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Differential scanning calorimetry (DSC) and fluorescence polarization methods have been used to study the 
interactions between phospholipid membranes and a polymeric biocide, poly(hexamethylene biguanide 
hydrochloride) (PHMB). It was found that PHMB had very little effect on neutral lipids such as 
phosphatidyicholine (PC) and phosphatidylethanolamine (PE), whereas it greatly reduced the phase transition 
temperature of phosphatidylglycerol (PG), an acidic lipid found in bacteria. Although the corresponding 
monomeric biocide had a similar effect on the PG bilayer, the behaviour towards mixed lipid bilayers of PC 
and PG has been shown to be completely different for the polymeric and monomeric biocides: viz. the former 
can induce isothermal phase separation into a PHMB-PG complex domain and a PC-enriched domain, whilst 
the latter cannot. This may account for the great difference in bactericidal activity between them. It is 
suggested that PHMB interacts primarily with negatively charged species in the membranes, inducing 
aggregation of acidic lipids in the vicinity of the adsorption site, where higher fluidity and higher permeability 
are expected. The results have shown that two factors might be crucial in the cidal activity of such types of 
cationic disinfectants as biguanides: phase separation and interaction with the hydrocarbon interior of the 
membranes. Polymeric biocides could be particularly effective by virtue of their ability to combine 
hydrophobic character and multiple charges within a single molecule. 
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ethanolamine; egg PG, phosphatidylglycerol prepared from egg 
PC; PA, phosphatidic acid; PHMB, poly(hexamethylene bi- 
guanide hydrochloride); DAHB, diaminohexyl biguanide; 
DAH, 1,6-diaminohexane; DPH, 1,6-diphenyl-l,3,5-hexatriene; 
DSC, differential scanning calorimeter; t m, transition temper- 
ature (maximum peak height); P, degree of fluorescence polari- 
zation. 

Introduction 

Since the early work of Rose and co-workers 
[1,2] biguanides have been widely used as antimi- 
crobial agents. Among them, chlorhexidine, a bi- 
sbiguanide, has been one of the best and most 
popular antibacterial agents owing to its broad 
spectrum of activity and low mammalian toxicity. 
The bactericidal activity of chlorhexidine has been 
shown to be much greater than that of monomeric 
biguanides [3]. This fact has stimulated the devel- 
opment of poly(hexamethylene biguanide hydro- 
chloride) (PHMB) [3,4]; bacteriological studies 
have revealed that PHMB is more active than its 
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corresponding monomer (DAHB) and dimer 
against a wide range of bacteria. 

~ ( C H  2 )6 NH CNH CNH (HC1)]. n = approx. 5 
II II 
NH NH 

poly(hexamethylenebiguanide hydrochloride) (PHMB) 

H2N(CHz)6NHCNH CNH (CH 2 )6NH2.3HCI 
I1 II 
NH NH 

diaminohexyl biguanide hydrochloride (DAHB) 

Although synthetic polymers have long been 
used as structural replacements for damaged or 
diseased human bones and tissues, it is only re- 
cently that synthetic polymers with biological ac- 
tivity have received attention. Polymeric drugs are 
expected to show advantages in terms of localiza- 
tion in specific organs or tissues, reduced toxicity 
and increased duration of action [5,6]. However, 
very few examples with adequate biological activ- 
ity have so far been discovered [6,7]. This is partly 
because bioactive groups often lose their activity 
when incorporated into a polymer. PHMB is one 
of the very few examples that has been success- 
fully used in practice. It has a broad spectrum of 
antibacterial activity against both Gram-positive 
and Gram-negative bacteria, high kill rates and 
low mammalian toxicity as in the case of chlor- 
hexidine. However, little is known about the de- 
tails of its mode of action, particularly at molecu- 
lar level. Hugo and co-workers [8,9] found that 
chlorhexidine causes disruption of the cytoplasmic 
membranes of bacteria, followed by the immediate 
release of the cytoplasmic constituents. It was 
proposed that the primary action of chlorhexidine 
was adsorption of the drug onto a surface of the 
bacterial cell, thus causing disorganization of the 
membrane structure leading to consequent leakage 
of the cytoplasmic constituents [8,9]. Later the 
leakage of K + was found to correlate well with the 
kill, the percentage of dead cells ahnost equalling 
the percentage K + loss [10]. Furthermore, Davies 
and coworkers [3,4] observed similarity between 
the modes of action of chlorhexidine and PHMB, 
reporting that both cause precipitation of the cyto- 
plasmic constituents. These early results suggest 
that a crucial step in the bactericidal action of 

PHMB may be disruption of the cytoplasmic 
membranes of bacteria, followed by release of K + 
and cytoplasmic constituents. A similar pattern of 
membrane activity has been observed in PHMB; 
there are, however, significant differences, which 
will be reported elsewhere [11]. 

