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The structural relationships of 30 straight-chain fatty acids and derivatives and
their bactericidal properties were studied with 8 gram-negative and 12 gram-

positive organisms. Chain length, unsaturation (cis, trans), and functional group

were all variables considered in this study. Our data indicate that C12 (lauric acid)
is the most inhibitory saturated fatty acid against gram-positive organisms. Mono-
enoic acid (C18:l) was more inhibitory than saturated fatty acid, but was less active
than dienoic derivatives (C182). Other unsaturated compounds were less acti- e

than C182. Alcohols and glyceryl esters were active only against gram-positive
organisms. In general, esterification of the carboxyl group led to a compound
which was less active; monoglycerides were the sole exception. Amine derivatives,
contrary to results with fatty acids, esters, and amides, showed activity against
both gram-positive and gram-negative organisms.

The antifungal and bactericidal properties of
fatty acids are well known (5, 12, 22). In general,
fatty acids function as anionic surface agents, and
the anionic surfactants are less potent at physio-
logical pH values (1, 23). Recently, our interest
has focused on the structural and functional role
of lipids, especially fatty acids, in microorganisms.
In an attempt to correlate fatty acid structure with
biological activity at physiological pH values, a
series of experiments was carried out to obtain
semiquantitative information. The information
reported herein was obtained with 30 purified
compounds which were tested against 12 gram-
positive and 8 gram-negative organisms.

MATERIALS AND METHODS
Source of fatty acids. Dodecanedioic acid, trilaurin,

cholesteryl laurate, dodecyl-amine HCI, dodecyl ace-
tate, and 1-dodecane-thiol were obtained from East-
man Organic Chemicals, Rochester, N.Y.
Mono- and dilaurin and mono- and dicaprin were

kindly submitted to us for study by D. Rebello, De-
partment of Chemical Technology, University of
Bombay, Bombay, India.

Except as noted above, the other highly purified
fatty acids and related compounds were obtained from
Applied Science Laboratories, Inc., State College, Pa.

Preparation of fatty acid solutions. Standard solu-
tions of fatty acids and their derivatives were prepared
by first dissolving the weighed compounds in I to 2 ml
of 95%70 ethanol and immediately pouring this solution
into 200 ml of Trypticase Soy Broth. Those lipid com-
pounds which were insoluble in water and broth pre-
cipitated into very small crystals or droplets. The tubes
containing the suspensions were warmed to approxi-
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mately 70 C and were then placed in an ultrasonic tank
for further solubilization of the lipid derivatives.

Standard solutions (suspensions) at 1,000 ,ug/ml
were twofold serially diluted with additional broth to a
concentration of 125 ,ug/ml. A 4-ml amount of each
dilution was then quickly, and with constant agitation,
dispensed into appropriately labeled screw-capped
glass tubes (16 by 125 mm). The tubes were sterilized
with steam at 15 psi for 15 min. After sterilization, all
tubes were cooled and incubated overnight at 35 C to
insure sterility.

If a compound was found to have inhibitory activity
at concentrations lower than 125 ,g/ml, the testing
was continued to a final concentration of 1.5 ,ug/ml for
each active compound. All compounds were compared
on a molar (micromoles/milliliter) rather than on a
mass basis.

Nioroorganisms. The microorganisms used for our
screening studies were those frequently encountered in
clinical microbiological specimens. In the following
lists of gram-positive and gram-negative organisms
used, those followed by a parenthetical number are
registered with the American Type Culture Collection;
the remainder were isolated at Providence Hospital
or Northland Laboratory during 1970. The following
gram-positive organisms were tested: Staphylococcus
aureus, S. epidermidis, beta-hemolytic streptococci
(group A and non-group A), group D streptococcus,
Bacillus subiilis (6051), Sarcina lutea (9431), Micro-
coccus sp., Candida albicans, Nocardia asteroides
(3308), Corynebacterium sp. (10700), and pneu-
mococcus (63001). The gram-negative organisms
were Proteus vulgaris, P. mirabilis (14273),
P. rettgeri (9250), Escherichia coli, Serratia
marcescens (13880), Eniterobacter-Klebsiella, Pseudo-
monas aeruginosa (10145), and Salmonzella typhi-
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TABLE 1. Miniimal inthibitory conicenltrationis of 15 fatty acidsa

