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Various phosphonium salts possessing single or double alkyl chains of various lengths (C1O to C18) were
prepared as cationic biocides, and their antimicrobial activities against 11 typical strains of microorganisms
including methicillin-resistant Staphylococcus aureus (MRSA) were evaluated. The phosphonium salts with long
alkyl chains were found to show high levels of antimicrobial activity. Their activities depended strongly on the
molecular structure, and a correlation between antimicrobial activity and molecular structure was observed. In
the alkyltrimethylphosphonium salts, the bactericidal activity against S. aureus and Escherichia coli increased
with increasing alkyl chain length, and the compound with the longest alkyl chain (C18) killed all the bacterial
cells (ca. 107 cells per ml) within 30 min of contact at concentrations of 2.8 and 28 ,uM, respectively. In contrast,
the bactericidal activity of dialkyldimethylphosphonium salts was found to decrease as the chain length of the
substituents increased. It is significant that the phosphonium biocide containing double decyl groups exhibited
the broadest spectrum of activity against microorganisms tested and showed the greatest bacteriostatic activity
against MRSA (MIC = 0.78 ,ug/ml). Furthermore, we systematically investigated differences in bactericidal
activity between the phosphonium salts and commonly available ammonium salts with the same hydrophobic
structure. It was observed that the phosphonium salts showed an advantage over the corresponding ammonium
salts in bactericidal activity and killing rate. For example, tetradecyltrimethyl- and didecyldimethylphospho-
nium chlorides killed all S. aureus organisms (ca. 107 cells per ml) within 60 and 30 min of exposure at 28 and
2.8 ,uM, respectively, while tetradecyltrimethyl- and didecyldimethylammonium chlorides which are represen-
tative of the existing cationic disinfectants did not kill all the bacteria even at the longest exposure time (120
min).

At present, positively charged compounds such as quater-
nary ammonium salt derivatives are widely used as disinfec-
tants in agriculture, the food processing industry, and clinics,
etc. Use of the organic cations as disinfectants is particularly
important because they possess a high antibacterial activity and
a broad spectrum of antimicrobial activity. Quaternary ammo-
nium salts used as cationic biocides have a common structure
of long alkyl chains in the molecule. Trimethyl-n-alkylammo-
nium salts are representative of this group. On the other hand,
few studies of the antibacterial activity of phosphonium salts
have been done (4). In particular, no study on the antibacterial
activity of di- and trimethyl-substituted phosphonium salts with
long alkyl chains has been reported except in U.S. patents in
which no details of their activity were given (15, 15a). This is
partly because synthesis of such phosphonium salts is difficult
in comparison with nitrogen compounds, resulting from less
availability of trialkylphosphines as starting materials. This
problem evidently depressed research in phosphonium salts as
cationic biocides, which was solved recently by the establish-
ment of a simple route of synthesis of di- and trimethyl-
substituted trialkylphosphines containing long alkyl chains
(10).
We have previously reported the antibacterial activity of

polymeric phosphonium salts and low-molecular-weight model
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compounds having various alkyl chains against Staphylococcus
aureus and Escherichia coli, evaluated by the viable cell count-
ing method in sterile distilled water (7, 8). The polymeric
phosphonium salts were found to exhibit a higher bactericidal
activity than the polymeric quaternary ammonium salts with
the same structure except the cationic part (7). However, for
polymers, various factors such as molecular weight distribution
and repulsion between positively charged atoms are expected
to affect the antibacterial activity. In this study, we prepared di-
and trimethyl-substituted phosphonium salts containing alkyl
chains of various lengths with the same hydrophobic structure
as common quaternary ammonium salts in order to compare
their antibacterial activities and systematically investigated the
antimicrobial activity of the phosphonium salts containing alkyl
chains of various lengths.

MATERIALS AND METHODS

Synthesis. Decyl-, tetradecyl-, and octadecyldimethylphos-
phines were synthesized as reported previously (10). Decyl-,
tetradecyl-, and octadecyltrimethylammonium chlorides (To-
kyo Kasei) were purified by recrystallization. Didecyldimethyl-
ammonium salt was kindly supplied by K - I Chemical Industry
Co., Ltd. (Shizuoka, Japan), as an aqueous solution (80%,
wt/wt) and used without further purification. The structures of
compounds used in this study are given in Fig. 1. 'H nuclear
magnetic resonance (NMR) spectra were recorded on a Hita-
chi R-600 spectrometer. Melting points of compounds 1, 2, and
3 (described below) could not be determined precisely, be-
cause the compounds became discolored upon heating to 220
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Tetradecyltrimethylphosphoni
The procedure described abovc
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(CH2)12-CH3], 1.1 to 1.7 [24H, i

2.20 [9H, dTP-(CH3)3], 2.5

(CH2)A2-CH3]; MS (FAB+) mle 273 (C17H38P+). Elemental
CH3\ O(nH2)-OH3 analysis calculated for C17H38PCI (308.92): C, 66.10; H, 12.40;

CH3 \(CH2)n-CH3 Cl, 11.48. Found: C, 65.78; H, 12.27; Cl, 11.07.
Octadecyltrimethylphosphonium chloride (compound 3).

n 9 13 17 Compound 3 was prepared similarly to compound 1 (yield,
Cpd. No. 4 5 6 70%). NMR (CDCl3) 8 0.8 to 1.1 [3H, broad, P-CH2-

(CH2)16-CH31, 1.1 to 1.7 [32H, m, P-CH2-(CH2)16--CH3],
2.20 [9H, d7P-(CH3)3], 2.4 to 2.7 [2H, mn,P-CH2-
(CH2)16-CH3]; MS (FAB+) mle 329 (C21H46P+). Elemental

CH3 ,(CH2)9-CH3 analysis calculated for C21H46PC1 (365.02): C, 69.10; H, 12.70;
\N+ 3 Cl- Cl, 9.71. Found: C, 68.99; H, 12.66; Cl, 9.02.

