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ABSTRACT

The mechanisms of three antimicrobial rosmarinates (methyl-RE1, hexyl-RE6, and dodecyl-RE12) were investigated against
Staphylococcus carnosus LTH1502. Scanning electron microscopy was used to determine the morphology of treated cells to gain
information on potential changes in the site of action of compounds. The survival data obtained from antimicrobial activity assays
were fitted to a nonlinear Weibull model to assess changes in inactivation behavior. Generally, esters became more effective with
increasing length of the alkyl chain, resulting in a lower concentration for inhibition and inactivation. Weibull distribution
parameters showed a downward concave inactivation pattern for RE1 above a critical concentration, indicative of a delayed log
phase of the antimicrobial activity, with few cells being inactivated immediately after treatment and more cells being affected at
later times. In contrast, esters having longer alkyl chains (RE6 and RE12) had an upward concave inactivation behavior, with
more cells being inactivated immediately after addition of compounds. Cellular morphologies suggest that the antimicrobial mode
of action of esters transitions from one that acts intracellularly (RE1) to one that predominately affects bacterial membrane (RE6
and RE12) due to changes in physicochemical properties of esters. Assessment that is based on the parameters of the Weibull
model could, thus, be used to evaluate antimicrobial efficiency, in addition to MIC.
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Food antimicrobial agents are compounds that are
commonly added to food matrices, food packaging materi-
als, food contact surfaces, or food processing environments
to inhibit the growth of, or inactivate, food pathogens or
spoilage microorganism (7). With the emergence of minimal
processing approaches, the use of antimicrobials has become
more prevalent because additional hurdles to growth are
needed to ensure safety and to prolong the shelf life of foods
(22, 31). Therefore, there is a great interest in expanding the
number of available food antimicrobial compounds.

The development or discovery of “new” food antimi-
crobials is, however, quite difficult because researchers have
to carry out elaborate screening tests for candidate
compounds to assess how they affect the growth of targeted
microorganisms (/4). Moreover, their activity in food
matrices, and not only in model microbiological media,
has to be established (7). Thus, rather than discovering new
ones, it may be simpler to modify existing ones such that
activities in model systems and foods are enhanced. This
may be done by a variety of chemical reactions to alter

* Author for correspondence. Tel: +66 2218 5521; Fax: 466 2254
44314; E-mail: sarisaam@ gmail.com.

structure and conformation of antimicrobials (/0). For
example, amidation of lactoferrin and B-lactoglobulin with
1-ethyl-3-[3-(dimethylamino) propyl] carbodiimide in-
creased the net positive charge of both compounds, in turn
increasing their antimicrobial activity. The antimicrobial
activity of conjugates formed by Maillard reaction of
chitosan with xylan similarly increased activity against
Escherichia coli and Staphylococcus aureus (16). Min et al.
(23) used a hydrolysis approach to generate flavonoids from
glycosidic isoflavones to obtain compounds that were not
antimicrobially active against Bacillus cereus, S. aureus, and
Listeria monocytogenes. Whereas these approaches have
been successful, the establishment of robust structure—
function relations with predictive ability to better guide
such antimicrobial modification reactions has been scarce.
In the laboratories involved in this study, initially an
esterification approach was used to enhance the activity of
rosmarinic acid [(R)-o-[[3-(3,4-dihydroxyphenyl)-1-oxo-
2E-propenyl]oxy]-3,4-dihydroxy-benzeneproanoic acid]
by reacting it with a series of alkyl alcohols under acidic
conditions (32, 33). Rosmarinic acid was used as a starting
material because it is a natural phenolic compound (28)
found in many plants such as rosemary (Rosmarinus
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officinalis), sage (Salvia officinalis), lemon balm (Melissa
officinalis), and oregano (Origanum vulgare) (6, 18, 27). It
has been shown to be antimicrobially active against gram-
positive organisms such as Staphylococcus epidermidis,
Stenotrophomonas maltophilia, S. aureus, or L. monocy-
togenes (1, 13, 24).

