al., 2003]
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from microbial colonization. At longer contact times nonpolymerized quats can
be absorbed by skin [BIA, 1995]. On the basis of their LD50 (and their chemical
structure) and depending on the application mode, quats can be qualified as
mild to highly toxic [Kramer et al., 1985; Merck Schuchardt, 2001]. In vitro
benzalkonium chloride, a frequently used quat, irreversibly damages ciliated
nasal epithelia [Klöcker and Rudolph, 2000]. Also wound healing is retarded
[Bolton et al., 1985]. Quats have a potential for sensitization. Benzalkonium
chloride is highly toxic for aquatic organisms [Material Safety Data Sheet
1999], but the agent is degraded within 28 days [Zöllner et al., 1995]. The
development of antibacterial resistance is possible [Rudolf and Kampf, 2003].

Resuming these data a prolonged dermatological evaluation of benzalkonium
chloride is not justified [Kramer et al., 2003]. This is also valable for other non-
polymerized quats. These findings cannot generally be transferred to polymerized
quats but require adequate investigations of the long-term tolerance of humans as

Table 6. Ecotoxicity of selected textile biocides

Agent Biodegradation Aquatic toxicity

Triclosan slow high toxicity for fish, modified behavior and growth of Rana pipiens

in OWC concentrations [Fraker and Smith, 2004], 48-hour EC50 to 
Daphnia magna 340 �/l, 96-hour LC50 to Pimephales promelas and
Lepomis macrochirus 260 and 370 �/l, respectively, NOEC and 
LOEC to Oncorhynchus mykiss 34.1 and 71.3 �/l [Orvos et al., 2002];
96-hour LC50 for 24-hour-old larvae of Oryzias latipes 602 �g/l, 
increased concentration of hepatic vitellogenin (estrogenic effect) at 
20 �g/l with adverse effects in F1 generation [Ishibashi et al., 2004]

Silver no AgNO3 48-hour LC50 to Ceriodaphnia dubai 0.5 �/l, 8-day LC50

0.32 �/l, NOEC of silver cysteinate �0.001 �g/l, LOEC of AgNO3

and silver glutathionate 0.01 and 0.6 �/l, respectively [Bielmyer et al.,
2002], 96-hour LC50 330–2,700 �g/l to trout Oncorhynchus mykiss in 
seawater and 5–70 �g/l in freshwater [Hogstrand and Wood, 1998]

Quats depends on structure: dependent on structure: highly toxic
slow to rapid

Chitosan good sublethal concentration to carp 75–150 mg/l [Dautremepuits et al., 2004]

Polyhexanide no highly toxic to fish

Copper no CuCl2 Lemna minor EC50 0.3–0.9 mg/l, 1 ppm sublethal to algae [Mal
compounds et al., 2002], sublethal concentration to carp 0.1 mg/l [Dautremepuits 

et al., 2004], LOEC in water 6.8–13.6 �g/l [Hsieh et al., 2004]

LOEC � Lowest observed effect concentration; NOEC � no observed effect concentration; OWC � organic
wastewater contaminant.
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well as of the environment. Beside this, the stability against microbial degradation
of the polymer in textiles during wearing and washing must be analyzed.

The use of quats in the treatment of atopic dermatitis reduced the SCORAD
within 1 week from 43 to 30 (p � 0.003). The local score improved from 32 
to 18.6 (p � 0.001), the controls remained unchanged [Ricci et al., 2004]. Further
clinical trials and the comparison with other therapeutic options are warranted.

Due to the risk of resistance development, any attempts to combine e.g.
cephalosporins with quats are not indicated [Kim et al., 2000].

Chitosan
Chitosan is nowadays used in wound dressings and textiles [Allan et al.,

1984; Li et al., 1992; Hirano, 1996; Tokura et al., 1996; Lee et al., 1997; Nam
et al., 2001].

Chitosan is the deacetylated compound of chitin [Lim and Hudson, 2004]
and as natural biopolymer can be extracted from the shells of aquatic animals
(crabs, shrimp shells). The amino group in the C2 position of the cationic glu-
cosamine provides its antimicrobial activity [Chen et al., 2002; Al-Bahra, 2004]
by binding to the bacterial cells [Knobelsdorf and Mieck, 2000; Takai et al.,
2002; Al-Bahra, 2004].

In a quantitative suspension test, chitosan is highly active. In 10 min a
0.1% solution achieves a reduction of S. aureus and P. aeruginosa of 
5 log, of

Table 7. Antibacterial properties of antimicrobial-impregnated textiles [Takai et al., 2002]

Antimicrobial agent Efficacy

S. aureus MRSA P. aeruginosa

dry wet dry wet wet

Ag, Zn, Cu zeolite �� �� – �� �

Ag, Zn, ammonium zeolite ��� ���1 – ����1 ��1

Aliphatic imide – – – � �

Quat – – – � �

Chitosan ��� ���2 – ��2 ��1

Without – – – – –

– � Not effective; � � slightly effective; �� � moderately effective; ��� � effective; ���� � highly
effective.

1Significantly decreased activity with organic load.
2No influence of organic load.
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C. albicans one of 
4 log [Weber, unpubl.]. It is noteworthy that in the test chi-
tosan remained undissolved as suspension, a situation comparable to textiles.

A decrease in antimicrobial activity by up to 2 log steps is observed in the
presence of hyaluronic acid, ascorbic acid and NaCl, which has to be taken into
consideration for practical purposes.

No allergic reactions are reported at present [Knittel and Schollmeyer,
1998]. On the basis of the LD50 in the mouse of 16 g/kg BW orally, chitosan can
be considered as nontoxic. Adverse effects were observed at concentrations of
�2,000 mg/kg BW in rats [Kim et al., 2001]. In accordance with the results of
toxicological investigations, wound dressings with chitosan and collagen were
proven to be favorable [Ye et al., 2004]. Because the agent is used for food con-
servation and weight reduction (weight loss supplements), no toxicity for impreg-
nated textiles can be expected. In vitro tests with tissue cultures (hepatocytes)
assumed this point of view [Risbud et al., 2003]. Furthermore, chitosan is
antigenotoxically active by adsorbing mutagens [Ohe, 1996].

Chitosan is biodegradable and bioabsorbable [Pascual and Julia, 2001; Al-
Bahra, 2004] and can be expected to play a role in the antioxidative mechanism
of biological systems [Xue et al., 1998].

Zeolites
Zeolites are composed of silicium and aluminium tetrahedrons. By oxygen

bridges these form secondary complexes agglomerating to tertiary tetrahe-
drons. Thereby a crystal structure with an extensive system of pores and chan-
nels is formed. As ion exchangers zeolites are endowed with antimicrobial
agents, e.g. silver for impregnation of catheters and textiles [Thom et al., 2003].

Zeolites are not water soluble. The basic structure is nontoxic. In sewage
sludge zeolites are degraded to silicic acid (http://sodasan.com/diplomarbeit/
Pla-compaktp4.htm’#T3). Toxic and ecotoxic properties of zeolites originate
exclusively from the coupled biocides.

Polyhexanide
The cationic and polymeric structure of the agent allows it to bind strongly

to cellulosic fabrics such as cotton and viscose [Payne, 1997]. The good activity
against both Gram-positive and Gram-negative bacteria has led to its use on
cotton wound dressings and drain sponges. Cotton gauze containing polyhexa-
nide has been found to be an effective barrier to bacterial penetration, even in
the presence of protein [Reitsma and Rodeheaver, 2001]. A dressing substan-
tially reduced (by 4 or 5 log) the amount of P. aeruginosa that had gained access
to the wound bed and reduced the bacterial inoculum in the dressing itself. The
presence of polyhexanide did not prevent epithelialization of partial-thickness
wounds.
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A repeated-insult patch test effectively demonstrated that the polyhexanide-
treated gauze is devoid of skin-sensitizing properties [Orr et al., 2001].

Copper
On the basis of its broad antibacterial and antifungal activity, this agent

was used in surgical gloves, filters, socks and antimite mattresses. In animal
experiments no potential for sensibilization was detected [Borkow and Gabbay,
2004]. While copper is nonmutagenic for mammals, the compound is terato-
genic and embryotoxic for aquatic organisms (table 6). For the estimation of
ecotoxicity the evidence of available investigations in mammals is not suffi-
cient. With the use in filters as exception, the clinical application of this agent is
questionable.

Obsolete Compounds
The following agents, which have been described by Wigert et al. [1974]

for use as antimicrobial impregnation of household and technical textiles, are
considered obsolete: hexachlorophene, chlorphenols, organomercury, -tin and 
-zinc compounds, anorganic silver salts, hydroxychinolines, salicylanilides,
dithiocarbamates, tetramethylthiuramdisulfide, neomycin and tetracycline.

In Germany tributyl tin compounds (TBT) are not allowed for antimicro-
bial impregnation of textiles. Otherwise, for heavy textile tissues, e.g. tents, its
use is allowed. Due to its environmental burden this use has also to be dis-
missed because of its estrogen-like activity.

The concentrations of TBT in textiles (�110 mg/kg) are below the micro-
bicidal concentration of 0.1% and derive from stabilizers and catalysts. Their
maximal concentrations, which are reached by dermal absorption, are clearly
below the tolerable daily intake value recommended by the WHO (www.bgvv.de,
TBT and other organic tin compounds in foodstuff and consumer products,
March 6, 2000). This evaluation solely takes the isolated action of the com-
pound on the organism into consideration, whereas in reality human exposure
always results from a mixture of compounds with unknown interactions.
Because a toxicological analysis of various combinations with TBT has not
been performed, a final risk assessment is not possible. For safety reasons, TBT
generally has to be abandoned also as auxiliary material for textiles.

Textiles, manufactured in Germany, can be assumed as free of insecticides,
pesticides and fungicides. In imported textiles these agents cannot be excluded
because of the application for protection of moulding and bacterial destruction,
especially as impregnations in tropical climates. Especially in imported textiles
from developing countries, antimicrobial compounds, restricted in the EU, can
be found, since only polychlorated phenols (e.g. pentachlorphenol) are forbidden
for import materials. To remove unwanted residues, it is generally recommended
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to wash, to clean and to air imported textiles before wearing (http:// www.swis-
stextiles.ch/boxalino/files/Document183file.pdf).

Odor-Absorbing Agents

Cyclodextrin
Cyclodextrins are natural hydrophilic complex-building agents, which

absorb odors without antimicrobial activity. Since 2000 these compounds have
been allowed as food additives [Buschmann et al., 2001, 2003; Knittel et al.,
2004]. As long as these compounds are not combined with biocides (e.g. with
isothiazolinone), they can be used without risks for humans and the environment.

Conclusion

For toxicological reasons for humans and the environment the addition of
so-called antismell agents with antimicrobial properties to textiles for daily
use has to be avoided. Smelling textiles have to be returned to hygienic condi-
tions, e.g. by washing. Textiles impregnated with antismell agents tend to be
cleaned less frequently with the result of loss of functional quality. For the
intended inhibition of malodor, deodorants or antiperspirants are the agents of
choice.

Insofar as therapeutic or prophylactic advantages of antimicrobial textiles
are proven and this application is at least equally effective and tolerated com-
pared to conventional therapeutic options, no objections against their use can be
made. In any case the used biocide has to be declared with documented effi-
cacy. As these products represent almost medical devices or medicinal products
in case of addition of a drug to textiles in the near future, the conformity of the
registration needs legal assessment by notified bodies or by the drug approval
authorities [Kramer et al., 2005a, b].

At present, important deficits are to be mentioned:
• International norms for in vitro testing as well as for preclinical assessment

(antimicrobial activity and tolerance) of antimicrobial-impregnated tex-
tiles are missing. Compared with the harmonized European norms for test-
ing of disinfectants, this situation warrants an urgent amendment. 

• As for medical devices, independently from the intended use, a declaration
(agent and concentration) for antimicrobial-impregnated textiles is
requested. To prevent inappropriate use, a registration also for consumer
products is wanted.

• For every agent a documented risk-benefit assessment has to be requested,
including the intended application as well as the long-term tolerance by
humans and the environment.
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Abstract
The Lyocell process (system: cellulose-water-N-methylmorpholine oxide) of Zimmer

AG offers special advantages for the production of cellulose fibers. The process excels by

dissolving the most diverse cellulose types as these are optimally adjusted to the process by

applying different pretreatment methods. Based on this stable process, Zimmer AG’s objec-

tive is to impart to the Lyocell fiber additional value to improve quality of life and thus to tap

new markets for the product. Thanks to the specific incorporation of seaweed, the process

allows to produce cellulose Lyocell fibers with additional and new features. They are acti-

vated in a further step – by specific charging with metal ions – in order to obtain antibacter-

ial properties. The favorable textile properties of fibers produced by the Lyocell process are

not adversely affected by the incorporation of seaweed material or by activation to obtain an

antibacterial fiber so that current textile products can be made from the fibers thus produced.

The antibacterial effect is achieved by metal ion activation of the Lyocell fibers with incor-

porated seaweed, which contrasts with the antibacterial fibers known so far. Antibacterial

fibers produced by conventional methods are in part only surface finished with antibacteri-

ally active chemicals or else they are produced by incorporating organic substances with

antibacterial and fungicidal effects. Being made from cellulose, the antibacterial Lyocell

fiber Sea Cell® Active as the basis for quality textiles exhibits a special wear comfort com-

pared to synthetic fibers with antibacterial properties and effects. This justifies the conclu-

sion that the Zimmer Lyocell process provides genuine value added and that it is a

springboard for further applications.

Copyright © 2006 S. Karger AG, Basel

Zimmer AG is an innovative and technology-oriented engineering contrac-

tor in the field of ‘man-made’ fiber production.

After several years of research and development activities, Zimmer AG is

launching a new, multifunctional cellulosic fiber with bioactive properties.

Manufacturing of Biofunctional Textiles
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In response to the continuously rising demand for antibacterial fibers, this
innovative, high-tech fiber is perfectly suited for all applications where hygiene
and cleanliness are required.

The antibacterial effect constitutes an integrated, permanent component of
the cellulosic fiber matrix which remains unaffected by wear, e.g. washing or
dry-cleaning.

The fiber protected worldwide by industrial property rights has proven its
activity against the most diverse types of bacteria.

Bacteria develop and spread wherever they find a growth-stimulating com-
bination of heat and humidity.

In particular for sportswear and leisure wear but also for bed linens, under-
wear or filling materials, measures that prevent or reduce bacterial growth con-
stitute an advantage.

The antibacterial effect of many conventional fibers is achieved by way of
organic compounds known from the pesticide industry. Such compounds are
either incorporated into the fiber or applied to its surface.

These substances, which often have secondary effects that should not be
neglected, may cause skin irritations. One of the objectives of the research and
development activities of Zimmer AG was to achieve a bactericidal effect with-
out any negative impact on the human body caused by organic compounds, if
possible.

The permanent bactericidal effect combined with the beneficial effect on
the skin that is typical of cellulosic fibers was examined and confirmed by
numerous tests conducted at the Hohenstein Research Institute, among others.

The results obtained so far regarding the textile processability have shown
that the new fiber can be combined with the most varied textile fibers and nat-
ural substances and that it is thus universally applicable to all cases where a bac-
tericidal combined with a beneficial effect on the skin is required.

This new cellulosic, antimicrobial fiber is produced by Sea Cell GmbH in
Rudolstadt, Germany, a 100% subsidiary of Zimmer AG.

Conventional Bioactive Fibers and 

Their Active Substances

The Substances

Antibacterial substances are chemicals that inhibit bacterial growth and/or
destroy bacteria.

Depending on their mode of action, a difference is made between bacteri-
cidal substances which destroy bacteria and bacteriostatic substances which
only inhibit the growth of bacteria.
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To this effect, a multitude of bioactive organic, metallic and other inor-
ganic substances are commonly known and available (table 1) [1–3].

To obtain the desired antibacterial effect, the individual substances or a
combination of several ingredients are used depending on the respective
requirements and application. One example is a combination of zeolites and
metals such as silver, zinc or copper [4, 5].

Antibacterial Finishing of Synthetic Fibers

The following options are available to manufacture antibacterial fibers:
• incorporation of antibacterial substances into the spinning solution;
• application and fixing of the antibacterial substance on the surface of the

fiber in an aftertreatment step;
• modification of the polymer and application of the bioactive substance.

Conventional antibacterial fibers on the basis of synthetic polymers are
listed in table 2.

One widely used substance in antibacterial fibers is triclosan, a halo-
genated bisphenyl ether that is mainly used as a pesticide but can also be found
as an additive in soaps or toothpaste.

The use of triclosan is controversial, not only because of its application as a
pesticide, but also with a view to its production. In the synthesis of triclosan, car-
cinogenic substances such as dioxins and dibenzofurans can appear as byproducts.

Triclosan is contained as an active ingredient for example in Microban®

products as well as in the polyacryl fiber Amicor® by Acordis.

Antibacterial Finishing of Cellulosic Fibers

Viscose fibers with an antibacterial effect are common on the fiber 
market [3].

The bactericidal effect is obtained by adding inorganic compounds during
the spinning process.

Table 1. Commonly known bioactive substances [1–3]

Organic active ingredients Halogenated diphenyl ethers (e.g. triclosan)
Phenolic compounds
Halophenols and bisphenolic compounds
Resorcinol and its derivatives
Benzoic esters
Quaternary ammonium compounds

Metals Silver, zinc, copper

Other anorganic ingredients Zeolites
NaAl silicate
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For the manufacture of fibers such as antibacterial cellulose acetate fibers,
just like synthetic fibers, mainly the substance triclosan is used. In this case, the
substance is incorporated into the core of the fiber and is released through its
surface. A well-known fiber of this type is Microsafe AM by Hoechst/Celanese,
for example.

A particularity in the field of cellulosic fibers is the antibacterial olynosic
fiber offered by Fuji – Chitopoly – which is manufactured by adding chitin dur-
ing fiber production.

Lyocell fibers with antibacterial finishing are unknown so far.

Manufacture of Sea Cell® Active Fibers

The Sea Cell Process

The Lyocell process has established itself as an environment-friendly, eco-
nomically viable, product-enhancing and highly flexible alternative for the
manufacture of man-made cellulose fibers. It is continuously improved and
marketed by Zimmer AG and Sea Cell GmbH.

