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Abstract It has been proposed that the hydrophilic and/or

lipophilic characteristics of fatty acid derivatives affect

their antibacterial activities according to their ability to

incorporate into the bacterial cell membrane. To verify this

hypothesis, six kinds of lauric acid derivatives esterified

with different non-fatty acid moieties were selected to

confirm whether antibacterial activity from their precursor

(i.e., lauric acid) is retained or lost. Three compounds,

monolaurin, sucrose laurate, and erythorbyl laurate, exerted

bacteriostatic and bactericidal effects against Gram-posi-

tive bacteria, while the others showed no inhibitory activ-

ity. Interestingly, the calculated log P (octanol–water

partition coefficient) values of monolaurin, sucrose laurate,

and erythorbyl laurate were - 4.122, - 0.686, and 3.670,

respectively, relatively lower than those of the other

compounds without antibacterial activity. Moreover, the

hydrophilic-lipophilic balance values of the three

compounds with antibacterial activity were higher than

those of the other compounds, corresponding to the log

P result.
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Introduction

An emulsion is a heterogeneous dispersion of two immis-

cible liquids (e.g., water and lipid) wherein droplets in the

dispersed phase are encapsulated within a continuous phase

in the presence of a surface-active agent (i.e., emulsifier)

[6, 28]. Lipid oxidation and microbial contamination have

been regarded as critical factors affecting the safety (for

consumption) and quality deterioration of the emulsion-

based products used widely in the food and cosmetic

industries [14]. Our research group previously investigated

a promising concept for achieving multifunctional emul-

sifiers, having both antioxidant and antimicrobial activities,

which are safe to consume and resistant to deterioration

[20]. Under this strategy, erythorbyl laurate (6-O-lauroyl-

erythorbic acid) was synthesized through lipase-catalyzed

esterification between lauric acid (lipophilic antimicrobial)

and erythorbic acid (hydrophilic antioxidant), and was

anticipated to be an amphiphilic material with multi-

functionalities [21]. Subsequently, we reported that ery-

thorbyl laurate is surface-active and shows higher foaming

stability than Tween 20 or Triton X-100. Furthermore, the

amphiphilic structure of erythorbyl laurate allowed the

antioxidant molecules to be concentrated at the oil–water

interface where lipid oxidation occurs, which led to more

effective retardation of lipid oxidation in the emulsion [20].
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It has also been shown that erythorbyl laurate exerts both

bacteriostatic and bactericidal effects on Gram-positive

pathogens, including Staphylococcus aureus, Listeria

monocytogenes, and Bacillus cereus, which might result

from alterations in the permeability of the cytoplasmic

membrane and bacterial cell wall rupture [19].

Lauric acid, a lipophilic moiety of erythorbyl laurate, is

a medium-chain fatty acid with strong antimicrobial

activity against a wide range of foodborne pathogens

[1, 13]. The antibacterial activity of erythorbyl laurate was

derived from its precursor (i.e., lauric acid). Interestingly,

several studies have reported that various derivatives of

antibacterial fatty acids show increased, reduced, or even

no inhibitory activity compared with that of their precur-

sors. Zhao et al. [29] evaluated the antibacterial activities

of sugar fatty acid esters with different saccharide moieties

and suggested that disaccharide monoesters of capric acid

exhibit better antibacterial activity than the monosaccha-

ride monoesters. A study on the methylation of free fatty

acids reported that the hydroxyl in the carboxyl group

seems to be important in the antibacterial activity of free

fatty acids, as the methylated form of antibacterial fatty

acids often has reduced or no activity [30]. In addition,

lauric acid derivatives esterified with monohydric alcohols

or cholesterol have no antibacterial activity [11]. Taken

together, it is plausible that differences in non-fatty acid

moieties among fatty acid derivatives significantly affect

their antibacterial activities, although the underlying

mechanism has not yet been clarified.

It is widely accepted that the primary target of

antibacterial fatty acids is the bacterial cell membrane

[5, 17, 19]. To be more specific, antibacterial fatty acids

and their derivatives are incorporated into bacterial cell

membranes, thus disrupting the selective permeability of

the membranes and in turn exerting bacteriostatic and

bactericidal effects on the cells. It has been proposed that

hydrophilicity and/or lipophilicity of fatty acid derivatives

may be related to interactions with bacterial cell mem-

branes, resulting in antibacterial activity.