CH3' \(CH2)9-CH3 Didecyldimethylphosphonium chloride (compound 4). The
reaction of decyl chloride (1.53 g; 8.66 mmol) with decyldim-

Cpd. No. 10 ethylphosphine (1.17 g; 5.78 mmol) was carried out in the
absence of solvent at 140°C for 24 h under an atmosphere of
nitrogen. The product was dissolved in acetonitrile and washed

3 several times with n-hexane and evaporated to dryness. The
(CH2)n-CH3 Cl- product was dried under a vacuum and then purified by
3 reprecipitation of the dichloromethane solution into a large

excess of diethyl ether (1.77 g; yield, 81%). NMR (CDCl3) 8
13 17 0.7 to 1.1 [6H, broad, P-CH2-(CH2)8-CH3], 1.1 to 1.7
12 13 [32H, m, P-CH2-(CH2)8-CH3j, 2.18 [6H,jTl P-(CH3)2],

2.4 to 2.7 [4H, m, P-CFI2-(CH2)8--CH3]; MS (FAB+m/e

?4H9 343 (C22H48P+). Elemenital analysis calculated for C22H48PC1
P+-C4H9 Cl- (379.05): C, 69.71; H, 12.76; Cl, 9.35. Found: C, 69.45; H, 12.85;
1 ~~~~~~~~~Cl,9.99.

CAHg Ditetradecyldimethylphosphonium chloride (compound 5).

14 Compound 5 was prepared similarly to compound 4 (yield,
disinfectants used in this study. 58%). mp, 72 to 74°C; NMR (CDCl3) 8 0.8 to 1.1 [6H, broad,Pu-CH2-(CH2)12-CH3], 1.1 to 1.7 [48H, m, P-CH2-

(CH2)12-CH3], 2.18 [6H, d, P-(CH3)2], 2.4 to 2.7 [4H, m,
P--CH2-(CH2)12--CH3]; MS (FAUT) mle 455 (C3OH64P+).
Elemenital analysis calculated for C3OH64PCl (491.26): C,

f compound 4 could not be 73.35; H, 13.13; Cl, 7.22. Found: C, 72.98; H, 13.33; Cl, 7.77.
method because of the rapid Dioctadecyldimethylphosphonium chloride (compound 6).
viscous liquid in contact with Compound 6 was synthesized similarly to compound 4 (yield,

12%). mp, 82 to 84°C; NMR (CDCl3) 8 0.8 to 1.1 [6H, broad,
aromatic groups (compounds P-CH2-(CH2)j6-CH31, 1.1 to 1.7 [64H, m, P-CH2-
trted elsewhere (7, 9). (CH2)16-CH3], 2.18 [611, d, P-(CH3)2], 2.4 to 2.7 [4H, m,
chloride (compound 1). De- P-:CH2--(CH2)j6--CH3]; MS (FART) mle 567 (C38H80P+).
).49 mmol) was placed in a Elemen-tal analysis calculated for C38H80PCI (603.48): C,
ressel equipped with a needle 75.63; H, 13.36; Cl, 5.87. Found: C, 75.29; H, 13.13; Cl, 5.44.
stirrer under an atmosphere Microorganisms. Eleven typical species of microorganisms
en cooled with dry ice and were chosen for the test. Methicillin-susceptible S. aureus (IFO
tated methyl chloride (1.66 g; 12732 and 209P), methicillin-resistant S. aureus (MRSA), and
rough the gas inlet into the Bacillus subtilis (ATCC 6633) are gram-positive strains; Esch-
heated at a bath temperature erichia coli (IFO 3806 and NIHJ), Enterobacter aerogenes, and
:cess of methyl chloride was Pseudomonas aeruginosa (ATCC 27853) are gram-negative
, the contents were dissolved strains; and Candidafamata (IFO 0380), Geotrichum candidum
the solution was poured into (IFO 6454), Penicillium citrinum (ATCC 9849), Rhizopus
recipitated solid was collected stolonifer (ATCC 6227), and Trichoderma harzianum are fungi.
ethyl ether, and dried under a Antimicrobial assessment. The bactericidal activities of the
cd several times by reprecipi- organic cations (compounds 1 to 10) against S. aureus IFO
into a large excess of diethyl 12732 and E. coli IFO 3806 were explored by the viable cell
R (CDCl3) 8 0.7 to 1.1 [3H, counting method.
1, 1.1 to 1.8 [16H, m, P- Freeze-dried ampoules of S. aureus and E. coli were opened,
d, P-(CH3)3], 2.5 to 2.9 [2H, and a loopful of each culture was spread to give single colonies
iass spectrometry (MS) fast on nutrient agar and incubated at 37°C for 24 h. A represen-
AB+) mle 217 (C13H30P+). tative colony was picked off with a wire loop, placed in 10 ml of
for C13H30PC1 (252.81): C, nutrient broth (peptone [Wako Chemical], 10 g; NaCl, 5.0 g;
l: C, 62.03; H, 11.96; Cl, 13.64. beef extract [Wako Chemical], 5.0 g in 1,000 ml of sterile
ium chloride (compound 2). distilled water [pH 6.8]), and then incubated at 37°C overnight.
was used (yield, 79%) for At this stage, the culture of S. aureus contained ca. 108 cells per

