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Abstract

The antibacterial efficiency of poly(hexamethylene biguanide), PHMB, on un-dyed cotton has been compared with that of PHMB on
cotton coloured with a range of reactive dyes. In each case, the presence of covalently bound dye resulted in a reduction in antibacterial
efficiency. In the absence of dye, the cationic PHMB binds to the cotton via weak ion—ion linkages with the carboxylate groups present
on cotton; these dissociate readily allowing release of free PHMB, the active antibacterial agent. In the presence of reactive dye, the cat-
ionic PHMB forms stronger ion—ion linkages with the strong sulphonic acid groups of the dyes; thus release of free PHMB, the active

agent, is less facile and antibacterial efficiency reduced accordingly.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

One of the major benefits of antibacterial treatments for
fabrics is protection from mal-odour (Mao & Murphy,
2001). Bacteria are believed to be a major cause of skin
eczema and clothing odour (Collier & Epps, 1999; Rajen-
dran & Anand, 2001) which is caused by the production
of amines and organic acids (Mao & Murphy, 2001).
Staphylococcus aureus is a pathogenic Gram-positive bacte-
rium (Tortora, Funke, & Case, 2002) which is frequently
encountered in hospitals and homes (Bajaj & Sengupta,
1992) and which can survive on organic fibres (Rajendran
& Anand, 2001; Vigo, 1994), such as cotton. The first
industrial production of antibacterial textiles, in the late
1930’s (Kourai, 1999), was for of German and US soldiers’
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uniforms, using quaternary ammonium salts to prevent
infection and odour. Several different classes of antibacteri-
al agent, such as salts of cadmium, copper, zinc, chromium
and mercury, amine-formaldehyde condensates and tar
were subsequently applied to textiles to confer antibacterial
properties (Broughton, Worley, Unchin Cho, Lin, & Sun,
2003). Current commercial examples include chlorinated
biphenyl ethers such as 2,4,4’-trichloro-2’-hydroxydiphenyl
ether, triclosan (Mao & Murphy, 2001), siloxane deriva-
tives which contain a cationic group quaternary ammoni-
um group (Wallace, 2001) and poly(biguanides) (Payne,
1997). Other types that have been described include N-halo
derivatives (Sun & Xu, 1998), peroxide-based reagents
(Vigo, Parikh, & Danna, 2001) and chitosan derivatives
(Hasebe, Kuwaraha, & Tokunaga, 2001). Cotton has been
treated with many conventional antibacterial agents,
including metal salts of Cu®" and Zn>" (Nakashima &
Matsuo, 2001; Nakashima, Sakagami, & Matsuo, 2001;
Nakashima, Matsuo, Bin, & Sakagami, 2003; Nakashima
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Fig. 1. Chemical structure of PHMB.

et al., 1991); also some direct dyes have been shown to po-
ssess weak antibacterial activity (Kobayashi, Sekiguchi,
Nakanishi, & Komiyama, 2002).

Poly(hexamethylene biguanide), or PHMB, is marketed
as a 20% solution of its hydrochloride under the name of
Reputex 20. The biocide is a remarkably effective antimi-
crobial agent capable of controlling bacterial, yeast and
fungal growth (Avecia, 2000; Cornish, McGeechan, &
Yeates, 2002; Tan, Teng, & Omar, 2000). PHMB, and
related types are repeating polymers containing 8-15
biguanide units, with an average of 11 units (Yates,
2004), as shown in Fig. 1, and exhibit much greater anti-
bacterial activity than the corresponding monomeric or
dimeric biguanides (Davies & Field, 1969). PHMB has
been used as a swimming pool sanitizer, in cosmetics (Pay-
ne, 1997), antiseptics, mouth rinses for plaque control and
preventing oral bacterial growth (Rosin et al., 2002) and
also on viscose to provide antibacterial kitchen wipes (Ave-
cia, 2004). The mode of action of PHMB on cellulosic fab-
rics is believed to involve temporary attachment of the
cationic PHMB to anionic carboxylate groups present on
the fibre, via weak ion—ion linkages (Avecia, 2000; Payne,
Yates, Payne, Yates, & Payne, 2005). These allow subse-
quent slow release of the free antibacterial agent by disso-
ciation. If this is a realistic representation of the mechanism
which is operative, then it would be expected that the intro-
duction of stronger acids, chemically attached to the cellu-
lose, would allow the formation of stronger ion—ion
linkages between fabric and PHMB, with consequential
reduction in dissociation of the PHMB-dyed cotton salt
complex. Hence less facile liberation of free PHMB and
hence lower antibacterial efficiency would result.

Thus a study was initiate into the effect of sulphonate
groups, fixed to cotton via chemically bound reactive dye,
on the uptake and antibacterial efficacy of PHMB.

2. Experimental
2.1. Materials and apparatus

Desized and scoured 100% knitted, cotton fabric was
supplied by Phoenix Calico Ltd., Cheshire. Procion H-E

dyes were obtained from DyStar, Germany. Poly(hexam-
ethylene biguanide) hydrochloride, nutrient agar

(BM0540: E & O Laboratories, Scotland) and Staphylococ-
cus aureus (National Collections of Industrial, Food and
Marine Bacteria 9518) were also supplied by Avecia Ltd.,
Blackley, Manchester. All other chemicals were laboratory
grade from Sigma-Aldrich, UK. UV/visible spectra were
recorded using a Camspec M350 double beam ultravio-
let—visible spectrophotometer.