Compound

Caproic ......
Caprilic ......
Capric ......
Lauric........
Myristic ......
Myristoleic ...
Palmitic......
Palmitoleic ...
Stearic .......
Oleic .........
Elaidic .......
Linoleic......
Linolenic.....
Linolelaidic
Arachidonic.

Pneumo-
cocci

NI
NI
1.45
0.062
0.218
0.110
0.48
0.024
NI
NI
NI

0.044
0.179
NI
NI

Strep-
tococcus
group A

NI
NI
1.45
0.124
0.547
0.110
3.9
0.098
NI
1.77
NI

0.089
0.35
NI
NI

Strep-
tococcus
beta-he-
molytic
non-A

NI
NI

2.9
0.249
2.18
0.110
3.9
0.049
NI
NI
NI

0.089
0.35
NI
NI

Coryne- Nocardia
bacteria asteroides

NI
NI
1.45
0.124
0.437
0.055
1.9
0.049
NI
NI
NI

0.044
0.179
NI
NI

ft Results are given in micromoles per milliliter.
mg/ml or 3 to 6.0,umoles/ml).

NI
NI
1.45
0.124
0.547
0.110
NI

0.049
NI
NI
NI

0.089
0.448
NI

I NI

Micro-
cocci

NI
NI

2.9
0.624
0.547
0.220
1.9
0.049
NI
NI
NI

0.089
0.448
NI
NI

Candida S. auireuts S. epider-midis

NI
NI

2.9
2.49
4.37
0.552
NI

0.491
NI
NI
NI

0.455
NI
NI
NI

NI
NI

2.9
2.49
4.37
0.441
NI

0.983
NI
NI
NI
NI
1.79
NI
NI

Nt
NI

2.9
2.49
2.18
0.441
3.9
0.491
NI
NI
NI
NI
NI
NI
NI

Strep-
tococcus
group D

NI
NI

5.8
2.49
4.37
0.441
NI

0.491
NI
NI
NI
NI
NI
NI
NI

NI = not inhibitory at the concentrations tested (1 .0

murium. Strain differences within a genus were not
significant by our mode of testing (unipublished data).
One drop (0.04 4 0.01 ml) of an 18-hr broth culture

containing 109 to 1012 organisms,/ml was added to each
dilution of the test compound, as well as to a tube of
plain broth which served as the positive control. After
inoculation, the contents of each tube were well
mixed, and the tubes were incubated at 35 C in a 5%/.
carbon dioxide atmosphere.

After 18 hr of incubation, the minimal inhibitory
concentration (MIC) of each compound was deter-
mined for each microorganism. In our study, the MIC
is defined as the lowest concentration of compound at
which no microscopic evidence of growth was observed
when turbidity of the inoculated broth dilutions was
compared with control tubes. In those instances in
which the test compound itself caused turbidity so that
the MIC could not accurately be determined, a sample
(0.015 ml) of the well-agitated broths in question was
inoculated into a Trypticase Soy Agar plate containing
5%;c defibrinated sheep blood, incubated at 35 C, and
examined after 18 hr for bacteriostatic and bactericidal
end points. There usually was only a one-tube differ-
ence between the bactericidal and bacteriostatic con-
centrations.