7 to 1.1 [3H, broad, P-CH2- ml, and that of E. coli contained ca. 109 cells per ml. By diluting
m, P-CH2-(CH2)12-CH3I, with sterile distilled water, a culture of E. coli containing ca.
to 2.8 [2H, m,7P-CH2- 108 cells per ml which was used for antibacterial testing was
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prepared. Exposure of bacterial cells to the biocide was started
when 2.0 ml of the bacterial culture containing ca. 108 cells per

ml was added to 18.0 ml of the biocide solution, which was

preequilibrated at 37°C. At the same time, 2.0 ml of the same

culture was added to 18.0 ml of saline, 10-fold dilutions were

made, and the starting cell concentration was determined by
the spread plate method. At various exposure times, 1.0-ml
portions were removed and quickly mixed with 9.0 ml of
neutralizer solution (20% Tween 80 plus 3% azolectin in
nutrient broth). Serial dilutions were made from this by
aliquotting 1 ml into 9 ml of saline and mixing. After inocula-
tion onto agar plates and incubation for 48 h at 37°C, the
colonies were counted. Spread plates were done in triplicate.

In the antibacterial assessment, the neutralizer solution was

used to inactivate the cationic disinfectants. We confirmed that
the phosphonium salts were inactive in the presence of the
neutralizer solution. Furthermore, we investigated the antibac-
terial activity of the neutralizer solution itself. Bacterial cells
were exposed to the neutralizer solution under the same

conditions as for the ordinary antibacterial assessment, and we
found that the bacterial cells remained completely intact.
Therefore, it is evident that the neutralizer solution does not
affect the result of the antibacterial tests.
The neutralization is based on the bonding of the phospho-

nium salts to the aggregates of neutralizer, which is, in a broad
sense, solubilization of the phosphonium ions. Tween 80
(polyoxyethylene sorbitan monooleate) and azolectin (a mix-
ture of many lipids containing phosphatidylcholine), contained
in the neutralizer solution, are nonionic and naturally occur-

ring surfactants, and their critical micelle concentrations
(CMCs) are 1.3 x 10-2 g/liter and 10 -7 to _10-6 M,
respectively (5). They form aggregates in the neutralizer
solution since their concentrations are well above CMCs.
Furthermore, they possess a polar group: Tween 80 has a

polyether chain (hydrophilic chain) and azolectin has a phos-
phate diester moiety in the molecules. Therefore, the positively
charged phosphonium ions are attached readily to the dipole
of the neutralizers by hydrogen bond and electrostatic inter-
action. Such strong interaction of the organic cations is con-

sidered to be an origin of the high antibacterial activity of the
cationic disinfectants, since the interaction of the cations with
negatively charged components present in bacterial cytoplas-
mic membranes is regarded as a crucial step in their lethal
action. Consequently, the neutralizers readily form complexes
with phosphonium ions, thus leading to inactivation of the
cationic disinfectants.
The susceptibilities of gram-positive and gram-negative

strains were estimated by the conventional spread plate
method (i.e., agar dilution test) (6). The MIC was taken as the
lowest concentration of biocide at which no visible growth
could be detected after 48 h at37°C. The susceptibility of fungi
was evaluated by the spread plate method. The MICs for fungi
were determined after the plates had been incubated for 5 days
at37°C.

Statistics. In the viable cell counting method, each antibac-
terial test was repeated three times, and we confirmed that the
reproducibility of the method used in this study was invariably
good. This fact was verified by the interval estimation of each
datum point (logarithmic number of surviving cells) which was

the mean of the triplicate runs. The statistics showed that the
95% confidence limits analyzed from the sample mean and the
sample standard deviation on the repeated runs were within
±0.53 for each datum point. This consideration clearly indi-
cates that the method is reproducible and that the resulting
experimental data are reliable.
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FIG. 2. Plots of log10 survivors versus exposure time for phospho-
nium salts 1 through 3 against S. aureus IFO 12732 (A to C) and E. coli
IFO 3806 (D to F). Symbols: 0, blank; M, 280,uM; 0, 28,uM; A, 2.8,LM;O, 0.28,uM (100, 10, 1, and 0.1,ug/ml for compound 3). Cpd.,
compound.