Table 2. Conventional antibacterial fibers on the basis of synthetic
polymers

Polymer Company Brand

Polyester Trevira Trevira Bioactive
Montefibre Terital Saniwear
Brilen-Nurel Bacterbril
Dupont-Sabanci Allerban
Kanebo Bactekiller
Kuraray SA30 and SA21
Wellman Filwell Wellcare

Polyacryl Acordis Amicor
Sterling Biofresh
Montefibre Leacril Saniwear

Polyamide Kanebo Livefresh
R-STAT R-STAT
Unitika Bioliner
Nylstar Meryl Skinlife

Polypropylene Drake Permafresh
Asota Asota AM Sanitary

Polyvinylchloride Rhovyl Rhovyl’s as antibacterial
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In the Lyocell process, the cellulose is dissolved directly without formation
of derivatives [6, 7]. As a solvent, the process uses the nontoxic, aqueous sol-
vent N-methylmorpholine-N-oxide.

The spinning solution is processed in a combined dry/wet spinning process
(air gap) to form fibers and shaped cellulose articles [8, 9]. During the spinning
process, the solvent required to produce the spinning solution is washed out and
almost completely recovered.

The Sea Cell fibers are manufactured (fig. 1) by adding finely ground sea-
weed, mainly from the family of brown, red, green and blue algae, but particu-
larly the brown alga Ascophyllum nodosum and/or the red alga Lithothamnium

calcareum, to the spinning solution [10–14].
The algae are added either as a powder or as a suspension in one of the

process steps preceding the spinning of the cellulose solution.
Seaweed has the capability of absorbing the minerals contained in seawa-

ter. An analysis showed that in addition to minerals also carbohydrates, amino
acids, fats and vitamins are found in the seaweed.

Given this variety of active ingredients, seaweed and/or seaweed extracts are
preferably used in cosmetics as well as in the pharmaceutical industry [15–19].

In addition to the special properties afforded by seaweed, the Sea Cell fiber
also exhibits a remarkably high tensile strength in dry and wet conditions as well
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as negligible shrinking. Based on the good physical properties of the textiles,
fabrics made from Sea Cell fibers offer high dimensional stability in addition to
high wear comfort which is typical of cellulosic Sea Cell fibers and fiber mixtures.

Metal Absorption of the Sea Cell Fiber

One particularity of the Sea Cell fiber is its capacity to bind and absorb
substances. During the activation of pure Sea Cell fibers, bactericidal metals
like silver, zinc, copper and many others are absorbed by the fully formed cel-
lulosic fiber through metal sorption.

Unlike the commonly used method of incorporating the active ingredients
in the spinning solution, the manufacture of Sea Cell Active offers the possibil-
ity of incorporating the substance permanently into the core of the fully formed
fiber in an activation step.

Impregnation tests with diluted metal salt solutions surprisingly showed
that the Sea Cell fiber exhibits excellent sorptive behavior regarding metals
and/or metal ions.

It must be assumed that the metals are bonded via free carbonyl, carboxy
and hydroxyl groups of the cellulose as well as of the incorporated seaweed. It
is well known that phenols contained in the seaweed have the ability to chelate
heavy metals [20, 21].

The metal ions are firmly anchored in the fiber matrix through the swelling
of the cellulose which promotes an even distribution of the seaweed over the
fiber cross-section.

Even conventional cleaning methods that usually require an alkaline
atmosphere do not affect the metal concentrations in the loaded Sea Cell fiber.

To obtain fibers with a permanent antibacterial finishing, ionic silver and
zinc solutions are used for loading/activating.

This constitutes an important advantage compared to the antibacterial
fibers with surface treatment available on the market.

Antibacterial Properties of Zinc and Silver

Zinc offers an antibacterial and anti-inflammatory effect and can be used
to combat bacteria (like streptococci and Actinomyces) [22].

The antibacterial effect of silver was already known in ancient times. Silver
tools and containers (approx. 4,000 BC) were used for storing and transporting
water to prevent the formation of germs and ensure high water quality [23].

In the 19th century it was evidenced that silver has an antimicrobial effect
even in smallest concentrations and that it quickly destroys typhoid bacilli and
the resistant anthrax spores at concentrations as low as 1:4,000 to 1:10,000 [23].

In the decontamination of water as well as in the disinfection of wounds,
the oligodynamic effect of silver (inhibition of bacterial growth already at metal
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concentrations of 0.006–0.5 ppm) is used [23, 24]. Bedding and textiles with
minor concentrations of silver already show positive effects in the treatment of
neurodermatitis or psoriasis [25].

As silver does not have any negative side effects like skin irritation, this
metal is favored for use as an activating agent to manufacture Sea Cell Active
fibers [24, 26].

As a consequence of the very low but sufficient leaching out of silver ions
from the Sea Cell Active fiber, the antibacterial activity remains unchanged
over the long term. From a dermatological and hygienic viewpoint, it is there-
fore ensured that no skin irritation may occur. The excellent wear comfort of the
cellulosic fiber is not affected.

Absorption Kinetics

The Sea Cell Active fiber is produced by loading the pure Sea Cell fiber
with a diluted silver solution. The absorption of silver constitutes the decisive
process step for the manufacture of this fiber which is why the absorption kinet-
ics were examined as a function of the silver concentration in the bath solution.

Figure 2 shows the absorption kinetics of 0.1 and 0.01 N silver nitrate solu-
tion. The figures show that the loading process is largely completed after a
retention time of 1–3 min. A more important factor than the retention time for
the absorption of silver by the fiber is the bath concentration. When treated
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with 0.1 N AgNO3 bath solution, approximately 7 g of silver were absorbed per
kilogram of Sea Cell fiber while in a 0.01 N AgNO3 bath solution, approxi-
mately 3.5 g/kg of fiber were absorbed.

Chemical Analysis of the Sea Cell Active Fiber

To find out what effect the activation step has on the composition of the
fiber, the main minerals contained in the Sea Cell Active fiber were analyzed
and compared with those of the Lyocell and regular Sea Cell fiber.

Table 3 shows that the absorbed silver reduces the concentrations of alkali and
earth alkali metals. This is most evident in the decline of the sodium concentration.

In addition to atomic absorption spectroscopy, a quantitative and wet
chemical analysis, the distribution of silver over the cross-section of the fiber
was examined. To this effect, the Sea Cell Active fiber was broken using liquid
nitrogen. This cryogenic break was examined with a scanning electron micro-
scope (Leo type DSM 962). In addition to the backscattering picture, the distri-
bution of silver at the break surface was examined using energy-dispersive
X-ray analysis (EDX detector by Oxford Instruments).

The picture in figure 3 compares the electron backscattering picture with
the corresponding energy-dispersive X-ray mapping.

In the backscattering picture, which also shows the material contrast (fig. 3a),
the darker spots indicate light elements while the light spots indicate heavy ele-
ments like silver.

In the silver mapping pictures (fig. 3b), the light spots indicate the pres-
ence of silver.

These pictures clearly show that the silver is distributed evenly across the fiber
cross-section and that it is not only exclusively found at the surface of the fiber.

Leaching Tests

To test how durably silver has been incorporated into the Sea Cell Active
fiber, a raw fabric made from 70% cotton, 20% pure Sea Cell and 10% Sea Cell
Active was extracted in a Soxleth apparatus.

Table 3. Main minerals contained (mg/kg fiber) in
Lyocell, pure Sea Cell and Sea Cell Active

Minerals Lyocell Pure Sea Cell Sea Cell Active

Silver – – 6,900
Calcium 38 1,800 1,540
Magnesium 95 275 107
Sodium 306 330 13
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The extraction of raw fabric was achieved using distilled water. A sample
from the total extraction liquid was taken after each cycle.

After the extractions the extracted raw fabric was dried in a circulating hot
air drying cabinet.

The analyses showed that the raw fabric contained the same amount of sil-
ver prior to and after the extraction. The aqueous extract only showed silver
concentrations close to the detection limit. This test proves that no silver
leaches from the raw fabric in an extraction with distilled water.

Fields of Application of Sea Cell Active

The Sea Cell Active fiber as an antibacterial fiber for fabrics and nonwo-
ven materials can be used as a pure, i.e. 100% fiber or in fiber blends.

Thus, the product is suited for a multitude of applications:
• working wear (incl. gloves)
• sportswear (incl. socks)
• underwear and lingerie
• home textiles (furnishing and bedding, fillers)
• nonwoven materials and technical applications (wipes, filters and masks)
• household and hygienic applications.

Method:   Cryogenic break of the fibers 

 Scanning electron microscope (Leo, type DSM 962) 

 Energy-dispersive X-ray spectroscopy Oxford instruments

a b

Source: ITCF Denkendorf.

Fig. 3. Sea Cell Active – silver distribution. a Scanning electron-microscopic image. 
b Energy-dispersive X-ray silver mapping.
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Physical Properties of the Sea Cell Active Fiber

Sea Cell Active fibers can be produced as staple fibers and as filament
products in all fiber diameters and cut lengths. Experience has shown that the
high tenacity and elongation properties remain unchanged in the production of
the Sea Cell Active fibers (table 4).

Yarns can be easily produced with either 100% Sea Cell Active or as
blends in all standard counts.

Antimicrobial Properties of the Sea Cell Active Fiber

With the above we have proven that silver as an antimicrobial substance
can be incorporated into the Sea Cell fiber. The question is now whether the
absorbed silver shows the expected antimicrobial activity.

Antibacterial Activity – Testing Method

The antibacterial activity was determined following the Japanese Industrial
Standard (JIS L1902-1998 ‘Testing method for antibacterial activity of textiles’).
The test was performed using the Gram-positive strain of Staphylococcus aureus

(ATCC 6538P) and the Gram-negative strain of Klebsiella pneumoniae (DSM 789).
The germs were applied to the fibers to be analyzed and to reference sam-

ples. The germ count (the number of colony-forming units, CFU) on the fibers
and on the reference sample was determined after an 18-hour incubation period.
The difference between the germ count of the fiber and that of the reference
sample shall be the parameter for the germ-inhibiting and/or germicidal activity
of the fiber under analysis.

The antibacterial activity is divided into three groups: slight activity, sig-
nificant activity and strong activity.

A slight antibacterial activity is found where the difference of the CFU log
between the fiber and the reference sample equals zero, a significant activity is

Table 4. Tenacity and elongation properties 

Lyocell Pure Sea Cell Sea Cell Active

Titer (typical), dtex 1.3 1.4 1.4
Tenacity cond., cN/tex 36.5 35.9 34.4
Tenacity wet, cN/tex 31.4 31.1 2.8
Elongation cond., % 12.1 11.9 9.3
Elongation wet, % 15.3 13.4 14.2
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found where the difference is greater than 1 and a strong activity is found where
the difference is greater than 3.

This parameter is also referred to as the specific efficacy (table 5).

Antibacterial Activity – Sea Cell Active versus Lyocell

In figure 4, the growth of Staphylococcus and Klebsiella on a standard
Lyocell fiber and on a Sea Cell Active fiber is shown as a function of the resi-
dence time.

Unlike the standard Lyocell fiber where the bacterial growth is measur-
able, the Sea Cell Active fiber exhibits a strong bactericidal effect. Within as lit-
tle as 2 h, no more bacteria could be detected on the fiber.

Antibacterial Activity of Sea Cell Active in Fiber Blends

The examination of the antibacterial activity was not only conducted with
pure Sea Cell Active products but also using blends with Lyocell. In all blends
(table 6), a strong antibacterial activity was measured.

Table 5. Specific efficacy (log CFU)

Antibacterial activity Specific efficacy

Slight 0 � 0.5
Significant �1 � 0.5
Strong �3 � 0.5

Standard Lyocell

Sea Cell Active
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Permanence of the Antibacterial Activity of Sea Cell Active

To determine the permanence of the antibacterial activity of Sea Cell
Active fibers, the samples were washed 60 times following the specifications of
DIN ISO 6330 (5a – standard washing cycle at 40�C).

Figure 5 shows the antibacterial activity (specific efficacy) of the Sea Cell
Active fibers. A strong antibacterial impact is detected at log CFU �3.

Despite 60 washing cycles, the reduction in the silver concentration of the
fiber remains negligible.

Table 6. Antibacterial activity in fiber blends

Specific efficacy, log CFU Antibacterial activity

S. aureus K. pneumoniae

Sea Cell Active 5.79 7.54 strong
Blend 1 (Sea Cell Active/ 5.79 7.54 strong
Lyocell, 25/75%)

Blend 2 (Sea Cell Active/ 5.79 7.54 strong
Lyocell, 15/85%)
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Fig. 5. Sea Cell Active – antibacterial durability.
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The strong antibacterial activity against Staphylococcus and Klebsiella

remains unchanged even after 60 washing cycles.

Fungicidal Effect

In addition to the antibacterial activity, also the fungicidal effect of Sea
Cell Active was examined.

Tests to evidence the fungicidal activity were conducted using an
Aspergillus niger DSM 1957 test culture.

To prove the fungicidal effect of our innovative fiber, the spore suspension
of A. niger was applied to both Sea Cell Active and the reference Lyocell sample
and incubated for 8 days. The colony count was determined at the start and at
the end of the test.

While the concentration of A. niger after 8 days of incubation rose by 0.9
log steps on the reference Lyocell fiber, it dropped by 2.5 log steps on the Sea
Cell Active fiber (fig. 6).

These tests clearly prove the fungicidal effect of Sea Cell Active fibers.

Bio- and Skin Compatibility

Zimmer AG’s Lyocell process constitutes the environmentally friendly
baseline technology and has been awarded the European Union’s eco label.
Only inoffensive natural components are used for the production of Sea Cell
Active fibers, namely cellulose, seaweed and silver. Sea Cell Active has been
certified according to the Ökotex Standard 100 for the product class 1 (baby
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articles). Furthermore extensive testing for bio- and skin compatibility has been
carried out.

Cytotoxicity

The cytotoxicity test is a standardized and sensitive biocompatible test-
ing method used for the assessment of materials intended for use in medical
applications. The test serves to differentiate between reactive and nonreactive
materials and provides information on the biocompatibility of materials.

Pursuant to ISO 10993–5, Cytox prepared extracts of pure Sea Cell and
Sea Cell Active in different dilutions (90, 30, 10, 3.3%). These extracts as well
as a positive control sample (toxic Trition) and a negative control sample (non-
toxic nutrient culture) were applied to precultured L929 mouse fibroblast cells.
After an incubation time of 48 h (37�C, 5% pCO2) the protein concentrations in
the cells were determined.

Materials whose extracts result in a reduction of the protein content of
L929 cells by more than 19% in comparison with the negative control sample
(nontoxic nutrient culture) are rated as cytotoxic.

This was not the case neither with the extracts of pure Sea Cell nor with the
extracts of Sea Cell Active. Therefore the pure Sea Cell and Sea Cell Active
fibers are not cytotoxic and comply with the requirements of the cytotoxicity
test pursuant to ISO 10993–5 (1999).

Skin Compatibility Test with Human Keratinocytes

While the cytotoxicity test examines whether the fiber releases toxic and
thus strongly irritating substances, the cytokine test using keratinocytes is more
sensitive and also detects weakly irritating substances. The tests were con-
ducted by ITVP–ITV Denkendorf Produktservice GmbH, Germany, applying a
test procedure developed by the dermatological clinic of Heidelberg University,
Germany. The advantage of this keratinocyte test is that it does not detect indi-
vidual substances or substance classes but that it serves to assess the skin com-
patibility in general on the basis of the effect.

The two fibers, pure Sea Cell and Sea Cell Active, were analyzed as to
their skin compatibility by determining the cytokines relevant for inflammation
using human keratinocytes: to this effect, the fibers were incubated for 16 h at
37�C in a special transfer system to simulate a prolonged skin contact under
wearing conditions. The extract of the transfer was �-sterilized and incubated
for 24 h with a confluent cell culture of human keratinocytes. The supernatant
of the keratinocyte culture contained 4 different inflammation mediators (IL-1	,
IL-6, IL-8 and GM-CSF) – these are messenger substances which may cause
inflammation.
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A detectable irritating effect is found if at least one of the mediators shows
a 50% higher value than the control value.

Pure Sea Cell and Sea Cell Active showed no detectable irritating effect.
The fibers proved to be skin compatible in the keratinocyte test (fig. 7).

Conclusion

Process

Zimmer AG’s Lyocell process constitutes the environmentally friendly
baseline technology and has been awarded the European Union’s eco label.

Safe, natural components like cellulose, seaweed and silver are processed.
Activation with silver (metal sorption) is easy from a technical point of

view and bears no health risk.
The production process does not require handling of pesticides or pesticide-

like substances.

Product

Demand is rising for fibers with antibacterial effect.
The organic compounds used so far (pesticides) are controversial in terms

of application (skin irritation) and production.
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Sea Cell Active uses silver as a safe active substance without the need for
organic compounds, and, therefore, the skin compatibility of the cellulose fiber
is not impaired.

Sea Cell Active is the first cellulosic Lyocell fiber with an antimicrobial
effect; it shows both a bactericidal and a fungicidal activity.

Sea Cell Active acts permanently, even after frequent washing.
The particular properties of cellulosic fibers (wear comfort) remain

unchanged in the Sea Cell Active fiber.
The excellent physical properties are not affected by the addition of silver.

Application

There is universal applicability because textiles can be made from both
100% Sea Cell Active material or from blends with any type of fiber while still
retaining its antibacterial activity.

Given its miscibility with other fibers, Sea Cell Active is suited for a broad
range of applications in work wear and sportswear, underwear, home textiles
and technical applications.
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Abstract
Atopic dermatitis (AD) is a chronic relapsing inflammatory skin disease which usually

starts during the first years of life. In the management of AD, the correct approach requires a

combination of multiple treatments to identify and eliminate trigger factors, and to improve

the alteration of the skin barrier. In this article we try to explain the importance of skin care

in the management of AD in relation to the use of textiles: they may be useful to improve dis-

rupted skin but they are also a possible cause of triggering or worsening the lesions.

Garments are in direct contact with the skin all day long, and for this reason it is important to

carefully choose suitable fabrics in atopic subjects who have disrupted skin. Owing to their

hygienic properties fabrics produced from natural fibres are preferential. Wool fibres are fre-

quently used in human clothes but are irritant in direct contact with the skin. Wool fibre has

frequently been shown to be irritant to the skin of atopic patients, and for this reason wool

intolerance was included as a minor criterion in the diagnostic criteria of AD by Hanifin and

Rajka in 1980. Cotton is the most commonly used textile for patients with AD; it has wide

acceptability as clothing material because of its natural abundance and inherent properties

like good folding endurance, better conduction of heat, easy dyeability and excellent mois-

ture absorption. Silk fabrics help to maintain the body temperature by reducing the excessive

sweating and moisture loss that can worsen xerosis. However, the type of silk fabric generally

used for clothes is not particularly useful in the care and dressing of children with AD since

it reduces transpiration and may cause discomfort when in direct contact with the skin. A

new type of silk fabric made of transpiring and slightly elastic woven silk is now commer-

cially available (Microair Dermasilk®) and may be used for the skin care of children with AD.