When the activity against a model microorganism
(Staphylococcus carnosus LTH1502) was assessed, it was
found that a chain-length—dependent activity with medium
chain (C8 to C12) ester was significantly more active than
those with short (<C6) or long (>C16) chains. It was
suggested at the time that the esterification may have caused
the compounds’ affinities for microbial cells to increase and
at the same time the solubility to decrease, thereby leading
compounds to show first increasing, and then decreasing,
activities. At the time, it was, however, not possible to fully
confirm this hypothesis and to subsequently establish a
working structure—function relationship.

The current study was undertaken to gain a better
understanding of the changes in mode of action of
rosmarinic acid esters (REs). Therefore, a more detailed
dose-dependence and cellular morphology study was
conducted with only select REs (methyl, hexyl, and dodecyl
rosmarinate). Macrobroth dilution assays were used to
obtain log CFU per milliliter versus incubation time curves,
and treated cells were observed under a scanning electron
microscope (SEM). Only inactivation curves of REs were
analyzed with a nonlinear kinetic model to obtain parameters
indicative of changes in the mode of action of compounds.

The Weibull model (see equation 1) was chosen to
describe time and dose dependencies in inactivation
behaviors because it has been suggested that its parameters
relate with the physiological state of the bacterial population
(12, 21).

N, P

log S(t) = logNO = <o¢) (1)
where ¢ is the incubation time (h), Ny and N, are the cell
numbers at 0 h and ¢, and o and [ are the so-called scale and
shape parameters. The Weibull model (equation 1) was
initially introduced to better describe changes in cell
numbers after moderate thermal treatments (34, 37). When
using the Weibull model, deviations from the conventionally
used log-linear relationship of the death time model are often
observed (26). The Weibull model is based on a stochastic
consideration of organisms being in two distinct states,
namely, “alive” or “dead,” with the state changing from one
to the other at a given time for an individual cell. The shape
parameter (B value) is of particular significance because it
corresponds to changes in the physiological conditions of
cells. For example, B < 1 (upward concave) indicates that
surviving cells are adapting to superimposed conditions and
are, therefore, less likely to die, whereas > 1 (downward
concave) indicates that remaining cells are increasingly more
susceptible to superimposed stresses (34).

MATERIALS AND METHODS

Chemicals. Sodium phosphate dibasic (Na,HPO,) and
dimethyl sulfoxide were purchased from Sigma Aldrich (Stein-
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heim, Germany). Mueller-Hinton broth (MHB; dehydrated beef
infusion at 300 g/L, casein hydrolysate at 17.5 g/L, and starch at
1.5 g/L) and Mueller-Hinton agar (MHA; dehydrated beef
infusion at 300 g/L, casein hydrolysate at 17.5 g/L, starch at
1.5 g/L, and agar at 17 g/L) were obtained from Oxoid
(Hampshire, UK). Standard-I nutrient broth (peptones at 15 g/L,
yeast extract at 3 g/L, sodium chloride at 6 g/L, b(+)glucose at 1
g/L) was purchased from Merck (Darmstadt, Germany). Sodium
chloride (NaCl) and agar-agar were obtained from Carl Roth
GmbH (Karlsruhe, Germany). Potassium monobasic monohy-
drate (KH,PO4-H,O) was purchased from VWR International
GmbH (Darmstadt, Germany). RE1 was synthesized and purified
at the Department of Food Physics and Meat Science, Institute of
Food Science and Biotechnology, University of Hohenheim
(Stuttgart, Germany). RE6 and RE12 were synthesized and
purified at Centre de Coopération Internationale en Recherche
Agronomique pour le Développement, L’Unité Mixte de
Recherches Ingénierie des Agro-polymeres et Technologies
Emergentes (CIRAD UMR IATE; Montpellier, France). Because
of the limited solubility of REs in water, each compound was
dissolved in 5% dimethyl sulfoxide. The presence of 5% dimethyl
sulfoxide in the stock solution did not contribute to the inhibition
or inactivation of bacteria observed.

Microorganism. S. carnosus LTH1502 was obtained from
the Department of Food Microbiology and Hygiene, Institute of
Food Science and Biotechnology (University of Hohenheim). The
strain was grown in MHB and on MHA. Prior to each experiment,
a single colony of the culture was activated twice by incubation in
MHB and was incubated at 37°C for 20 to 22 h (until the stationary
phase was reached). A cell culture was prepared by centrifugation
at 3,000 X g for 15 min at 4°C and was washed twice with
phosphate-buffered saline (PBS). The cell pellets were then
resuspended with either PBS or MHB to make up a final
concentration of ~10% CFU/mL.