RESULTS

Bactericidal activity of phosphonium salts with alkyl chains
of various lengths. The antibacterial activity of phosphonium
salts with alkyl chains of various lengths againstS. aureus IFO
12732 and E. coli IFO 3806 was investigated. Figure 2 shows
plots of log1o survivors versus exposure time for alkyltrimeth-
ylphosphonium salts with different chain lengths (compounds
1, 2, and 3) against S. aureus and E. coli. About107cells of S.
aureus perml were exposed to 280, 28, 2.8, and 0.28,uM (100,
10, 1, and 0.1 jig/ml for compound 3) compounds 1, 2, and 3 in
saline. The phosphonium salt with a decyl group (1) was
inactive even at the highest concentration examined (280 jiM)
(Fig. 2A). On the other hand, at a concentration of 280,uM,
compound 2, having a tetradecyl group, was capable of killing
all the bacteria within 30 min of contact, and at 28,uM all of
the bacteria were killed within 60 min of contact (Fig. 2B).
Phosphonium salt 3, with the longest alkyl chain (C18), killed
all the bacterial cells within 30 min of contact even ata
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concentration of 2.8 ,uM, and compound 3 was found to exhibit
the highest antibacterial activity among the analogs (Fig. 2C).
At the lowest concentration (0.28 ,uM), however, these com-
pounds were inactive. These results clearly indicate that the
phosphonium salts exhibited a high antibacterial activity
against S. aureus and that the activity was in the order of 1 <
2 < 3. The antibacterial activity of the phosphonium salts
increased with increasing chain length of the substituents.
A similar trend was observed for E. coli. However, the

antibacterial activity of the phosphonium salts against E. coli
was lower than that against S. aureus. At the highest concen-
tration (280 ,uM), there was no difference in the number of
surviving cells between compound 1 and a blank (Fig. 2D),
whereas all the cells were killed within 30 min of contact with
compounds 2 and 3 (Fig. 2E and F). With respect to compound
3, >99.9% of E. coli organisms were killed within 120 min of
contact even at 2.8 ,iM. Compound 3 again showed the highest
antibacterial activity against E. coli.

Figure 3 shows plots of log1o survivors versus exposure time
for dialkyldimethylphosphonium salts with different chain
lengths (compounds 4, 5, and 6) against S. aureus and E. coli.
Cells were exposed to the compounds in saline. The concen-
trations of the phosphonium salts were 280, 28, 2.8, and 0.28
,uM (100, 10, 1, and 0.1 ,ug/ml for compound 4, respectively).
The phosphonium salt containing two decyl groups (compound
4) was most active among the three. At concentrations higher
than 0.28 ,iM, all of the bacteria were killed within 30 min
when exposed to compound 4 (Fig. 3A). At 280 and 28 ,uM
compound 5, all the bacterial cells were killed within 30 and 60
min of contact, respectively, while at 2.8 ,iM compound 5
killed >99.999% of S. aureus organisms within 120 min (Fig.
3B). On the other hand, even at 28 ,uM compound 6, which has
the longest alkyl chain (C18), only >99.99% of S. aureus
organisms were killed within 120 min of contact (Fig. 3C). In
contrast with that of the alkyltrimethylphosphonium chlorides
(compounds 1, 2, and 3), the antibacterial activity of dialkyl-
dimethylphosphonium chlorides against S. aureus was found to
decrease as the chain length of the substituents increased.
A similar result was obtained for E. coli. Figure 3D, E, and

F indicate the same plots for compounds 4, 5, and 6 against E.
coli. It is clear that compound 4 is more active than the other
two compounds.
Comparison of bactericidal activities of phosphonium salts

and quaternary ammonium salts. In order to compare the
antibacterial activity of phosphonium salts with that of quater-
nary ammonium salts, we investigated the antibacterial activity
of commonly available quaternary ammonium salts by the
method described above.

Figure 4 shows plots of log1o survivors versus exposure time
for alkyltrimethylammonium salts with different alkyl chain
lengths (compounds 7, 8, and 9) against S. aureus IFO 12732
and E. coli IFO 3806. About 10 cells of S. aureus per ml were
exposed to 280, 28, 2.8, and 0.28 jiM (100, 10, 1, and 0.1 ,ug/ml
for compound 9) compounds 7, 8, and 9 in saline. Antibacterial
activity was observed for compounds 8 and 9. With 280 ,uM
compound 8, all of the bacterial cells were killed within 30 min,
whereas at 28 jiM, compound 8 killed only >99.9% of S.
aureus within 120 min of exposure (Fig. 4B). Although the
compound with the longest alkyl chain, compound 9, killed all
the bacteria even at the concentration of 28,uM, it required 60
min of exposure (Fig. 4C).

It was observed that the phosphonium salts possessing
tetradecyl and octadecyl groups (compounds 2 and 3) exhibited
a higher bactericidal activity than the quaternary ammonium
salts with the same hydrophobic structure (compounds 8 and
9). Quite interestingly, the low-molecular-weight phosphonium
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FIG. 3. Plots of log10 survivors versus exposure time for phospho-
nium salts 4 through 6 against S. aureus IFO 12732 (A to C) and E. coli
IFO 3806 (D to F). Symbols: 0, blank; *, 280 ,uM; 0, 28 ,uM; A, 2.8
,uM; O, 0.28 jiM (100, 10, 1, and 0.1 ,ug/ml for compound 4). Cpd.,
compound.

salts showed an advantage over the quaternary ammonium
salts in bactericidal activity and killing rate, which is similar to
the results for polymeric phosphonium salts reported previ-
ously (7).