The presence of increased bacterial colonization has been demonstrated in patients with AD.

Such colonization has been included in the group of trigger factors for eczema in AD. Silver

products have recently been demonstrated to offer two advantages in the control of bacterial

infections. Textiles may be used not only for clothes, but also to prevent dust mite sensitiza-

tion in atopic patients. A marked clinical improvement of AD was observed in a group of

adults and children with positive skin tests (not necessarily towards mites), after an intensive

eradication programme for mite allergens. Skin treatment with acaricide and house dust mite

Biofunctional Textiles in the Prevention and Treatment 

of Skin Diseases 
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control measures can decrease AD symptoms. Different textiles have various potential wors-

ening links with allergies: e.g. clothing has been proposed as an additional source of expo-

sure to mite and cat allergens. On the other hand, special textiles can be used to prevent dust

mite sensitization.

Copyright © 2006 S. Karger AG, Basel

Atopic dermatitis (AD) is a chronic relapsing inflammatory skin disease

which usually starts during the first years of life. There are many factors known to

worsen the disease, including food and inhalant allergens, climatic factors, skin

infections due to Staphylococcus aureus, stress, chemical and physical irritants.

In the management of AD, the correct approach requires a combination of multi-

ple treatments to identify and eliminate trigger factors, and to improve the alter-

ation of the skin barrier. Dressings can be an effective barrier against persistent

scratching, allowing more rapid improvement of the lesions, and may reduce the

external source of skin irritants and bacterial infection. However, the rough fibres

of some fabrics used as dressings may produce a worsening in skin conditions.

Acute and cumulative irritation, allergic contact dermatitis, exacerbation of AD

and contact urticaria have been reported to have been caused by textile fibres (e.g.

nylon can cause allergic contact dermatitis and contact urticaria, wool can cause

acute and cumulative irritant dermatitis and aggravate AD). In the following arti-

cle we try to explain the importance of skin care in the management of AD in rela-

tion to the use of textiles: they may be useful to improve disrupted skin but they

are also a possible cause of triggering or worsening the lesions.

The Skin of Atopic Patients: Physiopathology

Skin provides the barrier between the body and the environment and the

first line of defence against exogenous noxious agents. The stratum corneum, the

human main permeability barrier, is formed from extracellular lipids and cor-

neocytes which are the result of the epidermal differentiation of the skin.

Epidermal lipids are synthesized by keratinocytes and stored in epidermal lamel-

lar bodies known as membrane-coating granules, lamellar granules or Odland

bodies, which contain free sterols nearly all present as cholesterol, phospholipids

and glycolipids, lipases and glycosidases and hydrolytic enzymes including 

�-glucocerebrosidase and acid and neutral sphingomyelinases [1]. These organelles

are adjacent to the cellular membrane and fuse with the plasma membrane dis-

persing their content into the interstices. The hydrolytic enzymes are delivered to

the intercellular space of the stratum corneum where they convert secreted

glucosylceramides and phospholipids, including sphingomyelin, into ceramides

and free fatty acids. In particular acid and neutral sphingomyelinases generate
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ceramides with structural and signal transduction functions in epidermal prolif-

eration and differentiation. The normal skin is colonized by a variety of micro-

organisms, both harmless commensals and potential pathogens, and effective

defence mechanisms are essential for the protection of this barrier because, 

like the other human epithelia, it is under constant microbial assault [1, 2].

Antimicrobial peptides significantly contribute to the epithelial defence of mul-

ticellular organisms because they represent important effector molecules of the

innate immune defence showing a broad-spectrum antimicrobial activity against

a wide range of pathogens including bacteria, fungi and viruses. Additionally

they play a crucial role as signalling molecules in linking innate and adaptive

immune responses. Epidermal barrier function is abnormal in AD, with

increased transepidermal water loss. Decreased stratum corneum ceramide con-

tent may cause the defect in permeability barrier function consistently found in

both lesional and non-lesional skin of patients with AD. Jensen et al. [2] found

decreased epidermal acid sphingomyelinase activity in lesional and non-lesional

skin of patients with AD, correlating with reduced stratum corneum ceramide

content and disturbed barrier function. This reduced ceramide level appears to be

due to upregulation of sphingomyelin deacylase enzyme activity [3]. A defective

permeability barrier leads to the penetration of environmental allergens into the

skin and initiates immunological reactions and inflammation crucially involved

in the pathogenesis of AD.

The stratum corneum of the skin of patients with AD is highly susceptible

to colonization by various bacteria, mainly S. aureus. As one sphingolipid

metabolite, sphingosine, is known to exert a potent antimicrobial effect on 

S. aureus at physiological levels, it may play a significant role in bacterial

defence mechanisms of healthy normal skin. Because of the altered ceramide

metabolism in AD, the possible alteration of the sphingosine metabolism might

favour the vulnerability to colonization by S. aureus in patients with AD [3].

Dermatophagoides pteronyssinus is a trigger of AD. Many D. pteronyssi-

nus allergens are proteases that can elicit airway inflammation by stimulating

the release of cytokines and chemokines by bronchial epithelial cells [4]. D.

pteronyssinus can cause proteolysis-dependent release of cytokines from ker-

atinocytes, but it appears incapable of activating de novo expression of

cytokines and chemokines, arguing against a direct pro-inflammatory activity

of house dust mite (HDM) on the skin [4, 5].

The Skin of Atopic Patients:The Interaction with S. aureus

The skin of patients with AD is frequently overinfected by bacterial agents,

especially S. aureus. Increased numbers of S. aureus are found in about 90% of
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skin lesions [6] and such bacterial colonization exacerbates or maintains 

skin inflammation by secreting superantigens which activate T cells and

macrophages. In addition, S. aureus produces enzymes which can directly

damage the skin cells [7]. Scratching probably enhances the binding between 

S. aureus and epidermal cells by exposing the extracellular matrix adhesion

molecules [8]. The degree of colonization is associated with the disease sever-

ity [9, 10]. For these reasons topical and general antibacterial drugs are often

used to keep the skin of atopic patients under control. Also steroids and topical

immunomodulators appear to be able to reduce the degree of bacterial colo-

nization [11, 12]. The presence of increased bacterial colonization has been

demonstrated in patients with AD [6]. Such colonization has been included in

the group of trigger factors for eczema in AD. The presence of bacterial agents,

especially S. aureus, in the lesional areas of AD has also been demonstrated

when clinically the lesions did not show any sign of impetiginization and the

entity of bacterial colonization, even in non-lesional skin of patients with AD, is

significantly higher than that observed in other cutaneous diseases [13–15]. The

possibility to detect S. aureus in the skin of normal subjects and of children

with AD varies with the different methods used. Using a dry standard swab in a

previous work we observed a positive culture in the antecubital area in 38% of

children affected by AD [16], and this percentage is similar to that reported in

the recent work by Patel et al. [17]. A higher percentage of S. aureus has been

detected with the use of the scrub technique and, more especially, with the con-

tact plate technique. The latter method evaluates a wider sample area with a

consequently higher possibility to detect bacteria. As observed in a recent paper

[18], S. aureus was isolated from the majority of the bacterial colonies in sub-

jects with AD; a significant relationship was also found between the total num-

ber of colonies and the severity of the eczema, as well as between severity and

the number of S. aureus colonies.

Textiles

Garments are in direct contact with the skin all day long, and for this rea-

son it is important to carefully choose suitable fabrics for atopic subjects who

have disrupted skin.

Owing to their natural properties fabrics produced from non-synthetic

fibres are preferential. Natural plant fibres include cotton, linen, hemp and jute,

and animal fibres include wool and silk. Apart from these there are also artificial

fibres produced from natural fibres like viscose, whose functional properties are

close to those of natural fibres. Synthetic fibres, on the other hand, are produced

by chemical processing of petroleum. At the beginning of their fabrication, all
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fibres undergo different processes to improve their characteristics or for dyeing.

Some of the colourings used are important in determining sensitization to the

skin or worsening atopic skin lesions.

Wool Fibres

Wool fibres are frequently used in human clothes but are irritant in direct

contact with the skin. The main constituent of wool is keratin, a protein with

disulphide bridges that cross-link chains in the polymer. Wool is thus character-

ized by higher breaking strength and environmental factors [19]. Although

biodeterioration of wool is caused by both bacteria and fungi, keratin is degraded

to a higher degree by fungi (Microsporum, Aspergillus and Penicillium). Wool

fibre has frequently been shown to be irritant to the skin of atopic patients and

for this reason wool intolerance was included as a minor criterion in the diag-

nostic criteria of AD by Hanifin and Rajka in 1980 [20]. The intensity of itching

from wool fibres in AD has also been seen to increase in relation to the type of

fibre: in a study on 24 girls with AD and a history of irritation to wool, Bendsoe

et al. [21] observed that greater itching was provoked on normal skin of the

abdomen by a material with coarse wool fibres (36 �m) than with thinner fibres

(20 �m). Also in a recent paper by Williams et al. [22] about the factors influ-

encing AD obtained by a questionnaire survey of schoolchildren’s perceptions,

wool fabrics together with sweating from exercise and hot weather were the

three most common exacerbators, affecting 40, 41.8 and 39.1% of AD respon-

ders, respectively.

Cotton

Cotton is the most commonly used textile for patients with AD; it has wide

acceptability as clothing material because of its natural abundance and inherent

properties like good folding endurance, better conduction of heat, easy dyeabil-

ity and excellent moisture absorption. In addition, its easy biodegradability is

an added attraction. However, it suffers from drawbacks like inflammability,

poor crease retention and is prone to bacterial and fungal attack. To modify the

physical properties of fabrics (e.g. hydrophobicity, impermeability) and to

improve their mechanical properties (softness, resilience, cohesion of the

fibres), a coating treatment is carried out on woven or non-woven fabrics using

an acrylic binder resin. Cotton is used for patients with AD despite its relative

roughness: it is made up of many short fibres (1–3 cm) with flat and irregular

sections; damp absorption and transfer occur by extension and contraction of

the single fibres producing a movement that may sometimes irritate and scratch

the skin. The irritation can also be related to the presence of detergents that act

as a trigger factor. In a paper by Kiriyama et al. [23], the residual washing deter-

gent in cotton clothes is demonstrated as being a factor of winter deterioration
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of dry skin in AD. The study followed 148 Japanese patients with AD during the

winter months, who were instructed to wear cotton underwear washed with

common detergents in cold tap water. The distribution of dry skin on their

trunks was examined. They were then asked to stop washing their clothes with

common anionic, additive-enriched detergents, and to use a non-ionic, additive-

reduced detergent for a period of 2 weeks. The results suggested that residues of

common washing detergents in cotton underclothes play an important role in

the winter deterioration of dry skin in patients with AD who use cold tap water

for washing their clothes. Cotton clothes specifically made for children with

AD and used in conjunction with topical agents are available in some countries

(e.g. Envicon® in Italy; Lohmann® in Germany). A recent study [24] has assessed

the beneficial effects of softened fabrics on atopic skin, suggesting that a soft-

ened fabric is less aggressive to the skin than an unsoftened one. Furthermore,

in the case of pre-irritated skin, its recovery was significantly faster when in

contact with softened rather than unsoftened fabrics.

Reactive dyes are used especially for colouring natural fibres that are

widely used in western countries, particularly Italy, in the production of clothes

[25]. A recent study by Giusti et al. [26] has demonstrated that in children with

suspected contact sensitization disperse dyes should be regarded as potential

triggering allergens.

Silk

Silk in its natural state consists of a single thread secreted by the silkworm

Bombyx mori and is made up of a double filament of protein material (fibroin)

glued together with sericin, an allergenic gummy substance that is normally

extracted during the processing of the silk threads [27, 28]. Sericin ensures the

cohesion of the cocoon by gluing silk threads together. Most of the sericin must

be removed during raw silk production. Degumming is the key process during

which sericin is totally removed and silk fibres gain the typical shiny aspect,

soft handle and elegant drape highly appreciated by consumers. Sericin is a

water-soluble protein. Because of its properties, sericin is particularly useful for

improving artificial polymers such as polyesters, polyamide, polyolefin and

polyacrylonitrile. Sericin is also used as a coating or blending material for nat-

ural and artificial fibres, fabrics and polymer articles. The structure of silk fibre

is quite similar to that of human hair (97% proteins, 3% fat and waxy sub-

stances), thus allowing its use in surgery and directly on scalded skin. Each silk

thread is made up of many filaments more than 800 m long which are highly

resistant, perfectly smooth and cylindrical and do not cause friction on the skin.

Silk also helps to maintain the body temperature by reducing the excessive

sweating and moisture loss that can worsen xerosis. Silk allergy among workers

in the silk industry has been recognized for some time, whereas allergic reactions
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of consumers on a large scale have only been rarely described [29, 30] since the

final textile products of silk are mostly non-allergenic [31]. After the removal of

sericin, the remaining protein, fibroin, has a low allergenic potential, and only 1

case of recurrent granulomas with remarkable infiltration of eosinophils has

been reported in the literature which may have resulted from an IgE-mediated

hypersensitivity reaction to silk fibroin [32]. Although clothes made of washed

silk are generally safe for the consumer, the unprocessed silk threads that are

broken during reeling (silk waste) are used in China to fill bed quilts, clothes,

toys and mattresses [31] and may continue to be allergenic. A study performed by

Sugihara et al. [33] in Japan examined the effects of a silk film on full-thickness

skin wounds: it was found that the wounds dressed with silk film healed 7 days

faster than those covered with traditional dressing. They reported that silk film

as a skin dressing can be easily produced and sterilized, and also enhances col-

lagen synthesis, reduces oedema and scarring due to inflammatory responses

and promotes epithelialization. Moreover, silk has been used as suture thread

for many years, especially in epidermal and ophthalmic surgery [34]. However,

the type of silk fabric generally used for clothes is not particularly useful in the

care and dressing of children with AD since it reduces transpiration and may

cause discomfort when in direct contact with the skin. A new type of silk fabric

made of transpiring and slightly elastic woven silk is now commercially avail-

able (Microair Dermasilk®) and may be used for the skin care of children with

AD. This fabric also has antibacterial properties thanks to an exclusive water-

resistant treatment with Aegis AEM 5772/5, a durable antimicrobial finish for

textile products that prevents odour and bacteria survival, including S. aureus

[35]. It is based on the compound alkoxysilane quaternary ammonium. These

Aegis antibacterial treatments are already utilized in the USA in many commer-

cial products. Our group has tried to evaluate the efficacy of such fabrics.

Forty-six children affected by AD in an acute phase were recruited: 31 received

special silk clothes which they were instructed to wear for a week; the other 15

served as a control group and wore cotton clothing. Topical moisturizing

creams or emulsions were the only topical treatment prescribed in both groups.

The overall severity of the disease was evaluated using the SCORAD index. In

addition, the local score of an area covered by the silk clothes was compared

with the local score of an uncovered area in the same child. All patients were

evaluated at baseline and 7 days after the initial examination. At the end of the

study, a significant decrease in AD severity was observed in the children of

group A (mean SCORAD decrease from 43 to 30; p � 0.003). At the same

time, the improvement in the mean local score of the covered area (from 32 to

18.6; p � 0.001) was significantly higher than that of the uncovered area (from

31 to 26; p � 0.112). In a subsequent work we tried to evaluate in vivo the

antibacterial activity of this special fabric with Aegis AEM 5572/5 that has
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shown in vitro antibacterial activity. Twelve children affected by AD with sym-

metric eczematous lesions on the antecubital areas and 4 without any cutaneous

diseases as controls were recruited. Children had to wear the tubular dressing

for 7 days, changing it every day. Microbiological examinations were obtained

with standard cultural swab and by means of quantification of bacterial agents

using agar plates at baseline, after 1 h and after 7 days. Preliminary data show a

significant improvement in the mean value of the topical clinical SCORAD

index in both the covered areas compared to the values obtained at baseline.

Also the reduction of the mean number of colony-forming units per square cen-

timetre was similar in both areas. As observed by other authors we confirm that

the reduction of bacterial colonization in our cases is associated with a clinical

improvement of eczema [36]. However, the preliminary analysis of our data

shows that even though the silk fabric treated with Aegis shows in vitro antibac-

terial properties [37] we were unable to demonstrate such an activity in vivo. A

possible explanation may be the difficulty to maintain a complete adherence

between the fabric and the skin. The antibacterial efficacy of Aegis in vivo

therefore remains not sufficiently demonstrated and the most realistic explana-

tion is that the strong adhesion of Aegis to the fibre does not allow Aegis to pen-

etrate into the skin and to contact bacteria sufficiently to kill them; the inability

to reach bacteria in the lower layer of the stratum corneum or follicles would

therefore allow them to survive. Furthermore, the rapid reinfection of eczema in

AD by S. aureus leads one to suppose that in AD some bacteria may survive any

type of antimicrobial treatment. The improvement observed also in the control

areas was due to the textile protection bringing about a reduction in the external

provocation factors associated with a better care of the eczema as frequently

happens during a trial, and – already observed by Gauger et al. [36] – the advan-

tage of the strong adhesion of Aegis to the fibre is that the possible toxicologi-

cal side-effects of coated ammonium may be excluded because the ammonium

is covalently bound to the textile fibre so closely that there is no absorption

through the skin lesions.

Synthetic Fibres

Polyesters are high-molecular-weight compounds with repeated ester

bonds in the main chain. The basic type of polyester fibre produced on a large

scale is polyethylene terephthalate. Chemically it is a linear, saturated polyester

of terephthalic acid and ethylene glycol (or ethylene oxide), and is also known

as linear aromatic polyester. It has different trade names, e.g. Terylene (UK) and

Dacron (USA), and is used for the production of fabrics, knitted fabrics, sheer

curtains and technical fabrics. The macromolecules of the high-molecular-

weight compounds are known as polyamides as they contain amide groups. The

most important in the textile industry are the aliphatic polyamides (Steelon,
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Perlon, Nylon, etc.). In the textile industry two kinds of polyurethane fibre are

used: highly crystalline fibres of linear structure and highly flexible segment

fibres of the Spandex type. Since they are characterized by high stiffness these

polyurethanes are used in the form of monofilaments for brushes or as yarn for

insulation material. The second type of polyurethane includes at least 85% ure-

thane polymer of segmented structure and is used for flexible fibres. These

polyurethanes are characterized by a lengthy elongation before breaking occurs

in tests, and have many other advantages, including stable colour and high

resistance to radiation and ageing. They are used in the textile industry in the

production of fabrics, knitted fabrics, stockings, socks and bathing wear. The

properties of polypropylene, produced by polymerizing propylene, depend,

among other factors, on molecular weight, crystallinity and production meth-

ods. Polypropylene fibres are characterized by good mechanical properties and

are readily used in the textile industry. Diepgen et al. [37] carried out a random-

ized clinical study on 55 patients with AD and 31 healthy controls to investigate

the irritative capacity of poncho-like shirts made of 4 different materials (A:

cotton; B, C, D: synthetics of different fibre structure). The intensity of itching

or discomfort due to repeated wearing of these shirts was evaluated by means of

a point system. The study clearly showed that the irritative capacity of synthetic

shirts is significantly higher in patients with AD, while cotton shirts were best

tolerated.