Macrobroth endpoint assay. To select appropriate concen-
trations for the scanning electron microscopy test (see below), the
MBCs of REI, RE6, and RE12 were first determined against S.
carnosus LTH1502. An overnight culture (~10% CFU/mL) of .
carnosus LTH1502 was collected and washed twice with PBS
buffer at pH 7.2. Cultures were kept in buffer and treated without
dilution with RE1, RE6, and RE12 at concentrations of up to 12.8
mM. Samples were withdrawn after 0 and 24 h of incubation at
37°C. The MBC was defined as the concentration of RE that
reduced the cell number to below 10° CFU/mL after 24 h. For
enumeration, all samples were serially diluted in 0.8% NaCl and
plated on Standard-I nutrient agar using a spiral plater (Whitley
Automatic Spiral Plater, Don Whitley Scientific Limited, West
Yorkshire, UK). Plates were incubated at 37°C for 24 h, and
colonies were counted using a colony counter (Synbiosis,
Frederick, MD).

Scanning electron microscopy. Cells treated with RE1, RE6,
and RE12 at the MBC (6.4, 0.2, and 0.05 mM, respectively) were
examined under an SEM after 24 h of incubation at 37°C to
observe changes in cell morphologies. After being treated for 24 h,
cells were collected and washed twice with PBS. Pellets were
redispersed in PBS, and samples of 10 puL were withdrawn and
placed on membrane filters (diameter 13 mm, pore size 0.4 pm;
Whatman Nuclepore Track-Etched Membranes, Sigma-Aldrich, St.
Louis, MO). Filters were freeze-dried for 4 h at 2 bars and —54°C
(Christ Alpha 1-2, Osterode, Germany) and were placed on
aluminum stubs with double-sided carbon tape. Samples were
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FIGURE 1. Scanning electron microscopy A
images of S. carnosus LTHI1502 cells
treated with methyl rosmarinate (REI)
and hexyl rosmarinate (RE6) at the MBC
and incubated at 37°C for 24 h. Images
were observed at a magnification of 2,000.
(A) 6.4 mM REI and (B) 0.2 mM REG.

sputter coated with gold palladium. Samples were then examined
with a DSM 940 SEM (Zeiss, Oberkochen, Germany) at an
accelerating voltage of 5 to 7 kV at a working distance of 8 to 9
mm.

Macrobroth time-kill assay. To obtain information about
the dose-dependent behavior of the different REs, S. carnosus
LTH1502 cells were treated with RE1, RE6 and RE12 at various
ester concentrations. To that purpose, a prepared culture (~10®
CFU/mL) was used to inoculate MHB and was diluted to 10*
CFU/mL. Additions of 0.2 to 6.4 mM REI1, 0.025 to 0.4 mM
RE6, and 0.00625 to 0.2 mM RE12 were made to the culture, and
samples were withdrawn after 0, 0.5, 1, 2, 3,4.5, 6,9, 12, 24, and
48 h of incubation at 37°C. MICs were defined as the
concentration of ester inhibiting the growth of the culture after
48 h of incubation.

Fractional area. The overall activity of REs was assessed by
determining and normalizing the area under CFU per milliliter
versus time curves (20). A net treatment effect was calculated by
relating the area of a treated sample to that of a control (bacteria
grown at 37°C without an antimicrobial agent). Henceforth, this net
treatment effect will be referred to as the fractional area.
Integrations and calculations were carried out using OriginPro
software (version 8, OriginLab, Northampton, MA). Generally, the
lower the fractional area, the more effective the treatment.

Weibull modeling. To determine the Weibull parameters, o
and B (equation 1), CFU per milliliter versus time data were first
normalized by division through cell numbers at # =0 prior to fitting
with the Weibull model. Both o and [ values were then used to
calculate the Weibull distribution, so-called probability density
function profile f(z).

R R

All calculations were carried out using MATLAB (version
R2014b, MathWorks, Natick, MA).

