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Abstract

Carbohydrate fatty acid esters have been shown to inhibit the growth of bac-
teria in growth media. In this study, the antilisterial activities of the carbohy-
drate esters lactose monodecanoate (LMD) and lactose monolaurate (LML)
were tested in milk samples with variable fat content (up to 10%) and at dif-
ferent temperatures (37°C, 24°C and 5°C) after inoculation with a 5-strain
Listeria monocytogenes cocktail. Both LMD and LML demonstrated antilisterial
properties against L. monocytogenes in milk, with the observed log reduc-
tions in the LMD milk samples being higher than those in the LML samples
at all tested temperatures. LMD in 1% and 2% fat milk was found to be bacte-
ricidal with no Listeria growth by day 6. LMD showed significant antilisterial
activity in milk samples containing up to 9% fat at 37° and in samples with up
to 3.5% fat at 24°C and in milk samples with up to 2% fat at 5°C. LML showed
significant Listerialog reductions at 37°C with milk containing up to 9% fat but
showed no microbial inhibition in milk in any samples at 24°C and 5°C. Al-
though carbohydrate fatty acid esters have proven microbial bactericid-
al/bacteriostatic properties in growth media, their antimicrobial properties are
reduced in a food system containing fat and at temperatures lower than 37°C.
The significance of this research is identifying food constituents and storage
temperatures that limit the microbial inhibitory properties of lactose esters to
ensure appropriate use as potential food grade antilisterial agents.
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1. Introduction

Carbohydrate esters are nonionic surfactants used in a variety of applications in the
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food, pharmaceutical, detergent and personal care industries [1] [2]. They consist of
a hydrophilic carbohydrate moiety (mono- or di-saccharide) esterified to a fatty
acid lipophilic tail (fatty acids from 8 to 18 carbons have been used) and sucrose es-
ters are available commercially (Sisterna, The Netherlands and Mitsubishi-Kagaku
Foods Corporation, Tokyo, Japan). These esters contain both microbial inhibitory
[1] [2] [3] and emulsification properties [4] [5] [6]. They are biodegradable, harm-
less to the environment, non-toxic and non-skin irritant surfactants [2] [7].

Previous research [4] [8] [9] [10] [11] has documented the bactericid-
al/inhibitory activity of carbohydrate esters in growth media. Our lab was the
first to enzymatically synthesize lactose esters [12] and shows the microbial in-
hibitory properties of lactose monolaurate (LML) [9]. LML was bactericidal to L.
monocytogenes strains in growth medium at 37°C at concentrations between 3
and 5 mg/ml (5.7 to 9.5 mM). Further research investigated the influence of the
fatty acid chain length on the antimicrobial/bacteriostatic properties of lactose
esters [3]. This research showed that LML was the most effective ester exhibiting
microbial inhibitory concentration (MIC) and minimum bactericidal concentra-
tions (MBC) values of <5 mg/ml for the Gram positive bacteria Bacillus cereus,
Mpycobacterium KMS, Streptococcus suis, and L. monocytogenes in growth media
at 37°C but no activity against the Gram-negative bacteria tested. Lactose
monodecanoate (LMD) also exhibited microbial inhibition with MIC and MBC
values of <5 mg/ml for B. cereus, M. KMS, S. suis, and Enterococcus faecalis. The
esters lactose monooctanoate (LMO) and lactose monomyristate (LMM) were also
inhibitory but not to the extent as LML and LMO. This research suggested that the
fatty acid ester chain length significantly affects the microbial inhibitory proper-
ties of lactose esters when conducted in bacterial growth medium at 37°C.

An additional study [13] investigated the microbial inhibitory properties of
LML in dairy products inoculated with a 5-strain cocktail of L. monocytogenes
at 37°C. LML exhibited a bactericidal effect in low-fat dairy products (1% fat)
including milk and yogurt and a bacteriostatic effect in the products listed with a
higher fat content at 37°C. There was no inhibition in any of the dairy products
at 5°C. Therefore, both temperature and fat content influence the microbial in-
hibitory activities of LML.