2.2. Dyeing and fixation of dye on cotton

Cotton was dyed according to the manufacturer’s rec-
ommendations, at 1%, 2%, 4%, 6% and 9% dye on mass
of fabric (o.m.f.) as detailed previously (Kawabata &
Taylor, 2004). Percentage dye fixation was determined by
dissolution of dyed cotton in 70% sulphuric acid, followed
by optical assessment of the amount of colour in the result-
ing solution (Kawabata & Taylor, 2004; Kawabata &
Taylor, 2006; Murtagh & Taylor, 2004). A graph of dye
concentration versus absorption gave a straight line, indi-
cating adherence to Beer—Lambert’s law (Christie, Mather,
& Wardman, 2000).

Most of the commercial reactive dyes contain additional
components such as de-dusting agents, salt and water
(Knecht & Hibbert, 1925; Venkataraman, 1977). In order
to determine the effective agent content of each commercial
dye sample, these were titrated against a freshly standar-
dised solution of titanium(III) chloride as described earlier
(Kawabata & Taylor, 2004; Kawabata & Taylor, 2006;
Murtagh & Taylor, 2004).

2.3. Uptake of PHMB by dyed and un-dyed cotton

In order to determine the uptake of PHMB by cotton,
six aqueous solutions of PHMB, of different concentra-
tions, were prepared and adjusted to pH 7.0 with sodium
bicarbonate (Kawabata & Taylor, 2004). One gram pieces
of cotton fabric, both dyed and un-dyed, were immersed in
separate solutions of PHMB hydrochloride (100 g) at a
liquor-to-goods ratio of 20:1 (Kawabata & Taylor, 2004).
The percentage of PHMB, o.m.f., in each of the solutions
are detailed in Table 1.

Table 1
Percentage of PHMB applied to cotton dyed with Procion H-E dyes

Sample % of PHMB applied (0.m.f.) to seven pieces of cotton dyed at
1%, 2%, 4%, 6% and 9% o.m.f.
0%, 1%, 2% o.m.f. 4% o.m.f.? 6% o.m.f. 9% o.m.f.

(a) 0.00 0.00  (0.00) 0.00 0.00

(b) 0.08 0.14  (0.16) 0.17 0.21

(¢ 0.16 0.28 (0.31) 0.34 0.38

(d) 0.31 0.56  (0.65) 0.67 0.76

(e) 0.65 1.13  (1.38) 1.39 1.66

(f) 1.44 225  (2.66) 2.56 3.36

(2) 2.60 449 (5.35 4091 6.18

? Values in parentheses are concentrations of PHMB applied to cotton
dyed with Procion Navy H-ER.
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2.4. Preparation of antibacterial testing plates

Four samples of individual colonies of S. aureus were
taken from an isolation plate and mixed into 20 ml por-
tions of nutrient broth. The broth was incubated at
37 °C for 24 h and then 1 ml was taken and diluted with
9 ml of sterile saline solution to furnish a concentration
of approximately 107 colonies in 10 ml (Hyde, 2004).
From this liquid, five parallel lines were streaked onto
a nutrient agar plate, to provide gradient concentrations
of organism.

Cotton samples (2 x 8 cm) were cut and autoclaved for
15 min at 121 °C and 15 psi, cooled to room temperature
and then placed on an inoculated agar plate and pressed
down carefully using a sterile plastic rod, in order to expel
air from between the surface of plate and the cotton. The
test plates were incubated at 37 °C for 24 h. Preparation
of the plates is illustrated in Fig. 2.

2.5. Assessment of antibacterial efficacy

The effect of fixed reactive dye on the antibacterial effi-
cacy of PHMB adsorbed onto dyed cotton was assessed
using the AATCC 147 test procedure (AATCC, 2000). This
method is simple, visual and suitable for qualitative analy-
sis of bacterial growth on incubated plates thus antibacte-
rial activity can be assessed (AATCC, 2000). S. aureus
inoculum was clear when streaked onto the agar plate,
but, after the plate had been incubated for 24 h, bacterial
growth appeared. In the more highly concentrated regions,
the growth was observed as a yellowish line; in the regions
of lower concentration bacterial growth was observed as
individual circular colonies on the surface of the cotton
and on the agar plate.

Each incubated agar plate containing a sample of
dyed cotton, (seven different concentrations of applied
PHMB for each of five depths of shade ie., 35 plates)
was placed onto a coloured background (black or light
blue, depending on the colour of fabric). Additionally,
agar plates, each containing a sample of un-dyed PHMB
treated cotton, or simply un-dyed cotton were also
included.

Staphylococcus aureus

Fabric sample

LPetri dish

Fig. 2. Representation of parallel streaked Petridish. For convenience, the
five parallel streaks are illustrated by lines of the same width. However, the
top streaked line was the highest concentration of S. aureus and
the concentration was gradually reduced, and the bottom line represents
the lowest bacterial concentration.

2.6. Concentration of carboxylate groups on un-dyed cotton

The concentration of carboxylate groups on cotton
depends on the source of the cotton and the chemical treat-
ments used in its preparation, and usually is within the
range of 10 and 50 mequiv of carboxylate group per kg cot-
ton (milliequivalents of COO~/kg cotton) (Bae, Motom-
ura, & Morita, 1997; Klemm, Philipp, Heinze, Heinze, &
Wagenknecht, 1998; Lawson, 2001; McGregor, 1972;
McGregor & Ezuddin, 1974; Payne et al., 2005). The con-
centration of carboxylate groups on cotton used in this
project was found to be 42.8 mequiv COO~/kg by titration
against Methylene Blue adsorption (Davidson, 1948;
Klemm et al., 1998) as described in previously (Kawabata
& Taylor, 2004).