Other Textiles

Topical antibiotics or antiseptics, as well as the use of systemic antibiotics,

are often necessary to reduce the aggressive action of bacterial agents in AD.

Recently the antibacterial proprieties of a micromesh material containing

woven silver filaments with a total silver content of 20% has been reported.

Silver products have recently been demonstrated to offer two advantages in the

control of bacterial infections: a broad-spectrum antimicrobial activity and the

absence of drug resistance. Silver-coated materials are, in fact, already used in

surgery. A textile consisting of micromesh material containing woven silver

filaments (Padycare® textile) has been made and used in an open-labelled

controlled side-to-side comparative trial: 15 patients diagnosed as having gen-

eralized or localized AD were evaluated regarding S. aureus colonization and

clinical severity of AD over a 2-week period. Flexures of the elbows were

covered with silver-coated textiles on one arm and cotton on the other for 7 days

followed by a 7-day control period. A highly significant decrease in S. aureus

colonization could be seen on the site covered by the silver-coated textile

already 2 days after initiation and lasting until the end of the treatment. Seven

days after cessation, S. aureus density remained significantly lower compared

to baseline. In addition, significantly lower numbers of S. aureus were observed
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on the silver-coated textile site in comparison to cotton at the end of treatment

as well as at the time of control. Clinical improvement was seen to correlate

with the reduction of S. aureus colonization. However, a clinical improvement

was also observed on day 2 on the cotton-treated site, probably due to the pro-

tective effect of the textile.

AD and Textiles as Prevention from Inhalant  Allergens by 

Bedding Encasement

Textiles may be used not only for clothes but also to prevent dust mite sen-

sitization in atopic patients. Several studies have evaluated the influence of the

HDM on clinical symptoms in AD [38–40]. A marked clinical improvement of AD

was observed by Tan et al. [41] in a group of adults and children with positive skin

tests (not necessarily towards mites), after an intensive eradication programme for

mite allergens. In an interesting double-blind placebo-controlled study, they

observed significant benefits in a group of patients, predominantly adults, with

AD who embarked on intensive dust avoidance measures (mattress encasing, high-

filtration vacuum cleaning, use of acaricide and allergen-denaturing spray). The

authors found that the greatest benefit from HDM avoidance seemed to occur in

children [41]. There have been many attempts to eradicate HDM in the home by

using bedding encasement, acaricides and preparations that denature antigens

[42]. The use of encasing has been reported to be the most effective means of

reducing the levels of HDM antigens [43], as well as being the most easily

applied [44]. Following this observation, and as AD is most prevalent in the

first years of life, we analysed the effects of dust avoidance with a special bed-

ding encasement in a group of children. We enrolled patients significantly

younger than those in the previous study but excluded children younger than 

2 years to avoid the risk of food allergy interference. The patients were ran-

domly assigned to an active mite avoidance group or to a control group at the

beginning of the study. No significant differences in clinical severity or Der 

p 1 � Der f 1 concentration were observed between the two groups at the start

of the study, while, by chance, dust load and consequently the allergen concen-

tration were significantly different [41]. In the initial active mite avoidance

group we observed an improvement in clinical score values already at the end

of the first month; these stabilized after the second month, and further improve-

ments occurred after 12 months. The significant decrease in dust load (from

371 to 204 mg m�2) and concentration (from 731 to 299 ng m�2) observed in

the control group after the first month was particularly striking, even if a simi-

lar effect was observed by Tan et al. [41]. It is possible that our presence in the

home of the patients to collect mite samples may have been a trigger to improve
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HDM clearance. This hypothesis is partially confirmed by the observation that

dust load (from 204 to 209 mg m�2) and concentration (from 299 to 306 ng

m�2) values between the first and the second month were virtually unchanged

in the control group, while in the mite avoidance group the concentrations were

significantly lower in the second month (from 199 to 98 mg m�2 and from 230

to 94 ng m�2) compared with the first month. We were aware that the avoidance

measures proposed in this study were not particularly stringent, in that we chose

to suggest only environmental measures with bedding encasing without the use

of acaricides and allergen denaturants. There is still no agreement in the litera-

ture about the use of acaricides and allergen denaturants and their real efficacy,

and some authors believe that they only have a limited role in controlling mite

allergens [45]. On the other hand, the effectiveness of controlling mite allergens

in beds by using bedding encasement with mite-blocking fibre is now well

established [43, 45]. Another consideration influenced our choice of such

avoidance measures: we wanted to suggest realistic measures that could be

applied for a long period, even years, without our continuous supervision. We

think that the slow decrease in HDM load may be related to the adoption of

environmental avoidance measures alone. The data on HDM loads after 12

months, which show a decreased and similar value in both groups, support our

initial approach. The decrease in Der p 1 � Der f 1 load from the initial values

of 1.84 and 2.04 �g g�1 of dust to the final values of 0.59 and 0.74 �g g�1 of

dust is similar to that reported by Nishioka et al. [43] in Japan, after 1 year of

avoidance measures. The rapid clinical improvement observed in the initial

active mite avoidance group may be related to the early decrease in HDM con-

centration: a small HDM reduction is probably sufficient to reduce skin hyper-

sensitivity in patients with AD. In our opinion the most important parameter

substantially changed by HDM avoidance measures, which could have brought

about the clinical improvement in our patients, was the Der p 1 � Der f 1 con-

centration (micrograms per gram of dust). This parameter is also the one most

frequently related to clinical improvement in asthma or other allergic respira-

tory diseases and also to mite sensitization [45]. This significant improvement

over a brief period (1–2 months) occurred during the autumn and winter sea-

son, and was probably not associated with a spontaneous remission of the dis-

ease, as AD is usually exacerbated during these seasons [46]. On the other

hand, we cannot exclude the possibility that the observed clinical improvement

after 12 months of follow-up was partially linked to the spontaneous remission

of AD in these children. In a previous study we detected HDM sensitization

related to HDM concentrations in children with AD [47] in accordance with

the results of other authors [43]. This sensitization may have already occurred

by the first years of life [48], especially in children with associated food sensi-

tization [49, 50]. HDM avoidance measures should be suggested to all families
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with children suffering from extrinsic AD, even in the first months of life, in

order to control the cutaneous manifestations of AD and to prevent HDM sen-

sitization. HDM sensitization in children with AD is the most important pre-

dictive factor for the appearance of allergic respiratory disease, above all

asthma [51, 52]. Our data show that by using simple but efficacious environ-

mental measures, a significant reduction in HDM in bedding takes place after

2 months. When avoidance measures are well explained, parents observing the

improvement of AD in their children are motivated to maintain such a preven-

tion for longer periods, as shown by the low HDM level observed at 12 months

in both groups.

Other groups have evaluated the relevance of bedding encasement in AD:

Oosting et al. [53] investigated, in a randomized, double-blind, placebo-

controlled study, whether reducing HDM allergen levels by using mattress,

duvet and pillow encasings for 12 months will result in improvement in AD

symptoms. They found that use of HDM-impermeable encasings resulted in a

significant decrease in Der p 1 and Der p 1 � Der f 1 allergen concentrations.

However, this reduction in allergen load did not result in significant changes in

clinical parameters between the groups. A recent study performed by Terreehorst

et al. [54] studied the effects of bedding encasings in HDM allergy in 224

patients with asthma, rhinitis and AD; they demonstrated that bedding encas-

ings do not improve quality of life in a mixed population of subjects with com-

binations with rhinitis, asthma and AD and sensitized to HDMs.

Textiles as Vehicle of  Allergens

Clothing has been proposed as an additional source of exposure to mite

and cat allergens. Dispersal of allergen into public places has also been attrib-

uted to clothing. In their paper De Lucca et al. [55] sought to study the contri-

bution of various types of clothing on mite and cat exposure in a domestic

environment. Also, they studied the ability of clothing to transfer allergens into

a workplace. Personal exposure to mite and cat allergen from a range of cloth-

ing was measured by using intranasal air samplers in 11 homes. Five categories

of clothing were tested. Wearing no upper clothing was the sixth category tested

to distinguish the contribution of clothing from ambient background exposure.

An adhesive tape was used to sample allergen from the surface of clothing, and

reservoir dust samples were also collected. The above techniques were also

used in the workplace to examine the amount of cat allergen transferred from

cat owners to non-cat owners. The amount of mite and cat allergen inhaled dif-

fered among the clothing types worn and whether they had been washed

recently. Wearing a woollen sweater increased personal allergen exposure to cat
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and mite allergen by a mean of 11 and 10 times, respectively. Clothing items

that were less frequently washed carried more allergen whether assessed by

vacuuming or sampled with adhesive tape. This corresponded to the amount of

allergen inhaled. They also found that cat levels on non-cat owners’ clothing

increased significantly at the end of a working day, which led to an increase in

their personal allergen exposure to cat dander. Another recent paper investi-

gated the presence of HDMs on the skin and clothes of AD patients [56]. Skin

surface samples were collected by sticky tape and examined by light microscopy.

Dust samples from clothes and bedding were collected using a vacuum cleaner.

The patients were examined before and after implementation of HDM environ-

mental control measures including three skin treatments with an acaricide

cream (5% permethrin). Mites were found on the skin of 8 out of 9 patients.

Two patients were infested with Dermatophagoides spp. and the others with the

hypopus stage of astigmatid mites. Two control patients were infested with D.

pteronyssinus and D. farinae. Mites were found in all 43 dust samples. Mite

numbers varied between 160 and 2,300 in clothing and between 30 and 5,100

per gram of dust in bedding. After implementation of mite control measures

including acaricide skin treatment, the mean HDM score in bedding and cloth-

ing decreased from 43.6 � 63.6 to 11.5 � 11.2, and from 12.3 � 12.5 to 7.7 �

6.4 respectively; the mean clinical SCORAD decreased from 54.0 � 20.4 to

21.7 � 13.2 (p � 0.001). The HDM presence on the skin, clothing and bedding

of AD patients may contribute to itching and transepidermal sensitization to

HDM. The presence of mites in all developmental stages on human skin war-

rants further investigation of HDM biology and the human-mite relationship.

Skin treatment with acaricide and HDM control measures can decrease AD

symptoms.

Conclusion

An important role in the pathogenesis of AD has been assigned to the

defect of the skin barrier which presents an impaired permeability function

causing the development of eczematous lesions after exposure to repeated irri-

tants [7]. The hypersensitivity of atopic skin may be improved or worsened by

the use of textiles. The itching produced by direct contact with wool in patients

with AD is characteristic and the irritation is likely to be caused by the ‘spiky’

nature of the fibres. In contrast to the worsening of the disease due to aggres-

sive fabrics, the use of a fabric in the treatment of AD, especially of a soft one

(cotton currently being the most utilized), reduces the contact irritation and pre-

vents external bacterial agents [6]. However, recent studies have suggested that

cotton may also present a roughness that irritates the skin of children affected
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by AD [19]. We nevertheless believe that the availability of soft fabrics with an

adjunctive activity of antibacterial properties could be a new weapon without

side-effects, and other studies need to be performed on such items. Clothes

made of woven silk have special properties: the fabric allows the skin to breathe

and the sensation does not bother the wearer; it also has a high capacity to

absorb sweat and serous exudates (up to 30% of its weight without becoming

damp): this is important in maintaining the water balance of the skin through its

emollient and soothing action. The use of this new type of woven silk fabric

would therefore appear to be useful in the skin care of children with AD.

However, it should be stressed that the silk dressing is only effective if the gar-

ments are worn all day long, ensuring that contact with the skin is as close as

possible. It is not easy for parents to follow this regimen strictly. Different tex-

tiles have various potential worsening links with allergies: e.g. clothing has

been proposed as an additional source of exposure to mite and cat allergens. On

the other hand, special textiles can be used to prevent dust mite sensitization. An

ideal tissue should be soft and fresh, comfortable, easy to wash and dry, possi-

bly composed of natural fibres and light colours, without disperse dyes. This

ideal tissue should not catch dust or fur (especially that of cats); it should be

without synthetic labels, and without seams, buttons or nickel elements that

could worsen atopic skin irritation.
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Abstract
Atopic dermatitis (AD) is a chronic inflammatory skin disease with increasing preva-

lence over the last few decades. Various factors are known to aggravate the disease. In partic-

ular, wool and synthetic fabrics with harsh textile fibres, aggressive detergents and climatic

factors may exacerbate AD. Cutaneous superinfection, particularly with Staphylococcus

aureus, is also recognized as an important factor in the elicitation and maintenance of skin

inflammation and acute exacerbations of AD. The severity of AD correlates with S. aureus

colonization of the skin. Beside the treatment of AD patients with creams and emollients,

new developments in the textile industry may have therapeutic implications. Silk or silver-

coated textiles show antimicrobial properties that can significantly reduce the burden of 

S. aureus, leading to a positive effect on AD. Silver products have been used as wound dress-

ing, whereby silver has antiseptic properties, and drug resistance is hardly found. Padycare®

textiles consist of micromesh material containing woven silver filaments with a total silver

content of 20%. In vitro studies of these silver-coated textiles demonstrated a significant

decrease in S. aureus and Pseudomonas aeruginosa as well as Candida albicans. Silk has

been increasingly implemented in medical treatment of AD thanks to its unique smoothness

that reduces irritation. Silk can be coated with antimicrobials (Dermasilk®). The combination

of the smoothness of silk with an antimicrobial finish appears to make an ideal textile for

patients suffering from AD.

Copyright © 2006 S. Karger AG, Basel

Atopic Dermatitis and the Role of Staphylococcus aureus

Cutaneous superinfection, particularly with Staphylococcus aureus, is rec-

ognized as an important factor in the elicitation and the maintenance of skin

inflammation and acute exacerbations of atopic dermatitis (AD) [1–9]. Hauser
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et al. [10] showed that, in comparison to healthy individuals, AD patients have

significantly more S. aureus colonization, even in non-lesional skin. Moreover,

in lesional skin of AD patients, S. aureus colonization is 100–1,000 times

higher than in non-lesional skin [10], and the degree of colonization is associ-

ated with disease severity [11].

Knowledge of the pathophysiological role of S. aureus in AD has increased

during recent years. The organism produces a variety of immunomodulatory

toxins with superantigen properties such as the well-characterized staphylococ-

cal enterotoxins A–E and the toxic shock syndrome toxin 1 [12]. In addition, 

S. aureus produces enzymes that directly exhibit cytotoxic properties, e.g.

haemolysins and exfoliative toxins. S. aureus also produces elaborate defence

mechanisms against the majority of currently used antimicrobial drugs [13, 14].

The immune response of AD patients to S. aureus is characterized by (1) a

selective hyporesponsiveness to purified S. aureus cell walls when measured by

delayed-type hypersensitivity in skin, (2) the induction of IgE antibodies against

soluble and membrane-bound antigens of S. aureus in patients with high serum

IgE titres and (3) regional lymphadenopathy that is not correlated with impetig-

inization but rather high total IgE and S. aureus cell-wall-specific IgE [15].

Although there is controversy about topical glucocorticoid and antibiotic

combination therapy with regard to their potential diametrical pharmacological

properties, antibiotics as well as antiseptic substances with antistaphylococcal

activity are successfully used for the treatment of AD. Indeed, the reduction of

the S. aureus burden adds to the anti-inflammatory effect of topical corticos-

teroids and emollients [16–18].

Atopic Dermatitis and the Role of Textiles

New developments in the textile industry may have secondary implications

on medicine and may open new avenues in certain treatment traditions. For

example, special silk or silver-coated textiles show antimicrobial properties

(table 1). In addition to the absorbing and air-permeable natural substances

such as cotton and wool, new materials have been developed. These new fabrics

typically transmit humidity across the material and thereby help to keep the

skin dry. This property may be beneficial in preventing fungal infections [19].

Likewise, textiles with antimicrobial coatings may be further means to prevent

such infections. For instance, the admixture of chitosan to cotton fibres can be

used to manufacture fabrics with antimicrobial properties.

Knittel et al. [20] published a report that describes new methods to modify the

surface of textiles used near the skin. These modifications can readily be added to

the conventional procedures of textile finishing, e.g. by using cyclodextrins or
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linear carbohydrate biopolymers that can be covalently attached to the textile, in

order to allow frequent use and washing. Also Sander and Elsner [19] described

the effect of antimicrobial textiles based on the admixture or treatment of the

textile fibres with bactericidal chemicals or the subsequent applying of active sub-

stances. Textiles that have this antimicrobial finish prevent the bacterial metabo-

lism of sweat components and can therefore prevent odour formation [20].

The defect of the skin barrier is assumed to play an important role in the

pathogenesis of AD [21], as protection of the skin against exposure to irritants is

reduced. Patients with AD often complain of itching when wearing woollen

clothes. The itching is likely to be caused by the rather spiky nature of the wool

fibres. Due to this phenomenon, parents of children suffering from AD are often

advised to use cotton clothes for their children. However, recent studies have sug-

gested that cotton may also irritate the skin of children affected by AD [22, 23].

Cotton is made up of many short fibres (1–3 cm) with flattened and irregu-

lar sections. Absorption and transfer of humidity occur by extension and con-

traction of the single fibres producing a movement that may irritate the skin.

Novel textile materials can diminish this type of physical movement and

thereby disrupt the itch-and-scratch cycles.

