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The interaction of various polyionenes with phospholipid bilayer membranes was explored by means of differential 
scanning calorimetry (DSC) with special reference to their antimicrobial activities. A strong interaction was observed 
between the polyionenes and acidic phospholipids, whereas zwitterionic phospholipid bilayers were not affected 
significantly by the polycations. Addition of the polyionenes was found to result in phase separation in mixed bilayer 
membranes composed of acidic and zwitterionic phospholipids. The ability to induce phase separation strongly depended 
on the structure of the polyionenes. Polyionenes with rigid spacers were found to be most effective to induce phase 
separation and to be most active in antimicrobial activity. Polyionenes with rigid and flexible spacers in the alternate 
fashion exhibited less activities which were similar to those of all flexible spacers. Furthermore, their mode of 
interaction with bilayers was again similar to those of all flexible spacers. Our results indicate that the rigid spacers are 
favorable for strong interaction with membranes which are assumed to be the target sites of the polycationic biocides, 
leading to the higher activity. Other factors affecting both the antimicrobial activity and the mode 'of interaction with 
membranes were molecular weight and hydrophobicity. With increasing molecular weight, both the activity and ability to 
induce phase separation increased. Introduction of hydrophilic groups into the spacers resulted in loss of activity and 
ability to induce phase separation. The antimicrobial activity and the mode of interaction with membranes were 
correlated and interpreted on the basis of conformational concept of the polyionenes in solution. 

Introduction 

Many studies have been done on antlbactenal activ- 
ity of polylonenes, polycatlons contalmng quaternary 
a m m o m u m  salts in their mare chains, and it was re- 
vealed that the polylonenes in general exlublt i tgher  
antlbactenal activity against various types of bac tena  
than their monomenc  analogues [1-4] As m the case of 
low molecular weight cat~omc disinfectants, the target 
site of the polylonenes IS the bacterial cytoplasnuc 
membrane [5] Due to the high posmve charge density 
of the polyionenes, they are easily adsorbed on to the 
negatively charged cytoplasrmc membranes and dis- 
orgamze the membrane structure with simultaneous loss 
of the membrane function [5,6] It  has been reported 
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that strong Interaction of the polylonenes with the 
membranes  results m immediate leakage of K + ions 
from the bacterial cells, wi tch  is followed by the loss of 
the other cytoplaslmc constituents such as phosphate 
ions and materials wi tch  absorb hght at 260 nm (mainly 
D N A  and R N A  260-nm matenals) [5] Although cyto- 
logical studies revealed that the crucial process m the 
lethal action of the polycations is their interaction with 
the cytoplasrmc membranes  [6,7], it is still not obvious 
how the polycatlons interact with the membranes 

There are two possible sites in the cytoplaslmc mem- 
brane of bac tena  for the polycatlons to interact with 
membrane  proteins and phosphohplds Although there 
is no deflmtlve evidence available at present on wi tch  Is 
the real target, there is some evidence to support that 
the polycatlons interact with matrix phosphohplds of 
the membranes  Broxton et al [8] investigated anti- 
bactenal  acUvity of poly(hexamethylene blguamde hy- 
drochlonde), a similar in-chain polycatlon with bi- 
guamde repeat umts, and found that t i ts  polycation 
disrupts the cytoplasrmc membranes  physically and 
causes the death of the cells The interaction is non- 
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specific, suggesting interaction of the polycatlon with 
matrix phosphohplds [8] Furthermore, Boolj et al [9] 
studied the interaction of low molecular weight cationic 
disinfectants wath membranes and concluded that the 
site of their interaction is the phosphohpld of the mem- 
branes [9] 

It is well known that phosphohplds present in the 
bacterial cytoplasrmc membranes are classified into two 
groups zwlttenomc (almost neutral) and acidic (nega- 
tively charged at physiological pH) hplds For example, 
m Eschertchta cob zwlttenomc phosphatldylethanol- 
anune (PE) constitutes 70% of the total hplds and acidic 
phosphatldylglycerol (PG), 10% [10,11] The interaction 
of polycanons with various phosphohplds has been 
explored It has been found that polycatlons interact 
with acidic phosphohpids strongly and induce isother- 
mal phase separation In mixed bllayers of neutral and 
acidic phosphohplds into a polycanon-acidlc phospho- 
hpld complex domain and a neutral hpid domain [12,13] 
However, httle Is known about the efficiency of various 
polycatlons to induce phase separation in relation to 
their antmucroblal activity 