3. Results and discussion
3.1. Determination of effective agent content of dyes

Each commercial dye was titrated against titanium(III)
chloride (Giles & Grezek, 1962; Knecht & Hibbert, 1925;
Venkataraman, 1952) in order to determine its effective
agent content. Because titanium(III) chloride is readily oxi-
dised by air, it was standardised immediately prior to use,
by titration against a dye of known strength. With a knowl-
edge of chemical structure, percentage fixation (%F) and
effective agent content (%FEA) of each dye, it was possible
to determine the molar concentration of “pure” dye fixed
to the cotton (Kawabata & Taylor, 2004); details are listed
in Table 2.

The three Procion dyes are large disazo polysulphonated
derivatives. Procion Red H-E3B and Procion Navy H-ER
each contain six sulphonic acid groups per molecule and
Procion Yellow H-E4R is an octasulphonated dye, see

Table 2
Percentage fixation and concentration of anionic residues on dyed cotton
Dye % Applied®  [Fixed pure dyel®  [SO;Na[
Procion Yellow H-E4R 1 1.5 12.1

2 2.7 21.8

4 5.1 41.0

6 7.1 56.9

9 9.2 74.0
Procion Red H-E3B 1 2.0 12.2

2 3.7 22.3

4 7.1 42.4

6 9.1 54.4

9 11.5 69.0
Procion Navy H-ER 1 3.0 18.1

2 5.8 34.9

4 10.5 63.2

6 13.5 80.8

9 17.5 105.2

# Dye applied, g/100 g cotton.

® Dye fixed to cotton (mmol/kg cotton).

¢ Concentration of fixed sulphonic acid groups (milliequivalents of
SO, /kg cotton).
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reference (Kawabata & Taylor, 2004) for the chemical
structures. The concentrations of fixed sulphonate groups,
in milliequivalents of sulphonate per kg cotton (milliequiv-
alents of SO, /kg cotton), are listed in Table 2. For exam-
ple, the fixation of Procion Yellow H-E4R was 47.2%
(Kawabata & Taylor, 2004). This means 10g of dye
applied per kg cotton (for 1% dye o.m.f. dyeing) equates
to 4.72 g dye fixed per kg cotton. Because the effective
agent content of this dye was 58.9% and the molecular
weight is 1840, this equates to 1.5 millimoles of fixed dye
per kg cotton, or 12.1 mequiv SO, /kg cotton. Similarly,
the concentration of fixed sulphonate is 41.0 mequiv
SO, /kg cotton at 4% dye o.m.f., and 73.9 mequiv SO,/
kg cotton at 9% dye o.m.f. for Procion Yellow H-E4R.

Increasing the concentration of fixed dye was accompa-
nied by a corresponding increase in fixed sulphonate group
concentration. Therefore, PHMB uptake would be expect-
ed to increase in line with increasing concentration of fixed
dye, if attachment of PHMB is by ion—ion bonding to the
sulphonate groups of fixed dye.

3.2. Attachment of PHMB to dyed and un-dyed cotton
fabrics

Pieces of un-dyed cotton were immersed in different
strengths of aqueous solutions of PHMB hydrochloride
(100 g) to give a liquor-to-goods ratio of 20:1 (Kawabata
& Taylor, 2004). The absorption of PHMB on cotton
was assessed spectrophotometrically by measuring the opti-
cal absorbance of each PHMB solution before and after
addition of cotton. The optical density of each PHMB
hydrochloride solution was recorded at 236 nm (Apax)-
From the difference in absorbance before (Abs;) and after
(Abs,) addition of cotton, it was possible to calculate the
percentage uptake of PHMB onto cotton (%S), Eq. (1).

(Abs; — Absy)
§ =2 2R
% Absi

Uptake of PHMB on un-dyed cotton is the result of ion—
ion interaction between cationic PHMB and anionic car-
boxylate groups on cotton (Avecia, 2000; Payne et al.,
2005). Cotton takes up PHMB readily until all the avail-
able anionic carboxylate sites are occupied by cationic
PHMB, after which little further uptake of PHMB is
observed.

It is reasonable to expect that, in the case of cotton dyed
with reactive dyes, cationic PHMB would be adsorbed
onto the anionic sulphonate sites of covalently fixed reac-
tive dyes, as well as onto the carboxylate groups present
on cotton as depicted in Fig. 3.

% 100 (1)

Cotton-COO Na’

+ PHMB'CIT =—— Cotton-COO PHMB"

Table 3
Percentage uptake of PHMB by un-dyed cotton against various concen-
trations of PHMB hydrochloride

Sample Concentration of PHMB applied % Uptake of PHMB
(% PHMB o.m.f.)
(a) 0.00 0.0
(b) 0.08 100.0
(¢ 0.16 100.0
(d) 0.31 98.5
(e) 0.65 93.4
(f) 1.44 453
() 2.60 29.7

Several other workers have used a similar methodology
to study the uptake of solute on different fibres (Balmforth,
Bowers, & Guion, 1964; Chang & Juang, 2004; Chairat,
Rattanaphani, Bremner, & Rattanaphani, 2005; Xin,
Zhu, Hua, & Shen, 2002). It was possible to describe the
adsorption of PHMB by cotton mathematically, for exam-
ple using the Langmuir adsorption isotherm model which
allowed the calculation of the saturation value of PHMB
on dyed and un-dyed cotton (AATCC, 2000; Bae et al.,
1997; Balmforth et al., 1964; Burdett, 1989; Chang &
Juang, 2004; Chairat et al., 2005; Christie et al., 2000;
Davidson, 1948; Giles & Grezek, 1962; Hyde, 2004; Kawa-
bata & Taylor, 2006; Knecht & Hibbert, 1925; Klemm
et al., 1998; Lawson, 2001; McGregor, 1972; McGregor
& Ezuddin, 1974; Venkataraman, 1952; Venkataraman,
1977; Xin et al., 2002). These values were compared with
the saturation values obtained by simple manual
extrapolation.