Table 1. Silver-coated textile in comparison with silk fabric in the treatment of AD

Textile Silver Silk

Examples Padycare® Dermasilk®

Mode of action Silver ions seem to cause a detachment Silk properties thanks to an exclusive

of the cytoplasmic membrane from the water-resistant treatment with Aegis ADM

bacterial cell wall; the existence of 5772/5, a durable antimicrobial finish for

elements of silver and sulphur in the textile products that prevents odour and the

electron-dense granules and cytoplasm survival of bacteria including S. aureus;

suggest the antibacterial mechanism of it is based on the compound alkoxysilane

silver by loss of the ability of DNA quaternary ammonium → antibacterial

replication and protein inactivation (anti-germ)

after Ag� treatment

Advantages Broad-spectrum antibiotics, not yet Allows the skin to breathe, high capacity

associated with drug resistance (almost) to absorb sweat

Side-effects – –

Effects Highly significant decrease in S. aureus Dressing can be easily produced and

colonization shown already after sterilized, and also enhances collagen

2 days in children with AD synthesis, reduces oedema and scarring due 

to inflammatory responses and promotes 

epithelialization
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Silver

Since ancient times silver has been highly regarded as a versatile healing

tool. In ancient Greece, Rome, Phoenicia and Macedonia, silver was used exten-

sively to control infections and spoilage. Hippocrates taught that silver healed

wounds and controlled disease. The popularity of medicinal silver especially

arose throughout the mediaeval Middle East where it was widely used and

esteemed for blood purification, heart conditions and to control halitosis.

Paracelsus (approx. 1520) extensively used silver medicinally, and, following

him, silver nitrate was successfully applied in the treatment of chorea and

syphilis. In the 1800s, the antibacterial properties of silver were further described

and clinically demonstrated. More recently, silver products have been investigated

with special regard to wound-healing properties [24], whereby silver appears to

have two key advantages: it is a broad-spectrum antibiotic [25], and drug resis-

tance is hardly found [26]. Silver-coated materials are also routinely used in

surgery (external fixation), urology (catheter) or odontology [27–29]. For the top-

ical therapy of venous legs, Wunderlich and Orfanos [30] showed that a consistent

therapy performed with dry wound dressings containing silver is superior to the

conventional treatment without silver-containing dressings.

The antibacterial mechanism of action of silver is not yet fully understood, but

silver ions seem to cause a detachment of the cytoplasmic membrane from the bac-

terial cell wall [31]. The existence of elements of silver and sulphur in the electron-

dense granules and in the cytoplasm suggests that the antibacterial mechanism of

silver may be impaired DNA replication and protein activation [31].

Padycare® textiles consist of micromesh material containing woven silver

filaments with a total silver content of 20%. In vitro studies of these silver-

coated textiles demonstrated a significant decrease in bacteria (S. aureus and

Pseudomonas aeruginosa) as well as Candida albicans [24].

Gauger et al. [32] compared treatment with silver-coated textiles on one

arm to that of cotton on the other arm for 7 days followed by 7 days without

treatment in 15 patients with generalized or localized AD. This open-label con-

trolled side-to-side comparative trial demonstrated a highly significant decrease

in S. aureus colonization on the side covered by the silver-coated textile already

after 2 days which lasted until the end of the treatment. Even 7 days after cessa-

tion, the S. aureus burden remained lower when compared to baseline. In addi-

tion, significantly lower numbers of S. aureus were observed on the surface of

the silver-coated textile as compared to that of cotton. As the results of this

study showed that clinical improvement was paralleled by reduced S. aureus

colonization, this may point towards a crucial role of antiseptic therapy in the

treatment of AD. These findings are in accordance with earlier studies implying

that antibiotic or antiseptic therapy facilitates a faster clearance of AD [16, 33].
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Another interesting finding of the study of Gauger et al. [32] was that the reduc-

tion of staphylococcal colonization was long lasting, with reduced bacterial

burden more than 7 days after wearing the antimicrobial clothes. This is in con-

trast to the effects seen by the antistaphylococcal dye gentian violet where ces-

sation of therapy resulted in immediate re-colonization by S. aureus [16]. This

suggests that intermittent, e.g. overnight, wearing of silver-coated textiles might

be sufficient to sustain impairment of S. aureus growth.

Finally, the toxicological side-effects of silver-coated textiles appear to be

limited to systemic absorption through dermal wounds [34]. However, further

studies on silver absorption in patients wearing silver-coated textiles need to be

performed.

Silk

Silk in its natural state consists of a single thread secreted by the silkworm

and is made up of a double filament of protein material (fibroin) glued together

with sericin, an allergenic and gummy substance that is normally extracted dur-

ing the processing of the silk threads [35, 36]. Silk is comprised of perfectly

smooth fibres that do not cause mechanical irritation of the skin. The structure

of silk fibres is quite similar to that of human hair (97% proteins, 3% fat and

waxy substances), thus allowing its use in surgery and also directly on scalded

skin. Each silk thread is made up of many filaments more than 800 m long

which are highly resistant to mechanical and thermal forces. Silk helps to main-

tain the body temperature, by reducing the excessive sweating and moisture loss

that can worsen xerosis. Whereas silk allergy among workers in the silk indus-

try is widely recognized, allergic reactions of consumers on a large scale have

been only rarely described [37, 38], as the final silk fabrics are mostly non-

allergenic [39].

A study performed by Sugihara et al. [40] in Japan examined the effects of

a silk film on full-thickness skin wounds. They found that wounds dressed with

sterilized silk film healed 7 days faster than those covered with traditional

dressing. The silk films also enhanced collagen synthesis, reduced oedema and

scarring due to inflammatory responses and promoted epithelialization.

Moreover, silk has been used as suture thread for many years especially in der-

matological and ophthalmic surgery [41].

The type of silk fabric generally used for clothes is not particularly useful

in the care and dressing of children with AD, as such silk reduces transpiration

and may cause discomfort when in direct contact with the skin. However, a new

type of silk fabric made of transpiring and slightly elastic woven silk is now

commercially available (Microair Dermasilk®) and may be used for the skin
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care of children with AD. Woven silk allows the skin to breathe and the sensa-

tion is not skin irritating. It also has a high capacity to absorb sweat and serous

exudates (up to 30% of its weight without becoming damp). The latter is impor-

tant in maintaining the water balance of the skin through its emollient and

soothing action. The use of sericin-free silk products would appear to alleviate

the symptoms of AD in children and as such may represent a useful tool in the

management of AD.

The Dermasilk also has antibacterial properties thanks to an exclusive

water-resistant treatment with Aegis ADM 5772/5, a durable antimicrobial fin-

ish for textile products that prevents scent and the survival of bacteria including

S. aureus [42]. It is based on the compound alkoxysilane quaternary ammo-

nium. These Aegis antibacterial treatments are already utilized in the USA in

many commercial products.

A study performed by Ricci et al. [43] examined the clinical effectiveness

of a silk fabric in the treatment of AD. The study included 46 children aged

between 4 months and 10 years with a mean age of 2 years. All children were

affected by AD in accordance with the Hanifin and Rajka inclusion criteria

[44]. Thirty-one children received products made of silk (Microair Dermasilk),

a pure form of silk consisting exclusively of fibroin without sericin. Fifteen

children in the control group received cotton clothing. No pharmacological

treatment with steroids or antibiotics was permitted in either group. In addition,

the local score of an area covered by the silk clothes was compared with the

local score of an uncovered area in the same child. All patients were evaluated

prior to and 7 days after the treatment start. At the end of the study, a significant

decrease in AD severity was observed in the children wearing the silk clothes.

At the same time, the improvement in the mean local score of the covered area

was significantly greater than that of the uncovered area. While silk showed a

statistically significant improvement of the skin, cotton showed no significant

improvement; unpublished results from our group showed similar results. These

data suggest that such special silk clothes may be useful in the management of

AD in children.

Conclusion

The skin of children affected by AD is very sensitive and may worsen after

exposure to various irritant factors. Such factors may include rough textile

fibres, such as those in wool. Therefore cotton clothes have been recommended

for children with AD. Also, a recent study demonstrated beneficial effects of

softened fabrics on atopic skin [45], including a significantly faster recovery of

irritated skin in contact with softened rather than unsoftened fabrics. Therefore,
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silk has been increasingly implemented in the medical treatment of AD thanks

to its unique smoothness that reduces irritation.

The severity of AD correlates with S. aureus colonization of the skin.

Silver-coated textiles induce a highly significant reduction of the S. aureus bur-

den already within 2 days and show a positive clinical effect. These findings are

in accordance with earlier studies implying that antibiotic or antiseptic therapy

contributes to a faster clearance of AD [33].

Therefore, the combination of the smoothness of silk fabrics with an anti-

microbial finish appears to make an ideal textile for patients suffering from AD.
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Abstract
Atopic skin is mainly determined by a disrupted skin barrier, resulting in a higher suscep-

tibility to external irritants in affected and nonaffected skin. Apart from many other irritant and

allergic influences, skin colonization with Staphylococcus aureus is one of the major factors

triggering and maintaining atopic eczema (AE). Adequate textile protection with low irritant

potential can be helpful in reducing the exposure to exogenous trigger factors. Until now, cotton

fabrics have been the state of the art of recommended textiles for patients with AE. The combi-

nation of antimicrobial therapy with compatible textiles in terms of biofunctionality is a promising

innovative approach. The antibacterial effect of silver-coated textiles on S. aureus colonization

has been demonstrated in an open side-to-side comparison. Silver-coated textiles were able to

reduce S. aureus density significantly after 2 days of wearing, lasting until the end of treatment

(day 7) and even 1 week after removal of the textiles. In addition, there was a significant differ-

ence in S. aureus density comparing silver-coated with cotton textiles. In addition, the clinical

efficacy and functionality of silver-coated textiles in generalized AE have been examined in a

multicenter, double-blind, placebo-controlled trial. They were able to improve objective and sub-

jective symptoms of AE significantly within 2 weeks, showing a good wearing comfort and

functionality comparable to cotton without measurable side effects. These therapeutic effects led

to a significantly lower impairment of quality of life, already after 2 weeks. Therefore, beside a

potent antibacterial activity in vivo, silver-coated textiles demonstrate a high efficacy in reduc-

ing the clinical severity of AE showing a wearing comfort comparable to cotton.

Copyright © 2006 S. Karger AG, Basel

Apart from many other influences, such as general and individual irritant

and allergic factors, skin colonization with Staphylococcus aureus is known to

play a major role in triggering and maintaining atopic eczema (AE).

The knowledge regarding the pathophysiological role of S. aureus in AE has

increased over the last few years. Understanding the mechanisms underlying
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enhanced S. aureus colonization in AE and identification of the molecules

involved in triggering skin inflammation have an important influence on the

therapeutic approach to the disease [1–9].

Individual provocation factors play an important role in disease activity and

therefore have to be diagnosed for each individual patient [7, 10]. Provocation

factors also include nonspecific exogenous irritants affecting the skin barrier and

leading to exacerbation. The disruption of the skin barrier function in patients with

AE is known to be one of the major pathophysiological aspects of the disease [11].

Quantitative and qualitative changes in lipid composition [12–14] result not only

in an increased transepidermal water loss [15], but also in a higher susceptibility

to external irritants in affected and nonaffected skin [11]. Adequate textile protec-

tion can be helpful in reducing the exposure to exogenous trigger factors.

However, textiles themselves can act as powerful irritants, depending on

their material and their texture. Therefore, adequate clothing with textiles of

low irritant potential is essential for patients with AE. Until now, cotton fabrics

have been the state of the art of recommended textiles for patients with AE,

which are also frequently used in the therapeutic management of the disease [16].

Therefore, the demand of finding suitable textiles for patients with skin diseases,

especially AE, is high.

The combination of antimicrobial therapy with compatible textiles in terms

of biofunctionality is a promising innovative approach. In addition, one of the

major aims in the therapy of a chronic disease is reduction of adverse effects.

Silver products have been under intensive investigation during recent years

with special regard to wound healing. The antibacterial activity of silver is known

as well as its low side effect potential [17–19]. Although the exact antimicrobial

mechanisms of silver are not yet fully understood, silver products are already

widely used in different medical fields. Silver-coated materials are already fre-

quently used e.g. in wound care, surgery (external fixation), urology (catheter)

or odontology [19–22]. Silver textiles offer new treatment modalities in AE

with the two key advantages of showing broad-spectrum antimicrobial activity

with negligible drug resistance [23]. The protective effects of comfortable clothes

together with antibacterial effects may contribute to the clinical improvement of

AE by eliminating important trigger factors.

Silver-Coated Textiles

Silver-coated textiles currently on the market (Padycare®) consist of

micromesh material (82% polyamide, 18% Lycra) with woven silver filaments

with a silver content of 20% in total. They are available in all sizes, for infants

as well as adults (fig. 1). Textiles have to be worn tightly on the skin to ensure
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the interaction between fiber and skin. With these textiles, in vitro as well as in

vivo studies have been carried out. In vivo, the antibacterial activity was inves-

tigated using a placebo-controlled side-to-side comparison [24]; for clinical

efficacy, a double-blind, placebo-controlled study was carried out [25].

Antibacterial Activity

To a large extent the antibacterial activity of silver is still unclear.

Investigations with AgNO3 treatment and bacteria showed a detachment of the

cytoplasmic membrane from the cell wall. A remarkable electron-light region

appeared in the center of the cells, which contained condensed deoxyribonu-

cleic acid (DNA) molecules. The existence of silver and sulfur elements in the

electron-dense granules and cytoplasm detected by X-ray microanalysis sug-

gested the antibacterial mechanism of silver: DNA lost its replication ability,

and the protein became inactivated after Ag� treatment [17].

In vitro studies of the investigated silver-coated textiles demonstrate a sig-

nificant decrease in bacteria (S. aureus and Pseudomonas aeruginosa) as well

as Candida albicans. In contrast, the cytotoxic effect was found to be compara-

tively low [26].

Fig. 1. Silver-coated micromesh material is also available for children.
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In a placebo-controlled side-to-side comparison, the antibacterial effect of

silver-coated textiles on S. aureus colonization of affected sites was tested on the

flexures of both elbows. In 15 patients diagnosed as having localized AE, these

silver-coated textiles demonstrated a potent antibacterial activity which was

accompanied by superior improvement in clinical severity of AE when com-

pared to cotton [24]. Silver-coated textiles induced a highly significant reduction

of S. aureus already 2 days after initiation of textile treatment and this lasted

throughout the whole therapy phase (figs. 2, 3). Comparison between the silver-

coated textile and cotton treatment sites revealed a significantly lower S. aureus

colonization on day 7 (p � 0.002) and the time point of control (day 14;

p � 0.05) on the silver-coated textile site. At baseline as well as on day 2, no sig-

nificant difference between the two treatment modalities could be seen (fig. 4).

Even 7 days after cessation, S. aureus density was significantly lower when

compared to baseline or cotton, showing a prolonged effect on staphylococcal

reduction exhibiting the period of active wearing. This is in contrast to the

effects seen by the antistaphylococcal dye gentian violet where cessation of

therapy resulted in immediate subsequent recolonization [27]. These findings

could indicate that overnight wearing of silver-coated textiles might be able to

sustain a constant S. aureus reduction.

In the side-to-side-comparison, the reduction of S. aureus was paralleled

by a reduction of clinical severity.
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Fig. 2. Bacterial colonization by S. aureus in affected sites on the silver-coated textile site

(right elbow flexure) at different time points of evaluation: days 0, 2, 7 and 14 in all 15 patients.
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Clinical Efficacy

In the two studies carried out, an improvement in clinical severity could be

noted in both, the placebo-controlled side-to-tide trial as well as the double-

blind, placebo-controlled study.

SCORAD Assessment

The SCORAD (‘Scoring Atopic Dermatitis’) is a well-known and appropri-

ate tool to measure the clinical severity of AE [28, 29]. This cumulative index

combines objective (extent and intensity of different skin lesions) and subjective

(daytime pruritus and sleep loss) criteria. Extent (A) of eczema lesions is assessed
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Fig. 3. Difference in S. aureus density within the affected silver-coated textile site

(right elbow flexure) and cotton site (left elbow flexure) in 15 patients with AE during the

study period (day 0 vs. days 2, 7 and 14). Reduction of S. aureus was highly significant on

days 2, 7 and 14 on the silver-coated textile site (*p � 0.01) compared with baseline (day 0).

On the cotton site, no significant reduction could be seen; � � extreme values beyond statis-

tical analysis.
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using the rule of 9, for intensity (B) 5 items are used: erythema (1), edema/papu-

lation (2), oozing/crusts (3), excoriations (4), lichenification (5). Each item is

graded on a 4-point scale: 0 � absent, 1 � mild, 2 � moderate, 3 � severe.

Daytime pruritus and sleep loss (C) are evaluated by the patient using a visual

analog scale from 0 to 10. The SCORAD is calculated by the following mathe-

matical formula: SCORAD � A/5 � 7B/2 � C. Local disease severity can be

assessed using the same 6 intensity items as in the general SCORAD. In addition,

local pruritus is also measured on a 4-point scale. A total severity score as the sum

of grading results in a highest possible score of 18.

The local and the general SCORAD are certified tools for the objective

measurement of the clinical severity of AE. Silver-coated textiles were able to
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Fig. 4. Difference in S. aureus density between the silver-coated textile site (right elbow

flexure) and cotton site (left elbow flexure) in 15 patients with AE during the study period (days

0, 2, 7 and 14). S. aureus colonization was significantly lower on days 7 and 14 on the silver-

coated textile site (*p � 0.05, **p � 0.01) compared with cotton; � � extreme values beyond

statistical analysis.
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reduce the local as well as the general SCORAD in the two conducted placebo-

controlled trials.

In the side-to-side comparison, reduction of S. aureus was paralleled by

improvement in clinical severity. Already after 2 days, a constant decrease in

the local SCORAD could be seen on the silver-coated textile site (right elbow

flexure) in nearly all patients and continued to fall until termination of treat-

ment (day 7). Thereafter, the severity of eczema was assessed as constant in half

of the patients. The clinical improvement of local eczema was significant at all

time points of evaluation (days 2, 7 and 14) in comparison with baseline

(p � 0.003, p � 0.001 and p � 0.004, respectively).

In addition, when comparing the two treatment arms, the local SCORAD

was constantly lower at all time points of clinical evaluation on the silver-coated

textile site (right elbow flexure), reaching high statistical significance on day 7

and even 7 days after termination of treatment (day 14; fig. 5).

However, these promising results are of low expressiveness concerning the

complex clinical picture of AE. Since AE is a systemic, not a local disease with

a variety of individual and general influencing factors, the significance of

silver-coated textiles on clinical severity including subjective symptoms as well

as the irritative potential of these clothes is of major interest.

To investigate the aspects of general clinical improvement as well as the

wearing comfort of these textiles, a double-blind, placebo-controlled study was

carried out.

