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13. (CONTINUED)
(Av) measured as the shift in frequency of O-H stretching bands between free OH and

hydrogen bonded OH to diethyl ether oxygen by infrared spectroscopy were utilized as a
dispersive and polar structural parameter. The correlation established by multiple regressior]
analysis between antimicrobial activities and structural properties of silanols and carbinols
against the four bacteria was log (1/MLC) = 0.670 log P + 0.0035 Av -1.836, n = 282,

r =0.96, s = 0.22. This equation and a significantly high correlation coefficient r supported
the hypothesis that the lipophilic properties and the H-bond acidities are primary factors for
antimicrobial action of silanols and carbinols.




1. Introduction

Understanding the mechanisms of antimicrobial action is critical for the design of
improved antimicrobial agents. The quantitative relationship between chemical structure
and biological activity has received considerable attention in recent years because it
allows one to predict chemical toxicity or bioactivity without an inordinate amount of
time and effort. A method for quantitative biological activity and chemical structure
relationship was introduced by Hansch and Fujita in 1964. This method is based on a
linear free energy-related approach, called Hansch analysis [1, 2]. All parameters used in
Hansch analysis are linear free-energy-related values derived from rate or equilibrium
constants.

Structural dependence studies with antimicrobial activity have been mainly focused on
the effects of the hydrophobicity through testing a homologous series of samples, for
example, aliphatic alcohols, alkylated phenol derivatives, and quaternary ammonium
compounds [3-6]. Tanner and Wilson examined the antimicrobial activity of aliphatic
alcohols containing from 1 to 11 carbon atoms by employing nine different strains of
bacteria [6]. They showed that the bioactivity increased as the alkyl chain length
increases from methyl to pentyl, then decreases through the primary-normal hexyl, heptyl
and octyl alcohols as a result of a decrease in solubility. The relationship between the
chemical structure and antimicrobial activity of substituted phenol compounds has been
reported [5, 7]. The bactericidal actions of alkyl substituted phenol [5] and the normal
alkyl derivatives of p-chlorophenols [7] were examined against Gram-negative and
Gram-positive bacteria. They reported that an increase in the alkyl chain length led to an
increase of antimicrobial activity, but there existed a cut-off point where the activity
began to fall off as the alkyl chain continued to increase. It was also reported that the cut-
off points varied with tested microorganisms.

Hansch and Lien summarized the structure—activity relationship of antimicrobial agents
by means of equations [8] based on a method proposed by Hansch and Fujita in 1964 [1].
This multiple regression analysis method was used for establishing the correlation
between structural properties and activities [9]. They observed that the correlations varied
with bacteria and type of antimicrobial agents. These authors suggested that the lipophilic
property of the molecule was the most important factor for the antimicrobial activities of
the compounds with a relatively minor contribution from electronic properties [8]. Daoud
demonstrated a parabolic relationship between log P and log (1/MLC) of a homologous
series of alkyldimethylbenzylammonium chlorides, quaternary ammonium salt
compounds [3]. The parabolic relationship obtained implies that the antimicrobial activity
increases as the alkyl chain length increases, then, as the activity passes an optimum
point, the antimicrobial activity begins to decrease with increasing alkyl chain.

Silanols, i.e., silicon alcohols, R3SiOH, are a new class of antimicrobial agents [10].
Their antimicrobial activity appears to be stronger than their analogous alcohols show.
Silanols are environmentally friendly materials because they are rather quickly degraded
into environmentally benign silica, carbon dioxide and water in the environment [11].
Silanols have a hydrophilic portion, the hydroxyl group, and a hydrophobic region, the
organic substituents, similar to alcohols and phenols widely used as antimicrobial agents.



It is reasonable to predict that the mode of antimicrobial actions of silanols would
resemble those of the alcohols and phenols because of the similarity of the chemical
structures of the materials. The antimicrobial actions of alcohols and phenols are
generally explained as protein denaturing and membrane damage although there are
further actions regarding inhibition of enzymatic action or protein synthesis [12-15]. The
degree of membrane disruption of cells is reported to be related to the hydrophobic
property of the agents [16, 17].