Table 3 lists PHMB adsorption on un-dyed cotton as
determined by immersing pieces of cotton into separate
aqueous solutions of PHMB hydrochloride (see Table 1).
At low concentrations (0.08% and 0.16% PHMB o.m.f.),
PHMB was cotton (100% uptake); thus the Langmuir
isotherm equation was evaluated using only data from
stronger solutions, in which some PHMB remained in
solution.

The saturation value (of PHMB by cotton) was thus
determined as ca. 7.2 g PHMB/kg cotton, which was in
good agreement with that of manual extrapolation, 7.7 g
of PHMB/kg cotton, as shown in Fig. 4. For expediency,
manual extrapolation was used for all subsequent determi-
nations. This equates to 41.8 (7.7/184 x 1000) mequiv of
monomeric biguanide/kg cotton. Additionally, knowing
that the concentration of carboxylic acid groups was
42.8 mequiv COO~/kg cotton (see (Kawabata & Taylor,
2004)), it was possible to deduce that each carboxylate unit

+Na'+ ClI’
(ion-ion bond)

Cotton-Dye-50; Na' + PHMB'CIT == Cotton-Dye-SO; PHMB*+ Na'+ CI”

(ion-ion bond)

Fig. 3. Uptake of PHMB by un-dyed and dyed cotton.
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Fig. 4. Comparison of the adsorption
experimental values.

was associated with 0.99 (41.8/42.8) equivalents of bigua-
nide unit, or essentially, 0.09 (0.99/11) equivalents of poly-
meric PHMB, per carboxylate group on cotton.

3.3. Assessment of bacterial growth

Initially, the bacterial growth on each of three samples
of cotton, which had neither been dyed nor treated with
PHMB, was confirmed. The growth of S. aureus on cotton
was categorised depending on whether a “zone of inhibi-
tion” of bacteria was observed on the agar gel or whether
“growth” was observed only on cotton. The visual bacterial
growth levels on the agar plates are illustrated in Fig. 5. A
“zone of inhibition” of bacteria on the agar slope indicated
that biocide had been eluted from the cotton into the agar,
Fig. 5(—1).

The bacterial growth on cotton was further subdivided
into four subgroups, by strength of the growth. These were

of PHMB on cotton by manually extrapolated value and Langmuir isotherm equation together with the

“no growth”, Fig. 5(0), “low growth”, Fig. 5(1), “moderate
growth”, Fig. 5(2) and “‘heavy growth”, Fig. 5(3) as assessed
visually.

Ideally no bacterial growth should be observed on the
fabric (Hyde, 2004). Thus a “no growth” category repre-
sents “ideal” antibacterial efficacy; that is, no bacteriocide
elutes into the bulk of the agar but no bacterial growth is
observed on the cotton.

Fig. 6 depicts the magnitude of bacterial growth, this
could be conveniently displayed in a bar chart. The scale
of the bacterial growth was recorded as a numerical value,
—1,0, 1, 2 or 3, representing the extent of bacterial growth.
A value of 0 (zero) indicated “no growth” of bacteria, cor-
responding to “ideal” antibacterial performance. The
numerical values 1, 2 and 3 corresponded to “low growth”,
“moderate growth” and “heavy growth”. Although the size
of a “zome of inhibition” of bacteria varied, all such results
were rated at “—1”” without further sub-categorisation.

(1) (0) M @ @)

Q)

observed on agar plate.

only on the agar, not on cotton.

“zone of Inhibition” of bacteria, PHMB leached from fabric and zone of inhibition

“no growth” of bacteria, PHMB does not leach from fabric and bacterial growth observed

“low growth’ of bacteria, weak bacterial growth observed on cotton only at sites lowest

concentration of streaked inoculum (first and second streaks).

and third streake of inoculum).

inoculum.

“moderate growth” of bacteria, slightly stronger bacterial growth on cotton (first, second

“heavy growth’ of bacteria, bacterial growth observed on cotton at every site of

Fig. 5. Determination of bacterial growth.
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Bacterial growth level

zone of no low moderate heavy
inhibition growth growth growth growth

Fig. 6. Graphical representation of bacterial growth.

Because of the lack of colour contrast between cotton
and the growth of S. aureus some bacterial growth on dyed
cotton plates proved difficult to assess. In addition, it is
possible that, because of the opacity of the cotton, weak
bacterial growth occurred on the side of cotton that was
in contact with the agar without appearing on the topside
of the cotton. Thus, some cotton samples were carefully
removed from the agar plates using tweezers, and the bac-
terial growth assessed on the surface of cotton which had
been in contact with the agar. Moreover, if assignment of
a rating for bacterial growth proved difficult, for example,
between “no growth” and “low growth”, the plates were
kept at room temperature overnight and assessed again.
By prolonging the period that the cotton was in contact
with the agar the growth became much clearer and visual
assessment was facilitated.