Control procedures. To test the effects of the sterliza-
tion procedure on the stability of the unsaturated fatty
acids, a control series was undertaken with 10 mg each
of oleic and linoleic acid. Each sample was dissolved in
absolute methanol, and the volume was reduced in
vacuo to 0.25 ml. A 10-ml amount of sterile broth was
added to 0.25 ml of the compound, and appropriate
dilutions were made from this stock solution. The
activity of these solutions was compared with that of
sterilized controls.
To test the effectiveness of a well-known surface-

active agent, sodium lauryl sulfate (SDS, Sigma
Chemical Co.) was used as a chemical control.

TABLE 2. MIC raniges for 10 susceptible organiismsa

Acid Range (,umoles/ml)

Caproic .........

Caprilic ...........

Capric ............

Lauric.............
Myristic ...........
Myristoleic........
Palmitic ..........
Palmitoleic.
Stearic ..
Oleic . .. ...

Elaidic .... ....

Linoleic .........
Linolenic ......
Linolelaidic.
Arachidonic.

NI
NI

1.45-5.8
0.062-2.49
0.218-4.37
0.055-0.552
0.48-NI

0.024-0.983
NI

1.77-NI
NI

0.044-NI
0. 179-NI

NI
NI

'Max tested
(Pmoles/ml)

10
7.8
5.8
4.9
4.37
4.4
3.9
3.93
3.5
3.54
3.54
3.56
3.59
3.59
3.2

a The 10 susceptible organisms were Staphylococ-
clis aurelus, S. epidermidis, group D streptococcus,
group A streptococcus, beta-hemolytic non-A
streptococcus, Coryniebacterium sp., Nocardia
asteroides, Microcossus sp., pneumococci, and
Canidida albicanis. NI = not inhibitory at the
concentrations tested.

Because insolubility of the compound is always a
problem in testing lipid material, a control series was
undertaken to investigate the effect of particulate sus-
pensions on the bactericidal property. Particularly, the
relationship of insolubility of a fatty acid to its bio-
logical activity was determined by a series of experi-
ments in which lauric acid was used as the model com-
pound as follows. A suspension of lauric acid, as well
as a filtrate of the same suspension, was tested for
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TABLE 3. Miniimal ilnhibitory conicenitrationis of dodecyl derivatives,

Derivative Pneumo-
cocci

Lauric acid.....
Lauryl alcohol..
Laurylaldehyde.
Methyl laurate..
Dodecanedioic

acid ..........

Lauryl acetate..
Cholesteryl

laurate .......

Dodecylamine
HCI ..........

Lauryl N,N-di-
methylamide..

1 -Dodecane-
thiol .........

0.062
0.067
0.136

NI
NI

NI

0.056

0.054

NI

Strep-
tococcus
group A

0.124
0.067
0.136
4.6

NI
NI

NI

0.056

0.054

NI

S trep-
tococcus
beta-

hemolytic
non-A

0.249
0.271
0.136
NI

NI
NI

NI

0.112

0.109

NI

Coryne- XNocardia
bacteria asteroides

0.124
0.135
0.136
4.6

NI
NI

NI

0.028

0.054

NI

0.124
0.135
0.136
4.6

NI
NI

NI

0.112

0.054

NI

Alicro-
cocci

0.624
0.135
0.54
2.3

NI
NI

NI

0.112

0.109

NI

Candida S. autreius

2.49
0.135
0.136
4.6

NI
NI

NI

0.112

0.109

NI

2.49
0.271
0.272
NI

NI
NI

NI

0.112

0.109

NI

S. epider-
mnidis

2.49
0.135
0.272
NI

NI
NI

NI

0.112

0.109

NI

Strep-
tococcus
groul) 1)

2.49
5.4
NI

4.6

NI
NI

NI

0.112

0.109

NI

a Results are given in micromoles per milliliter. NI = not inhibitory at the concentrations tested.

antimicrobial activity. Bio Gel and Florisil were mixed
with the lauric acid-containing broth to remove

particulate matter before it was filtered. Albumin
(Miles Pentex, Fatty-Acid Free) to a final concentra-
tion of 1.1%c was added to a suspension of lauric acid
to study the effect of added protein on biological
activity.