The relationship between the physicochemical properties and the bioactivities reported
earlier was mainly established using a homologous series of agents such as alcohols and
phenol derivatives separately. Our study examines the relationship between antimicrobial
activity and physicochemical properties for alcohols, phenols, and previously unreported
silanols as a single class of agents. The parameters utilized in our study were the partition
coefficient and the H-bond acidity that represented, respectively, the dispersive or lipo-
philic property and the polar property of the hydroxyl-containing antimicrobial agents.

2. Materials and methods
2.1. Preparation of alkyldimethylsilanols and their purities

Alkyldimethylsilanols, R(CH3),SiOH , shown in fig. 1.a., were prepared by the
hydrolysis of organosilicon halides [18, 19]. Organosilicon halides and water were mixed
for 15-30 minutes in diethyl ether solution with ammonium hydroxide. The analogous
alcohols, R(CH3),COH and substituted phenols shown in fig. 1.b. and 1.c. were obtained
from Acros Organics. The R substituents were methyl, ethyl, n-propyl, n-butyl, phenyl,
vinyl, benzyl, and phenethyl. The substituents for the phenols were 4-methyl, 4-ethyl,
4-propyl, 4-but%/I 4-pentyl, 4-hexyl, 3-chloro, and 2-phenyl. The purities of the silanols
measured by a “°Si and *H NMR (nuclear magnetic resonance spectroscopy) method [20]
were 95 £ 3 %, with the impurity consisting of disiloxanes arising from condensation of
silanols. The antimicrobial effects of disiloxanes were also tested. The alcohols and
phenols were used as received and their purities were greater than 97 %.
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Fig. 1. Chemical structures (a) Alkyldimethylsilanols (b) Alkyldimethylcarbinols,
(c) Substituted phenols



2.2. Preparation of the bacteria and procedures of the antimicrobial tests

The bacterial strains employed were Escherichia coli (E. coli) C3000 (ATCC 15597), a
laboratory strain of Staphylococcus aureus (S. aureus) (Department of Microbiology,
University of Florida), Pseudomonas aeruginosa (P. aeruginosa) type strain (ATCC
10145), and Enterococcus faecalis (E. faecalis) type strain (ATCC 19433). Suspensions
of the bacteria were prepared according to the procedure by Rincon [21]. The bacteria
were inoculated under aerobic conditions in a nutrient, Columbia broth, overnight at

37 °C with constant agitation. The bacterial cells were collected by centrifugation at
500 rcf (relative centrifugal force) for ten minutes at 4°C and washed three times with
sterilized distilled water. A bacterial pellet was resuspended in the sterilized water after
final washing. Concentrations of the prepared bacteria suspension were 2—6 x10° cfu/mL
(colony forming units).

The antimicrobial activity tests of the materials were carried out by adding a given
concentration of antimicrobial agent into 9 g of deionized water and 1 g of bacterial
suspension containing a concentration of 2—6 x10° cfu/mL. The solution was stirred for
an hour. Minimum lethal concentration (MLC) in our studies is defined as the maximum
dilution of the product that kills the test organisms by more than a 7-log reduction after a
one-hour exposure. The MLCs were utilized as the measure of the biocidal activity of
silanols, alcohols, and phenols. Samples collected after the 1-hour treatment were diluted
by a phosphate-buffered saline and then plated on a plate-count agar (Difco)[22]. After
incubation of the plates for 24 hours at 37 °C, the colonies that grew on the medium were
counted to estimate the number of viable bacteria. The standard deviation values in table
1 were determined by taking a mean of three tests.

2.3. Measurement of Hydrogen-bond acidity (H-bond acidity)

Relative H-bond acidities of a series of silanols, analogous alcohols, and phenols were
determined by measuring Av, defined as the shift in frequency of the O-H stretching
band between free OH and OH hydrogen-bonded to diethyl ether oxygen [23]. The shift,
Av, is proportional to the strength of the hydrogen bond. The strength of the hydrogen
bond is based on the ability of the proton of the hydroxyl compound to associate with a
proton acceptor site in the hydrogen bond base, diethyl ether. The shift is a measure of
the relative proton-donating nature of the OH-containing compounds, because the proton-
accepting ability remains constant since the same base diethyl ether was employed.