4. Determination of antibacterial activity of PHMB on un-
dyed cotton

Seven pieces of un-dyed cotton which had been treated
with increasing concentrations of PHMB were assigned
the letters (a) to (g), Fig. 7, with sample (a) possessing no
PHMB. Having chosen a simple system for designating
each piece of cotton, the variations in antibacterial efficacy,
with increasing concentration of adsorbed PHMB, were
depicted graphically as shown in Fig. 7.

By plotting bacterial growth against concentration of
PHMB it was possible to determine the approximate
concentration of PHMB required for ‘“ideal” activity;
that is, complete inhibition of bacterial growth on cot-
ton, but with no elution of PHMB into the agar (to form
a zone of inhibition): this was 0.8 g of PHMB/kg of un-
dyed fabric (b). The ‘ideal” antibacterial activity is
thought to have been achieved as a result of PHMB
release, by dissociation of the weak ion—ion links
between cationic PHMB and anionic carboxylate groups
on un-dyed cotton (Avecia, 2000).

Knowing the molecular weight of each biguanide unit
and the concentration of PHMB required for “ideal” anti-
bacterial activity it was possible to determine the molar

Undyed Cotton

3 r 4 30 =
S
3 3
2 2} 4 20
2 089 2
< =)
£ PHMB/kg 2
% 1k cotton 110 E
S L 5
8 o
T U U U H U '
m o
-1
@ @® @© o e O ©

Fabric sample number

Fig. 7. Uptake and antibacterial activity of PHMB on un-dyed cotton.
The solid lines represent the concentration of PHMB and the bars
represent the level of bacterial growth; —1, zone of inhibition; 0, no
growth; 1, low growth; 2, moderate growth and 3, heavy growth of
bacteria.

concentration of PHMB required per mole of carboxylic
acid group present on cotton. The “ideal” performance
of un-dyed cotton was recorded at 0.11 equivalent of
biguanide per carboxylate group. Increasing the amount
of PHMB adsorbed onto un-dyed cotton resulted in migra-
tion of PHMB from the fabric and a ““zone of inhibition” of
bacterial growth was observed in the agar (assigned rating:
—1) for each of samples (c) to (g).

5. Antibacterial efficacy of PHMB on dyed cotton

It has been demonstrated earlier (Table 2) that the pres-
ence of covalently bound bis(monochlorotriazinyl) dye on
cotton increases dramatically the capacity of the cotton
to take up PHMB. This was attributed to the fact that
the dyed cotton effectively possesses more anionic (sulpho-
nate) groups than un-dyed cotton, and these are capable of
forming additional ion-ion linkages with the cationic
PHMB.

Having demonstrated that the presence of reactive dyes
influences the magnitude of the uptake of PHMB by cot-
ton, an attempt was made to determine whether the pres-
ence of covalently bound dye also influences the
antibacterial efficacy of the bound PHMB. This might be
expected because the sulphonate groups would form stron-
ger ion—ion linkages, with the PHMB, than would the car-
boxylate groups present in cotton (March, 1992). Cationic
PHMB is capable of forming ion—ion linkages with the
anionic sulphonate groups of reactive dyes, which are cova-
lently bonded with cotton, as well as with carboxylate
groups present on cotton. It would be expected that stron-
ger ion—ion bonding of PHMB, with sulphonate groups of
fixed dye, might lead to reduced dissociation of PHMB and
thus reduced antibacterial efficacy of PHMB, if dissocia-
tion of bound PHMB is indeed a pre-requisite for effective
antibacterial activity.
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Therefore, the antibacterial activity of PHMB treated
cotton, which had been dyed with Procion Yellow H-
E4R, Procion Red H-E3B or Procion Navy H-ER, was
assessed. A similar protocol to that used for un-dyed cot-
ton was employed.

Fig. 8 illustrates the antibacterial efficacy of PHMB on
un-dyed cotton and cotton dyed with Procion Yellow H-
E4R, at 1%, 2%, 4%, 6% and 9% dye o.m.f. Bacterial

A Undyed Cotton
3+t 430
g 0.8g §
£ 2 PHMB/kg 120 8
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@
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C 2% dye applied o.m.f.
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‘
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growth on dyed cotton, untreated with PHMB (fabric sam-
ple (a) in each graph), was observed to have “low growth”
of bacteria at 1% and 2% dye o.m.f., “moderate growth” of
bacteria at 4% dye o.m.f., and “heavy growth” of bacteria
at 6% and 9% dye o.m.f. This indicated that fixed Procion
Yellow H-E4R itself possessed no antibacterial activity.
As increasing quantities of PHMB were applied to dyed
cotton, antibacterial activity was observed and the amount

B 1% dye applied o.m.f.
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> ]
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of PHMB adsorbed increased with increasing dye concen-
tration. At 1% dye o.m.f., “no growth” of bacteria (rated
0 value on the bar chart) was observed at 09 g of
PHMB/kg cotton on fabric sample (b), Fig. 8B. In the case
of 2% Procion Yellow H-E4R o.m.f., “ideal” antibacterial
activity was observed at each of three concentrations of
absorbed PHMB, at 0.9, 1.7 and 3.5 g of PHMB/kg cotton
Fig. 8C. It is interesting to note that at 2% dye o.m.f., “no
growth” of bacteria was observed in the agar even at a
loading of 3.5 g of PHMB/kg cotton. That is, the fixed
dye appeared to prevent leaching of PHMB into the agar.
Similarly, the “ideal” antibacterial activity on cotton dyed
with 4% dye o.m.f. was increased to 5.8 g of PHMB/kg cot-
ton. “Ideal” activities were observed at 10.3 and 12.1 g of
PHMB/kg cotton dyed with 6% and 9% Procion Yellow
H-E4R o.m.f., respectively. Increasing the concentration
of PHMB on the dyed cotton above the “ideal” level, at
each concentration of applied dye, resulted in leaching of
PHMB into the agar and a “zone of inhibition” of bacterial
growth.