In this paper, we report interaction of polylonenes 
having various spacer structures between positively 
charged N atoms with mixed bdayers of neutral and 
acidic phosphohplds We further report the antlrmcro- 
blal activities of the polylonenes and discuss the struc- 

TABLE I 

Molecular weights of polytonenes 

Molecular weight DP a 

5 40000 170 
10 30000 140 
11 30000 140 
12 23000 110 
13 - - 
14 24000 100 
15 19000 100 
16 7000 40 

a Degree of polymerization 

ture-actlvaty relationship m connection with the ablhty 
of the polylonenes to interact phosphohpld membranes 

Materials and Methods 

Materials  

Structures of the lonenes used in this study are 
shown in Fig 1 The ionenes were prepared by the 
Menschutkm reaction between dlamlnes and dl- 
bronudes in dlmethylformamlde and punfied by re- 
peated precipitations [5] Molecular weights of the poly- 
ionenes were measured with a Chromatlx KMX-6 low- 
angle laser light scattering photometer in phosphate 
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Fig 1 Structures of ohgo- and polyionenes used m this work and thmr abbrevlanons 



buffer (pH 7 4) and their values as well as the degree of 
polymerization are hsted in Table I 

D]myrlstoyl-L-a-phosphaUdylchohne (DMPC) and 
phosphatidlc acM prepared from egg PC (egg PA) were 
obtamed from Sigma and used without further purifica- 
tion 

Dtfferentlal scanmng calorimetry (DSC) 
DSC measurements were performed on a SEIKO 

I & E  SSC-5000 calorimeter equipped with a DSC-100 
tern'anal operating at a scan rate of 1 C ° / n u n  
Phosphohpid dispersions in phosphate buffer (50 mM 
Na2HPO 4 + 50 mM Na2H2PO4, ~ = 0 15 by NaC1, pH 
7 4) were prepared by vortex agitation above the phase 
transition temperature of the hpxd (Tm) (hpid con- 
centratlon, 2 5 wt%) [12] After aging, the ionene solu- 
tion m the same buffer (10 /~1) was added to the 
phosphohpid dispersion (40/~1) with wgorous agitation 
and the mixture was left above T m for 2 h The sample 
solution was then transferred to a 70-#1 aluminum 
sample pan and sealed For each sample, at least four 
scans were performed to check the reproducibihty Since 
heating curves provided more accurate transmon tem- 
peratures, only heaung curves are shown here 

Anttmtcrobtal assessment 
Mtmmum inhibttory concentration (MIC) was 

evaluated by the conventional spread plate method as 
descnbed previously [6] The period of lag phase m the 
growth curve m bacterial suspension was measured w~th 
an Ohtake BloScanner OT-BS-48 The overmght culture 
of Staphylococcus aureus was washed with stenle dis- 
tilled water, collected by centnfugatlon and then sus- 
pended in the sterile dlstdled water so as to give a cell 
concentration of approx 3 106 cells/ml In a 5-ml cell, 
1 0 ml of nutrient broth (peptone, 10 g, beef extract, 5 0 
g, NaCI, 5 0 g in 1000 ml of sterile distdled water, pH 
6 8) and 0 5 ml of the ]onene solution m sterde distdled 
water were placed and equlhbrated at 37°C  m the 
BioScanner Measurement was started when 3 5 ml of 
the bacterial suspension preequihbrated at 37 °C  were 
added to the cell The absorbance at 650 nm of the 
resulting solution was measured in situ periodically and 
the time required to reach an absorbance > 0 1 was 
taken as the period of the lag phase During measure- 
ments, the sample solution was rotated at 15 rpm and 
the temperature was kept at 37°C 

Results and Discussion 

lnteractton of tonenes wtth phosphohptd membranes 
Addition of 5 to the neutral bdayer of DMPC alone 

caused no stgmflcant change m its thermotroplc proper- 
ties In order to explore the polylonene-induced phase 
separation behavior m mixed membranes of neutral and 
acidic phosphohpids, a mixture of DMPC and egg PA 
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Fig 2 Thennotroplc properties of the mixed bdayer of DMPC and 
egg PAm various proporUons of the two components and the effect 
of polycatlon 5 on the mixed membranes a, pure DMPC, b, 
DMPC/egg PA = 9 1 (w/w), c, DMPC/egg PA = 8 2 (w/w), d, 
DMPC/egg PA = 5 5 (w/w), e, pure egg PA - - ,  m the absence 
of 5, - . . . . .  , m the presence of 5 mg/ml of 5 Phosphohpld disper- 
sions were prepared m phosphate buffer (pH 7 4), and 40 #! of the 
hpld d]sperslon (2 5 wt%) and 10/xl of the lonene soluon m the same 
buffer was mixed, aged and then measured on DSC at the scan rate of 