The objective of this study was to assess whether

hydrophilicity and/or lipophilicity of fatty acid derivatives

is critical for their antibacterial activities. As a simple

model of fatty acid derivatives with different non-fatty acid

moieties, we selected six kinds of lauric acid ester,

including newly synthesized sesamol laurate, and investi-

gated the association between hydrophilicity/lipophilicity

of the molecules and their antibacterial activity.

Materials and methods

Materials

Sesamol (C 98.0%), erythorbic acid (C 99.0%), dode-

canoic acid (lauric acid C 99.0%), sucrose monolaurate

(C 97.0%), isoamyl laurate (C 97.0%), and methyl laurate

(C 99.5%) were purchased from Sigma-Aldrich Co. (St.

Louis, MO, USA). Novozym�435 (i.e., lipase from Can-

dida antarctica immobilized on macroporous acrylic resin;

approximate density, 0.40 g/mL) with catalytic activity of

7000 PLU/g (1 PLU is the amount of enzyme that syn-

thesizes 1 l mol/min propyl laurate at 60 �C) was kindly

provided by Novozymes (Bagsvaerd, Denmark). High-

performance liquid chromatography (HPLC)-grade ace-

tonitrile (J. T. Baker Co., Phillipsburg, NJ, USA) was

dehydrated using 4Å molecular sieves (8–12 mesh; Sigma-

Aldrich Co.) and filtered through a membrane filter

(0.45 lm) prior to use. All other chemicals were of extra

pure grade and were used without further purification.

Enzymatic synthesis and identification of sesamol

laurate

Sesamol (0.6 mmol) and lauric acid (3.0 mmol) were

added to a crimped-top glass vial containing 15 mL ace-

tonitrile. A pre-incubation was performed at 70 �C for

15 min in a water bath with a magnetic stirrer (200 rpm) to

dissolve both substrates in the acetonitrile. The reaction

was initiated by adding immobilized lipase (150 mg, 1050

PLU) to the mixture. Temperature was maintained at

70 ± 1 �C during the entire reaction. After the enzymatic

reaction was terminated, sesamol laurate was purified

according to the method reported previously, with a slight

modification [12, 25, 27]. The reaction mixture was filtered

through a 0.45 lm-membrane filter to separate the immo-

bilized lipase, and then lyophilized at - 76 �C to remove

acetonitrile. The concentrate was washed three times with

10 mL n-hexane, and the supernatant was discarded to

eliminate the residual lauric acid after centrifugation at

80009g. Then, sesamol laurate was isolated from the

mixture containing sesamol using preparative HPLC (LC-

918; Japan Analytical Industry Co., Ltd., Tokyo, Japan)

equipped with poly (vinyl alcohol) gel columns

(500 9 20 mm, JAIGEL GS-510; Japan Analytical

Industry Co., Ltd.). The mobile phase was acetonitrile/

water (90:5, v/v) at a flow rate of 5.0 mL/min. The peak

corresponding to sesamol laurate was separated by recy-

cling and collected through a fraction nozzle. The sesamol

laurate was identified by liquid chromatography-electro-

spray ionization-mass spectroscopy (LC–ESI–MS)

(Thermo Finnigan, San Jose, CA, USA).
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Quantitative analysis of sesamol laurate

Quantitative analysis of synthesized sesamol laurate was

carried out using an HPLC instrument (LC-2002; Jasco

Inc., Tokyo, Japan) equipped with a silica-based column

(5 lm, I.D. 4.6 mm 9 150 mm: Luna C18; Phenomenex,

Torrance, CA, USA), a refractive index (RI) detector (RI-

2031; Jasco Inc.), and an ultraviolet (UV) detector (UV-

2075; Jasco Inc.). The mobile phase was acetonitrile:

water: acetic acid (90:5:5, v/v/v) at a flow rate of 1.0 mL/

min. Sesamol and sesamol laurate were detected using the

UV detector at 290 nm, and lauric acid was detected using

the RI detector. Peaks in the chromatograms were identi-

fied according to the retention times of the sesamol and

lauric acid standards.