Similar results were obtained for E. coli. The antibacterial
activity of the phosphonium salts was much higher than that of
the quaternary ammonium salts; in particular, there was a
remarkable difference in bactericidal activity between com-
pounds 2 and 8 (Fig. 2E and F and 4E and F).

It is interesting to compare the antibacterial activities of
organic cations with the didecyl group (compounds 4 and 10)
against S. aureus and E. coli. Antibacterial activity of the
didecyldimethylammonium salt (compound 10) is shown in
Fig. 5. No difference in antibacterial activity against E. coli was
observed at the concentrations examined (Fig. 3D and SB);
however, a difference in activity against S. aureus at the
concentration of 2.8 ,uM was observed. Didecyldimethylphos-
phonium salt (compound 4) killed all the bacteria within 30
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FIG. 4. Plots of log10 survivors versus exposure time for quaternary
ammonium salts 7 through 9 against S. aureus IFO 12732 (A to C) and
E. coli IFO 3806 (D to F). Symbols: 0, blank; E, 280 ,uM; 0, 28 p.M;
A, 2.8 ,uM; O, 0.28 ,uM (100, 10, 1, and 0.1 p.g/ml for compound 9).
Cpd., compound.

min of exposure, while the corresponding quaternary ammo-
nium salt (compound 10) did not kill all the bacteria even at
the longest exposure time (120 min) (Fig. 3A and SA). From
these results, it may be concluded that the phosphonium salts
of the dialkyldidecyl type exhibited greater antibacterial activ-
ity than the corresponding quaternary ammonium salts.

Bacteriostatic activity of phosphonium biocides. The results
of the susceptibility testing of gram-positive bacteria evaluated
by the spread plate method are summarized in Table 1. The
results indicate that phosphonium salts show antibacterial
activity against most strains tested. The organic cations used in
this study may be divided into three classes: phosphonium salts
containing single alkyl chains (compounds 1 through 3), ana-

logs containing double alkyl chains of various lengths (4
through 6), and compounds including aromatic moieties (11
through 14). In a series of phosphonium salts containing a

single long alkyl chain (1 through 3), the MICs of compounds
2 and 3 are lower than those of 1, which has the shortest alkyl

FIG. 5. Plots of log10 survivors versus exposure time for compound
10 against S. aureus IFO 12732 and E. coli IFO 3806. Symbols: 0,
blank; M, 280 ,uM; 0, 28 ,uM; A, 2.8 ,uM; O, 0.28 F.M (100, 10, 1, and
0.1 ,ug/ml). Cpd., compound.

chain. The MICs of compounds 2 and 3 for MRSA are higher
than those for methicillin-susceptible S. aureus 209P. The
antibacterial activity of phosphonium salts containing single
long alkyl chains was greater against gram-positive strains. In
particular, compound 2 exhibited the highest activity against
methicillin-susceptible S. aureus and B. subtilis (MIC = 0.20
,ug/ml for both strains) among the phosphonium salts exam-
ined in this study.

It is significant that the phosphonium salt having two decyl
groups (compound 4) exhibited the greatest bacteriostatic
activity against MRSA (MIC = 0.78 ,ug/ml). Analogs 5 and 6,
however, showed much lower activity against MRSA, as well as
against the other strains. These results clearly indicate that the
antibacterial activity of phosphonium salts with two long tails is
strongly affected by the alkyl chain length. Furthermore, it is
worth mentioning that the MIC of compound 4 for methicillin-
susceptible S. aureus and that for MRSA were the same.
A similar effect of the alkyl chain length could be observed

for the phosphonium salts (11 through 13) possessing a struc-
ture analogous to that of benzalkonium chloride, which is a
useful cationic disinfectant. The MICs of compounds 11, 12,
and 13 against methicillin-susceptible S. aureus were 0.78, 1.56,
and 12.5 ,uglml, respectively, and their activities decreased as
the chain length increased. Against the other strains, however,
compounds 11 and 12 exhibited the same MIC (1.56 ,ug/ml).

In order to investigate the effect of the long alkyl chains
attached to the positively charged phosphorus atom on anti-
bacterial activity, the activity of the compound possessing no
long tail (compound 14) was evaluated under the same condi-
tions. The MICs for the three strains tested were larger than
those of the other phosphonium salts (50, 50, and 100 p.g/ml).
From these results, it is clear that the alkyl chain length plays
a significant role in the bacteriostatic activity. Furthermore,
there seems to be an optimal tail length for the bacteriostatic
activity, which is evident from the results for the compounds
containing alkyl chains of various lengths (compounds 1
through 3).