The molecular nature of the interaction of the 
polymeric biocide with the cytoplasmic membrane 
of bacteria has remained obscure so far. There are 
two possible sites in the cytoplasmic membrane for 
interaction with PHMB: the membrane-bound 
proteins and the phospholipids. Relatively little is 
known about the membrane-bound proteins. On 
the other hand, the phospholipids have been ex- 
tensively studied. It appears that the neutral lipid 
phosphatidylethanolamine (PE) constitutes about 
80% of the total lipids in the cytoplasmic mem- 
brane of Escherichia coli and that the acidic phos- 
pholipid phosphatidylglycerol (PG) and a dimer of 
PG called cardiolipin are each present to the ex- 
tent of 10% [12]. Furthermore, the previous studies 
seem to suggest that biguanide biocides interact 
with the membranes in a non-specific way [10,11], 
so that a study of the interaction between PHMB 
and bacterial phospholipids could be a valid ex- 
perimental approach to elucidation of the mecha- 
nism of action of the biocide at the molecular 
level. We have adopted this approach, but we are 
aware that specific interaction involving the mem- 
brane-bound proteins cannot be excluded. 

It has been recognized that liposomes, self-as- 
sembling bilayer leaflets of phospholipids, serve as 
a good model for the cell membrane since lipid 
bilayers provide a basic structure for biological 
membranes with which the membrane-bound pro- 
teins are associated extrinsically or intrinsically 
[13]. Therefore, liposomes have been widely used 
to study the interaction of local anaesthetics [14], 
proteins and polypeptides [15-19], metal ions [16] 
and a wide range of drugs [20] with biological 
membranes. In the present study, the interaction 
of PHMB with liposomes has been investigated in 
detail by using differential scanning calorimetry 
and fluorescence polarization methods to obtain 
some insight into the mode of action of the poly- 
meric drug at molecular level. Combination of 
these two methods is expected to provide a deeper 
understanding of the mechanism. 



Materials and Methods 

Materials 
Dipalmitoyl-DL-a-phosphatidylcholine (DPPC, 

99%) and dipalmitoyl-DL-a-phosphatidylethanol- 
amine (DPPE, 98%) were obtained from Sigma, 
London. Egg yolk phosphatidylcholine (egg PC), 
egg yolk phosphatidylethanolamine (egg PE) and 
phosphatidylglycerol prepared from egg PC (egg 
PG) were purchased from Lipid Products. The 
purity of these lipids was more than 99%. All the 
lipids were used without further purification. 
PHMB and its corresponding monomer DAHB 
were kindly supplied by Dr. D. Pemberton of ICI, 
U.K. They were supplied as hydrochloride salts; 
PHMB was free from contamination by starting 
materials and DAHB was better than 99% pure. 
1,6-Diphenyl-l,3,5-hexatriene (DPH) was obtained 
from Aldrich and used as received (98%). All other 
chemicals are Analytical Grade. Water was first 
deionized and then distilled. 

Differential scanning calorimetry (DSC) 
Calorimetric experiments were performed on a 

Perkin-Elmer DSC-1B calorimeter normally oper- 
ating at a scan rate of 8 C deg./min.  10 mg of the 
phospholipid in chloroform/methanol  were placed 
in a 3 ml phial and the solvent was removed under 
d r y  N 2 followed by overnight storage in high 
vacuum. 30 #1 of Tris-HC1 buffer (20 mM Tris /100 
mM KC1, pH 7.4)/ethyleneglycol mixture (1:1,  
v /v )  was added to the dried lipid film and then 
the lipid was dispersed by agitating under a N 2 