Preparation of erythorbyl laurate

Enzymatic synthesis, purification, and identification of

erythorbyl laurate were performed according to our previ-

ous methods [20, 21]. Erythorbic acid (0.12 mmol) and

lauric acid (0.60 mmol) were mixed in a glass vial with

20 mL acetonitrile. After pre-incubating the mixture at

50 �C for 30 min in an orbital shaking water bath

(200 rpm), the reaction was initiated by adding the

immobilized lipase (200 mg, 1400 PLU) to the mixture.

After terminating the reaction, erythorbyl laurate was

obtained by the solvent separation method. Quantitative

analysis and identification were performed using the HPLC

instrument equipped with a Spherisorb-ODS column

(5 lm, 100 Å, I.D. 4.6 9 250 mm; Waters, Milford, MA,

USA) and a matrix-assisted laser desorption/ionization

time-of-flight system (Auto Flex II; Bruker Daltonics,

Bremen, Germany).

Bacterial strains and culture conditions

The Gram-positive strains assessed in this study were

Staphylococcus aureus ATCC 49444 and Listeria mono-

cytogenes ATCC 7644. The Gram-negative strains were

Escherichia coli ATCC 43889 and Salmonella enterica

serovar Typhimurium (S. Typhimurium) ATCC 43971.

The microorganisms were cultured in tryptic soy broth

(TSB) at 37 �C for 12–18 h to yield 108 colony-forming

units per milliliter (CFU/mL).

Evaluation of antibacterial activities

The minimum inhibitory concentration (MIC) and mini-

mum bactericidal concentration (MBC) of the lauric acid

esters were determined by the broth micro-dilution method

to compare the antibacterial activities of the lauric acid

esters [3, 15, 18, 26]. Serial dilutions were prepared to

generate the desired concentrations of lauric acid esters in

sterile TSB to a final volume of 100 lL in a 96-well plate

(Corning Inc., Corning, NY, USA). Then, each well was

inoculated with 100 lL of test microorganisms in TSB at a

final concentration of 5.0 9 105 CFU/mL. The MICs were

defined as the lowest concentration of lauric acid esters that

inhibited growth of the bacteria after a 12-h incubation at

37 �C, and the MBC was defined as the lowest concen-

tration leading to a 99.9% reduction in viable bacterial

count in the subcultured well contents relative to the initial

inoculum [22].

Octanol–water partition coefficient (log P)

The atom/fragment contribution method was used to esti-

mate the octanol–water partition coefficient (log P) for

evaluating the hydrophilicity of lauric acid esters [16]. The

log P values of the esters were calculated by summing all

atom/fragment contribution values (Supplementary Data

S1) and correction factors (Supplementary Data S2) cor-

responding to the chemical structure of the esters using the

following equation:

logP ¼ R finið Þ þ R cinið Þ þ 0:229

where fi is the coefficient for each atom/fragment, cj is the

coefficient for each correction factor, and ni and nj repre-

sent the number of times the atom/fragment and correction

factor occur in the chemical structure.

Hydrophilic-lipophilic balance (HLB)

The HLB values, which represent a numerical correlation

of the emulsifying and solubilizing properties of surface

active agents between the water and oil phases, were

determined by the Davies method [7]. HLB values were

calculated from the chemical structures by summing the

group numbers of the hydrophilic and lipophilic groups

(Supplementary Data S3). The equation for the calculation

was:

HLB ¼
X

hydrophilic group numbersð Þ

þ
X

lipophilic group numbersð Þ þ 7

Statistical analysis

All data are presented as mean ± SD of triplicate experi-

ments. Analysis of variance was performed and differences

in means were detected with Duncan’s multiple range test

(p\ 0.05). All statistical analyses were done using SAS

9.3 software (SAS Institute, Cary, NC, USA).

Antibacterial activity of lauric acid esters

123



Results and discussion

Enzymatic synthesis and identification of sesamol

laurate

A novel derivative of lauric acid, sesamol laurate, was

synthesized by lipase-catalyzed esterification in acetonitrile

medium (Fig. 1). To monitor the enzymatic esterification

between sesamol and lauric acid over time, the esterifica-

tion products were analyzed at predetermined time inter-

vals by HPLC. Typical HPLC chromatograms of each

component of lipase-catalyzed esterification are repre-

sented in Supplementary Figure S4. The retention times of

sesamol, lauric acid, and the resulting sesamol laurate were

1.76 ± 0.01, 3.75 ± 0.02, and 5.76 ± 0.10 min, respec-

tively. After the preparative LC purification procedure, the

resulting sesamol laurate obtained from the enzymatic

esterification was identified by LC–ESI–MS. Mass spec-

trometry in full mode confirmed the presence of sesamol

laurate. The spectra gave a molecular ion at m/z = 321.1

[M ? H]?, corresponding exactly to the molecular mass of

sesamol laurate (Fig. 2).