In this study, improvement of eczema was clearly shown by a significant

reduction of the SCORAD. Reduction was significant only in the silver group

after 7 and 14 days, whereas in the placebo group no statistical difference was

noted between scores before and after the study (fig. 6). This may be explained

by the antibacterial effect of silver leading to a reduction of the provocation fac-

tor S. aureus. However, there was no statistically significant difference between

the two treatment groups. Clinical improvement was also seen in the placebo

group, probably because of the additional treatment regimen with cotton tex-

tiles and the placebo effect of investigator and medical care.

Subjective Symptoms

Subjective symptoms, which are truly important in AE, were significantly

reduced in the first week of treatment in the placebo (cotton) group (fig. 7).

After 2 weeks, however, sleep loss and pruritus were also significantly dimin-

ished in the silver textile group (fig. 7). As recorded in the handed out ques-

tionnaire, significant differences between the silver group and the placebo

group were observed after 7 days of wearing concerning the subjective assess-

ment of pruritus improvement (p � 0.02). After 2 weeks, improvement of pru-

ritus was still highly significant in the silver group when compared to cotton
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(p � 0.001). Even the skin condition was assessed as being significantly better

(p � 0.003) in the silver group and so was sleep improvement (p � 0.02), when

evaluating the questionnaire.

In addition, silver textiles were able to reduce impairment in quality of life

(QOL) significantly already after 2 weeks similar to cotton (fig. 8). QOL is an

important factor regarding a chronic skin disease, and many studies have shown

that all different aspects in QOL are affected by the disease [30]. The necessity

to consider subjective symptoms is very high.
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Fig. 5. Clinical eczema severity differences of the affected silver-coated textile site

(right elbow flexure) compared with the cotton site (left elbow flexure) in 15 patients with

AE. A significantly lower local SCORAD could be seen on days 7 and 14 (*p � 0.01) on the

silver-coated site when compared with cotton. Clinical eczema severity is expressed in local

SCORAD (0–18) in all 15 patients; � � extreme values beyond statistical analysis.
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Side Effects

During both studies, no side effects related to the study textiles were noted.

Random blood samples taken from patients wearing the textiles beyond the
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Fig. 6. General SCORAD (severity of eczema): significant improvement of general

SCORAD after 1 week and after 2 weeks in the silver textile group. No statistical difference

in the placebo group (cotton) between the condition before, during and after the study. 

*p � 0.05, **p � 0.01.
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cant reduction of subjective symptoms in the placebo group (cotton) in the first week, but not

at the end of the study. In the silver textile group, significant reduction of sleep loss and itch-

ing after the study when compared with baseline. *p � 0.05, **p � 0.01.
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study conditions with their consent revealed no elevation of the serum silver

level. However, a possible systemic absorption of silver because of a disrupted

skin barrier has to be considered.

The use of topical steroids was documented in the placebo-controlled trial.

More patients applied topical steroids in the placebo than in the silver group

(84.4 vs. 68.6%, respectively) without statistical significance. At baseline,

42.9% of the silver group and 22.7% of the placebo group had been using topi-

cal steroids. After 2 weeks, steroid consumption was reduced to 24.6% in total,

28.6% in the silver and 18.2% in the placebo group. A tendency to a more pro-

nounced difference in steroid use was noted in the silver group. However, no

statistical difference between the two study groups or during the course of treat-

ment was observed.

Irritative Potential

Irritative factors for AE include UV irradiation, water and detergents,

sweat or extreme temperatures or temperature changes – from heat to cold or

vice versa. As stated above, textiles themselves can bear an irritative potential

on the disrupted skin barrier of AE patients. Therefore, textiles in the treatment

of AE have to meet high standards to fulfill the patients’ claims. Textiles have to

be comfortable in all possible environmental conditions: cold, heat, dampness

and dryness. They have to meet the patients’ demands on hydrated or greasy

as well as nonhydrated or dry skin. Until now, cotton garments have been the
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recommended textiles, since they demonstrate a low irritative potential. All-in-

one suits made of cotton for infants are in regular therapeutic use [31].

In the study carried out, the wearing comfort of silver-coated textiles was

comparable to that of cotton; no significant difference between the two treatment

groups was noted. Furthermore, silver-coated study textiles have proven to show

a better, but not statistically relevant, temperature regulation than cotton (73.5

and 50%, respectively) without relevant heat development (8.8 vs. 13.6%).

Conclusion

Taken together, the results of the studies carried out with silver-coated tex-

tiles for the treatment of AE further support the importance of their suitability.

The clinical efficacy of silver-coated textiles together with a good antibacterial

profile has been shown. In addition, a high functionality as well as a high wear-

ing comfort of these textiles have been demonstrated.

Adequate clothes are known to contribute to barrier and eczema stabiliza-

tion [11, 16, 31].

Beside multiple individual provocation factors, microbial stimuli such as

bacteria or fungi, especially S. aureus, are recognized as important provocation

factors of AE [1–7]. The degree of colonization has been found to be associated

with disease severity [2, 4, 8]. Silver-coated textiles were able to significantly

reduce S. aureus colonization together with a potent therapeutic improvement

of eczema in objective and subjective parameters. These findings are in accor-

dance with the clinical experience that antiseptic therapy is essential for an effi-

cient therapy of affected lesions in AE [24] and earlier studies showing that

antibiotic or antiseptic therapy is essential for a faster clearance of AE [27, 32].

A clinical effect of cotton textiles could also be demonstrated supporting

the role of their suitability in the therapy of AE, i.e. their function to protect the

skin from provocation factors. Beside irritative mechanisms, allergic reactions

to aeroallergens are known to be major triggering factors, and exposure to rele-

vant allergens may lead to exacerbation and/or maintenance of AE. The most

important aeroallergens are house dust mites, pollen and animal dander, such as

that of cats, dogs or horses. Beside allergen avoidance, which may be problematic

in case of ubiquitous aeroallergens such as pollen, protection of the exposed

skin from provocation factors by suitable textiles is the most important mea-

sure. In addition, textiles protect the inflamed or sensitive skin from scratching

sequelae (disruption of the ‘itch-and-scratch cycle’) and can therefore be regarded

as important therapeutic tools [16, 31].

In summary, it has been clearly shown that silver-coated textiles have a

potent antibacterial activity in vivo and are able to reduce the clinical severity of
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AE within a wearing period of 2 weeks significantly without side effects.

Silver-coated textiles are comfortable and comparable to cotton concerning

their wearing comfort and functionality, pruritus could be diminished even

more effectively than with cotton. These therapeutic effects lead to a signifi-

cantly lower impairment of QOL, already after 2 weeks. The use of silver-

coated textiles may possibly lead to a less frequent use of topical corticosteroids

or the use of less potent corticosteroids; however, until now there have been no

extensive data available. In addition, the amount and the effect of silver ions

detached from the textiles as well as possible resorption effects in patients

wearing silver-coated textiles need to be further investigated.
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Abstract
The skin is the interface between the body and the environment. Each skin type has a

specific skin physiology and is more or less adapted for protection against multiple stress

factors. Textiles on the other hand are the tissues with the longest contact with the human

skin. They play a critical role especially in skin conditions with an increased rate of bacterial

and fungal infections like atopic dermatitis or hyperhidrosis, diabetic patients and aged skin.

The present study demonstrates the antifungal and antibacterial effect of Sea Cell® Active in

an in vitro test system against Candida albicans (DSM 11225), Candida tropicalis (ATCC

1169) and Candida krusei (ATCC 6258). Furthermore, the antibacterial activity of fibers

with different amounts of Sea Cell Active fibers could be demonstrated in a dose-dependent

manner against Staphylococcus aureus (ATCC 22923) and Escherichia coli (ATCC 35218).

Whether this fiber seems to be suited for bioactive textiles in specific anatomical body

regions and skin conditions with a susceptibility to fungal and bacterial infections, namely

Candida species, S. aureus and E. coli, must be examined by means of further investigations,

especially human in vivo tests considering allergic and toxic effects of the fiber.

Copyright © 2006 S. Karger AG, Basel

The skin is the interface between the body and the environment. Each skin

type has a specific skin physiology and is more or less adapted for protection

against multiple stress factors [1–4]. Textiles on the other hand are the tissues

with the longest contact with the human skin [5]. They play a critical role espe-

cially in skin conditions with an increased rate of bacterial and fungal infections

like atopic dermatitis or hyperhidrosis, diabetic patients and aged skin [6–9].

The increasing demand for ‘intelligent’ and ‘bioactive’ textiles inspired the

German company Alceru GmbH (Schwarza-Rudolstadt) to develop a new fiber
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called Sea Cell® Active [10]. The fiber can be manufactured by means of the 

so-called Lyocell® process (fig. 1). This process has been established as an

environment-friendly, economically viable, product-enhancing and highly flex-

ible alternative for the manufacture of man-made cellulose fibers. In the

Lyocell process, cellulose is dissolved directly without formation of deriva-

tives [11, 12]. The nontoxic, aqueous N-methylmorpholine-N-oxide is used as a

solvent.

The spinning solution is processed in a combined dry/wet spinning step

(air gap) to form fibers and shaped cellulose articles [13, 14]. During this spin-

ning process, the solvent required to produce the spinning solution is washed

out and almost completely recovered (fig. 1).

The Sea Cell fibers are manufactured by adding finely ground seaweed,

mainly from the family of brown, red, green and blue algae. Particularly the

brown algae Ascophyllum nodosum and/or the red algae Lithothamnium cal-

careum are added to form the spinning solution [15–19] (fig. 2).

The algae are added either as a powder or as a suspension in one of the

process steps preceding the spinning of the cellulose solution. Seaweed has the

capability of absorbing the minerals contained in seawater. An analysis showed
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Fig. 1. Schematic overview of the Sea Cell Active production according to the Alceru

process. NMMO � N-methylmorpholine-N-oxide.
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that in addition to minerals also carbohydrates, amino acids, fats and vitamins

are detectable in seaweed.

Given this variety of active ingredients, seaweed and/or seaweed extracts

are used in cosmetics as well as in the pharmaceutical industry [20–25].

In addition the Sea Cell fiber also exhibits a remarkably high tensile

strength in dry and wet condition as well as negligible shrinking. Based on the

good physical properties of the textiles, fabrics made from Sea Cell fibers offer

high dimensional stability in addition to high wear comfort. One particularity of

a b

Fig. 2. A. nodosum (a), fiber, yarn and fabric (b).

•  Cryogenic break of the fibers 
•  Scanning electron microscope (LEO, type DSM 962) with 
•  EDX analysis (energy dispersive X-ray spectroscopy – Oxford lnstruments)

Method:

Source: Zimmer AG, ICF Denkendorf.

Fig. 3. Examination of cryogenic breaks of Sea Cell Active fibers with scanning electron

microscopy and energy-dispersive X-ray analysis (distribution of silver at the break surface).
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the Sea Cell fiber is its capacity to bind and absorb substances. During the acti-

vation of Sea Cell fibers, bactericidal metals like silver, zinc, copper and others

can be absorbed by the fully formed cellulosic fiber through metal absorption.

Unlike the commonly used method of incorporating the active ingredients in

the spinning solution, the manufacture of Sea Cell Active offers the possibility

of incorporating the substance permanently in the core of the fully formed fiber

in an activation step. Impregnation tests with diluted metal salt solutions

showed that the Sea Cell fiber exhibits excellent sorptive properties regarding

metals and/or metal ions. It must be assumed that the metals are bound via free

carbonyl, carboxy and hydroxyl groups of the cellulose as well as of the incor-

porated seaweed (fig. 3).

It is well known that phenols contained in the seaweed have the ability to

chelate heavy metals [26, 27]. The metal ions are firmly anchored in the fiber

matrix through the swelling of the cellulose which promotes an even distribu-

tion of the seaweed over the fiber cross-section. Even conventional cleaning

methods that usually require an alkaline atmosphere do not affect the metal

concentrations in the silver-loaded Sea Cell fiber. To obtain fibers with a per-

manent antibacterial finishing, ionic silver and zinc solutions are used for load-

ing/activating.

The natural, cellulose and seaweed-based Sea Cell fibers serve as a func-

tional carrier for the active compound silver, which has been known for more

than a century to exert antifungal and antibacterial activity [28]. Additionally,

the seaweed-based, silver-loaded Lyocell fiber Sea Cell Active contains the

minerals calcium, magnesium and sodium, which are known to play a key role

in skin homeostasis [29, 30].

The present study was intended to test whether Sea Cell Active with differ-

ent amounts of the active silver-loaded fiber exerts antifungal and antibacterial

properties. We were interested in testing the antifungal activity against several

different fungi from the Candida family: Candida albicans (DSM 11225),

Candida tropicalis (ATCC 1169) and Candida krusei (ATCC 6258). C. albi-

cans is responsible for a widely encountered itching skin infection with yeasts

especially in skin folds. These fungal infections are associated with warm,

moist and occlusive conditions, e.g. under the armpits, under the breasts as well

as in the genital and anal regions. Figure 4a and b gives some clinical examples

of infections with C. albicans in the interdigital and genital (child) regions.

The second part of this study was intended to test whether Sea Cell Active

with different amounts of the active silver fiber exerts antibacterial properties.

The antibacterial activity against 2 different Staphylococcus aureus strains

(ATCC 22926) and 1 Escherichia coli strain (ATCC 35218) should be tested. S.

aureus is responsible for severe skin infection and the wide spread of multire-

sistant strains is becoming a major problem not only in dermatology.
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Figure 5 shows a dermal infection with S. aureus. Furthermore S. aureus is

known as an aggravation factor in atopic dermatitis. E. coli is a bacterium fre-

quently encountered in interdigital and genital infections.

Materials and Methods

The following compositions were tested:

SCA 100: Sea Cell Active 100%; 

SCA 100nw: Sea Cell Active 100% nonwoven;

SCA 5–20: Sea Cell Active 5–20%;

LC 100: Lyocell (control without silver loading);

SC 100: Sea Cell (control without silver loading);

w: washed fiber.

Two different in vitro test systems were used. First a classical incubation of standard

strains with different fibers was performed over 24 h. The antifungal effect was quantified in a

Neubauer cell-counting chamber. Additionally the fungi were stained with a fluorescent dye

(FUN-1). FUN-1 belongs to a new family of fluorescent probes developed for assessing the

a b

Fig. 4. Dermal infection with C. albicans in the interdigital (a) and genital (b) regions.
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viability and metabolic activity of fungi. FUN-1 [2-chloro-4-(2,3-dihydro-3-methyl-[benzo-

1,3-thiazol-2-yl]-methylidene)-1-phenylquinolinium iodide] is a membrane-permanent nucleic-

acid-binding dye that stains cylindrical intravacuolar structures in fungi [31]. Biochemical

processing of the dye by active cells yielded cylindrical intravacuolar structures that were

markedly red shifted in fluorescence emission and therefore spectrally distinct from the

nucleic-acid-bound form of the dye. Overnight cell cultures of the Candida species were pre-

pared. Subsequently, cells were counted and adjusted using cell counting with CASY® 1 to

a final working concentration between 3 � 105 and 3 � 106 cells/ml in 20 ml Sabouraud

glucose bouillon. This number of cells was inoculated with 40 mg test materials. The fibers

were ground to a powder by means of a ball grinder prior to incubation. These cultures were

incubated at 30�C for 24 h. Then 200 �l from each overnight cell culture was suspended with

1 ml glucoheptonate solution. The suspension was centrifuged at 14,000 g for 5 min. The pel-

lets obtained were resuspended again in 50 �l glucoheptonate solution. From the last suspen-

sion 10 �l was added to 10 �l of FUN-1 (10 �M). After incubation at 30�C for 30 min, 10 �l of

cell suspension was trapped between a microscope slide for microscopy. Microscopy was car-

ried out with an Olympus fluorescence microscope BX 40 equipped with �20, �40 and

�100 objective lenses. Epifluorescence illumination was provided by a 50- or a 100-watt mer-

cury arc lamp. An excitation filter of 480 nm and an emission filter �530 nm were used.

Photomicrographs were acquired with an Olympus digital camera BX 40 � C 5050 zoom.

Photographic slides were digitalized electronically, and composite figures were assembled

from the resulting images with Analysis® (Soft Imaging System GmbH, Münster, Germany).

The inhibition zone was determined for antibacterial activity [32]. Colonies of a pure

culture of test bacterium were inoculated in 5 ml Mueller-Hinton broth and incubated at 37�C

until the turbidity of the suspension was equal to that of 0.5 McFarland.

The cellulosic fiber materials were cut into 6-mm diameter disks. These disks were

then placed in the center of Mueller-Hinton agar plates that had been inoculated with test

bacteria at 37�C for 24 h. Thereafter the zones of inhibition were measured.

Fig. 5. Dermal bacterial infection with S. aureus.
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Statistics

Each measurement was performed 8 times. Means and standard deviations were calculated

by means of the Microsoft® Excel software and Prein 3.02 (Graphpad, San Diego, Calif., USA).

Results

The results of the present study revealed an excellent antifungal activity

against different fungi from the Candida family, namely C. albicans (fig. 6a–c),

C. krusei (fig. 7a–c) and C. tropicalis (fig. 8a, b). Other Candida species like 

C. parapsilosis (onychomycosis) and C. glabrata (genital infection) were also sus-

ceptible to the Sea Cell Active fibers (data not shown). The most striking result

was the dose-dependent manner (percentage of Sea Cell Active fibers in the tis-

sue) of the antifungal activity against all. The highest antifungal activity was
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Fig. 6a–c. Antifungal activity against C. albicans (strain DSM 11225) of different

fibers in a dose-dependent manner. The highest antifungal activity was detected for Sea Cell

Active 100% (SCA 100). Measurement values are calculated on the basis of 8 single read-

ings (means � SD).
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found for Sea Cell Active 100% (SCA) in all 3 Candida species. After 24 h of

incubation, the cell counts only amounted to 10–20% compared with the con-

trol. The activity of Sea Cell Active 100nw is slightly smaller. These results

were confirmed by FUN-1 staining (fig. 9) where the difference between

untreated, active fungi and after treatment with Sea Cell Active 100% can be

observed. Almost all living cells of C. albicans and C. krusei will be killed by

the Sea Cell Active fibers.