1 C °/ram Only the heating curves are shown 

was employed Thermotropic properUes of the mixed 
bilayer of D M P C / e g g  PA in various proportions of the 
two components are shown in Fig 2 In any proportion, 
the mixture exinblted a single endothernuc peak at an 
intermediate temperature between T m values of the 
component phosphohpids Since the egg PA chspersion 
gave a broad endothermac peak (Fig 2, e) due to 
heterogeneity m the acyl chain composition, the mixture 
with higher composmonal ratio of egg PA showed a 
broader peak Effect of polylonene 5 to the mixed 
bllayer is also included m Fig 2 Addition of 5 m g / m l  
of 5 to the mixed bdayer resulted in appearance of two 
endothermlc peaks, one occumng at a ingher tempera- 
ture corresponds to T m of DMPC Two endothenmc 
peaks were observed m all mixed bdayers of different 
composition, and these results clearly indicate that the 
pol2aonene 5 can reduce phase separation m the mixture 
of neutral and acidic phosphohp]ds into a polycatlon- 
aclchc hpid complex domain and a neutral hpid domain 

Effect of concentration of two types of polylonenes 
on the phase separation behavior m the D M P C / e g g  PA 
mixed membrane was examined (Fig 3) When 0 5 
m g / m l  of polylonene 5 with ngtd p-xylylene spacer was 
added to 20 m g / m l  of the D M P C / e g g  PA rmxture 
(DMPC/egg  PA = 8 2, w/w),  a peak maximum was 
shifted to a ingh temperature and a shoulder was ob- 
served at a temperature winch corresponds to T m of 
DMPC (A-c) With increasing concentrataon of the 
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Fig 3 Effect of various amounts of polycatlons on DMPC/egg PA 
n-axed bllayer (8 2, w/w) (A) Effect of 5 a, pure DMPC, b, 
DMPC/egg PA (8 2, w/w), c, DMPC/egg P A + 0 5  mg/ml  of 5, d, 
DMPC/egg PA + 1 0 mg/ml  of 5, e, DMPC/egg PA + 2 5 mg/ml  of 
5, f, DMPC/egg PA+5 0 mg/ml  of 5 (B) Effect of 10 a, pure 
DMPC, b, DMPC/egg PA (8 2, w/w), c, DMPC/egg PA+0  5 
mg/ml  of 10, d, DMPC/egg P A + I  0 mg/ml  of 10, e, DMPC/egg 
P A + 2 5  mg/ml  of 10, f, DMPC/egg P A + 5 0  mg/ml  of 10 
Phosphohpld dispersions (20 mg/ml) were prepared as described in 

the legend to F~g 2 

polycation 5, phase separation took place more clearly 
In the presence of 1 0 mg /ml  of 5, the peak correspond- 
ing to T m of DMPC still remained broad (A-d), while at 
Ingher concentrations of 5 (2 5 mg /ml  or 5 0 mg/ml )  
tins peak became narrower (A-e and f) In the presence 
of 5 0 mg /ml  of 5, FWHM (full width at half maxi- 
mum) of the endothermlc peak corresponding to T m of 
DMPC was nearly equal to that of pure DMPC mem- 
brane ( - -1  C °)  (A-a and f) Tins means that at tins 
concentrauon of 5, complete phase separation occurred 
and a domain composed of DMPC alone was formed 