Comparative evaluation of the antibacterial

activities of lauric acid esters

Six kinds of lauric acid derivative esterified with different

molecules were tested to determine whether antibacterial

activity from their precursor (i.e., lauric acid) was retained

or lost (Table 1). The antibacterial activities of the lauric

acid esters were evaluated in terms of both their bacterio-

static and bactericidal effects against foodborne pathogens,

including Gram-positive (Staphylococcus and Listeria.

spp.) and Gram-negative bacteria (Salmonella and

Escherichia spp.). Figure 3 represents the summarized and

symbolized results from the growth curves of selected

bacteria treated with each laurate acid derivative (concen-

trations of 0.01–1.0 mM). The filled circles in Fig. 3

indicate a normal growth curve of the bacterium without

inhibition by treatment, whereas the open circles represent

Lauric acid

Immobilized lipase from C. antarctica (Novozym®435)

H
2
O

Sesamol laurate

Sesamol

HO CH3

O

+

+
Fig. 1 Scheme of lipase-

catalyzed synthesis of sesamol

laurate in acetonitrile

m/z
100 150 200 250 300 350 400

R
el

at
iv

e 
ab

un
da

nc
e

0

20

40

60

80

100
321.1 [M+H]+

151.1 

303.0 
322.1 

167.0 

177.0 
109.1 

Sesamol laurate 

Fig. 2 Liquid chromatography electrospray ionization mass spectrum

of sesamol laurate synthesized through the lipase-catalyzed esterifi-

cation (full scan mode)
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bacteriostatic inhibition (no growth of the bacterium during

the incubation period). As anticipated, none of the six

lauric acid derivatives showed an inhibitory effect on

Gram-negative bacteria, including S. Typhimurium or

E. coli (data not shown). This result was entirely consistent

with previous findings that lauric acid and its derivatives

have selectively inhibitory activity against Gram-positive

bacteria, but do not inhibit Gram-negative bacteria [4, 19].

It is noteworthy that three of the six derivatives of lauric

acid showed bacteriostatic effects against Gram-positive

bacteria, such as S. aureus and L. monocytogenes, while the

others had no inhibitory activity against the same bacteria.

For example, the MICs of monolaurin, sucrose monolau-

rate, and erythorbyl laurate against L. monocytogenes

(ATCC 7644) were 0.1, 0.4, and 0.6 mM, respectively. In

addition, all three compounds at concentrations of

0.2–0.4 mM inhibited the growth of S. aureus (ATCC

49444). In contrast, sesamol laurate, methyl laurate, and

isoamyl laurate did not show bacteriostatic effects against

either strain of Gram-positive bacteria.

Interestingly, this tendency could be used to divide the

compounds into two categories in terms of their inhibitory

effect on Gram-positive bacteria. As shown in Fig. 4, the

MBCs of monolaurin, sucrose monolaurate, and erythorbyl

laurate were 0.1, 0.6, and 1.0 mM, respectively, against L.

monocytogenes (ATCC 7644). Similarly, these compounds

at concentrations of 0.2–0.4 mM showed bactericidal

activities against S. aureus (ATCC 49444). On the other

hand, sesamol laurate, methyl laurate, and isoamyl laurate

did not show any bactericidal or bacteriostatic effects

against either Gram-positive bacteria.

The difference in non-fatty acid moieties among the

lauric acid esters significantly affected their antibacterial

activities; this result is in accordance with previous

Table 1 The chemical structure of lauric acid esters with different non-fatty acid moieties

Compounds Molecular weight

(Da)

Structures

Monolaurin 277.40

Sucrose

monolaurate

524.60

Erythorbyl

laurate

358.43

Sesamol laurate 320.42

Methyl laurate 214.34

Isoamyl laurate 270.45
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findings and the resulting hypotheses [11, 29, 30]. Hence, it

was attempted to determine what factors are critical for

retaining or losing the antibacterial activity derived from

the precursor (i.e., lauric acid).