RESULTS

The data for nine gram-positive organisms and
Candida are presented in Tables 1, 3, and 5. Tables
2 and 4 give the range of activities as well as the
maximal concentration tested; Table 5 presents a

comparison of free acids (C10 and C12) and their
glyceryl derivatives.

Control studies. Both methods of compound
addition (pre- or poststerilization) gave identical
results except with linolelaidic acid. Repeat tests
showed that the results for this fatty acid were

variable and were dependent on the time, tem-
perature, and pressure of autoclaving. For this
compound, the results from the nonsterilized
procedure were used.
SDS was noninhibitory for gram-negative orga-

nisms, and was inhibitory at 3.47 ,umoles/ml, but
not less than 0.347 ,moles/ml, for gram-positive
organisms.
The presence of suspended material was neces-

sary because it added to the effectiveness of a

compound. Broth with laurate crystals not re-

moved was more inhibitory than filtered broth.
For group A streptococci, the results were 0.125
,umole/ml as compared to 1.0 ,umole/ml (filtered).
When Bio Gel and Florisil were used, the inhibi-
tion was reduced to greater than 0.99 ,umole/ml.
Albumin (0.1 %) had no effect on the determina-

TABLE 4. MIC ranzges of dodecyl derivatives
f.or 10 susceptible organiismso

Derivative Range (pimoles/ml) Max tested(.rmoies/ml)

Lauric acid ......... 0.062-2.49 4.9
Lauryl alcohol .. 0.067-5.4 5.4
Laurylaldehyde ..... 0. 136-NI 5.4
Methyl laurate 2.3-NI 4.6
Dodecanedioic acid. NI 4.3
Lauryl acetate NI 4.38
Cholesteryl

laurate ........... NI 1.76
Dodecylamine
HCl .............. 0.028-0.112 4.5

Lauryl N, N-di-
methylamide...... 0.054-0.109 4.39

1-Dodecane-thiol NI 4.94
1-Monocaprin ...... 0.1-2.0 4.04
1,3-Dicaprin NI 3.3
1-Monolaurin 0.045-NI 3.63
1,3-Dilaurin ........ NI 2.18
Trilaurin ........... NI 1.56

aThe 10 organisms were Staphylococcus aureus,
S. epidermidis, group D strepcococcus, group A
streptococcus, beta-hemolytic non-A streptococ-
cus, Coryniebacterium sp., Nocardia asteroides,
Micrococcus sp., pneumococcus, and Canidida
albicanis. NI = not inhibitory at the concentrations
tested.

tion of the MIC under the conditions of our ex-
periment.

Activity of fatty acids. Micioorganisms were
arranged by degree of susceptibility.

Considering the saturated acids C6 to C18, one
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TABLE 5. MICa comparison of free acid form with glyceride form

Strep-
Pem-Strep- tococcus Coye oada Mco .eie-StrepsCompound 3ncoi tococcus beta bcrtyne- asteroides cMiccr Candida S. aureus S.mpidesr- tococcu-
CCI group A hemolyticbatraaerde cocmii group D

non-A

Capric acid 1.45 1.45 2.9 1.45 1.45 2.9 2.9 2.9 2.9 5.8
1 -Mono-
caprin...... 0.1 0.2 0.2 0.2 0.5 0.1 1.0 1.0 1.0 2.0

1,3-Dicaprin.. NI NI NI NI NI NI NI NI NI NI
Lauric acid.. . 0.062 0.124 0.249 0.124 0.124 0.624 2.49 2.49 2.49 2.49
1-Mono-

laurin ...... 0.09 0.045 0.09 0.045 0.09 0.09 0.09 0.09 0.09 NI
1,3-Dilaurin.. NI NI NI NI NI NI NI NI NI NI
Trilaurin ..... NI NI NI NI NI NI NI NI NI NI

a Results are given in micromoles per milliliter. NI = no inhibition at the concentrations tested.