Un-dyed cotton showed ‘““ideal” antibacterial activity at
0.8 g of PHMB/kg cotton. That is, the antibacterial efficacy
of PHMB was greater on un-dyed cotton than on dyed cot-
ton. From inspection of Fig. 8, it can be seen that the “ide-
al” concentration of PHMB increases with increasing
concentration of fixed dye. This is consistent with PHMB
forming ion-ion linkages with fixed sulphonate groups.
Thus at 0%, 1%, 2%, 4%, 6% and 9% dye o.m.f. the “ideal”
concentration of PHMB were 0.8, 0.9, 0.9-3.5, 5.8, 10.3
and 12.1 g of PHMB/kg cotton, respectively. This observa-
tion is consistent with fixed dye impeding the release of free
PHMB, the active antibacterial agent. Thus, the concentra-
tion of adsorbed PHMB for “ideal” antibacterial activity
on dyed cotton increased with increasing concentration of
fixed dye.

Fig. 9 depicts the antibacterial efficacy of PHMB on cot-
ton dyed with Procion Red H-E3B. Again, in absence of
PHMB [fabric sample (a)], all displayed moderate to heavy
bacterial growth, indicating that Procion Red H-E3B itself
exhibits little or no antibacterial action. When insufficient
amounts of PHMB were adsorbed on the dyed fabrics, this
resulted in reduced bacterial growth. If the dyed cotton was
overloaded with PHMB, undesirable leaching of PHMB
from the cotton, took place and a “zone of inhibition” of
bacteria was observed on the agar plate. At the lowest lev-
els of added PHMB [fabric sample (b)], “ideal” antibacte-
rial activity was observed on cotton dyed with 1% dye
om.f., (see Fig. 9B). Increasing the dye concentration
resulted in more PHMB being required for “ideal” perfor-
mance. Increasing the concentration of PHMB beyond
this, on any sample, resulted in a “zone of inhibition” of
bacterial growth in the agar.

In the case of cotton dyed at 2% dye o.m.f., “ideal” anti-
bacterial performance, corresponding to “no growth” of
bacteria with a numerical value of zero on the bar chart,
was not observed with any of the six pieces of PHMB treat-
ed cotton. The bacterial growth of the fabric sample (d)

was rated at “low growth” at 3.5 g of PHMB/kg cotton
and fabric sample (e) showed a “zome of inhibition” at
6.8 g of PHMB/kg cotton. Thus, the “ideal” concentration
of PHMB for 2% of Procion Red H-E3B o.m.f was taken
as the average of 5.1 g of PHMB/kg cotton.

Increasing the concentration of fixed dye on cotton
resulted in lower antibacterial activity of PHMB. This
was indicated by an increasing concentration of PHMB
being required to produce “ideal” antibacterial activity.
Thus, the concentrations of PHMB required for “ideal”
activity on un-dyed cotton, and cotton dyed with 1%,
2%, 4%, 6% and 9% dye o.m.f., were 0.9-1.7, 3.5-6.8,
8.7, 10.7 and 8.5-11.5 g of PHMB/kg cotton, respectively.
That is, as was the case with Procion Yellow H-E4R,
increasing amounts of fixed dye reduced the antibacterial
efficacy of PHMB on cotton.

As with cotton which had been dyed with Procion Yel-
low H-E4R (Fig. 8) or Procion Red H-E3B (Fig. 9), the
inhibition of bacterial growth by PHMB was reduced on
cotton dyed with Procion Navy H-ER, relative to un-dyed
cotton (Fig. 10). Generally, the greater the concentration of
fixed dye, the greater was the concentration of adsorbed
PHMB required for “ideal” antibacterial activity. As with
Procion Yellow H-E4R and Procion Red H-E3B dyed cot-
ton, the amount of PHMB required for ““ideal” activity
increased with increasing concentration of fixed dye. Thus,
“ideal” activity was observed at 0.8, 4.5, 6.8, 11.5, 14.7 and
12.7-20.4 ¢ of PHMB/kg on un-dyed cotton and cotton
dyed with OOA), 1%), 2%), 40/0, 6% and 9% dye o.m.f.,
respectively.

“Ideal” antibacterial performance of Procion Navy H-
ER at 1%, 2% and 4% dye o.m.f. was not observed on
any of the six pieces of PHMB treated cotton. Taking
the average value of the PHMB concentration between
adjusted +1 (“low growth” of bacteria) and —1 (“zone
of inhibition” of bacteria) for antibacterial effect furnished
an approximate value of the ‘‘ideal” concentration of
adsorbed PHMB in these cases. Thus, in the case of Pro-
cion Navy H-ER at 1% dye o.m.f., the “ideal” concentra-
tion of PHMB was taken as the average of 3.1 and 5.8 g
of PHMB/kg cotton, that is 4.5 g of PHMB/kg cotton.
Similarly, for 2% and 4% dye o.m.f., the corresponding
values were determined as 6.8 and 11.5g of PHMB/kg
cotton, respectively. “Ideal” antibacterial activity was
found to be 14.7g of PHMB/kg cotton at 6% dye
o.m.f. and in the range 12.7 and 20.4 ¢ of PHMB/kg cot-
ton at 9% dye o.m.f. dyeing. As before, increasing the
concentration of fixed dye on cotton resulted in reduced
antibacterial activity of PHMB. Thus, more PHMB was
required for “ideal” antibacterial efficacy on dyed cotton;
this increased with the concentration of fixed dye on
cotton.