Effect of a polylonene with flexible spacer (10) on 
the mtxed bllayer of DMPC/egg  PA was quite different 
from that of the polylonene with ngld spacers (5) 
Addition of 0 5 mg /ml  of 10 caused little sigmflcant 
change in the phase transition behavaor of the rnlxed 
membrane (Fig 3, B-c) At ingher concentrations (2 5 
mg/ml  and 5 0 mg/ml) ,  the endotherrmc peak was spht 
mainly into two maxima, indicative of the presence of 
two different domains (B-e and f) At the Inghest con- 
centration exanuned (5 0 mg/ml) ,  a shoulder was ob- 
served in the high temperature region, winch corre- 
sponds to the T m of DMPC These results indicate that 
although the polylonene 10 can induce phase separation 
in the nuxed bilayer, a pure DMPC domain is scarcely 
formed, but rather are formed two domains One corre- 
sponds to a polycation-acidlc hpId complex domain and 
the other to a DMPC-egg PA domain with higher 
compositional ratio of DMPC than the ongmal maxture 

Effect of molecular weight of ionenes on the phase 
transmon behavior of the maxed bdayer of DMPC/egg  
PA is shown in Fig 4 Two series of lonenes with 

different spacer structure were exammed one w~th p- 
xylylene spacer and the other with hexamethylene 
spacer When a monomer of the homologues having the 
xylylene spacer was added to the mixed membrane of 
D MP C/eg g  PA (8 2, w/w),  the endothermlc peak was 
sinfted to a lower temperature by 2 C o, but the peak 
was still single and no sign of phase separation was 
observed (curve c) Addition of a dlmenc homologue (2) 
produced two maxima in the endothermlc peak (curve 
d) In the dtmer, there are two positively charged N 
atoms in the molecule, thus aggregation of acidic hplds 
in the Vlclmty of the adsorption site takes place to some 
extent Addition of a tetramenc homologue (4) induced 
phase separation more clearly than the lower molecular 
weight homologues Two domains were clearly formed 
as seen in the two maxima of the endothermtc peak 
(curve e) Phase separation was observed to most extent 
when the polymeric homologue (5) was added (curve f) 

Effect of molecular weight was much less obvious in 
the homologues having hexamethylene spacers Ad- 
chtlon of the monomenc (6) or the dtmenc (7) cations to 
the same mixed bilayer caused a sinft of the original 
endothermlc peak to a lower temperature only by 0 5 
C o without any other significant change (curves g and 
h) When a tetramerlc homologue (9) was added, a 
shoulder was observed at a Ingh temperature, indicative 
of phase separation only to some extent (curve 1) As 
was described already, the polymeric homologue (10) 
induced phase separation, but to a lesser extent than 5 
(curve j) 

Phase separation behavior of the mixed bllayer of 
D MP C/eg g  PA induced by various polylonenes is 
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Fig 4 Effect of ohgo- and polycat~ons on nuxed bdayer of DMPC/egg 
PA (8 2, w/w) a, pure DMPC, b, DMPC/egg PA (8 2, w/w), c, I, 
d, 2, e, 4, f, 5, g, 6, h, 7, 1, 9, j, 10 The mLxed phosphohpld 
dispersions (20 mg/ml)  were prepared as described m the legend to 

Fig 2 and the concentrations of the lonenes were 5 mg/ml  
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Fig 5 Effect of various polycatmns on mtxed bdayer of DMPC/egg 
PA (8 2, w/w) a, 16, b, 15, c, 10, d, 12, e, 11, f, 13, g, 14, h, 5 The 
muted phosphohpld &spersmns (20 mg/ml) were prepared as de- 
scribed m the legend to Fig 2 and the concentratmns of the mnenes 