atmosphere above the phase transition temper- 
ature of the lipid. For example, egg PG was dis- 
persed at room temperature, DPPC at 50°C, DPPE 
at 70°C and DPPC/egg  PG mixture at 50°C. The 
dispersed lipid sample was then transferred to a 
20-/~1 aluminum sample pan and sealed. Additives 
dissolved in the Tris buffer/ethyleneglycol solu- 
tion were incorporated during dispersion. A small 
endothermic peak due to the pretransition of DPPC 
was not observed in the presence of ethyleneglycol. 
The pretransition was clearly seen when only the 
Tris buffer was used as dispersion medium, in 
agreement with a previous report [21]. For each 
sample, at least four scans were performed to 
check reproducibility. The heating curves provide 
more accurate transition temperatures and are 
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shown in this report. Indium (99.9999%) and ben- 
zene (99.9%) were used to calibrate the calorime- 
ter. 

Fluorescence polarization measurements 
The degree of fluorescence polarization (P )  is 

defined by the following equation: 

Ill - -  I ± p = - -  
III + 1 ± 

where III and I .  are the fluorescence intensities 
detected through an analyzer oriented parallel and 
perpendicular, respectively, to the direction of 
polarization of the excitation light. The apparatus 
used in this study has been described elsewhere 
[22]. It enables a direct plot of P against temper- 
ature to be obtained with great reproducibility and 
high S / N  ratio. The sample was stirred magneti- 
cally and its temperature was varied from 0 to 
90°C by means of a water jacket. DPH was used 
as a probe to estimate the fluidity of the hydro- 
carbon region of the bilayer and was excited at 
366 nm [23]. The apparatus was operated at a scan 
rate of less than 1 C deg . /min  both on heating 
and on cooling. We did not try to convert mea- 
sured P values into microviscosities or to derive 
the rate of rotation of the probe molecule [23]. 
Such conversions can be misleading, particularly 
in the absence of data on the emission lifetime. 

Liposome solutions for the fluorescence polari- 
zation experiments were prepared by dispersing 
lipids in Tris-HC1 buffer (20 mM Tris /100 mM 
KCI, pH 7.4), followed by sonication. Lipid films 
containing DPH were prepared by the same proce- 
dure as described for the DSC experiments. The 
final concentrations of the lipids and DPH were 1 
mM and 1.5 /~M, respectively. Sonication was 
performed above the transition temperature of each 
lipid with a MSE probe-type sonicator (150 W); 
the liposome solution was then subjected to ultra- 
centrifugation at 100000 × g for 1 h (MSE Prep- 
spin 50). By this procedure, a completely trans- 
parent liposome solution was obtained, necessary 
for minimising depolarization arising from light 
scattering. Electron microscopy showed that the 
liposomes thus prepared were almost entirely uni- 
lamellar. 
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Results 

Differential scanning calorimetry 
The effect of PHMB on neutral phospholipid 

membranes (PC and PE) was first investigated by 
DSC. DPPC dispersion gave a very sharp endo- 
thermic peak at t m = 44°C on heating (Fig. 2, 
curve e). t m is defined as the temperature at which 
the maximum peak height occurs. This value 
(44°C) is in good agreement with the value 43°C 
previously reported by Boggs and co-workers [17], 
but a little higher than that reported by Thompson 
and coworkers [24]. When 20% (w/w)  PHMB was 
added to the DPPC dispersion and incubated at 
50°C, no significant change in t m or the shape of 
the peak was observed. It is more interesting to 
study the interaction of PHMB with PE bilayers 
since 80% of the phospholipids present in the 
cytoplasmic membrane of E. coli are PE molecules 
as already mentioned. Two types of PE were ex- 
amined by DSC: DPPE and egg PE. The DPPE 
dispersion gave a sharp endothermic peak at t m = 

56°C. However, the thermotropic behaviour of this 
dispersion was not as simple as that of DPPC. The 
DPPE dispersion sometimes gave a second endo- 
thermic peak at t m = 84°C on heating, though on 
cooling it always gave a single peak at t m -- 50°C. 
This is consistent with the view that PE molecules 
are not able to form a stable bilayer by themselves 
[25], and show a metastable phase behaviour [26]. 
When 20% (w/w)  PHMB was added to the DPPE 
dispersion and incubated at 70°C, the t m of the 
main transition was reduced from 56°C to 55°C, 
but no other change was detected. The behaviour 
of egg PE dispersion was less complicated than 
that of the DPPE dispersion. It gave a broad peak 
at t m = 16°C (scan rate at 16 C deg . /min)  since it 
has a variety of acyl chains. Addition of 20% 
(w/w)  PHMB to the egg PE dispersion induced a 
shift in t m to a lower temperature by 2 C degrees, 
but there was no other significant change. 