Critical factors affecting the antibacterial activity

of lauric acid esters

The results of the susceptibility screening in this study

revealed that lauric acid esters exerted selective antibac-

terial activity against Gram-positive, but not Gram-nega-

tive bacteria. This could be due to structural differences in

bacterial membranes. Moreover, previous studies on the

antibacterial mechanisms of fatty acids and their deriva-

tives indicated that bacterial cell membranes are the pri-

mary target [5, 17, 19]. More specifically, antibacterial free

fatty acids and their derivatives can be incorporated into

cell membranes, leading to a disrupted electron transport

chain and oxidative phosphorylation. Regarding the inter-

action between fatty acid derivatives and cell membranes,

it has been assumed that the hydrophilicity and/or

lipophilicity of lauric acid derivatives esterified with dif-

ferent non-fatty acid moieties affects their antibacterial

activities according to their ability to be incorporated into

the bacterial cell membrane. This hypothesis was partly

based on the report by Kabara et al. [10] suggesting that the

mechanism underlying the bactericidal action of long chain

fatty acids and their derivatives is related to the balance

between the hydrophilic and hydrophobic parts of the

molecule.

To verify this hypothesis, log P and HLB values were

adopted as the criteria for assessing the degree of

hydrophilicity and/or lipophilicity of the lauric acid esters

in this study. The octanol–water partition coefficient (log

Fig. 3 Micro-dilution assay for

determining the antibacterial

susceptibility of lauric acid

esters against Staphylococcus

aureus ATCC 49444 (A) and

Listeria monocytogenes ATCC

7644 (B). Filled circles indicate

normal growth curves of the

bacterium without inhibition by

the treatment, whereas the open

circles indicate bacteriostatic

inhibition (no significant growth

during the incubation period,

changes in OD600 less than 0.1)
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P) is a physical property used extensively to describe a

chemical’s lipophilic or hydrophobic properties: it is the

ratio of a chemical’s concentration in the octanol phase to

its concentration in the aqueous phase of a two-phase

system at equilibrium, which was estimated using the atom/

fragment contribution method of Meylan and Howard [16].

Many studies have indicated that log P is useful for cor-

relating a drug’s transport processes, its interactions with

Fig. 4 Minimum bactericidal concentration (MBC) test of lauric acid esters against Staphylococcus aureus ATCC 49444 (A) and Listeria

monocytogenes ATCC 7644 (B)
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receptor molecules, and its observed changes with structure

and various biological, biochemical, or toxic effects

[8, 24]. As a result of calculating log P by the above

method, log P values of antibacterial compounds, such as

sucrose monolaurate, erythorbyl laurate, and monolaurin,

were lower than those of the other compounds without

antibacterial activity (Table 2). A low log P value corre-

sponds to low lipophilicity of the molecules. The low

lipophilicity of the non-fatty acid moiety was favorable for

interacting with bacterial cell membranes (i.e., resulting in

antibacterial activity).

In terms of hydrophilicity of lauric acid HLB was esti-

mated according to the Davies method, which is based on

the hydrophilic group numbers assigned to various struc-

tural elements [23]. As expected, the HLB values of

sucrose monolaurate, erythorbyl laurate, and monolaurin

were 16.09, 15.25, and 7.03, respectively, which were

relatively higher than those of the other compounds with no

antibacterial activity (Table 2). As a high HLB theoreti-

cally corresponds to a low log P, this result derived from

the HLB estimate can be understood in the same context as

that of the log P calculation. It has been widely accepted

that the antibacterial mechanisms of free fatty acids and

their derivatives are mainly based on incorporation into

bacterial cell membranes; hence, accounting for changes in

membrane permeability, leakage of vital cell components,

and the resulting growth inhibition or cell lysis [2, 9].

Therefore, we propose that lauric acid esters with relatively

higher HLB and/or lower log P values facilitate incorpo-

ration into bacterial cell membranes, leading to bacterio-

static and/or bactericidal activities. In conclusion, these

results suggest that hydrophilicity and/or lipophilicity of

non-fatty acid moieties in lauric acid derivatives could be

significant factors affecting those antibacterial activities.
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