were 5 mg/ml 

shown m Fig 5, wtuch contains the thermograms of the 
D M P C / e g g  P A / 5  and D M P C / e g g  P A / 1 0  mixtures 
for comparison Among the polylonenes having methyl- 
ene spacers (10, 15 and 16), one w~th the shortest spacer 
length (trtmethylene, 16) seems to be most effecUve m 
reducing phase separauon (curve a) With lncreasmg 
spacer length, the peak due to the pure DMPC domain 
became less obvious (curves b and c) However, mterac- 
Uon of the polycatmn with the bdayer m the 
polycatmn-acldlc hp~d complex domain seems to be 
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enhanced with increasing spacer length The endother- 
mtc peak observed when the polylonene with hexa- 
methylene spacer (10) was added (curve c) is clearly 
sbMted to a lower temperature than those of D M P C / e g g  
P A / 1 5  (curve b) and D M P C / e g g  P A / 1 6  mixtures 
(curve a) This stronger interaction of 10 with egg PA is 
most probably produced by the wedge effect extublted 
by the longer, more hydrophoblc hexamethylene spacer 
of 10 Comparison of the thermograms of curve b - e  
reveals an interesting effect of ngtd spacer on the phase 
transltmn behavior of the D M P C / e g g  PA rmxed bl- 
layer IntroducUon of the n ~ d  p-xylylene spacer into 
one of the two successwe hexamethylene spacers (11) 
dxd not cause any slgmficant change m the phase transl- 
tmn behavior as ~s seen m curves c and e This result 
suggests that even though ngld spacer is incorporated m 
the alternate manner into the roam chain the overall 
mode of the mteractmn of the resulting polylonene w~th 
the bdayer is scarcely affected and in fact ~s governed 
by the flexable hexamethylene spacer On the other 
hand, replacement of one of the two successive tetra- 
methylene spacers in 15 by the p-xylylene spacer (12) 
enhanced phase separauon and the peak due to the pure 
DMPC dommn was more clearly observed than that m 
the D M P C / e g g  P A / 1 5  mixture (curves b and d) Tins 
means that m the polymnene having short flextble 
spacers the introduction of rigid spacers m the alternate 
fastuon caused a slgmficant effect on tts mode of mter- 
acUon with the mixed bdayers However, in the polycat- 
ion-egg PA complex domain, the mode of interaction 
seems to be unaffected by the mtroductmn of the xylyl- 
ene spacer since the peak at a lower temperature oc- 

TABLE II 

Antlmtcroblal acnmttes of  various polywnenes a 

Bacdlus S aureus E colt Aerobacter Pseudomonas 
subtdts aerogenes aerugmosa 

5 5- 10 5-10 100-330 -- 100 100-330 
14 100-330 33-66 100-330 100-330 330-660 
11 33- 66 10-33 100-330 100-330 100-330 
12 33- 66 33-66 100-330 100-330 100-330 
13 100-330 33-66 > 1 000 > 1000 > 1000 
10 33- 66 33-66 100-330 100-330 100-330 
15 33- 66 33-66 100-330 100-330 100-330 
16 -- 66 33-66 100-330 100-330 100-330 

Aspergdlus Pemcdhum Tnchoderma Torulopsls Geotrwhum 
roger cztr:num T-1 candlda candldum 

5 100- 330 100- 330 330- 660 10- 33 100-330 
14 660-1000 660-1000 660-1000 100-330 100-330 
11 330- 660 100- 330 330- 660 10- 33 100-330 
12 660-1000 100- 330 330- 660 33-66 100-330 
13 >1000 >1000 >1000 100-330 >1000 
10 660-1000 100- 330 660-1000 10- 33 100-330 
15 >1000 330- 660 >1000 33- 66 100-330 
16 > 1000 > 1000 > 1000 100-330 100-330 

a MIC (#g/m_l) deternuned by the spread plate method 
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curred nearly at the same temperature Introduction of 
hydropluhc OH groups into the flexible tetramethylene 
parts of 12 drastmally changed the mode of mteractmn 
of the resultmg polyaonene with the nuxed bdayer As is 
seen m curve f, the resulting polymnene (13) did scarcely 
cause change m the endothermlc peak of the mixed 
bflayer 

Bwlogtcal actwtttes of polywnenes 
Table II shows anmmcrob~al actxvatms of polylonenes 

against various microbes such as bacteria (B  subtths, S 
aureus, E colt, A Aerogenes and P aerugmosa) and 
fun D (A roger, P cltrum, TT-1,  T candtda and G 
candtum) Figures in the table mdmate the range of 
rmnlmum mtub:tory concentratmn (MIC, /~g/ml)  Gen- 
eral trend can be seen m the table that polymnenes are 
more acuve against Gram-posmve bacteria (B  subtths, 
S aureus) than against Gram-negatwe specms (E  colt, 
A aerogenes and P aerugmosa) and fungt Among the 
polyaonenes examined 5 is most actwe and has a wide 
spectrum of antumcrobml acuvaty Replacement of one 
of the two successwe p-xylylene spacers m 5 by o-xyly- 
lene spacer lowered the actlxaty of the resulting poly- 
mnene 14 Furthermore, mtroductmn of the hydrophlhc 
OH groups m 12 also led to loss of the actlvxty as seen 
for MIC values of 13 Among the polymnenes having 
alkyl spacers (10, 15 and 16), effect of spacer length on 
antlbactenal acUwUes could not be clarly recogmzed, 
although on antffungal act~vmes it is exadent the actwl- 
tins increased w~th increasing spacer length (16 < 15 < 
10) except G candtum The ngtd p-xylylene spacer 
present m the maxn chain m the alternate manner as m 
11 and 12 caused no slgmficant change m ant~macrobxal 
actwmes m companson w~th their reference polymnenes 
10 and 15, but from another point of wew replacement 
of ngld spacers m 5 by flexible alkyl spacers m the 
alternate fashion results m loss of the act:vltmS agaxnst 
Gram-posmve specxes 