Statistical analysis. All trials were carried out at least in
duplicate, and measurements were made in triplicate. Means and
standard errors (where needed) were calculated using Excel
(Microsoft, Redmond, WA).

J. Food Prot., Vol. 81, No. 4

RESULTS

MBC and morphology of treated cells. The MBCs of
S. carnosus LTH1502 cells treated with RE1, RE6, and
RE12 were 6.4, 0.2, and 0.05 mM, respectively. The latter is
in agreement with the previously published study (32).
Activities of REs, therefore, increased in the order of RE1 <
RE6 < REI2. SEM images (Fig. 1) illustrate noticeable
differences in cell morphologies after treatment with REs for
24 h. Cells treated with RE1 (Fig. 1A) were slightly swollen
and clustered compared with untreated cells (not shown).
Some cellular damage of S. carnosus LTHI1502 after
treatment with RE6 (Fig. 1B) is visible, with cellular
fragments being present on the sputter-coated filter. Some
intact cellular clusters remained that were, in appearance,
similar to those treated with RE1. Complete breakdown of
cellular structures and formation of large lumps of organic
material were observed after treatment with RE12, which
was already shown in the previous work (33).

Macrobroth dilution assay. Changes in cell numbers
(log CFU per milliliter) of S. carnosus LTH1502 over time
after treatment with various concentrations of RE1, REG6,
and RE12 are shown in Figure 2. From those, MICs were
determined: 0.8, 0.2, and 0.05 mM for RE1, RE6, and RE12,
respectively. At concentrations below the MIC, the addition
of RE6 and RE12 (Fig. 2B and 2C) led to some initial
decreases in cell numbers followed by rapid regrowth,
whereas addition of RE1 (Fig. 2A) at concentrations below
the MIC briefly delayed growth (<4 h). The initial decrease
at concentrations below the MIC was less pronounced for
REG6. At concentrations above the MIC, cell numbers of all
treated cultures decreased over time to eventually fall below
detectable levels. However, the progression of this decrease
differed among the three treatments. Cells treated with RE1
appeared to remain unaffected for some time, and
inactivation then occurred more rapidly at later times. In
contrast, cells treated with RE6 and RE12 were immediately
affected, with cell numbers rapidly decreasing after
treatments. This decrease then slowed as time progressed.
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FIGURE 2. Log CFU per milliliter versus time behavior of S. carnosus LTH1502 incubated at 37°C over the course of 48 h in the presence
of (A) 0.2 to 6.4 mM REI, (B) 0.025 to 0.4 mM REG6, and (C) 0.00625 to 0.2 mM REI2.

Net effect and Weibull parameters. The log CFU per
milliliter versus time data in Figure 2 at RE concentrations at
and above the MIC were further analyzed by determining
the fractional area (Fig. 3), the Weibull parameters o and 3,
and the probability function f(f) (Table 1 and Figs. 4 and 5).

Net effect. Figure 3 shows the net effect (normalized
area under the log CFU per milliliter versus time curves) as a
function of the RE concentrations used to treat S. carnosus
LTHI1502. With increasing concentrations of esters, the
fractional area decreased, which indicates that the effective-

1.0
0.8 1
) i
S 06}
< [ & RET
T&J 3 -+ RE6 y
[ - RE12
< 04 L — — Limit detection
0.2
00 L L L n n 1 L n L I 1 L L I L 1 L n n L
0.0 0.2 0.4 0.6 0.8
Conc (mM)

FIGURE 3. Fractional area obtained by integration and normal-
ization of CFU per milliliter versus time data of 10* CFU/mL S.
carnosus LTH1502 cells incubated with methyl rosmarinate (RE1),
hexyl rosmarinate (RE6), and dodecyl rosmarinate (RE12) at 37°C
over the course of 48 h. @, 0.2 to 0.8 mM REI; V, 0.025 to 0.2
mM RE6; and B, 0.00625 to 0.05 mM REI2.

ness of the treatment increased. Fractional areas for
treatments with RE1 decreased little until concentrations of
0.4 mM were exceeded. In contrast, fractional areas for RE6
and RE12 decreased nearly linearly with concentration,
confirming the higher effectiveness of compounds.