The solubility of PHMB in water is quite high 
(approx. 40% w/v) ,  so that it may be expected 
that when PHMB is added to a lipid dispersion 
consisting almost entirely of multilamellar lipo- 
somes the interaction of PHMB is restricted to the 
outermost bilayers so that the portion of lipids 
exposed to PHMB is relatively small and the ef- 
fects of PHMB on the lipids in DSC thermograms 

may escape detection. In order to test this possibil- 
ity, lipids were dispersed in Tris b u f f e r /  
ethyleneglycol mixture which already contained 
PHMB. This procedure was expected to produce 
homogeneous distribution of PHMB molecules 
among the aqueous phases inside and outside the 
multilamellar liposomes. Addition of PHMB in 
this way, however, did not cause any change in the 
DSC thermograms. From these results, it can be 
concluded that the effect of PHMB on the bilayers 
of neutral phospholipids such as PC and PE is 
small. 

Fig. 1 shows the effect of PHMB and other 
cations on the thermotropic properties of egg PG, 
which is an acidic phospholipid and is negatively 
charged at physiological pH. As mentioned before, 
PG and its dimer cardiolipin are effectively the 
sole acidic lipid components in the cytoplasmic 
membrane of E. coll. The egg PG dispersion gave a 
broad endothermic peak at t m = - 5 ° C  (curve a). 
As with egg PE, heterogeneity in the composition 
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Fig. 1. Effect of various cations on egg PG membrane, a, none; 
b, 2.5 mg PHMB; c, 2.5 mg DAHB; d, 2.5 mg DAH; e, 0.44 M 
Mg2+; f, 0.44 M Ca 2+. 10 mg of egg PG was dispersed in 30/.tl 
of Tris-HCl buffer/ethyleneglycol mixture (1:1, v/v) at pH 
7.4. 



of the PG acyl chains produces a broad phase 
transition. Addition of 20% (w/w)  PHMB induced 
a large shift of the phase transition to a lower 
temperature ( t  m = - -  1 5 ° C )  (curve b). When PHMB 
was added to the egg PG dispersion, precipitation 
of the lipid was observed. A similar thermogram 
with t m = - 1 5 ° C  was obtained in the presence of 
20% (w/w)  of the monomer DAHB (curve c). 
However, no precipitation was observed when 
DAHB was added to the egg PG dispersion. 1,6- 
Diaminohexane dihydrochloride (DAH)  was 
studied to examine the effect of the amine end- 
groups carried by both PHMB and DAHB. As 
may be seen from curve d, 20% (w/w)  DAH 
shifted the phase transition to a lower tempera- 
ture, but the effect was smaller than those of 
PHMB and DAHB. Addition of DAH did not 
cause any change in appearance of the egg PG 
dispersion. 

a 
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The effect of inorganic divalent cations was also 
studied. Consistent with previous findings [16], 
equimolar quantities of Mg 2+ shifted the t m to 
higher temperature from - 5 ° C  to 5°C (curve e) 
and equimolar quantities of Ca 2+ led to the disap- 
pearance of the endothermic peak (curve f). 

Fig. 2 shows the thermotropic properties of 
DPPC-egg PG mixtures with various composi- 
tions. Curves (a) and (e) refer to pure egg PG and 
DPPC, respectively. Mixtures gave a single endo- 
thermic peak at an intermediate temperature de- 
pending on the proportions of the two lipids. At 
50:50 (w/w)  ( D P P C / e g g  PG), a peak was ob- 
served at t m = 27°C (curve b). Since this system 
(50:50) gave a t m which was well separated from 
those of the pure lipids, it was chosen as a model 
membrane system for the study of the effect of 
cations on the mixed lipid membrane. 