Solutions of the silanols, the alcohols, and the phenols were prepared at 0.04M in carbon
tetrachloride. The Lewis base, anhydrous diethyl ether, was prepared at 0.5M in carbon
tetrachloride. One-to-one mixtures of the base and the silanols or alcohols were prepared
for the infrared spectroscopy study. The possibility of the self-association bands was not
a concern at the low concentration of silanols and alcohols [23].

A transmission sampling technique with a NaCl window material was utilized for the
infrared spectroscopy measurements. Two OH bands in the 3800-3200 cm™ region were
observed. A broad OH band was detected at lower frequency range, 3500-3200 cm™, due
to OH hydrogen bonded to the ether oxygen, whereas a sharp free-OH band was observed



at higher frequency, 3800-3550 cm™. The difference in frequency between two bands,
Av, measured the relative H-bonding acidity of the silanols and alcohols [23].

2.4. Calculation of the octanol-water partition coefficient.

The lipophilic nature was determined by partitioning a compound between an aqueous
and a non-aqueous phase. The octanol-water partition coefficient, log Py, is defined as
the ratio of the concentration of a solute in a non-polar solvent (1-octanol) and the
concentration of the same species in a polar solvent (water) under equilibrium conditions
[24]. Log P of the silanols, alcohols, and phenols was calculated by using the demo
program LogKow, provided by Syracuse Research Corporation. The program was used to
estimate log P by using a new fragment-constant approach which is the atom/fragment
contribution (AFC) method [25]. In the fragment-constant approach, proposed by Hansch
and Leo [26, 27], a chemical structure is divided into fragments such as atoms or larger
functional groups. The values of the fragments are summed together with structural
correction factors to estimate the value of log P.

The AFC method was developed through multiple linear regressions of experimental log
P values. The first regression analysis was correlated to the atom/fragment values without
correction factors. Correction factors were derived from the difference between the value
of log P estimated from the first regression and the measured log P values. The log P of a
compound was then estimated by simply summing all atom/fragment values and
correction factors contained in a structure.

3. Results

3.1. Characterization of the partition coefficient, the H-bond acidity for the silanols,
the alcohols, and the phenols and determination of the purity of the silanols

The purities of the silanols, measured by #*Si and *H NMR, were 95+3 %. The
impurities of the silanols were identified as the silanol condensation products,
dialkyltetramethyldisiloxanes. Antimicrobial activities of disiloxanes such as the
hexamethyldisiloxane impurity in trimethylsilanol and diphenyltetramethyldisiloxane in
phenyldimethylsilanol were evaluated to determine their contribution to the antimicrobial
activities of the silanols. The experiments performed using 10% of the disiloxanes tested
against the four bacteria of the study showed less than a 1-log reduction, demonstrating
that the silanols and not their condensation products, the disiloxanes, were responsible for
the observed antimicrobial activity.

The physicochemical properties, the H-bond acidity and the octanol-water partition
coefficient of the tested materials are shown in table 1. The H-bond acidities of the
silanols are almost two times higher than their analogous alcohols due to the electron
back donation through m-bonding from a p orbital of oxygen to a vacant d orbital of
silicon [23]. This greater acidity occurs even though the silicon atom is more
electropositive than a carbon atom, which would lead one to predict that silanols should
be less acidic than their analogous carbinols. We propose that the higher acidities of the



silanols play an important role to their enhanced biocidal activity. The H-bond acidities
of phenol derivatives were generally higher than those of most silanols and alcohols.

The partition coefficients estimated by the atom/fragment-contribution method [25]
showed a gradual increase as the alkyl chain increased for silanols, alcohols and phenols
presented in table 1. The partition coefficients of the silanols were higher than the
analogous alcohols as shown in table 1. It is well known that silicon compounds including
the silanols exhibit higher hydrophobic properties than analogous organic compounds due
to flexible molecular chains and lower group rotation energy barriers than the carbon

bond [28]. 4-Pentylphenol and 4-hexylphenol, which contain longer alkyl chains,
exhibited the highest partition coefficients.