Weibull parameters a and B and probability
function f(z). Table 1 shows the results of fitting survival
data to the Weibull model of equation 1 to obtain the scale
and shape parameters o and 3. Figures 4A and 5A exemplify
the compliance of the fit to the measured data for treatments
with RE1, RE6, and RE12 at their respective MICs (Fig. 4A)
and for treatments with REl at concentrations two- to
eightfold higher than the MIC (Fig. 5A). Both scale and
shape parameters decreased with increasing RE concentra-
tions and with increasing alkyl chain length of esters. The
shape parameter [ was larger than 1 for all treatments with
REl and smaller than 1 for all treatments with RE6 and
RE12, indicating substantial differences in the shape of the
inactivation curves between REl and RE6 and REI12.
Figures 4A and 5A confirm this result, with inactivation
curves of RE1 having a downward concave shape and
curves of RE6- and RE12-treated cells having an upward
concave shape. The calculated probability density function
of equation 2 for REs at the MIC (Fig. 4B) and for RE1 at
various concentrations above the MIC (Fig. 5B) indicate a
substantially different development for RE1 than for RE6
and REI12. The probability function (see equation 2)
represents the probability of inactivation at different
treatment times. Whereas survival probabilities continuously
decrease for RE6 and RE12, they initially increase and then
decrease again for RE1. The surviving probability curve of
cells treated with RE1 becomes short-lived when concen-
trations of REI increase, e.g., the probability density
function has a maximum at 30 h of incubation at the MIC
but reaches a maximum after 6 h of treatment at eight times
the MIC.
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TABLE 1. Results of fitting a Weibull model to log CFU per milliliter versus time data for S. carnosus LTH1502 cultures incubated at 1 0*
CFUImL at 37°C for 24 h and treated with REI, RE6, and RE12 at MIC or multiples of the MIC®

Weibull parameters (95% CI)

Compound Concn (mM) o B R? RMSE
RE1 0.8 (MIC) 31.3 4.1 0.95 0.13
1.6 (2X MIC) 19.1 3.5 0.99 0.03

3.2 (4X MIC) 14.6 1.6 0.99 0.05

6.4 (8X MIC) 6.8 1.3 0.98 0.11

RE6 0.2 (MIC) 6.6 0.64 0.98 0.11
RE12 0.05 (MIC) 3.2 0.69 0.93 0.24
0.1 (2X MIC) 1.5 0.44 0.95 0.19

0.2 (4X MIC) 0.6 0.57 0.98 0.19

“ RE1, methyl rosmarinate; RE6, hexyl rosmarinate; RE12, dodecyl rosmarinate; CI, confidence interval; RMSE, root mean squared error.
MICs that were used for analysis with the Weibull model are presented in bold.

DISCUSSION

The Weibull distribution is a probability model that is
based on the assumption that cells are first alive and are later
inactivated due to a treatment (26). There is a distribution of
lethality within the treatment time. If stresses are applied,
such state transitions will occur more frequently. Inactiva-
tion curve is thus a result of the time-dependent accumu-
lation of such events (/2, 34). In other words, the
inactivation curve is the cumulative distribution described
by the Weibull model (equation 1), which can be derived
from the probability function, equation 2. The Weibull
model (equation 1) was previously reported to fit inactiva-
tion curves better than the log-linear model (717).

A

0.5

Log Survival

0 10 20 30 40
Time (h)

Peleg and Cole (26) were the first to use the Weibull
model to describe an inactivation process due to heating.
The results indicated that Salmonella Typhimurium and L.
monocytogenes were inactivated immediately after heat was
applied, whereas spores of Clostridium botulinum and
Bacillus stearothermophilus needed some time to be
reduced in numbers. This difference in heat resistance
behavior became apparent when considering the shape
parameter B and could be related to the differences in
bacterial cell versus bacterial spore structures. Differentia-
tion of susceptibilities to various stresses has also been
shown to be feasible by assessing . For example, Virto and
coauthors (36) investigated the inactivation of Yersinia

B
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FIGURE 4. Results of Weibull modeling of log CFU per milliliter versus time behavior of S. carnosus LTH1502 incubated at 37°C over the
course of 48 h in the presence of methyl rosmarinate (REI), hexyl rosmarinate (RE6), and dodecyl rosmarinate (RE12) at their MICs. (A)
Fits of inactivation plot data of cultures treated with (@) 0.8 mM REI, (O) 0.2 mM REG6, and (V) 0.05 mM REI2. (B) Plots of the
probability density function of cells treated with (@) 0.8 mM REI, (O) 0.2 mM REG6, and (V) 0.05 mM REI2.