When 17% (w/w)  PHMB was added to the 
D P P C / e g g  PG dispersion, the t m was found to 
shift to a higher temperature from 27°C to 32°C 
and a second endothermic peak appeared at tm-- 
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Fig. 2. Differential scanning calorimetry thermograms on mixed 
lipid membranes of DPPC and egg PG. a, pure egg PG; b, 
50 : 50 (w/w)  D P P C / e g g  PG mixture; c, 65 : 35 (w/w)  D P P C /  
egg PC; mixture; d, 84:16 (w/w)  DP P C / egg  PG mixture; e, 
pure DPPC. All the samples were dispersed in Tris-HCl 
buffer/ethyleneglycol mixture (1:1, v / v )  at pH 7.4 and in- 
cubated at 50°C for 2 h. 
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Fig. 3. Effect of various cations on a mixed lipid membrane of 
DPPC and egg PG (50:50, w/w).  a, 2 mg PHMB; b, 2 mg 
DAHB,  c, 2 mg MgCI2 .6H20;  d, none. 5 mg DPPC and 5 mg 
egg PG were dispersed in 30 #l of Tris-HCl buf fe r /  
ethyleneglycol mixture (1 : 1, w / v )  at pH 7.4. 
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-15 .5°C (Fig. 3, curve a). The new peak clearly 
corresponds to that observed when PHMB is ad- 
ded to the pure egg PG dispersion (Fig. 1, curve 
b). This result is consistent with the view that 
PHMB induces isothermal phase separation of the 
mixture into a PHMB-PG complex domain (tm = 
-15 .5°C)  and a DPPC-enriched domain. From 
the position of the former peak, it appears that 
DPPC molecules are efficiently excluded from the 
PHMB-PG complex domain. When 17% (w/w) 
DAHB was added to the mixture, the t m w a s  

found to shift to a slightly higher temperature, but 
unlike PHMB, DAHB did not produce any new 
peaks (Fig. 3, curve b). A thermogram somewhat 
similar to that found with DAHB was obtained 
when 17% (w/w) MgC12 • 6H20 was added to the 
mixture (Fig. 3, curve c). Thus neither DAHB nor 
Mg 2÷ can induce phase separation in the D P P C /  
egg PG mixture. These experiments with the mix- 
tures of DPPC/egg  PG therefore reveal an out- 
standing property of PHMB, namely that only the 
polyelectrolyte can induce phase separation in the 
mixture. 

Fluorescence polarization measurements 
Pure DPPC liposomes gave a very sharp change 

in P with temperature (Fig. 4, curve a). P is a 
useful indicator of the fluidity of the hydrocarbon 
interior of the bilayer in which the probe (DPH) is 
located [23]. A decrease in P indicates greater 
freedom of rotation of the probe, and higher fluid- 
ity of the hydrocarbon region [23,24]. Therefore 
the abrupt drop in P with temperature in pure 
DPPC liposomes demonstrates that the phase 
transition takes place over a narrow range of tem- 
perature, in good agreement with the DSC results 
(Fig. 2, curve e). The midpoint temperature for the 
change in P can reasonably be correlated with t m 

as measured in DSC thermograms. Pure DPPC 
liposomes gave t m -----40.5°C on heating, somewhat 
lower than that observed in DSC experiments 
( t  m = 44°C). The difference may arise from varia- 
tions in the scan rates employed; the higher scan 
rate (8 C deg. /min)  used for the DSC measure- 
ments is likely to increase the apparent transitior 
temperatures. 

In contrast to DPPC liposomes both egg PG 
(Fig. 4, curve d) and egg PC (Fig. 5, curve c) 
liposomes exhibited a gradual decrease in P with 
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Fig. 4. Fluorescence polarization vs. temperature curves for 
DPPC/egg PG mixed membranes, a, pure DPPC; b, 75:25 
(mol/mol)  DPPC/egg PG mixture; c, 50:50 (mol/mol)  
DPPC/egg PG mixture; d, pure egg PG. The total concentra- 
tion of the lipids was 1 mM in Tris-HC1 buffer at pH 7.4, and 
the solid line indicates a heating curve in each set. Curves e and 
f are theoretical curves calculated from the cooling curves of a 

and d (see Discussion). 

temperature consistent with the broad endother- 
mic peaks observed by DSC. Unfortunately, for 
technical reasons, measurements could not be made 
below 0°C, so that the maximum P values which 
correspond to solidified liposomes were not ob- 
tained in our experiments. Although both lipo- 
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Fig. 5. Effect of PHMB on fluorescence polarization of DPH 
embedded in lipid membranes, a, DPPC; b, DPPC in the 
presence of 200 ~g /ml  PHMB; c, egg PC; d, egg PC in the 
presence of 200 ~ g / m l  PHMB. The concentration of the lipids 
was 1 mM in Tris-HC1 buffer at pH 7.4, and cooling curves are 
shown in all cases. 



somes gave similar curves, the egg PC showed 
higher values of P over the whole range of temper- 
ature examined. 