In a second test series, the activity of the silver-covered seaweed-based

fiber against the growth of the bacteria strains S. aureus (fig. 10a, b) and E. coli

(fig. 11a, b) could be shown. This antibacterial activity was dose dependent

with the highest activity in 100% Sea Cell Active fibers with 100% of the active

silver load and lowest in the Lyocell and Sea Cell. An intermediate activity was

detected in a mixed tissue with 5% of Sea Cell Active and more pronounced

with 10 and 20% of the silver-loaded fiber.
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Fig. 7a–c. Antifungal activity against C. krusei (strain ATCC 6258) of different fibers

in a dose-dependent manner. The highest antifungal activity was detected for Sea Cell Active

100% (SCA 100 and SCA 100nw). Measurement values are calculated on the basis of 8 sin-

gle readings (means � SD).
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Fig. 9. Staining with fluorescent dyes (FUN-1): baseline staining showed biochemi-

cally active fungi while 100% Sea Cell Active treatment killed almost all living C. albicans

(strain DSM 11225) and C. krusei (strain ATCC 6258).
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Discussions

The antibacterial effect of silver was already known in ancient times. Silver

tools and containers (approx. 4000 BC) were used for storing and transporting

water to prevent the formation of germs and ensure high water quality [33].

In the 19th century, it was evidenced that silver has an antimicrobial effect

even in smallest concentrations and that it quickly destroys typhoid bacilli and

the resistant anthrax spores at concentrations as low as 1:4,000 to 1:10,000

[28, 33]. In the decontamination of water as well as in the disinfection of wounds,

the oligodynamic effect of silver (inhibition of bacterial growth already at metal

concentrations of 0.006–0.5 ppm) is used [33, 34]. Bedding and textiles with

minor concentrations of silver already show positive effects in the treatment of

allergic dermatitis or psoriasis [35].
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Fig. 10a, b. Antibacterial activity against S. aureus (strain ATCC 22923) of different

fibers in a dose-dependent manner at two different bacterial concentrations in the inoculum:

incubation 106 CFU/ml (a) or 105 CFU/ml (b) for 24 h. The highest antibacterial activity was

detected for Sea Cell Active 100% (SCA 100 nw). Measurement values are calculated on the

basis of 8 single readings (means � SD; n � 6).



New Silver-Loaded Cellulosic Fiber 175

Silver nitrate and silver sulfadiazine have been used as prophylaxis or

adjunctive therapy for sepsis in the care of burn wounds since the 1960s [28, 36].

Studies have revealed that silver sulfadiazine dissociates reacting with cellular

DNA and that only silver ions bind DNA and inhibit its replication [37, 38]. Silver

ions also interfere with the respiratory chain at the cytochromes and in the

reduced nicotinamide adenine dinucleotide-succinate dehydrogenase region [39].

However, in silver products the silver release is very quickly inactivated by

chloride and proteins on the skin surface or in wound exudates [40]. Therefore

frequent reapplication of the agent is required. As a consequence Sea Cell

Active was developed to provide a controlled, sustained release of silver. Due to

the very low but sufficient leaching out of silver ions from the Sea Cell Active

fiber, the antibacterial activity remains unchanged over time as shown for the

washed fiber (approx. 60 wash cycles). As silver does not have any negative
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Fig. 11a, b. Antibacterial activity against E. coli (strain ATCC 35218) of different

fibers in a dose-dependent manner at two different bacterial concentrations in the inoculum:

incubation 106 CFU/ml (a) or 105 CFU/ml (b) for 24 h. The highest antibacterial activity was

detected for Sea Cell Active 100% (SCA 100nw). Measurement values are calculated on the

basis of 8 single readings (means � SD; n � 6).
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side effects like skin irritation, this metal is favored for use as an activating

agent to manufacture Sea Cell Active fibers [41]. From a dermatological point

of view it is therefore ensured that no skin irritation occurs. The excellent wear

comfort of the cellulosic fiber is not affected.

This study revealed the excellent antifungal and antibacterial properties of Sea

Cell Active in vitro. The results are in good agreement with the findings of  Yin et al.

[42] investigating the antimicrobial activity of Acticoat, a barrier dressing, in com-

parison with other conventional topical antimicrobial agents. These results demon-

strate that the silver extracted from the dressing has the lowest minimum inhibitory

concentrations and minimum bacterial concentrations. However, if silver contents

in the 2 other silver-based compounds – silver nitrate and silver sulfadiazine – are

calculated, almost the same minimum inhibitory and minimum bacterial concen-

trations are observed for all 3 silver products. This supports the previous findings

that in these silver-based compounds silver is the major component that contributes

to the broad spectrum of antimicrobial activities [28, 37]. Acticoat Antimicrobial

Barrier Dressing and Sea Cell Active have similar inhibitory zone sizes regarding

S. aureus while Sea Cell Active seems to be more effective against E. coli.

S. aureus is often responsible for the outbreak and aggravation of atopic

dermatitis. E. coli is one of the most common bacteria in the genital and anal

regions and responsible for infections in these areas.

Conclusions

The present results demonstrate the antifungal and antibacterial effect of

Sea Cell Active in a standardized in vitro test system. Whether this fiber seems

to be suited for bioactive textiles in specific anatomical body regions and skin

conditions with a susceptibility to fungal and bacterial infections, namely

Candida species, S. aureus and E. coli, must be examined by means of further

investigations, especially human in vivo tests considering allergic and toxic

effects of the fiber.
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Three-Dimensional Structures
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Abstract
This paper describes the possibilities of antimicrobial finishing of three-dimensional

spacer fabrics and its applications, and gives information about the different effects. A

research project of the Textilforschungsinstitut Thüringen-Vogtland Greiz is presented in

which medical shoe insoles, based on specially manufactured three-dimensional spacer fab-

rics, made of permanently effective antimicrobial yarns were used for interesting and func-

tional textile products. Furthermore, work of the research institute Forschungsinstitut für

Leder und Kunststoffbahnen Freiberg is presented which describes the silver-coating process

and application of textile materials using antimicrobial substances. The chemical and mechan-

ical stability is investigated, and proof of the effectiveness is supplied. The results show that in

the three-dimensional spacer fabrics both – antimicrobial yarn materials and thin silver films

with antimicrobial substances – can achieve an antimicrobial effect, even in low quantities. 

Copyright © 2006 S. Karger AG, Basel

Initial Situation

Micro-organisms are part of our daily life. They join humans in different

forms – mostly unnoticed. Especially our skin is home for many of these creatures.

Micro-organisms can basically be divided into bacteria, mildew, yeast and

viruses. Close contact with the skin, long periods between washings and a spe-

cial microclimate can favour a fast growth of germs. These bacteria and fungi

and their decomposition products cause

• infections,

• unpleasant odours in clothes, sportswear and shoes,

• allergies.
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During the last few years, the materials for manufacturing textiles have
shown positive tendencies towards a higher functionality. With fibres like X-
Static®, Meryl Skinlife®, Diolen Care®, Trevira® Bioactive and others, the mar-
ket was enriched with innovative antimicrobial products.

The following applications are known so far:
• technical textiles,
• working clothes,
• outdoor clothes,
• home clothes,
• sportswear and leisure wear,
• wellness,
• medical textiles.

Silver fibres or enclosed silver ions prevent the growth of bacteria without
interrupting the natural balance of the skin. Odours, often caused by corynebac-
teria [1], are reduced. A longer, fresh feeling for the day is noticeable. The
antimicrobial finishing of textiles must be deep-seated and permanent (fast),
highly efficient against bacteria and fungi, non-toxic for the user and at the
same time provide the usual wear comfort and function. The fibres mentioned
above have already reached a remarkable market volume for clothes or func-
tional clothing. Dermatological tests certified a good skin compatibility [2].
Thus, these textile products could not only find a domain in the wellness sector.
In fact, the goal is to use textile fabrics with antimicrobial finishing sufficient
for prophylaxis and therapy.

Preparation of Textiles with Antimicrobial Agents

The Use of Silver Ions on a Scientific Basis

Close co-operation of medics and textile technicians allows more and more
the development of specific knitted fabrics which fulfil the demands of medical-
clinical use. Besides features like breathability, moisture transport, antistatic
properties, sterility, washability, minimization of allergies, cost-efficiency and
ecological recycling, an antimicrobial protection with a barrier function against
micro-organisms gets more and more important [3]. Therefore, a textile prepa-
ration with silver ions is preferable.

Silver has been known for centuries for its anti-infective quality and has
been established in several of today’s medical areas. At the beginning of the
20th century, silver and its chemical compounds were used as standard to fight
bacterial infections [4]. Silver was used as thin film to heal wounds.

Different isotopes of silver are known. It can exist as a neutral element
with 47 electrons and 47 protons or as a positively loaded atom with 46 electrons
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and 47 protons. A silver atom without electric charge is often mentioned as
metallic silver or Ag (0) and has no antimicrobial properties. This feature is
only available in the ionic mode Ag (I) or Ag�. The silver cation is a potent
antimicrobial agent to damage bacteria [5].

In vitro studies showed antibacterial effects and the creation of an antimi-
crobial barrier for silver-coated wound bandages over a period of several hours
[4]. Schaller et al. [6] reported a good antibacterial effect by using silver-
bearing wound bandages without induced cell alterations and cytotoxicity. With
numerous animal experiments the use of silver in open wounds was investigated
[7, 8].

The exact effect regarding the antimicrobial potential of Ag� has not been
completely defined until today. The area where silver ions cause a dissociation
of the cytoplasmic membrane from the cell wall has been described so far. The
influences of protein interaction, enzyme activity [9] as well as DNA replica-
tion [10] need to be discussed. Silver toxicity was reported by different authors
[7, 11]. The toxicity of silver-bearing medical products in humans can be rated
as marginal for local or inner use [12].

In modern medicine, silver-bearing materials are used for some therapeu-
tic products, for instance wound pads (silver-active coal compresses), special
bandages (for burns) or catheter coatings under the aspect of anti-infective
effects [12].

Good therapeutic experiences with silver-coated textiles are already avail-
able for the therapy of atopic eczema [2], where colonization by Staphylococcus

aureus can be proved nearly every time.
For patients with diabetes mellitus, a complete therapy consists not only of

an optimal adjustment of metabolism with medicamentous and dietetic mea-
sures, but also a continuous control of the infection. Especially with a sensori-
motor or autonomous neuropathy, patients tend to a diabetic foot syndrome
[13]. Consistent local pressure release, anti-infective care [14] and partly sys-
temic antibiosis [15] are necessary to prevent after effects like amputation. The
implementation of silver ions into shoes or socks for prophylaxis can be very
helpful for diabetics to keep their mobility.

Several developments were made during the last few years by thread man-
ufacturers to enwrap synthetic yarns with silver or to place silver ions into
thread materials. Textile fabrics can be produced for medical products and
incorporated into different final products, whether as a fabric or knitted fabric
or fleece.

The positive properties of silver are e.g. [5, 12, 13]:
• antimicrobial properties,
• broad-band effects against bacteria,
• temperature-regulating properties,
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• high heat conductivity, change of moisture (evaporation),
• enhancement of blood circulation,
• antistatic effect,
• odour control.

Negative features are comparatively rare. Silver can exert irritating and
adstringent influences on the skin. With systemic resorption, argyrosis, CNS
and nephrotoxicity [11] are possible. This regards especially organic silver
applications. Ionic silver is well fabric compatible.

Antimicrobial Finished Textiles

Table 1 gives the specifications of antimicrobial finished textiles.

Application of Active Ingredients

Silver ions are used in medical textiles for the prophylaxis and therapy of
diseases where micro-organisms have a pathogenetic effect.

The application of silver can occur by embedding the active ingredients
during the spinning process or as a finishing process during the yarn or fabric
production. Advantages and disadvantages are shown in table 2.

It is important to distinguish between:
• classical finishing of textiles with bio-active substances, where the

active substance is on the surface and diffuses from the thread into the
environment;

• processing of silver-coated synthetic yarns on the basis of polyamide (PA) 6.6
to textile surfaces, where the ratio of silver is normally approximately 15%;

• possible combinations are: combed cotton (Mako) � 5%, 7% or 10%
X-Static or Shieldex®, polyethersulphone (PES) half matt � 5, 7 or 10%
X-Static or Shieldex,

• PES T402 � 5, 7 or 10% X-Static or Shieldex.
Modified synthetic yarns are used on the basis of PA 6.6 or polyester.

Active substances are silver ions as they are used in medicine or for drinking
water treatment. To assure the stability of the silver ions they are put into zirco-
nia-based ceramics and placed into the fibre during the spinning process. This
guarantees permanent activity.

Antimicrobial Finishing of  Textile Three-Dimensional Structures

for Medical Insoles

Three-dimensional spacer fabrics, developed by the Textilforschungsinstitut
Thüringen-Vogtland (TITV), are an interesting textile technological alternative
for medical applications. They provide potential for problems where specific
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Table 1. Specifications of antimicrobial textiles (selection)

Manufacturer Product Application Specification Permanence

Trade marks 

Odlo Termic sports underwear silver ions on small permanent
ceramic layer

Tex-A-med Padycare® bedclothes, T-shirts, silver-coated 150 washings 
leggings microfibres PA 6.6, at 40�C

approx. 20% silver
Schoedel AG Silverline® cover fabric for silver-coated fibre permanent

mattresses
Schoedel AG Microcare® cover fabric for acetate with additive, repeatedly 

mattresses which produces active washable up to 
O2 with moisture, 60�C
‘oxygen disinfection’

Malden Mills Polartec® Power implemented silver- permanent
with Dry X-Static coated threads

Antimicrobial fibres

Acordis AmicorTM sportswear, PAN, only in 
Amicor Plus underwear, socks, combination with CV or 

medical products CO, WO/PES, contains 
triclosan

TWD GmbH Diolen Care® sportswear, clothes, PES or PA 6.6 permanent
Timbrelle Care® mattresses, medical multifilament with silver 

products ions
Lenzing Modal® Fresh shirts, socks, clothes, viscose with more than 50 

bedclothes antibacteriostatic washings
activity as in 
toothpaste, cosmetics

Kanebo Livefresh underwear, socks, PA 6.6, often in more than 50 
sportswear, soles combination, zeolite washings

and silver ions
Montefibre Leacril® sportswear, PAN, PES, silver ions

Saniwear bedclothes, 
Terital® tablecloths

Saniwear
Statex Shieldex® antineurodermatitis silver-coated PA 6.6 permanent
Noble fibre X-Static® clothes, socks, 

underwear
Nylstar Meryl® Skinlife sportswear, socks, PA 6.6 microfibre with permanent

shoe linings, silver ions
underwear, medicine

Rhovyl Rhovyl AS® hygiene articles PVC hollow fibre, 
(incontinence, triclosan
bandages)
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functions of the final product are required. Textile-physiological tests proved
properties like pressure release, thermoregulation and moisture transport, and
favoured spacer fabrics for the use in medicine [16].

Today typical applications can be already named, for instance primary pre-
vention of pressure lesions caused by long-term operations or secondary pre-
vention of decubitus for wheelchair drivers and the use of spacer fabrics as a
therapeutic utility like bandages or orthoses.

The latest research of the TITV concerns the development of transthermal
therapeutic systems like active ingredients in plasters with spacer fabrics as a
depot for non-crystalline agents and the development of three-dimensional
knitted compression bandages with defined elasticity for the complex anticon-
gestion therapy in the treatment of lymph oedema.

Table 1. (continued)

Manufacturer Product Application Specification Permanence

Trevira GmbH Trevira® functional underwear, PES multifilament with permanent
Bioactive sportswear, fixed, antimicrobial 

bedclothes additives

CO � Cotton; CV � viscose; PA � polyamide; PAN � acrylic; PES � polyethersulphone; PVC � polyvinyl
chloride; WO � wool.

Table 2. Advantages and disadvantages of silver applications (source: Textil Color AG)

Application Advantages Disadvantages

After treatment easy metallization, flexible costs bactericidal impact, not 
permanent, migration into skin 
possible (allergenic), 
environmental influences

Silver coating permanent, no migration high costs (up to 10% Ag), 
achromatophil, metallic silver 
(discoloration), effect only given 
by contact with the skin

Antimicrobial yarns antimicrobial, no migration, effect only given by contact with 
permanent, multifilament, no the skin and the release of silver  ions
environmental influences
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Within a Zutech project (Zutech � Future Technologies for Small and
Medium Enterprises) the partners TITV Greiz, Research Institute for Leather
and Plastics gGmbH Freiberg and Test and Research Institute for Shoes e.V.
Pirmasens research the development of functional spacer fabrics to prevent
plantar ulcers for patients with diabetic foot syndrome. This application needs
completely different construction parameters. Three-dimensional knitted fab-
rics will be used with traditional sole inlays for the orthopaedic shoe as well as
a close-to-the-foot textile layer for working shoes. An advantage which should
also be mentioned is the implementation of antimicrobial materials into the
three-dimensional structure.

Problem

There are more than 4 million diabetics in Germany today [17] with the
number increasing. Statistics estimate a number of approximately 1.25 million
patients with the possibility of ulcerations and the risk of an amputation.

The diabetic foot syndrome is a long-term consequence. The feet and
lower legs belong to the most sensitive body parts of a diabetic regarding the
sensorimotor and autonomous neuropathy [13]. 40–70% of all non-traumatic
amputations of the lower extremities are carried out on patients with diabetes
mellitus [18]. Prostheses or individually manufactured orthoses are necessary.

In the therapy of diabetic foot syndrome, local pressure release of lesions
takes priority and therefore the supply with dimensionally accurate shoes.
Today, different materials for those shoes are used.

Orthopaedic inlays have the following functions: correction, support and
bedding of foot deformations; release and redistribution of pressure in the lower
extremities as a functional unit.

Besides cork, leather, metal and wood, mostly plastics are used. Herewith it
is possible to adjust the function of the inlay correctly. Thermoplastic plastics are
suitable for supporting and corrective inlays, soft plastics and silicone for highly
sensitive feet. Harder foams are used for subconstruction or supporting inlays.

Textile materials have not played such an important role so far, they are
used as cover layer (towelling, felt, fabric) for other materials like cork or foam.
Thus, the development of functional three-dimensional structures as an alterna-
tive or useful supplement for inlay materials becomes more important.

Forcing of new product properties leads to the further development of exist-
ing products or to new ones with additional value. It is important to achieve new
innovations for patients or occupational groups to increase their well-being.

Development Goals

The goals of development were functional three-dimensional textile struc-
tures with practical value-oriented construction and antimicrobial finishing



Heide/Möhring/Hänsel/Stoll/Wollina/Heinig 186

achieving specific features for the use in shoes. The attention turned to the med-
ical care of diabetics as well as to working shoes.

The goals are:
• consistent pressure release and soft bedding of feet to prevent lesions,
• establishing a permanent pressure-stable climate zone for ventilation even

under the pressure of the human body,
• maintenance of form to avoid folding and pressure marks,
• use of functional materials or coatings with antimicrobial finishing for the

prevention of injuries,
• tests and manufacture of prototypes.