Having determined that the variation in the concentra-
tion of PHMB required for “ideal” antibacterial activity
on dyed cotton was consistent with chemical attachment
of PHMB to the sulphonate groups present, in covalently
bound dyes, attention was directed to a comparison of
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the effect, on antibacterial activity of PHMB, of varying the
dye. Due to ion-ion bonding between the anionic
sulphonate groups and cationic PHMB, it is reasonable
to expect that the concentration of PHMB for “ideal” anti-
bacterial activity on dyed cotton would be related to the
concentration of a given fixed dye. In this section, the var-
iation in “ideal” antibacterial activity of PHMB against the

concentration of fixed dye, and thereby sulphonate group
concentration, is discussed.

A comparison of the PHMB concentration required
for “ideal” antibacterial activity plotted against concen-
tration of fixed Procion Yellow H-E4R is displayed in
Fig. 11A. This indicated, broadly, that the concentration
of PHMB required for ‘“ideal” antibacterial activity
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increased with increasing concentration of fixed dye on
cotton. This was attributed to the increasing concentra-
tion of sulphonate groups present which effectively
reduced the antibacterial efficacy of PHMB, because of
strong ion-ion bonding between anionic sulphonate
groups and cationic PHMB, impeding the release of
PHMB.

A similar trend was noted for the other two dyes, Pro-
cion Red H-E3B (Fig. 11B) and Procion Navy H-ER
(Fig. 11C). In each case, the presence of increasing quanti-
ties of fixed dye required more PHMB for ““ideal” antibac-
terial activity. It can be seen in Figs. 11A-C, that almost
linear relationships exact between ‘“ideal” PHMB
concentration and sulphonate groups concentration with
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a correlation coefficients, R>, values of 0.86, 0.87 and 0.88,
respectively.

However, it can be seen from Fig. 11A, that for 2% Pro-
cion Yellow H-E4R the “ideal” PHMB activity was
observed at three different concentrations 4.8, 9.3 and
19.1 mequiv of monomeric biguanide units/kg cotton. If
the first and second of these values are discarded the result-
ing R* value increases to 0.95, (Fig. 11D), indicating an
almost straight line relationship between PHMB concen-
tration for “ideal” activity and concentration of bound
dye, or sulphonate group.

A similar situation obtained in the cases of cotton dyed
with Procion Red H-E3B and Procion Navy H-ER. In the
case of the former, a good straight line relationship was
observed between the concentration of PHMB for ““ideal”
activity and the concentration of fixed sulphonate groups,
Fig. 11E, with an R? value of 0.97. In the case of Procion
Navy H-ER if appropriate single points are selected for
“ideal” PHMB concentration, R* rises to 0.99, Fig. 11F.
Thus, in the case of each of the three Procion H-E dyes
there is a clear linear relationship between the concentra-
tion of PHMB required for ““ideal” antibacterial activity
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and the concentration of fixed sulphonate groups. There is
however, a difference in the slope of each of these lines, sug-
gesting the concentration of sulphonate groups is not the
sole determinant of antibacterial activity.

In order to understand the above results it is necessary
also to consider the mode of antibacterial activity of
poly(hexamethylene biguanide) hydrochloride, PHMB.
This is a broad spectrum cationic antibacterial agent which
is effective against both Gram-positive and Gram-negative
bacteria (Payne & Kudner, 1996). It can readily be applied
to cotton by several application methods such as padding,
spraying and exhaustion (Avecia, 2000).

The outermost layer of bacterial cells invariably has a
net negative charge, which is often stabilised by the pres-
ence of divalent cations, e.g., Mg®>" and Ca®" (Gilbert &
Moore, 2005). The teichoic acid and polysaccharide ele-
ments of Gram-positive bacteria, the lipopolysaccharide
of Gram-negative bacteria, and the cytoplasmic membrane
are associated with these cations (Gilbert & Moore, 2005).
PHMB is attracted to these anionic sites via electrostatic
interaction, for example with lipoteichoic acid, which is
linked to the peptidoglycan layer and membrane, Fig. 12.

It has been reported (Davies & Field, 1969; Davies,
Bentley, & Field, 1968; Rosin et al., 2002) that the target
site for PHMB antibacterial activity is the cytoplasmic
membrane of microbes. The cytoplasmic membranes are
composed primarily of protein, such as neutral and acidic
phosphatidylglycerol (PG) (Gilbert & Moore, 2005). They
are embedded within a lipid matrix approximating to a
bilayer and stabilized by divalent cations such as Ca*>" (Gil-
bert & Moore, 2005). Cationic antimicrobials interact ini-
tially with the membrane by displacing the divalent

o
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Fig. 12. Chemical attraction between lipoteichoic acid and PHMB
(Mathews et al., 2000).

cations (Gilbert & Moore, 2005). The interaction of PHMB
with phospholipids in the cytoplasm membrane of bacteria
has been studied by several workers (Davies & Field, 1969;
Davies et al., 1968; Gilbert, Pemberton, & Wilkinson, 1990;
Gilbert, Das, Jones, & Allison, 2001; Ikeda, Tazuke, &
Watanabe, 1983; Rosin et al., 2002). Additionally PHMB
has been shown to interact strongly with nucleic acids
(Allen, Morby, & White, 2004). In both cases, cationic
PHMB forms ion-ion linkages with anionic monophos-
phate groups present in the bacterial cell wall or in nucleic
acids (Allen et al., 2004). Tkeda et al. (Ikeda, Ledwith,
Bamford, & Hann, 1984) found that derivatives such as
cationic PHMB are capable of interacting strongly with
anionic surfaces, while the hydrophobic segments in their
structure interact with the membrane interior.