3.2. Antimicrobial activities of silanols, alcohols, and phenols against two Gram-
negative and two Gram-positive bacteria.

The minimum lethal concentrations (MLC) of the silanols, alcohols, and phenols were
determined against two Gram-negative bacteria, E. coli and P. aeruginosa and two Gram-
positive bacteria, S. aureus and E. faecalis, as summarized in table 1. Fig. 2. is an
example illustrating that the minimum lethal concentration decreases as the alkyl chain
length of silanols increases. The experimental results with alcohols and phenols were
similar to that of silanols except their MLC values were different from the values for
silanols. A lower minimum lethal concentration implies a higher antimicrobial activity.
Consequently, a change of substituents from a short alkyl chain to a longer alkyl chain of
silanols, alcohols, and phenols resulted in increased biocidal activity.
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Fig. 2. Minimum lethal concentration of alkyldimethylsilanols against Gram-negative

bacteria, [ Escherichia coli and [] Pseudomonas aeruginosa and Gram-positive
bacteria, Il Staphylococcus aureus and [l Enterococcus faecalis.



Table 1. Minimum lethal concentrations (% g/g), H-bond acidity in ether (Av) and
octanol-water partition coefficient (log P) of silanols, alcohols, and phenols against

Escherichia coli, Staphylococcus aureus, Psudomonaos aeruginosa, and Enterococcus
faecalis. Each minimum lethal concentration is the averaged value of three data points.

Minimum lethal concentration (% g/g)

Materials R log P Av
E. coli S.aureus  P. aeruginosa E. faecalis

Methyl  2.3620.12 2.48:0.17  2.3620.01 315005 114 239

Vinyl  123:0.06 1.04+007  1.00.03 1.32:003 15 260

Ethyl  1.04:0.04 0802002  0.87£0.04 114£005 163 237

Silanols  N-Propyl  0.43+0.03  0.36x004  0.40+0.03 050£0.05 212 237
R(CHs)SIOH  phenyl  0.27+003  0.2640.03  0.35+0.05 0.42+0.03 236 267
Benzyl  0.17¢0.01 0.16£0.01 x 0.23:0.03 285 257

n-Butyl 014001 0.14+0.01 v y 262 236

Phenethyl  0.10£0.02  0.08+0.02 x 0124002 334 252

Methyl — 13.54+1.27 10.61:0.19  9.79+0.19  13.332042 075 126

Vinyl  523:0.06 4.37+0.05  3.67+0.08 563:0.18 108 130

Ethyl  5.00:0.04 4.17+012  3.96£0.04 567+0.15 122 125

Alcohols  N-Propyl 1684004 169+0.04  1.03+0.03 1.76£0.04 171 125
R(CH).COH  phenyl  0.96+0.06 0.78+0.03  0.71+0.03 0.93+0.03  1.95 137
n-Butyl  0.67£0.03 0.65:0.02  0.53%0.02 0.76£0.06 22 126

Benzyl  0.7+0.05 059:0.02  0.630.03 0.75:0.05 244 129

Phenethyl 0.26+0.01 0.2620.01  1.330.28 0.32£0.02 293 129

Hydrido  0.70+0.01 0.61+0.02  0.62+0.08 0.98:0.03 151 278

4-Methyl 0.410£0.01 0.35:0.02  0.35£0.05 0.45:0.05  2.06 270

3-Chloro  0.13+0.02 0.11x001  0.110.01 014001 216 318

4-Ethyl  0.13:0.02 0.14%0.02  0.110.01 0.17+0.03 255 269

RPC:ﬂ:(')SH 4-Propyl  0.0530.006 0.045£0.005 0.052+0.008  0.055:0.005 3.04 270
2-Phenyl  0.12+0.03 0.085:0.015  0.130.03 0.13:0.03 328 252

4-Butyl  0.013+0.002 0.015:0.005 0.060+0.01  0.017+0.003 353 270

4-Pentyl  0.010£0.002 0.008+0.002 x 0.012£0.002 4.02 269

4-Hexyl  0.055:0.005 0.004+0.001 x 0.006£0.001 452 271

"Hydrido : unsubstituted phenol.

x indicates no minimum lethal concentration was obtained.