These demands were fulfilled by the development of functional three-
dimensional knitted fabrics in combination with approved foot bedding materi-
als and suitable lamination processes.

The manufacturing technology is like no other textile process predestined
to ensure a soft bedding of the feet and thermoregulation by the specific com-
bination of materials and a suitable layout of the distance-keeping zone of the
fabric. The rolling motion of the foot supports the circulation of air in the men-
tioned area.

Spacer fabrics are an ideal solution for the inner shoe due to their abilities
to release pressure, improve climate circulation and their antimicrobial finish-
ing. Three-dimensional fabrics with moisture-draining function are developed,
tested and used in working shoes and for diabetics.

Specific Properties of Functional Spacer Fabrics

Spacer fabrics are three-dimensional manufactured knitted fabrics. They
consist of two outer textile layers which are linked with pile threads. These pile
threads provide a defined distance between the outer layers, which varies from
1.5 to 10 mm (fig. 1). The construction influences the functionality of the three-
dimensional structure regarding thermoregulation, breathability, pressure sta-
bility and pressure elasticity. Both of the outer layers can be manufactured
differently. Material and layout of the surface have an influence on elongation-
elastic properties, the clothing-physiological comfort and the moisture trans-
port away from the skin into the second layer of the textile structure. Spacer
fabrics fulfil in multiple ways the expectations for textiles in medical use. The
distance-keeping zone enables the circulation of air between the outer layers so
that heat congestion and maceration of the skin will be avoided. Wearing com-
fort increases and leads to a better patient compliance for medical and thera-
peutic applications. Depending on the field of application the pressure-elastic
behaviour of the structure may be altered, e.g.explicit pressure release in decu-
bitus prophylaxis or in shoes
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The Use of Modified Functional Synthetic Yarns for the Feet

On the basis of a coordinated test plan, a fabric for the use in orthopaedic
or working shoes was developed. Different combinations of materials were
tested, and their influence on pressure release and antimicrobial effect was
investigated (fig. 2).

Fig. 1. Profile of a three-dimensional spacer fabric.

Fig. 2. Medical shoe inlay with antimicrobial-finished textile three-dimensional structure.
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Materials
The functionality of spacer fabrics depends on the used materials. Often,

synthetic yarns like PA 6.6 or polyester are used but celluloid yarns like cotton
or viscose too. Table 3 gives a review of the materials.

Synthetic Strands. For distance-keeping, mostly synthetic strands spun by
single threads are used. They provide higher stiffness than a multifilament of
the same thickness and have a better pressure stability. Strand yarns are not able
to keep and forward moisture, which makes them different from filament yarns.

Synthetic Filament Yarns. Filament yarns are made by pressing the spin-
ning mass through nozzles with different openings. This creates a certain num-
ber of thin threads (filaments) which are combined to a single thread. The
hollow space between the single filaments can transport moisture by adhesive
force. The more filaments there are, the better the moisture transport. Spacer
fabrics, for instance, can drain sweat away from the skin.

Synthetic Multifilament Yarns with Antimicrobial Finishing. An additional
value of manufacturing synthetic yarns can be the implementation of silver ions
and herewith an antimicrobial effect. Nanocrystalline silver is incorporated into
the spinning process. A permanent antiseptic effect is given.

The positive silver ions inhibit the function of bacterial enzymes. They
attack the structure proteins of the germs and inhibit cell division. This leads to

Table 3. Properties of synthetic and cellulosic yarns

Fibre Fibre Density, Tear Electrical Melting Water Water
type g/cm2 lengthening, resistance, temperture, sorption, retention

% �/cm �C mass % %

climate wet

Synthetic fibres

PA 6 filaments 1.14 20–45 105–125 109–1011 215–220 3.5–4.5 10–15
PA 6.6 filaments 1,14 20–40 105–125 109–1011 255–260 3.5–4.5 10–15
Polyester filaments 1.36–1.41 20–30 100–105 1011–1014 250–260 0.2–0.5 3–5

� strands

Cellulosic fibres

Viscose filaments 1.52 10–30 100–130 low 175–190 12–14 85–120
(106–107)

Cotton fibres 1.53–1.55 20–50 100–120 low above 180 7–9.5 at 65% 42–53
humidity
14–18 
at 95% 
humidity
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denaturation. For the antimicrobial finishing of the zone which is close to the
foot, newly developed synthetic yarns on the the basis of PES (Diolen Care or
Trevira Bioactive) and PA 6.6 (Meryl Skinlife) were used.

A selective effect on lesions which can have disastrous consequences for
diabetics was aimed at. Spacer fabrics No. 09960/3 and 12980/5 were modified
with antimicrobial synthetic yarns just as No. 02991/2 for the use in working
shoes. Besides the antimicrobial effect, the protection against mycosis and
odour was important here.

Test for Antimicrobial Effect
You will always find bacteria on a healthy skin. This colonization protects

our organism. There are Gram-positive micro-organisms, like staphylococci and
several corynebacteria, and Gram-negative bacteria, like Klebsiella pneumoniae

or Escherichia coli [19]. With the presence of moisture, bacteria increase their
number by cell division rapidly with or without oxygen. The antimicrobial effect
was tested for both, Gram-positive (Staphylococcus aureus) and Gram-negative
(K. pneumoniae) microbial strains referring to the challenge test, test method JIS
L 1902-1998 [20]. This test includes textiles with antimicrobial finishing as well
as textiles with immobilized agents.

With the given conditions for spacer fabric No. 12980/A (finished with
PES Diolen Care), an antimicrobial effect was proved against S. aureus and 
K. pneumoniae DSM 789. For spacer fabric No. 09960/3 with PA 6.6 Meryl
Skinlife, an antimicrobial effect was proved against K. pneumoniae DSM 789
und S. aureus ATCC 6538 in comparison with the non-finished sample.

Figure 3 shows the test results for spacer fabric No. 09960/3.
The first and second pairs of columns show the reference standard of 0 h

(without antimicrobial-finished materials) and the number of colonies after
18 h of incubation. The third pair shows the colony number of the antimicrobial-
finished fabric after 18 h and that on the right the specific activity.

Further Options for Antimicrobial Finishing of 
Three-Dimensional Structures
Silver-Coated PA Threads. Silver-coated PA threads from Statex Co.,

Bremen, named Shieldex are known as Padycare® clothes of Tex-A-Med Co.,
Gefrees, for neurodermatitis patients. The silver-covered knitted fabrics can be
processed to textile surfaces. Microfibres with PA 6.6 are coated with silver
which is locked in the surface of the microfibre (fig. 4).

To work single threads into spacer fabrics is possible, but too expensive.
Use of Silver-Coated Warp Knittings. During the development a knitted

fabric, Shieldex of Statex Co., was laminated on spacer fabrics and tested in the
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area close to the foot. The positive properties of spacer fabrics originate from
the precise structure of the silver-covered knitted fabric.

Antimicrobial Finishing of Three-Dimensional Warp Knitting

The demand for antimicrobial-finished textiles is increasing. Besides func-
tionality, it is necessary to achieve skin and environmental compatibilities. The
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task is to add antimicrobial finishing durably onto the textile fibre in order to
get products with a permanent effect.

Options to Prevent Microbial Contamination

There are three trends:
• antimicrobial finishing which prevents accumulation of micro-organisms

(bacteriophobe finishing),
• antimicrobial finishing which inhibits the growth of accumulated micro-

organisms (bacteriostatic finishing),
• antimicrobial finishing which kills adhering micro-organisms (bactericidal

finishing).

Tests

The Research Institute for Leather and Plastics made investigations to give
three-dimensional knitted fabrics an antimicrobial finishing afterwards. The
test was made with their own equipment using technologies like the plasma
process and the magnetron sputter process. Both technologies allow to coat
nanolayers onto fibres, but keeping the textile properties. The plasma function-
alizes the textile fibres during separation. That means that radical spots are
made in the polymer matrix where functional groups (hydroxyl, keto or car-
boxyl) assure a strong anchorage of the antimicrobial finishing.

Silver Coating to Prevent Accumulation of Bacteria

Silver inhibits the growth of bacteria. The advantage of silver ions is their
effect on the environment and that they do not need to be dispersed more widely
[21]. With the nanothin layers which can be coated with the help of this tech-
nology, a contribution to cost-effectiveness is made, too.

Application of Silver Layers with the Sputter Process 
(Separation of Plasma)
The coating of three-dimensional knitted fabrics with a silver layer was

made in a laboratory. The sputter process differs from the evaporating process
in dispersing the metal from the solid condition and not after conveying it into
the gaseous condition.

In this case, a target (silver) and the substrate (three-dimensional knitted
fabric) are positioned a few centimetres away from each other. Between these
two surfaces (which act as electrodes), a plasma discharge takes place within an
argon atmosphere. The resulting argon ions and electrons move at high speed to
the target and release atoms or its fragments from the surface. These parts then
move to the substrate surface. In comparison with the thermal vaporization, the
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atoms have a 100–1,000 times higher kinetic energy which makes the layer
more durable on the textile surface.

Test of Mechanical Properties of the Separated Layers. The silver layers
were applied to different fabric structures. Spacer fabric No. 12980/5 consists
of 95% polyester and 5% spandex, spacer fabric No. 02991/2 is 100% polyester.
The spandex has a negative influence on the silver layer. To improve its pro-
cessing properties, it is prepared with silicone.

The silver coating was made on untreated three-dimensional knitted fab-
rics and on surfaces pretreated with plasma. In another case, the silver layer was
supplied with a protection layer on the basis of SiOx. The coating process was
made with plasma polymerization.

The mechanical stability was tested with adhesive tape to determine adhe-
sion (peel test) and the abrasion resistance with the friction test (Martindale)
[22] and friction fastness (Veslic) [23].

Figure 5 shows the results of the adhesion test. It can be seen that adhesion
can be improved by additional plasma treatment with oxygen. A further improve-
ment can be achieved by hydrophobic protection layers.

In addition, there is no need for plasma treatment if the fabric contains no
spandex.

Because the spacer fabrics will be used as sole material for shoes, the abra-
sion test is more significant than the adhesion test. In this test, the stress during
walking is simulated.

In the Veslic test, cotton as friction element was rated on a grey scale as well
as the friction line on the test object. The results are shown in figure 6. After 3,000
friction runs, silver marks on the friction elements were visible. In contrast to the
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adhesion test, the silver layer of article No. 12980/5 has a higher load capacity. A
silver layer with 100 nm thickness should be preferred to one with 15 nm.

The Martindale test showed no significant change of the silver layer up to
10,000 rubbing runs of spacer fabric No. 12980/2. This fabric has a very homo-
geneous and close surface.

Article No. 02991/2 had a destroyed mesh structure after 10,000 runs (see
the REM shots in fig. 7).

With energy-dispersive X-ray inclusion, the concentration of silver was
rated before and after the rubbing tests on layers of 15 and 100 nm thickness.
The results confirmed the expectations that the concentration of silver was
higher in layers with 100 nm thickness.

The chart of the results is shown in figure 8.

Proof of Permanent Effect of the Layers
Washability. The test of resistance to washing was made with DIN EN

6330. The coating was not influenced by the washing process. The antimicro-
bial effect was improved. This can be caused by the cleaning process of the sur-
face. An efficient cleaning of the spacer fabrics is recommended before the
application of the silver layers.
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Test of Antimicrobial Effect. The antimicrobial effect was tested by the
IDUS (Biologische Analytische Umweltlabor GmbH) Company. Two test meth-
ods were used. Test method AA TCC TM-147 is the inoculation with S. aureus

and K. pneumoniae and a rating of fouling after 24 h. This is a fast method for
the determination of bactericidal effects and inhibition areolas. A rating for the
decrease in bacteria on the textile surface through its antimicrobial finishing is
not given. It only states whether the finishing is bactericidal or not.

With selected samples the agar diffusion bioassay method was used [24].
The test sample lies on a thin layer of culture medium for 24 h. This shows
whether the finished textile surface can prevent the growth of bacteria in the
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contact area between textile and culture medium or not. If the finishing has no
antimicrobial effect, a compact bacterial film grows.

The next step is the comparison of finished and non-finished surface.
The samples were inoculated with S. aureus (Gram-positive bacteria) and

K. pneumoniae (Gram-negative bacteria).
Two different spacer fabrics were tested (polyester surface and a combina-

tion of polyester and spandex). The materials were coated with 15-, 35- and
100-nm silver layers. The 100-nm layer was protected with a plasma polymer
layer on the basis of SiOx.

The results are shown in table 4. The silver layers did not create inhibition
areolas. Klebsiella showed a low sensitivity to thin silver layers. Staphylococcus

reacted more sensitively to silver ions. All finishing samples have a bactericidal
effect. With the agar diffusion bioassay, the antimicrobial effect of the silver
ions on the surface after a friction test can be rated. The concentration of silver
on the surface after the friction test was determined by energy-dispersive X-ray
inclusion. Furthermore the biocidal effects of the different concentrations of sil-
ver were rated (table 5). The results show that the silver ions can decrease the
growth of bacteria even after friction strain on the surface.

Separation of Organic Agents by Nanocoating with 

Atmosphere Pressure Plasma and Spray Coating

Products
The applied antibacterial agents were the following commercially available

products:
Afrotin LC (Schill � Seilacher). This product is an aqueous solution on the

basis of sodium pyridine dinthole. Danger: the product must not be introduced
into the canalization or water. Insanitary effects are not known.

Afrotin FG (Schill � Seilacher). The basis is methyl-2-benzimidazole car-
bamate. Danger: the product must not be introduced into the canalization or
water. Insanitary effects are not known.

Table 4. Results of antimicrobial effect

Coating K. pneumoniae S. aureus

inhibiting growth beneath inhibiting growth beneath
areola the fabric areola the fabric

15-nm Ag layer no no no no
35-nm Ag layer no no no no
100-nm Ag layer no yes no no
100-nm Ag layer with SiOx- no yes no no
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Fungitex ROP (Pfersee Chemie). The product is a non-ionic solvent-
containing emulsion of fatty acid ester, an aromatic compound and a benzimi-
dazole derivate. Insanitary effects are not known.

Parmetol DF 18 (Schülke & Mayr). The agent is a combination of different
structured n,s-heterocyclic compounds which have a synergetic effect. Danger:
the product must not be introduced into the canalization or water. It is
biodegradable. Insanitary effects are not known.

Tinosan NW 200 (Ciba Speciality Chemicals). The product is a dilutable
emulsion on the basis of 5-chloro-2-(2,4-dichlorophenoxy)phenol. Danger: the
product must not be introduced into the canalization or water. Insanitary effects
are not known.

Application of Antibacterial Agents
Description of the Processes. The application was carried out with two differ-

ent processes. For the application of nanolayers, the atmosphere-pressure-plasma
process was used. For thicker layers, spray coating was the preferred method.

The principle of the plasma process is the addition of aerosol by barrier
discharge. This combines high-energetic and chemical modifying.

Table 5. Effect of the concentrations of silver after friction test

Concentration of silver K. pneumoniae S. aureus

on the surface, %

12980/5 with 100-nm Ag layer 34.79 no inhibiting no inhibiting 
without friction runs areola, growth areola, nearly no 

decreases to 50% growth visible
12980/5 with 100-nm Ag layer 20.62 no inhibiting no inhibiting 
after 200 friction runs areola, growth areola, growth 

decreases to 50% decreases to 50%
12980/5 with 100-nm Ag layer 7.84 no inhibiting no inhibiting 
after 3,000 friction runs areola, growth areola, growth 

decreases to 50% decreases to 50%
02991/Z with 100-nm Ag layer 7.75 no inhibiting no inhibiting 
without friction runs areola, growth areola, growth 

decreases to 50% decreases to 50%
02991/Z with 100-nm Ag layer 13.9 no inhibiting no inhibiting 
after 200 friction runs areola, growth areola, growth 

decreases to 50% decreases to 50%
02991/2 with 100-nm Ag layer 5.85 no inhibiting no inhibiting 
after 3,000 friction runs areola, growth areola, growth 

decreases to 50% decreases to 50%
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Two electrodes are placed in a reaction chamber where the discharging
process takes place. Between those electrodes the plasma is added with a micro-
atomizer, which creates drops of less than 2 �m. The water vaporizes and this
allows the application of nanolayers to the material.

A carrier gas is responsible for the transport of the exhalation drops, i.e.
air. Non-used aerosol will be disposed by an extraction system. The aerosol can
be dosed into the barrier discharge or right after that.

A corona process adjusts the application into the textile surface. Addi-
tionally, ultraviolet radiation results from the discharging process. Both lead to
the modification of the surface by creating new functional groups like hydroxyl,
keto or carboxyl groups. This helps the antibacterial agents to compound with
the surface. The application quantities ranged from 1 to 3 g/m2.

Before an application with a spray gun, the textile surfaces were modified
with corona or gas phase fluorination to improve adhesion. The quantities
applied with a spray gun were 10–15% higher.

Table 6 shows the products and the applied quantities.
Test of Antibacterial Effect. Test method AA TCC TM-147 is the inocula-

tion with S. aureus and K. pneumoniae and a rating of fouling after 24 h.
With Staphylococcus, inhibition areolas were formed, depending on the

applied quantity and the product.
The most explicit effect showed the product Afrotin LC which formed

large inhibition areolas with the bacterium Klebsiella, too.
Furthermore the results showed that low quantities had a bactericidal effect

on the three-dimensional knitted fabrics.
Table 7 shows the relations between the inhibition areolas and the quantity

of the applied agent.

Product Quantity, g/m2

Tinosan NW 200 1.8
3.4
6.3

Afrotin FG 2.6
10

Afrotin LC 2.6
10

Parmetol DF 18 1.5
8.9

13
Fungitex Rop 3

7.4

Table 6. Applied quantities
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Conclusion

The test results on the basis of three-dimensional spacer fabrics showed
that with antimicrobial-finished thread materials made of PA or polyester as
well as with thin silver layers and antibacterial agents in low quantities an
antibacterial effect for these three-dimensional knitted fabrics can be achieved.
Concerning the application of agents, a silver coating is more suitable because
the bacteria of the skin flora are more protected. Silver-coated material or
threads giving off silver ions are recommended because their effect is perma-
nent and dermatologically harmless (fig. 3).

For the health care of diabetics, medical shoes with an antimicrobial fin-
ishing of the used three-dimensional textiles are important to prevent wound
infections which can have fatal consequences for this group of patients. In most
cases, long-term therapies and high medical costs can be expected.
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