can see (Table 1) a measurable change in MIC.
The average MIC decreased from a maximum for
the C6 and C20 (10 and 3.2 ,umoles/ml, respec-
tively) fatty acids to a minimum of 1.16 Amoles/
ml (range, 0.062 to 2.49) for C12. The greatest bac-
teriostatic activity was found for lauric acid (C12).
The addition of a cis double bond in the A9

position increased the activity of all fatty acids
tested (C14, C16, and C18). The geometric
configuration around the double bond is impor-
tant, because the trans isomers were not active.
As compared with their saturated counterparts,
the C14:1, C16:i, and C18 2 derivatives were more
highly active.

Addition of a second double bond further in-
creased the bacteriostatic effect of the (cis) C18
series. The average MIC of stearic acid was
greater than 3.5 jAmoles/ml, the highest concentra-
tion tested; the MIC of oleic acid was 3.4 ,umoles/
ml, whereas that of linoleic acid was 0.51 Amole/
ml.

Linolenic acid (C8: 3) was not very active, and
therefore the inclusion of the third double bond
did not greatly lower fatty acid activity against the
organisms tested.
Under our experimental conditions, arachi-

donic acid (C20:4) was not active.
Activity of fatty acid derivatives with a change in

functional group. The activity of the compounds
tested reflected several important relationships
between structure and bacteriostatic action. Since
lauric acid was one of the most active acids, ana-
logues with this chain length were studied. Results
of this screening process are presented in Table 3.

In comparing the free acid with the alcohol and
aldehyde, it can be seen that for most organisms
the molar values were closely comparable. The
notable exceptions were with the staphylococci
and Candida, against which the free acid was less
inhibitory than the other two. For the micrococci,

TABLE 6. MIC of dodecylamiie-HCI for
gram-niegative organismis

Organism MIC (ymoles/ml)

Proteus vulgaris................ 1 10
P. rettgeri...................... 0.22
Escherichia coli................. 0.22
Klebsiella-Enterobacter.......... 1.10
Serratia marcescens............. 0.22
Salmonella typhimurium ......... 0.22

the alcohol was more inhibitory than the acid or
aldehyde.
Changing the COOH group to CONMe2 also

increased the activity. Reduction of the amide
group to give an amine (laurylamine. HCl) yielded
a compound which was active against both gram-
positive and gram-negative organisms (Table 6).

Although the alcoholic hydroxyl group was
paiticularly active, the substitution of sulfur for
the oxygen (SH group) caused loss of compound
activity.

Effect of ester.fied fatty acids. Using lauric acid
as a model compound, we examined the effect of
esterification with various alcohols. Lauric acid
esterified with the monohydric alcohols cho-
lesterol and methanol showed no inhibition. The
mono-, di-, and triglyceryl derivatives were also
examined. The 1,3-dilaurin and trilaurin deriva-
tives were less active than the fatty acid. The
monoglyceride (1-mono-laurin) proved to be
more active than the free acid.
A more extensive series of glycerides was

studied in another experiment. The results (Table
5) were similar to those of the first trial with
laurin derivatives. The Cl0 fatty acid, in agreement
with the results of the C12 series, was more active
when made into a 1 -monoglyceride.

26 KABARA ET AL.
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DISCUSSION

The literature on the effect of surface-active
anionic detergents (fatty acids) dates as far back
as the work of Clark (6) reported in 1899. Much
of the early literature on this subject can be found
in reports by Bayliss (2), Kodicek (18), and Nie-
man (21). In subsequent years, the antifungal and
bactericidal properties of fatty acids have been
extensively investigated (5, 12, 22). Other reports
point to the inactivation of virus by various soaps
(24), as well as to the antitumor activity of fatty
acids (25). In the past, certain generalizations
were made concerning the activity of fatty acids
on cells and microorganisms; however, owing to
the impurity of the compounds used, the limited
number of organisms tested in the same labora-
tory, or both, interpretation of structure-function
relationships is difficult. Also, it must be kept in
mind that considerable difficulty surrounds the
testing of lipid materials because of their insolu-
bility. Notwithstanding the above objections, a
number of generalities have been made which will
be useful.
Of the nine straight-chain, saturated fatty acids