J. Food Prot., Vol. 81, No. 4

A

057

0.8 mM
1.6 mM

Log Survival

0 10 20 30 40
Time (h)

MORPHOLOGICAL AND DOSE-DEPENDENT STUDY ON ROSMARINATES: WEIBULL MODEL 603

B

0'14:' -~ 0.8mM

: -o- 1.6mM

012 F v 32mM

- A 64mM
>
=
[72]
<
(]
©
>
=
)
©
K]
[e]
S
o

Time (h)

FIGURE 5. Results of Weibull modeling of log CFU per milliliter versus time behavior of S. carnosus LTH1502 incubated at 37°C over the
course of 48 h in the presence of methyl rosmarinate (REI), at concentrations ranging from 0.8 to 6.4 mM. (A) Fits of inactivation plot

data. (B) Plots of the probability density function.

enterocolitica by citric and lactic acids at different
temperatures. Results of their Weibull modeling indicated
that the B value depended on the type of acid and
temperature but not on the concentration of acid (36). From
this, they concluded that protonation state and ability of
organic acids to pass through membranes was affected by
temperature and that lactic acid was generally more lethal
than citric acid at any concentration and pH value of organic
acid. As such, one may gain an insight into mechanistic
actions through application of nonlinear models.

The Weibull model has been used in this study to allow
for a differentiation in the effect of a treatment with
antimicrobials that have systematic variations in the nature
of their chemical structures. Results show a critical change
in the effect of an antimicrobial agent upon esterification of
rosmarinic acid with aliphatic alkyl alcohols having chain
lengths >6. This correlates well with observed changes in
cell morphologies after treatment with REs by electron
microscopy. One can observe a transition of the shape
parameter 3 from being larger than 1 to being smaller than 1
upon esterification with alcohols having larger chains
lengths. This is also manifested in changes in the
progression of the probability density with time. Apparently,
the treatment of cells with RE1 does not immediately cause
damage to cells; rather the compound requires some
incubation time to begin to work. In contrast, addition of
RE6 and RE12 has an immediate effect and the probability
density declines continuously after treatment. This suggests
that the mode of action of compounds changes.

Lipophilization has previously been shown to change
the mode of action of a variety of compounds (/5). Grafting

of a lipophilic moiety to compounds such as sugars, amino
acids, proteins, or phenolic compounds can be achieved by
chemical or enzymatic means (35). For example, the
esterification of chlorogenic acid with alcohols yielded
butyl and octyl esters that had equal free radical scavenging
activity in menhaden oil-in-water emulsions as free
chlorogenic acid, whereas antioxidant activity of the dodecyl
ester was completely lost (30). This was attributed to
changes in the location of compounds due to alterations in
their physical properties. Specifically, surface activity and
partitioning in the lipid phase of emulsions increased with
increasing length of the alkyl chain. When the antioxidant
activity of caffeic acid esterified with alcohols in mayon-
naise and milk with added fish oil was assessed, authors
reported that esters with medium alkyl chain length
improved the oxidative stability of mayonnaise better than
esters with a methyl or octadecyl tail (2). In milk, though,
caffeates were short alkyl chains that were more active than
medium and long chains. Recently, branched alkyl ferulates
were found to be highly effective in inhibiting oxidation of
fish oil-enriched milk (2). Methyl ferulate followed by
ferulic acid and butyl ferulate were the most effective,
whereas octyl ferulate was prooxidative. This complete
reversal of functionality was found to become more
pronounced at alkyl chain lengths of C8 to C12.