In order to see the difference m actxwty more 
quantmuvely, ant:bacterial acuvlty against S aureus 
was evaluated by the period of the lag phase m growth 

TABLE III 

Antibacterial actwmes of polywnenes against S aureus a 

Concentratmn ( a g/ml) 

10 30 50 100 

11 105 >180 >180 >180 
12 7 5  150 >180 >180 
13 40 45 60 90 
10 120 >180 >180 >180 
15 90 135 >180 >180 
16 7 5  105 165 > 180  

a Penod of lag phase expressed m h wtuch was determmed by 
measurement of absorbance at 650 nm Blank, 30 h 

curve of the S aureus suspensmn m the presence of 
vanous concentratmns of the polylonenes and the re- 
suits are shown m Table III In flus table figures indi- 
cate the period of the lag phase expressed m h In the 
absence of the polymnenes, the lag phase was 3 0 h 
Among the pol3nonenes hawng both the p-xylylene 
spacer and the alkyl spacer m the alternate manner (11, 
12 and 13), 11 was most actwe and 13 was least acuve 
Furthermore, among the polylonenes havmg all alkyl 
spacers (10, 15 and 16), 10 was most actwe and the 
order of activity is quite clearly seen as 16 < 15 < 10 

Mode of mteractton of wnenes wtth bdayer membranes m 
relatton to thetr anttbactertal actwtty 

The results obtained m thts work clearly demonstrate 
that both the antlnucrobml act~wty and the mode of 
mteractmn with the bdayer membranes are strongly 
affected by the spacer structures of the pol3nonenes 
which hnk the posmvely charged N atoms m the roam 
chain The significant findings on the ant:mlcrobtal 
actwlty are (1) ngtd spacer is most favorable for tugh 
actwlty, (2) the actwlty is governed by flexable parts 
when both the ng~d and flexable spacers are present, (3) 
among the polylonenes with all flexible (alkyl) spacers, 
those with longer chams exhablt higher activity, (4) 
introduction of hydroptuhc groups into the spacers re- 
duces the activity In relation to the polylonene-mem- 
brane lnteracuon, the following results are sxgmficant 
(1) the polymnenes with rigid spacers reduce phase 
separauon in the mixed bllayer of neutral and acidic 
phosphohplds most effectively, (2) the abdlty to reduce 
phase separation is mainly governed by the flexible 
parts when both the ng~d and flexable spacers coextst, 
(3) hydroptuhc groups lower the ablhty to mduce phase 
separation From these sxgnlficant findings, correlation 
between the antlmlcrobml actlwty and the ab:hty to 
reduce phase separation is clear The most actwe poly- 
mnene was 5 and ttus polycatxon reduced phase sep- 
araUon most effectively In general, polycauons whtch 
interact with bdayer membranes of neutral and acidic 
phosphohplds more strongly m terms of phase sep- 
aratmn seem to show higher antmucrobml actxwty 

It is well known that conformatmn of polyelectro- 
lytes in aqueous solutmns Is strongly dependent on 
spacer structure between charged atoms and mmc 
strength (/t) of the soluUon [14] In the absence of 
added single electrolytes (# - -0 ) ,  the polyelectrolytes 
tend to take the most expanded form of conformatxon 
due to electrostatm repulsmn between the same charges 
on the polymer chams [14] With increasing /~, the 
electrostatic repulsmn ~s weakened by shielding effect of 
the added runs with opposite charge, thus at /~ = 0 01 
the polyelectrolytes usually take a random and entan- 
gled conformation m dilute solution [14] This is true 
for polyelectrolytes with flextble spacers However, the 
conformation of polyelectrolytes with ngld spacers is 