The susceptibility of bacteria to antimicrobial agents can be compared based on the
relative minimum lethal concentration of the antimicrobials. The resistances of the four
bacteria against silanols, alcohols, and phenols slightly varied. E. faecalis was overall the
least susceptible bacterium followed by E. coli, P. aeruginosa, and S. aureus. It is
significant to note that the alkyldimethylsilanols showed at least two times more effective
antimicrobial activities than the analogous alcohols against all four bacteria. For the E.
coli test, trimethylsilanol and phenethyldimethylsilanol showed MLC of 2.4 % and 0.1%,
respectively, whereas the corresponding alcohols, t-butyl alcohol and phenethyldimethyl-
carbinol, exhibited MLCs of 14.51% and 0.25%, respectively. 4-Hexylphenol, which
contains the most carbon atoms among the materials tested in this study, showed the
lowest MLC, 0.004% against S. aureus and 0.006% against E. faecalis.

A fall-off of antimicrobial activity was observed as the number of carbon atoms of the
substituent of silanols, alcohols, and phenols increased. The antimicrobial activity against
E. coli obtained for 4-hexylphenol, MLC = 0.055%, was lower than that of 4-entylphenol,
MLC = 0.011%. Benzyldimethylcarbinol, having MLC = 0.58% against P. aeruginosa,
showed lower activity than the MLC obtained for butyldimethylcarbinol, 0.52%.
Phenethyldimethylcarbinol also exhibited a continuous decrease of the activity after
benzyldimethylcarbinol against P. aeruginosa, as shown in table 1.

The minimum lethal concentrations for 4-hexyl and 4-pentylphenol and n-butyl, benzyl,
and phenethyldimethylsilanol were not determined against P. aeruginosa because of a
significant reduction of antimicrobial activity of the materials as the alkyl chain length
increases beyond this cut-off point.

3.3. Correlation between antimicrobial activity and structural parameters.

We propose that the physicochemical parameters of the silanols showing a higher
hydrophobicity and a higher H-bond acidic property compared to the alcohols, contribute
to the enhanced antimicrobial activity of the silanols. Since phenol derivatives are also
composed of the hydrophilic hydroxyl group and the hydrophobic alkyl chains similar to
that of silanols and alcohols as shown in fig. 1 the three types of chemical agents were
treated as a single class of antimicrobial agents. In this study, we demonstrated a
quantitative structure—activity relationship using silanols, alcohols, and phenols. The
correlation equations between their antimicrobial activities and structural properties,

log P and H-bond acidity, were created by a multiple regression analysis and are
summarized in table 2.

The minimum lethal concentration (MLC) values were converted into the logarithms of
(1/MLC), which can demonstrate a linear free-energy relationship with the structural
parameters [2, 29]. Hansch and associates proposed that a linear free-energy relationship
exists between the lipophilicity and biological activity [2, 29]. The plot of log (1/MLC) as
a function of the partition coefficient produced a linear relationship as presented in table
2, equations 1, 3, 5 and 7, with statistically significant values of the correlation
coefficient r, standard deviation s, and F value reported in table 2.

The significance and validity of the regression models or equations can be evaluated by
assessing the correlation coefficient r, the standard deviation s, and the F values [9, 30].



Table 2 Correlation equations for antimicrobial activities and the physicochemical
properties of silanols, alcohols, and phenols against Escherichia coli, Staphylococcus
aureus, Pseudomonas aeruginosa, and Enterococcus faecalis.