Changes in localization of compounds and affinity to
surfaces were found to be key contributors to the above-
mentioned results. Generally, lipophilized hydrophilic
agents including rosmarinic acid become more surface
active upon esterification. As for antimicrobial activity,
however, the results of this study indicate that these
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TABLE 2. Relationship between the log of 1/o. and the concentration of REI and REI12“

Compound Avg B value Equation R?
RE1 2.6 Log (1/o) = 0.09[RE1] — 1.485 0.91
REI12 0.57 Log (1/o) = 4.2[RE12] — 0.6826 0.97

“ RE1, methyl rosmarinate; RE12, dodecyl rosmarinate. The o value was obtained by fitting a Weibull model to log CFU per milliliter
versus time data for S. carnosus LTH1502 cultures incubated at 10* CFU/mL at 37°C for 24 h with average B value.

physicochemical properties must change to a certain extent
to alter their mode of action. Apparently, the increase in
surface activity in RE1 is insufficient to cause a substantially
enhanced association with bacterial membranes. Possibly,
the molecule is also still small enough to be transported
through the cell membranes. In mode of action, therefore, it
continues to function just like rosmarinic acid. In contrast,
RE6 and REI12 have a sufficiently enhanced affinity for cell
membranes and, therefore, are able to disrupt them. This
lowers the concentrations required to inactivate cells and
also causes them to have a more immediate effect, possibly
because there is no barrier to diffusion. There is, rather,
adsorption from the surrounding aqueous phase.

Upward concavity in inactivation curves has been found
to be characteristic of other compounds that cause cell
membrane damage. For example, the applications of copper
against Staphylococcus haemolyticus (8), tea tree oil against
S. aureus (4), daptomycin against S. aureus (29), and
chitosan against E. coli and S. aureus (5) have all yielded
upward concave survival curves. In contrast, application of
vancomycin, an inhibitor of peptidoglycan synthesis of cells,
yielded downward concave survival curves (3, 9, 17). The
different concavities of the inactivation curves also corre-
spond to distinguishable probability density functions. The
upward concave curve yields no-peak (tailing) probability
density function, which shows the survival of resistance
cells and the rapid reduction of sensitive cells. The long tail
indicates a resistant population (25). The existence of
resistant populations could implicate the regrowth pattern
of RE6 and RE12 treatment at lower MICs. In contrast, the
downward concave curve yields a bell-shaped curve of
probability density function, which indicates that the
population was injured with the onset of inactivation (25).
This could implicate the long inactivation shoulder of RE1
treatment.

The results of this study indicate that the scale
parameter (o0 value) decreased as the concentrations of
RE1 and RE12 increased above the MIC. The concentration
of the antimicrobial agent mainly influenced the o value,
which implies the inactivation rate. The similar effectiveness
of citric acid and lactic acid against Y. enterocolitica was
shown (36). The higher the acid concentration, the smaller
the o value and the faster the inactivation. However, it
would be inappropriate to state directly that the scale
parameter represents dosage of the antimicrobial agent. This
is because the o value correlates strongly to the shape
parameter (B value) (/9). The relationship between 1/o and
the concentration of the antimicrobial agent by fixing the 3
value can be presented, instead. The B value of RE1 and
REI12 treatments were set at their average values (2.6 and
0.57, respectively), and their survival curves were refitted

into equation 1 to obtain the o values. Then, the log of 1/a of
each RE6 and RE12 were plotted against their concentra-
tions to describe the relationship (Table 2). The relationships
between the log of 1/o and the concentrations of RE1 and
REI12 are linear, which describes the proportion of
concentration to inactivation time. The greater slope of
REI2 equations also indicates that the inactivation time of
REI12 depends more on the concentration than is the case
with RE1.

In conclusion, results of this study showed that
application of nonlinear modeling of time-kill curves
combined with electron microscopy can yield additional
insights into changes that occur upon altering the chemical
structure of naturally occurring antimicrobials (here rosmar-
inic acid) via esterification. A critical chain length of alkyl
alcohols is required for them to act on membranes rather
than intracellularly. Corresponding to these changes in the
mode of action, compounds may work more rapidly or
exhibit time delays in their action, as shown by an analysis
of parameters obtained by nonlinear modeling. The data
from parameters can be used to implement antimicrobial
application. As a next step, studies should be conducted with
varying microbial populations to assess how this transition-
ing from an intracellular mode of action to a membrane
mode depends on the nature of the microbial envelope.
Moreover, the effect of addition of solubilizing agents,
cosolvents, or chelators that could all change mass transport
and partitioning of antimicrobials should be studied.
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