tested, lauric acid (C12) had the most bacterio-
static activity on gram-positive organisms. This is
in agreement with the results of several other
investigators (2, 27). The addition of a cis double
bond increased the activity of a straight-chain
fatty acid, as previously shown (2, 10, 18). The
addition of a second double bond further in-
creased the toxicity of the compounds to gram-
positive bacteria. A third double bond was not as
effective. This does not agree with Kodicek (18),
who found the toxicity in increasing order: oleic
acid < linoleic < linolenic acid. However, Bayliss
(2) and Fuller et al. (10) found, in agreement with
us, that the MIC of linoleic acid was somewhat
lower than that of linolenic acid.

Hence, although some doubt exists as to
whether a third double bond confers more or less
activity, there is general agreement for the follow-
ing: C18 < C18,: < C18:2 > C18:3. A point to be
noted in our study is that only the cis forms of
unsaturated acids were bacteriostatic. Similar
bacteriostatic effects were noted by Kodicek (18),
Hettche (14), Chaiz and Baud (4), and Dubos and
Davis (8).
The free carboxyl group is necessary for activ-

ity, because ester formation generally decreased
bactericidal activity of the fatty acid. Reduction of
the carboxyl group to the aldehyde or alcohol or
the change to an amine or amide group increased
bacteriostatic effects. The report of Wyss et al.
(27) on antimycotic agents does not support this
generalization. They found that fatty acid deriva-
tives (aldehydes, acetate, ethyl ester, amide, or

substituted amide), although active, were less
active than the corresponding acids. They also
found the alcohols to be effective only against
more susceptible organisms. That such results are
pH-dependent can be concluded from the work of
Gershon et al. (11).

In the present study, conducted at physiological
pH values, the order of increasing effectiveness
was COOH < CHO < C - OH, < CONMe2 <
NH3 + Cl-.
The amine compound (lauryl amine HCl), in

contrast to other derivatives, was active against
both gram-positive and gram-negative organisms.
The wide-spectrum activity of amine compounds
needs further exploration.
Whereas lauric acid and derivatives have

demonstrated high activity against gram-positive
organisms, the oxidation of the terminal end of
the alkyl chain to form a dicarboxylic acid de-
stroys the activity of lauric acid. Wyss et al. (27)
reported a similar finding.
The effect of esterification of lauric and capric

acid with glyceryl to form 1-, 1,2,3-, and 1,2,3-
glycerides was measured. From Table 5, it can be
seen that only monolaurin was more active than
the free acid. The antitumor activity of mono-
glycerides, especially monolaurin (17), suggests
that these compounds may affect some fundamen-
tal process of cellular growth: Hodes and asso-
ciates (15, 16) have reported detailed studies of
the mode of action of synthetic surfactants on
tumor cell membranes. Similar compounds have
been found which reduce respiration of ascites
cells (20) and their incorporation of 32p (7).
However, since SDS was not as active as lauric

acid, the mode of action of the fatty acid cannot
wholly be explained in physiochemical terms
(surface-tension activity; 9, 19). The explana-
tion probably resides in a more complex mecha-
nism(s). Drug action may involve a change in
permeability of the cell wall, although our un-
published data with L-forms suggest interference
with cellular metabolism. This could be accom-
plished by complexing (blocking, removing) crit-
ical nutrients or by allowing the diffuision of
essential metabolites (21). The interrelationship of
fatty acid and carbohydrate metabolism suggests
further avenues for investigation (3, 13, 26).

Obviously, many alternative explanations are
available. More quantitative data are needed
before any hypothesis concerning the mechanism
of fatty acid action against microorganisms can
be put forward.
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