DPPC/egg  PG mixtures gave intermediate 
curves (Fig. 4, curves b, c). It is clear that as the 
proportion of PG in the mixture increases, the P 
vs. temperature curve approaches monotonically 
that of pure egg PG. In the 50:50 (mol /mol )  
D P P C / P G  mixture, the change in P was smooth 
and the I m was observed as 27°C (curve c). This 
value is close to that obtained from DSC measure- 
ments on the similar system (Fig. 2, curve b). 

The effect of PHMB on the fluiditie~ of various 
liposomes was investigated. Addition of 200 F g / m l  
PHMB to the 1 mM DPPC dispersionlproduced a 
shift in tm to a lower temperature by 1.2 degrees C 
(Fig. 5, curves a, b). No significant change in P for 
the egg PC liposome was observed on adding 200 
F g / m l  PHMB over the whole temperature range 
examined (10-52°C) (Fig. 5, curves c, d). Since the 
egg PC is entirely in the liquid-crystalline state in 
this temperature range, this result is consistent 
with the very small effects observed in DPPC 
above the phase transition temperature, 200/xg/ml  
PHMB caused precipitation of the egg PG, so that 
the fluorescence polarization could not be mea- 
sured in these mixtures. 

Much more interesting phenomena were ob- 
served when PHMB was added to D P P C / e g g  PG 
mixed liposomes. Fig. 6 shows changes in P before 
and after addition of PHMB to the mixture. Curve 
a represents P vs. temperature plots for 50:50 
( m o l / m o l )  D P P C / e g g  PG mixed liposomes in the 
presence of 100 /~g /ml  PHMB: comparison with 
curve c shows that above 27°C PHMB produced 
higher, and below 27°C much lower, values of P. 
(Below 16°C, the solution became irreversibly 
turbid and the P values obtained were not reliable. 
Consequently, PHMB was added at 50°C and the 
solution was cooled.) Curve b shows that the effect 
of 50 /~g/ml PHMB on 50:50 D P P C / e g g  PG 
liposomes is similar. At this concentration of 
PHMB, no change in the appearance of the lipo- 
some solution was observed on cooling to 5°C. 
Liposomes with a different ratio of D P P C / e g g  
PG were also examined. Curve d shows P vs. 
temperature plots for 75:25 (mol /mol )  D P P C /  
egg PG liposomes with 100 /~g /ml  PHMB added. 
Comparison with curve e shows that in this system 
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Fig. 6. Effect of PHMB on fluorescence polarization of DPH 
embedded in mixed lipid membranes of DPPC/egg PG: a, 100 
/~g/ml PHMB in 50:50 (mol/mol) DPPC/egg PG mixture; b, 
50 btg/ml PHMB in 50 : 50 (mol/mol) DPPC/egg PG mixture; 
c, 50:50 (mol/mol) DPPC/egg PG mixture; d, 100 #g/ml 
PHMB in 75 : 25 (mol/mol) DPPC/egg PG mixture; e, 75 : 25 
(mol/mol) DPPC/egg PG mixture. The total concentration of 
the lipids was 1 mM in Tris-HC1 buffer at pH 7.4, and all the 
curves shown are cooling curves. Curve f is a theoretical curve 
(see Discussion). 

also PHMB produces lower values of P at lower 
temperatures, though at higher temperatures no 
significant change in P was observed. In the pres- 
ence of 100 /~g/ml  PHMB, precipitation occurred 
when the solution was cooled below 18°C and 
data for lower temperatures are not shown in the 
figure. 