Table 2 shows MICs of various phosphonium salts for
gram-negative bacteria evaluated by the spread plate method.
A general trend can be observed from the table: the phospho-
nium salts are less active against gram-negative strains than
against gram-positive bacteria. Phosphonium salts 2, 4, and 11,
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TABLE 1. Antibacterial activity of phosphonium salts against gram-positive strains

MIC (1Lg/ml)'
Compound Staphylococcus aureus

Bacillus subtilis
Methicillin susceptible Methicillin resistant

CH3 1 (n = 9) 3.13 50 50
CH3-P+-(CH2)n-CH3 Cl 2 (n = 13) 0.20 1.56 0.20

CH3 3 (n = 17) 0.78 1.56 3.13

CH3s ,(CH2), -CH3 4 (n = 9) 0.78 0.78 0.78
P+

(CH2).-CH3 S (n = 13) 12.5 200 100
OH3' \(CH2), -OH3 6 (n = 17) 100 >200 >200

OH3 11 (n = 9) 0.78 1.56 1.56
C2Hs5CH2-P+-(CH2).-CH3 Cl- 12 (n = 13) 1.56 1.56 1.56

CH3 13 (n = 17) 12.5 25 25

C4H9 14 50 50 100
C2H5 -CH2-IP+C-4H9 Cl-

C4H9

aDetermined by the spread plate method.

which were most active against gram-positive bacteria among same in gram-positive and gram-negative strains. The main
each structural class, also exhibited relatively higher activities constituents of the cytoplasmic membrane are phospholipids
against gram-negative strains. and membrane proteins. Extensive studies of lipid bilayers in
The antifungal activities of phosphonium salts are shown in the cytoplasmic membranes have been performed, and it has

Table 3. A general trend exists in which the phosphonium salts become evident that phosphatidylethanolamine (almost neu-
are more active against C. famata and G. candidum than tral at physiological pH) is a major component present in the
against the other species tested. The phosphonium salts seem bacterial cytoplasmic membrane and that phosphatidylglycerol
to be favorable in antifungal activity against specific fungi. and its dimer, cardiolipin (both of which are negatively charged
Although the MIC of the phosphonium salt having two decyl at physiological pH), are major acidic components (2 17) These
groups (compound 4) for C. famata was the lowest among all phosphoglycerides have a common structure, and molecules of
compounds examined (1.56 pug/ml), the MIC of an analog with phosptye have a common e nd moftes of

two tetradecyl groups (compound 5) was much larger than that this type have both a hydrophilic end (phosphate, often with
of compound 4 (>200 p.g/ml).The phosphonium salt with two other polar residues attached to it) and a hydrophobic end (two
decyl groups (compound 4) was found to exhibit the broadest long-chain fatty acid tails with 12 to 20 carbons). The fatty acid

of activity against the microorganisms tested. tails are favored for micelle and membrane formation (3).
There are great differences between gram-positive and

DISCUSSION gram-negative bacteria in the structure of cell walls. Gram-
positive bacteria possess a relatively simple cell wall structure

Effect of substituents on bactericidal activity. The structures which is composed mainly of peptidoglycan and teichoic acid.
of the cytoplasmic membranes of bacteria are essentially the The peptidoglycan is polysaccharide (alternating copolymer of

TABLE 2. Antibacterial activity of phosphonium salts against gram-negative strains

Compound ~~~~~~~~~~~~~~~~~~MIC(,uLg/ml)'
Compound

Escherichia coli Enterobacter aerogenes Pseudomonas aeruginosa

CH3 1 (n = 9) 200 >200 >200
CH3-P+i-(H2),-CH3 Cl 2 (n = 13) 12.5 100 200

CH3 3 (n = 17) >200 >200 >200

CH3\ ,(CH2),-CH3 4 (n = 9) 3.13 3.13 200
Pt Cl- 5 (n = 13) >200 >200 >200

CH3 \(CH2), -CH3 6 (n = 17) >200 >200 >200

OH3 11 (n = 9) 12.5 25 200
C2H5s-_CH2IP+ (CH2)nOH3 Cl 12 (n = 13) 200 200 >200

CH3 13 (n = 17) >200 >200 >200

C4H9 14 >200 >200 >200
C2H5 -C- CH2- P+- C4H Cl-

C4Hg

aDetermined by the spread plate method.
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TABLE 3. Antifungal activity of phosphonium salts

MIC (pug/ml)a
Compound Candida Geotnichum Penicillium Rhizopus Tichoderma

famata candidum citrinum stolonifer harzianum

CH3 1 (n = 9) >200 >200 >200 >200 >200
CH3-P+-(CH2),-CH3 Cl- 2 (n = 13) 200 50 200 200 200

CH3 3 (n = 17) 12.5 >200 >200 >200 >200

CH3\ ,(CH2),-CH3 4 (n = 9) 1.56 3.13 100 >200 200
/P+\ (CHA- Cl- 5 (n = 13) >200 >200 >200 >200 >200

CH3~~(CH2)n-CH3 6 (n = 17) >200 >200 >200 >200 >200

CH3 11 (n = 9) 12.5 6.25 200 >200 >200
C2H54)..CH2-P+I(CH2),-CH3 Cl 12 (n = 13) 6.25 6.25 >200 >200 >200

CH3 13 (n = 17) >200 >200 >200 >200 >200

C4H9 14 >200 >200 >200 >200 >200
C2H5 -J- CH2- IP+- C4H9 Cl-

C4HA
a Determined by the spread plate method.