Materials Alkyldimethylsilanols, Alkyldimethylcarbinols, Phenol Derivatives

log (1/MLC) =0.721 log P -1.242,
n=751r=0.91,s=0.32,F=352 (1)

Escherichia coli 0 1/MLC) = 0.614 log P + 0.0036 Av -1.777,

Gram- n=751r=0.95 s=0.24, F = 333, partial F-test=55 (2)

negative
ba?:teria log (1/MLC) = 0.645 log P - 1.072,
Pseudomonas " =60, r=083,5=034 F=128 (3)
aeruginosa log (1/MLC) = 0.525 log P + 0.0039 Av -1.645,
n=60,r=0.93,s=0.23, F =183, partial F-test=74 (4)
log (1/MLC) = 0.825 log P -1.384,
Staphylococcus -2 =095, 5=0.26, F=676 (5)
aureus log (1/MLC) = 0.722 log P + 0.0034 Av -1.8934,
Gram- n=75,r=0.99,s=0.17, F = 873, partial F-test =105 (6)
ositive
Eac{elxa log (1/MLC) = 0.809 log P -1.477,

Enterococcus 1 - (% 1 =095,5=0.26,F =648 (7)

faecalis log (1/MLC) =0.718 log P + 0.0031 Av -1.935,
n=72,r=0.98,s=0.17, F = 837, partial F-test =101 (8)

log (1/MLC) =0.764 log P -1.318,
n=282,r=0.92,s=0.30, F=1543

log (1/MLC) = 0.670 log P + 0.0035 Av -1.836, n = 282,
r=0.96,s=0.22, F = 1639, partial F-test = 268 (9)

Overall equation

Log P is the partition coefficient, Av is the H-bond acidity, r is the correlation coefficient,
s is standard deviation, and n is the number of data points.

The correlation coefficient r is a measure of how well the predicted values from a model
fit with the actual data. If the correlation coefficient r is 0.9 or larger for in vitro data,
they are significant. The standard deviation s is an absolute measure of the quality of fit.
If the standard deviation s is not much larger than the standard deviation of the biological
data—normally around 0.3—the model is acceptable. The F value is a measure of
statistical significance of the regression model. If F values are larger than the 95%
significance limit the overall significance of a regression equation is proven [30]. The
values of r, s, and F from the statistical analysis of data shown in table 2 confirmed the
significance of the regression equations achieved in this study. It was thus revealed that
the hydrophobicity is a major contributor to the antimicrobial effect against Gram-
positive bacteria and Gram-negative bacteria.



In our study, the structural parameters involved with the antimicrobial activity were not
only the partition coefficient but also the H-bond acidity. It was mentioned that the
partition coefficient is related to the lipophilicity of the materials and the H-bond acidity
is dependent on the polar properties of materials similar to pK, or the Hammett constant
o. The significance of establishing the correlation with both of the H-bond acidity and
log P was clearly demonstrated by an increase of the correction coefficient to close to
0.99 from 0.95, as well as of the F value for S. aureus, as shown in table 2. The other
bacterial tests also showed an improvement in the statistical values when two parameters
were employed for the correlation.

Partial F value was estimated to assess the significance of introducing a new variable.
Addition of the H-bond acidity as a structural parameter can be justified if the partial F
value is larger than 95% significance levels. The partial F values estimated exceeded the
95% confidence levels, suggesting that the H-bond acidity and the partition coefficient
are primary contributors to the antimicrobial activity. The overall equation for the four
bacteria against the antimicrobial agents was also significant: log (1/MLC) = 0.670 log P
+0.0035Av -1.836, n =282, r =0.96, s = 0.22, F = 1639, partial F-test = 268.

A linear free-energy relationship between antimicrobial activity, and the partition
coefficient and the H-bond acidity has been demonstrated. The correlations were
achieved over a wide range of structural variations and microbes. Twenty-five chemical
agents were tested against four bacteria. A wide range of the partition coefficient from
0.73 to 4.52 was covered. Their biological responses, minimum lethal concentrations,
varied from 14.51% to 0.01% against E. coli and from 10.67% to 0.004% against S.
aureus.