not determined by # alone, but It depends on stiffness 
of the spacers Thus, m the case of 5, ~t is reasonably 
expected that tins polycatlon has rather an expanded 
form even under high # condmons In the present 
study, both DSC measurements and antmucrobml as- 
sessment were performed under such condmons as to 
keep the # of the samples Ingh enough for polycauons 
with flexible spacers to adopt the entangled conforma- 
tmn Therefore, the difference in the mode of mterac- 
tmn of various polycatmns with bdayer membranes may 
be ascribed to the difference m their conformatmn in 
the sample soluuons It is assumed that 5 in the ex- 
panded form behaves hke a rod whereas the polycatlons 
with flexible spacers act hke spheres, thus 5 has the 
most preferable shape for the mteractmn with planar 
electric double layers (charged bflayers) In the entan- 
gled form of the polycatlons with flexible spacers, posi- 
tively charged moieties are expected to be distributed m 
a relatwely umform manner on the surface of the sphere 
m aqueous solutmns, but some of the charged moieties 
may reside reside the polymer cod [14] These cir- 
cumstances reduce drasUcally the effective charges of 
the polycatmns m their electrostatic lnteracuon with 
negatively charged bdayers In the phase separation 
events, negatwely charged hplds must gather m the 
v lomty  of the adsorption site of the polycatmn Ef- 
f ioency of phase separation is solely a function of the 
number  of negatively charged hpxd molecules that are 
gathered around the absorbed polycauon, thus it is 
evadent that the rod-hke polycaUon is much more 
favorable in reducing phase separatmn than those with 
the entangled, spherical shape 

It  must be mentmend here that prehrmnary results 
on the binding isotherms of the ohgo- and polycatmns 
used m tins study toward intact bacterial cells wluch are 
negatively charged have shown that the ohgo- and poly- 
catmns with a degree of polymenzatmn (DP) larger 
than 3 exhibited smular patterns of binding ~sotherms 
and m the ohgocauons with DP less than 3 the degree 
of binding increased with increasing DP It seems most 
lhkely that these results are apphcable to the present 
ca tmn-bdaye r  membrane mteracuons Namely, m the 
homologues with p-xylylene spacers the degree of phase 
separation increased with increasing molecular weight 
(Fig 4), and tins phenomenon seems to be exphcable m 
terms of the increasing degree of binding of the 
ohgocatmns to the negatively charged bdayer mem- 
branes It  is of particular interest that m the low molec- 
ular weight homologues of 5 MIC against B subtths 

and S aureus was found to decrease with increasing 
molecular weight for example, against S aureus, MIC 
> 1000 # g / m l  (1, 2), 100-330 # g / m l  (3) and 66-100 
# g / m l  (4) Together with the MIC for 5, It is clear that 
the antibacterial actlwty increases with molecular 
weight This is exactly the order of abihty to induce 
phase separatmn as shown m Fig 4 In contrast, in the 
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case of the low molecular weight homologues of 10, 
MIC agmnst B subtths and S aureus did not change 
with molecular weight (MIC > 1000 # g / m l  for 6-9), 
winch is well related to their ablhty to induce phase 
separatmn 

When flexible and rigid spacers coexist m the alter- 
nate manner  in the main chain, the resulting poly- 
lonenes became less actwe and their ablhty to reduce 
phase separation was lowered These phenomena can 
again be understood on the basis of the conformatlonal 
concept Even if polymnenes possess rigid parts, the 
overall conformation can be assumed to be controlled 
by flexible parts The mode of mteracUon of these 
polycaUons with bllayer membranes,  therefore, is ex- 
pected to be similar to that of polycatlons w~th all 
flexible spacers, winch is just what we observed for 11 
and 12 However, electrostaUc repulsmn operates more 
effectwely m shorter distance, thus it is expected that 
polymnenes w~th shorter alkyl chains take a more ex- 
panded form and are more favorable m mteractmn with 
bflayer membranes  Tins predlctmn is ratmnahzed by 
the findings that the polylonene with the shortest alkyl 
spacer (16) showed the most effective phase separauon 
among those of all alkyl spacers (10, 15 and 16) Fur- 
thermore, among the polylonenes with the ngld and 
alkyl spacers (11 and 12), the polymnene with shorter 
alkyl spacer (12) exhibited Ingher efficiency for phase 
separatmn The ~mportance of the polymer conforma- 
uon m the po lymer -membrane  interactions has been 
pointed out recently by several research groups [15-25] 
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