N-acetylglucosamine and N-acetylmuramic acid) to which
polypeptide with an appropriate chain length is attached. Thus,
the overall structure of the cell wall of gram-positive bacteria is
somewhat mesh-like (1). Teichoic acid is a phosphate diester
of glycerol or ribitol and therefore is negatively charged at
physiological pH. On the other hand, the structure of the cell
wall of gram-negative bacteria is much more complicated than
that of gram-positive species. The peptidoglycan layer is rather
thin, but there is an outer membrane outside the peptidoglycan
layer. The outer membrane is composed mainly of lipopoly-
saccharides and phospholipids, and their significant role is to
protect the bacterial cell from attack by foreign compounds,
such as disinfectants (1).

Generally, gram-negative strains such as E. coli are less
sensitive to cationic disinfectants than gram-positive strains
(1). Strain dependence of antibacterial activity is known to
originate from differences in cell wall structures of bacteria (1,
7). Because of the presence of the outer membrane, the
phosphonium biocides used in this study may be less active
against gram-negative bacteria.

Hydrophobicity of the substituent (in other words, the length
of the alkyl chain) has been confirmed to affect the antibacterial
activity of many cationic disinfectants (7, 11, 16). By increasing
the hydrophobicity of the cationic biocides, they become able to
interact with the cytoplasmic membrane (which is the target site
of the cationic biocides). Thus, it was expected that compounds
having the longest alkyl chains would show the highest antibac-
terial activity. In fact, for a series of alkyltrimethylphosphonium
chlorides used in this study, the cation with the longest alkyl
chain (octadecyl) exhibited the highest activity (Fig. 2C and F).
However, for the phosphonium salts with two long alkyl chains,
we obtained results contrary to our expectations.

Molecular organization of phosphonium salts affects bacte-
ricidal activity. Currently, many synthetic bilayer-forming am-

phiphiles, such as dialkylammonium salts and anionic dialkyl
surfactants, have been prepared, and they can form a variety of
aggregates in aqueous dispersion like liposomes from naturally
occurring phospholipids (12-14). Most of these compounds
have a hydrophilic part and two long alkyl tails, like the
phospholipid molecules. Therefore, the synthetic amphiphiles
with double long alkyl chains are expected to interact strongly
with cytoplasmic membranes because of the similarity of the

molecular structure to that of the membranes. This may explain
why compound 4 exhibited particularly high activity. However,
it was unexpected that the antibacterial activity of the com-
pounds with two long alkyl chains (4, 5, and 6) decreased with
increasing chain length. At the lowest concentration (0.28 ,uM),
all of the compounds used in this study were inactive against
both strains, although compounds 3 and 4 exhibited a high
activity at 2.8 ,uM. These results imply that the effect of
concentration on the antibacterial activity may change discon-
tinuously from 0.28 to 2.8 jiM. Generally, the concentration
and the molecular structure of the surfactants affect remarkably
the organization of aggregates in aqueous solution, so that the
amphiphiles give very different morphologies. Thus, the effect
of alkyl chain length on antibacterial activity should be inter-
preted in terms of the state of aggregation in test solution.

Since active cationic disinfectants possess the same molecu-
lar structure as common cationic surfactants, they have a
CMC. The CMC is dependent on the total carbon chain length
of the amphiphile. The longer the alkyl chain length of the
amphiphile, the lower the CMC becomes. The compound with
an octadecyl group (compound 3) and the sample with a
didecyl group (compound 4) have similar numbers of carbon
atoms (21 and 22, respectively); thus, they are expected to give
similar CMCs. They exhibited similar antibacterial activities. It
may be assumed, therefore, that the antibacterial activity
depends on the CMC. However, it cannot be interpreted on
the basis of the CMC why the compounds (5 and 6) possessing
greater micelle-forming abilities (i.e., lower CMCs) than
compound 4 are less active than the compounds (3 and
4) having an optimal CMC for antibacterial activity. The rela-
tionship between antibacterial activity and morphology
of the disinfectant must be determined in the future for a deeper
understanding of the mode of action of the cationic biocides.

Effect of structure on bacteriostatic activity. The effect of
structure of the organic cations on bacteriostatic activity might
be deduced from the results of antibacterial testing against
gram-positive and gram-negative strains. The overall antibac-
terial activities of structurally different phosphonium salts
having an alkyl tail of 10 carbon atoms increased in the order
1 < 11 < 4, the order of increasing hydrophobicity of
substituents. In contrast, in the phosphonium salts with C14
and C18 as the alkyl chain, a simple structure is favorable for

VOL. 38, 1994



ANTIMICROB. AGENTS CHEMOTHER.

antibacterial activity: the activity increased in the order 5 < 12
< 2 (alkyl chain of 14 carbon atoms) and 6 < 13 < 3 (alkyl tail
of 18 carbon atoms), respectively. These results clearly indicate
that factors such as tail length and molecular structure affect
the bacteriostatic activity of the phosphonium salts.

Bactericidal and bacteriostatic activities. As described
above, the bactericidal activity of the phosphonium salts with
double long alkyl tails (4 through 6) decreased with increasing
chain length of the substituents. On the other hand, the
bactericidal activity of the phosphonium salts containing single
long alkyl chains (compounds 1 through 3 and 11 through 13)
increased as the alkyl chain length increased (7). These results
clearly indicate that the longer alkyl chain is favorable for the
bactericidal activity of the structurally simple compounds (1
through 3 and 11 through 13).