3.4. Variation of the cut-off points

It has been previously reported that antimicrobial activity of aliphatic alcohols falls off as
the alkyl chain increases to more than six carbon atoms [31]. This is the so called “cut-off
point,” at which biological activity falls off rapidly or disappears as chain length
increases in a homologous series. The cut-off points varied with bacteria. In the case of
the Gram-negative bacterium E. coli, a clear cut-off point of antimicrobial activity can be
seen in fig. 3.a. The activity began to decrease as the partition coefficient increased
beyond a point. In contrast, no cutoff point was detected for S. aureus, as shown in fig.
3.b. A disappearance of antimicrobial activity was also detected in P. aeruginosa and E.
faecalis tests.

In the case of P. aeruginosa the minimum lethal concentration values of

n-butyl-, benzyl-, phenethyldimethylsilanol and 4-pentyl- and 4-hexyl- phenol were not
detected under the condition mentioned earlier. n-Butyldimethylsilanol did not achieve
7-log reduction against E. faecalis. It was found that n-butyldimethylsilanol required
more than an hour to show a 7-log reduction against E. faecalis. It should be pointed out
that all the cut-off points were observed under the limited experimental conditions, i.e.,
1-hour exposure time at a given concentration of bacteria in deionized water.
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Fig. 3. Correlation between antimicrobial activities and the partition coefficient,
(a) Escherichia coli, (b) Staphylococcus aureus; 25 data points are used, from table 1.

4. Discussion

4.1. Structure and antimicrobial activity relationship

In this study, the hydrogen-bonding acidity as the polar contribution and the partition
coefficient as the dispersive component are the key parameters for consideration. The
data reported above reveal that the two parameters are primary contributors to the
antimicrobial activity. The hydrophobicity of materials is an important parameter with
respect to such bioactivity as toxicity or alteration of membrane integrity, because it is
directly related to membrane permeation [16]. Hunt also proposed that the potency of
aliphatic alcohols is directly related to their lipid solubility through the hydrophobic
interaction between alkyl chains from alcohols and lipid regions in the membrane[17].
We suggested that a similar hydrophobic interaction might occur between the alkyl chain
of silanols or phenols accumulated in the lipid like nature of the bacteria membranes. As
a consequence of their hydrophobic interaction, bacteria lose their membrane
permeability, ultimately causing death of the bacteria [16, 17].

Kubo pointed out that antimicrobial effects may be due to a balance between the
hydrophilic and hydrophobic portions of the molecule [32—34]. This concept is
reasonable because antimicrobial agents having not only a hydrophobic portion but a
hydrophilic region or relatively long alkyl chains in their chemical structure showed
either reduced or no bioactivities [6]. Condensation by-products, disiloxanes, did not
show antimicrobial activity either.

The hydroxyl function of the alcohols is to orient and preferentially localize the materials
near the membrane by virtue of hydrogen bonding with ester linkages of fatty-acyl
residues and with water molecules [12]. The hydrogen-bonding forces are directly related
to the H-bond acidity [23]. It is reasonable to suggest that the higher H-bond acidity of
the silanols compared to the analogous alcohols has contributed to a better balance
through strong hydrogen bonding.

Even though it is minor, a contribution of the H-bond acidity was clear when we
compared agents with lower log P and higher H-bond acidity. Alcohols such as
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ethyldimethylcarbinol and vinyldimethylcarbinol, having a higher partition coefficient
compared to that of trimethylsilanol, demonstrated lower antimicrobial activity as shown
in table 1. n-Butyldimethylsilanol, with log P = 2.85, also showed lower activity than 4-
ethylphenol, log P = 2.55. The higher activity of trimethylsilanol and 4-ethylphenol
appears to be attributed to their higher H-bond acidity, implying that the contribution of
the H-bond acidity is significant. It is reasonable to suggest that the silanols may disrupt
the cell membrane more efficiently than the analogous alcohols due not only to their
higher hydrophobicity but also the higher H-bond acidity.