Discussion 

The results obtained in this study demonstrate 
that the effect of PHMB on negatively charged 
lipid bilayers is very large compared to that on 
neutral lipid bilayers (PC, PE). It can be reasona- 
bly concluded that the target sites for PHMB 
interaction are the negatively charged species in 
the mixed bilayer of neutral and acidic phos- 
pholipids. This is quite reasonable since biguanide 
groups are strong bases, for which p K  1 lies in the 
range of 10.5-11.5 and pK 2 in the range of 2-3  
[27]. Consequently, at physiological pH the bi- 
guanide groups are entirely monoprotonated.  Ac- 
tually biguanide biocides are usually used in the 
form of salts such as chloride (PHMB, DAHB), 
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acetate and gluconate (chlorhexidine). This mono- 
protonated form of biguanides is assumed to be 
responsible for the cidal action of the biocides. 
PHMB, being a polyelectrolyte (polycation), has a 
much higher positive charge density in its vicinity 
than do single electrolytes. Thus the relatively 
strong interaction of PHMB with negatively 
charged species is to be expected. 

The effect of Mg 2÷ observed in the DSC experi- 
ments has been successfully interpreted in terms of 
surface adsorption of the cations with resulting 
partial neutralization of the negative charges of the 
lipids [16]; this has been assumed to produce 
tighter packing of lipid molecules, leading to a 
higher transition temperature [16]. The effect of 
Ca 2+ is not well understood, but is believed to be 
related to the specific effect of Ca 2+ in many 
physiological events such as cell fusion. Compari- 
son of the effects of the organic cations with those 
of the inorganic cations in our experiments has 
clearly demonstrated that hydrophilic cations such 
as Mg 2÷, which are believed to interact only with 
the polar headgroups of the lipids, can raise the 
phase transition temperature, whereas amphi- 
pathic cations such as PHMB and DAHB which 
contain lipophilic moieties in their molecules can 
induce phase transition to occur at lower tempera- 
tures. 

Many studies have been made on the interac- 
tion between phospholipid bilayers and proteins 
which are useful to consider the PHMB-bilayer 
interaction. Papahadjopoulos and co-workers 
[15,16] proposed that interaction between proteins 
and lipid bilayers can be classified into three cate- 
gories; (1) surface adsorption only, (2) surface 
adsorption followed by partial penetration of the 
hydrophobic part into the hydrocarbon interior 
and deformation of the bilayer, (3) complete 
penetration into the bilayer. They found that the 
proteins which belong to category 2 exhibit com- 
mon features: a large shift in the phase transition 
temperature of the lipid bilayer to lower temper- 
atures, a great increase in vesicle permeability and 
a large expansion of acidic phospholipid mono- 
layers at the water/air  interface [15]. In connec- 
tion with our work, two important studies have 
recently been done: (1) Eyres and Brown observed 
that PHMB induced an expansion of PG mono- 
layers at the water/air  interface (Eyres, B.L. and 

Brown, J.A., unpublished results), (2) Walker and 
Jones found that PHMB caused leakage of en- 
trapped molecules from phospholipid liposomes, 
which was ascribed to the disruption of the mem- 
brane (Walker, M. and Jones, M.E.B., unpublished 
results). Our results coupled with these findings 
suggest strongly that PHMB acts quite similarly to 
category 2 proteins. Thus, PHMB is adsorbed onto 
the surface of the PG bilayer, interacting with the 
polar headgroups of the lipids through its bi- 
guanide groups and with the hydrophobic interior 
through the hexamethylene groups linking bi- 
guanide groups. There follows disorganization of 
the PG bilayer, leading to higher fluidity, lateral 
expansion and a higher permeability of the bilayer. 
Our DSC experiments suggest that DAHB may 
interact with the PG bilayer in the same way, 
although there is no supporting evidence available 
from other methods. However, the effect of DAHB 
on the mixed lipid bilayer is completely different 
from that of PHMB. The most remarkable dif- 
ference between PHMB and DAHB is that the 
polymeric biocide can induce phase separation in 
the mixed bilayer of PC and PG, whilst the mono- 
meric one cannot. It is noteworthy that several 
polyelectrolytes reportedly induce isothermal phase 
separation in the mixed lipid bilayers of neutral 
and acidic phospholipids by binding to the acid 
components: polylysine in PA/DPPC [18], cyto- 
chrome c in cardiolipin/steroid and cardiolipin/ 
egg PC/steroid [19] and human myelin basic pro- 
tein in PC/acidic phospholipids [17]. 