In the case of S. aureus, acidic phosphatidylglycerol
(PG) constitutes 37% of total lipids (Rosin et al., 2002)
and, thus, interaction of PHMB with this can damage the
cell wall leading eventually to its cleavage; this is depicted
in Fig. 13.

The interaction of PHMB with a bacterial cytoplasmic
membrane is illustrated in Fig. 14. The cytoplasmic mem-
brane is stabilised by the presence of divalent cations,
e.g., Ca*" (Fig. 14a). Polycationic PHMB can displace
the surface cations (Fig. 14b), inducing changes to the
structure of the phospholipids phase (Fig. 14¢), the surface
charge of the phospholipids phase is neutralised (Avecia,
2002) and the cytoplasmic membrane is disrupted (Mail-
lard, 2002) (Fig. 14d). It has been reported that such elec-
trostatic attraction of PHMB is rapid, reaching stable
equilibrium within five minutes (Avecia, 2002).

The mode of the action of PHMB thus depends on the
relative abundance of acidic phospholipids in the cytoplas-
mic membrane (Avecia, 2002), inducing a phospholipid
phase separation in the cytoplasmic membrane (Fig. 4c).
This separation affects the concentrations of proteins essen-
tial for the cell composition. This causes an increase of the
permeability of the membrane with an efflux of the potas-
sium ions (K ™), which surround the protein. As the result,
the enzyme function of bacteria is lost (Avecia, 2002).

When up to 40% of loss of K* has occurred, PHMB is
categorised as bacteriostatic, because bacterial cells can still

R=n.C,;Hss

Fig. 13. Chemical attraction of PHMB to acidic phosphatidylglycerol
(PG) (Tortora et al., 2002).
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and leading to a loss of the membrane function (diagram was adapted from Gilbert and Moore (2005)).

survive such loss (Avecia, 2002). At higher percentage loss
of K", PHMB is categorised as bacteriocidal. Also the
extent of membrane disruption is related to the increasing
level of polymerisation of biguanide (Broxton, Woodcock,
& Gilbert, 1983); increasing the degree of polymerisation of
PHMB increases its bactericidal efficacy (Broxton et al.,
1983).

Although Gram-positive S. aureus was employed in this
study, the crucial step in antibacterial action, involving
electrostatic interaction of the cationic PHMB with the
anionic cytoplasmic membrane, is common to both
Gram-positive and Gram-negative bacteria (Gilbert &
Moore, 2005; Paulus, 1993).

The biocidal action of PHMB is believed to involve
interaction with anionic phosphate groups via ion—ion link-
ages (Gilbert & Moore, 2005). Thus PHMB bound to cot-
ton, via ion—ion linkages with carboxylate groups, would
be expected to undergo partial dissociation in an aqueous
medium followed by rapid ion-ion bond formation with
monophosphate groups present in the cytoplasmic mem-
brane. For PHMB on un-dyed cotton such an equilibrium
would be expected to favour ion—ion binding, of the cation-
ic PHMB to the anion of the stronger, monophosphate
acid [pKa ca. 12-1.7 (Williams, 2005)] over

ion-ion bonding to weaker carboxylic acid groups, pKa
4-5 (March, 1992), on un-dyed cotton. In contrast, on cot-
ton dyed with reactive dyes such an equilibrium would be
expected to lie in favour of PHMB binding more strongly
to the sulphonate groups (pKa Ar-SOs;H is ca. —6.5)
(March, 1992), thus reducing its antibacterial efficacy.

6. Conclusions

The antibacterial efficacy of PHMB on cotton dyed with
a range of bis(monochlorotriazinyl) reactive dyes was
determined by the AATCC 147 test method, using S. aure-
us (AATCC, 2000).

As increasing quantities of PHMB were applied to cot-
ton, dyed or un-dyed, bacterial growth on the cotton
reduced until, at the ‘““ideal” concentration of applied
PHMB, no growth was observed on the cotton and no inhi-
bition of growth was detected in the adjacent agar. At even
heavier loading of PHMB leaching of agent into the agar
was observed.

The ““ideal” concentration of PHMB increased linearly
with the concentration of a fixed dye, and thereby of sulph-
onate groups present. More PHMB was needed to confer
“ideal” activity on cotton dyed with Procion Yellow
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H-E4R, an octa-sulphonate, than on cotton possessing
equimolar concentration of fixed Procion Red H-E3B or
Procion Navy H-ER, both hexa-sulphonates.

These observations are consistent with ion—ion bond
formation between cationic PHMB, and anionic carboxyl-
ate on un-dyed cotton, and anionic sulphonate and/or car-
boxylate on dyed cotton with antibacterial action
dependent on dissociation to release free PHMB, followed
by interaction with the bacterial cell wall.
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