Hansch reported a number of correlation equations involving antimicrobial activity with
alcohols and phenols [8]. For benzyl alcohols against E. coli, log (1/C) =0.539 log P +
0.531 6 +4.001, n = 14, r =0.939 was observed. For S. aureus and E. faecalis, log (1/C)
=0.599 log P + 0.421 ¢ + 4.069, n = 18, r = 0.906 was obtained. Substituted phenols
tested against P. aeruginosa displayed log (1/C) = 0.684 log P - 0.921 ¢ + 0.265, n = 21,
r = 0.847 [8]. C is the molar concentration of the drug necessary to cause a standard
biological response. For the electronic property Hansch used the Hammett ¢ constant,
whereas the H-bond acidity was employed in our study. The value of the Hammett ¢
constant is dependent on the electronic properties of the substituent X relative to the
substituted H [8].

The H-bond acidity employed depends not only on the electronic property of the
substituents but also the parent molecule. As a result the correlations obtained from the
previous studies were limited to a homologous series of chemicals such as substituted
phenols or benzyl alcohols individually, and did not allow for combining different series
of chemicals. In our study, silanols, alcohols, and phenols were considered as one group
of chemicals that contain alkyl chains and a hydroxyl group in their chemical structure.
The correlation coefficients acquired from our study as shown table 2 were significant
enough to reveal that the antimicrobial activities of silanols, alcohols, and phenols were
dependent on their lipophilic nature and their H-bond acidity.

4.2. The cut-off point

There are several concepts to explain the occurrence of the cut-off point. One suggested
by Hansch is that the maximum activity of the substituted phenols varies with bacteria
[1, 8]. Hansch suggested that it was related to the rate of diffusion of the molecule into
the cell. The rate depends upon how strongly molecules are bound by the protein or lipid
they interact with in the membrane section. Hansch, et al., concluded that the fall-off in
activity with increase in hydrophobicity was due to a slow diffusion rate of molecules
strongly bound in the membrane. Consequently, it was not possible to accumulate a
sufficient concentration at the reaction site to produce the particular biological response
within a test period [1, 8]. Additionally Ferguson suggested that the limiting solubility of
materials in the hydrophilic phase led to the fall-off of the activity [1, 35, 36]. Drug
molecules will not be able to cross the aqueous-phase barrier of the membrane when the
partition coefficient of the drug reaches a point at which a micelle begins to form or drug
molecules are localized in the first lipophilic phase of membrane.

Klarmann reported that for Gram-negative bacteria the maximum activity was reached at
the amyl derivative of chlorophenol against Eberthella typhi and the hexyl derivative
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against Eberthella paradysenteriae. However, in the case of the Gram-positive bacterium
S. aureus, maximum activity was observed with the n-octyl derivative [7]. Hansch also
reported that Gram-positive bacteria showed a higher cut-off point—optimum partition
coefficient value = 6—than the value of 4 for Gram-negative bacteria [8]. This author
claimed that the lower cut-off point with Gram-negative bacteria was due to their higher
lipid content contributing to a higher resistance of the bacteria. Our study showed a
similar result that E. coli and P. aeruginosa, Gram-negative bacteria, showed lower cut-
off points than those of the Gram-positive bacteria S. aureus and E. faecalis. For
4-hexylphenol, the Gram-positive bacteria did not exhibit the fall-off whereas the Gram-
negative bacteria, with the same substituents, displayed either reduction or disappearance
of antimicrobial activity. Fig. 3. is an example showing the cut-off point against E. coli in
comparison with S. aureus.

5. Conclusion

Antimicrobial activities of alkyldimethylsilanols were measured and compared with their
analogous alcohols, alkyldimethylalcohols. Both the higher lipophilic nature of the
silanols and the higher H-bond acidity induced enhanced activities of the silanols over
their analogous alcohols. A structure—activity dependence study with four bacteria was
carried out to determine the relationship between physicochemical properties of silanols,
alcohols, and phenols and their antimicrobial activities. In this study silanols, alcohols,
and phenols were treated as belonging to the same group of chemicals, which have
hydrophobic regions and a hydrophilic portion containing an hydroxyl group. This study
revealed that a linear free-energy relationship exists between the partition coefficient and
the H-bond acidity and their antimicrobial activities. The cut-off points found appear to
vary with tested bacteria.
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