The results on fluorescence polarization support 
the conclusion from the DSC measurements that 
PHMB has little effect on neutral lipid mem- 
branes. The observed P vs. Temperature curves for 
DPPC/egg PG mixed liposome systems give evi- 
dence for complete miscibility of DPPC and egg 
PG. According to Weber [28,29], the degree of 
polarization due to several species, each of which 
is emitting light of different polarization, can be 
calculated by the following equation: 

1 1 1 

where f, is the fraction of the total intensity emitted 
by the ith component and therefore bears a direct 



relation to the proportion of the i th component 
present in the solution. In Fig. 4, theoretical curves 
thus calculated for the 50 : 50 DPPC/egg  PG mix- 
ture in which complete phase separation is as- 
sumed are shown. The calculation was done using 
the P values experimentally obtained for pure 
DPPC liposomes (curve a) and pure egg PG lipo- 
somes (curve d). Recently site heterogeneity of 
DPH in lipid bilayers has been reported [30], and 
it therefore seems unrealistic to assume homoge- 
neous distribution of DPH between rigid and fluid 
domains. The DPH molecules would be expected 
to partition preferentially into the most fluid do- 
main available. With this in mind, two cases were 
considered; viz. fDPPC =fPG = 0.5 (curve e), and 
fDPPC = 0 .2 ,  fPG = 0 .8  (curve f). The latter case is 
probably more realistic, but in both the theoretical 
curve is far from the observed curve c. If phase 
separation, even though incomplete, is assumed in 
the mixture of DPPC and egg PG, the observed 
high P values in the temperature range of 10 to 
20°C can by no means be explained. 

On the other hand, the P vs. temperature curves 
observed in the presence of PHMB (Fig. 6), can be 
explained in terms of the induced phase separa- 
tion. The most remarkable effect of PHMB is its 
diminution of P at lower temperatures and in- 
crease of P at higher temperatures. The DSC re- 
sults indicate that the PHMB-PG complex do- 
mains still contain a reduced proportion of PG 
molecules. It has been shown that in the presence 
of 100 g g / m l  PHMB about 75% of the PHMB 
molecules are adsorbed on the PG liposomes. If 
we consider an ideal case where 100 g g / m l  PHMB 
is added to a DPPC (0.5 mM)/egg  PG (0.5 raM) 
mixture and each biguanide group in PHMB binds 
one PG molecule, the induced PHMB-PG complex 
domain contains 0.33 mM PG and the DPPC-en- 
riched domain consists of 0.5 mM DPPC plus 0.17 
mM PG (75% DPPC, 25% PG). A theoretical 
curve can be drawn for this case using P values 
experimentally obtained for the 75 : 25 DPPC/egg  
PG mixture (Fig. 4, curve b) and pure egg PG 
liposomes (Fig. 4, curve d), assuming fPHBM-PG = 

0.33 and fDPPC rich = 0.67. This curve is shown in 
Fig. 6 as curve f. The similarity between the ob- 
served curve in the presence of 100 t tg /ml  PHMB 
(Fig. 6, curve a) and the theoretical curve is evi- 
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dent. The theoretical curve is based on the as- 
sumption that the number of DPH molecules in a 
domain is proportional to the number of lipid 
molecules present in the domain. As pointed out 
earlier, this assumption does not seem realistic if 
the fluidities of the domains are very different. 
However, it must be emphasized that the theoreti- 
cal curve thus obtained fits the observed one rela- 
tively well. For a more realistic model with a 
greater proportion of DPH in the PHMB-PG com- 
plex domain, the calculated values of P would be 
smaller than those shown in Fig. 6, curve f, partic- 
ularly at lower temperatures, and the agreement 
between observed and theoretical results would be 
improved. 

In conclusion, our work has provided reason for 
believing that effective biocides should contain 
both hydrophilic and hydrophobic parts which 
interact effectively with the membranes. The great 
difference in bactericidal activity between PHMB 
and DAHB is most probably due to the difference 
in their abilities to induce phase separation, since 
DAHB has been shown to interact with the pure 
PG bilayer in the same manner as PHMB. From 
these arguments, it seems that two factors are 
crucial in determining the cidal activity of such 
types of cationic disinfectants as biguanides: abil- 
ity to induce phase separation and ability to inter- 
act effectively with the hydrocarbon interior of the 
membranes. We believe that polymeric biocides 
are one of the best candidates to fulfil these two 
conditions, since the high charge densities availa- 
ble in polyelectrolytes are capable of interacting 
strongly with negative membrane surfaces, while 
suitable hydrophobic groups in their structure in- 
teract with the membrane interior. 
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