Susceptibility testing by the spread plate method measures
bacteriostatic activity in the form of MICs. As shown in Tables
1 and 2, the bacteriostatic activities of the phosphonium
biocides against methicillin-susceptible S. aureus 209P and E.
coli NIHJ decreased uniformly with increasing alkyl chain
length except for alkyltrimethylphosphonium chlorides (com-
pounds 1 through 3). In contrast to the bactericidal activity, the
bacteriostatic activity of each phosphonium salt series showed
almost the same trend in that the activity decreased as the alkyl
chain length increased, irrespective of the molecular structure.
In other words, the bacteriostatic activity seems to be governed
mainly by the alkyl chain length.

Furthermore, we need to investigate the differences in anti-
bacterial activity by means of antibacterial testing. For example,
although the phosphonium salts with the longest alkyl chains
(octadecyl, compounds 3 and 6) were active against E. coli IFO
3806 and S. aureus IFO 12732 (Fig. 2F and 3C, respectively),
their MICs were >200 and 100 ,ug/ml, respectively (Tables 1
and 2). Such depression of the activity in the evaluation by the
spread plate method can be interpreted also on the basis of the
state of aggregation of the phosphonium ions. The compounds
(3 and 6) with greater micelle-forming abilities in each series
may readily form aggregates in agar plates, including inorganic
salts and nutrient broth, since the formation of aggregates is
enhanced by ionic strength in media (5). Thus, it is possible that
in the spread plate method the inactivation of the phosphonium
biocides was ascribed to precipitation of the samples due to the
formation of aggregates.

REFERENCES
1. Costerton, J. W., and K.-J. Cheng. 1975. The role of the bacterial

cell envelope in antibiotic resistance. J. Antimicrob. Chemother.
1:363-377.

2. Costerton, J. W., J. M. Ingram, and K.-J. Cheng. 1974. Structure
and function of the cell envelope of gram-negative bacteria.
Bacteriol. Rev. 38:87-110.

3. Dyson, R. D. 1978. Cell biology, 2nd ed., p. 70-133. Allyn and
Bacon, Inc., Boston.

4. Elsmore, R. 1986. Biocidal control of legionellae. Isr. J. Med. Sci.
22:647-654.

5. Fendler, H., and E. J. Fendler. 1975. Catalysis in micellar
and macromolecular systems, p. 19-41. Academic Press, New
York.

6. Ike, Y. 1980. Kanten heiban kishakuho, p. 74-82. In S. Mitsuhashi
(ed.), Yakuzai kanjusei sokuteiho (Antimicrobial susceptibility
testings). Kodansha, Tokyo.

7. Kanazawa, A., T. Ikeda, and T. Endo. 1993. Novel polycationic
biocides: synthesis and antibacterial activity of polymeric phospho-
nium salts. J. Polym. Sci. Part A: Polym. Chem. 31:335-343.

8. Kanazawa, A., T. Ikeda, and T. Endo. 1993. Polymeric phospho-
nium salts as a novel class of cationic biocides. II. Effects of
counter anion and molecular weight on antibacterial activity of
polymeric phosphonium salts. J. Polym. Sci. Part A: Polym. Chem.
31:1441-1447.

9. Kanazawa, A., T. Ikeda, and T. Endo. Polymeric phosphonium
salts as a novel class of cationic biocides. VII. Synthesis and
antibacterial activity of polymeric phosphonium salts and their
model compounds containing long alkyl chains. J. Appl. Polym.
Sci., submitted.

10. Kanazawa, A., T. Ikeda, and T. Endo. Synthesis of trialkylphos-
phines with different linear alkyl chains. J. Org. Chem., submitted.

11. Kourai, H., T. Horie, and K. Takeichi. 1980. The antimicrobial
characteristics of quaternary ammonium salts and their alkyl chain
length. Bokin Bobai (J. Antibact. Antifung. Agents) 8:9-17.

12. Kunitake, T., and Y. Okahata. 1977. A totally synthetic bilayer
membrane. J. Am. Chem. Soc. 99:3860-3861.

13. Kunitake, T., and Y. Okahata. 1978. Synthetic bilayer membranes
with anionic head groups. Bull. Chem. Soc. Jpn. 51:1877-1879.

14. Moss, R. A., and G. 0. Bizzigotti. 1981. Fully functionalized thiol
vesicles: structure and esterolytic properties. J. Am. Chem. Soc.
103:6512-6514.

15. Oswald, A. A. 1976. Surface active quaternary higher dialkyl
phosphonium salts. U.S. patent 3998754.

15a.Oswald, A. A. 1980. Surface active quaternary higher dialkyl
phosphonium salt biocides and intermediates. U.S. patent
4188380.

16. Panarin, E. F., M. V. Solovskii, N. A. Zaikina, and G. E.
Afinogenov. 1985. Biological activity of cationic polyelectrolytes.
Makromol. Chem. Suppl. 9:25-33.

17. White, D. A., W. J. Lennarz, and C. A. Schnaitman. 1972.
Distribution of lipids in the wall and cytoplasmic membrane
subfractions of the cell envelope of Escherichia coli. J. Bacteriol.
109:686-690.

952 KANAZAWA ET AL.