There have been few studies on the microbial inhibitory activity of carbohy-
drate esters in food systems [13] [14] [15]. It is assumed that the microbial activ-
ities of carbohydrate esters in foods will not be the same as in media due to the
potential interactions with food constituents including proteins, carbodydrates
and lipids. This study investigated the effects of fat content and temperature on
the antilisterial activities of both LML and LMD in milk at various fat contents
and at temperatures of 5°C, 24°C and 37°C to evaluate the use of lactose esters as
potential antilisterial agents in food systems.

2. Materials and Methods
2.1. Bacterial Strains

The bacterial strains used are listed in Table 1. Different clinical isolates of Listeria
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Table 1. Series of microorganisms involved in the study.

No. Microorganisms ATCC number./serovar Gram reaction®*  Growth medium
1 Listeria monocytogenes FSL C1-056 + BHI
2 Listeria monocytogenes FSLJ1-177 + BHI
3 Listeria monocytogenes FSL N3-013 + BHI
4 Listeria monocytogenes FSL R2-499 + BHI
5 Listeria monocytogenes FSL N1-227 + BHI

*+, Gram-positive bacteria.

(C1-056, J1-177, N1-277, N3-013 and R2-499) were obtained from Dr. Martin
Wiedmann, director of the International Life Sciences Institute North American

Database at Cornell University.

2.2. Materials and Equipment

A high-performance liquid chromatography (HPLC) (Beckman System Gold
125 Solvent Module, Ontario, Canada) equipped with Luna 5 Im C18 100 A (250
mm X 4.6 mm, Phenomenex, Torrance, CA, USA), an evaporative light scatter-
ing detector (Agilent Technologies, Santa Clara, CA, USA), incubator shaker
(Beckman, USA), spectrophotometer (Beckman, Portland, OR, USA) and
Ultra-turrax T25 (Janke and Kunkel, Staufen, Germany) were provided by Utah
State University. Lactose (Proliant, IA, USA), acetonitrile and 15 ml pre-sterilized
centrifuge tubes (Thermo Fisher, PA, USA) were used. Brain heart infusion (BHI)
media, lipase TM3 (immobilized from 7Thermomyces lanuginosus), Whatman
glass microfiber filters, molecular sieves (3A), 2-methyl-2-butanol (2M2B) (dried
using 10% 3A molecular sieves), dimethyl sulfoxide (DMSO) and 1.5 ml cuvettes
were supplied by Sigma (Aldrich, MO, USA). Vinyl decanoate and vinyl laurate
were from TCI (Portland, OR, USA). Sterile, shelf-stable low-fat milk (1% fat),
reduced fat milk (2% fat), whole milk (3.5% fat) and whipping cream (36% fat)
were obtained from Gossner Foods Inc. (Logan, UT, USA).

2.3. Synthesis of Lactose Esters

Enzymatic synthesis of LML was performed as previously described [12]. Synthesis
of LMD was conducted using lactose, vinyl decanoate, molecular sieves and im-
mobilized lipase TM3. For a 60 ml reaction in 2M2B, 3 g of lactose, 6 g of dried
molecular sieves, 870 pl of vinyl decanoate (lactose to fatty acid ratio of 1:1) and
1.8 g TM3 were combined. The reactions were assembled in a 100 ml glass bottle
and incubated at 55°C and 90 rpm for 2 days. The amount of LMD synthesized
was determined using HPLC with the evaporative light scattering detector set at
60°C with a nitrogen gas pressure of 3.55 bar. There was a mobile phase gradient

from 10% acetonitrile-water (40:60, v/v) to 95% acetonitrile-water (95:5, v/v).

2.4. Purification of Lactose Esters

For ester purification, the 2M2B reactions were filtered through a Whatman
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glass microfiber filter then dried in a hood for 48 h. The dry LML was suspended
in a 50% hexane, 50% water solution while the dry LMD was suspended in a 50%
ethanol, 50% water solution. These were then placed in a separatory funnel. The
lower aqueous layer containing the esters was drained into a beaker and dried in
a hood for 48 h. After completely drying, the product powder was suspended in
hexane, and then centrifuged for 15 min at room temperature at 2000 x g and
the supernatant analyzed via HPLC for the presence of di- tri- or higher fatty
acid saccharides. If di- or higher fatty acids esters were present in the hexane, the
hexane fraction was discarded. The hexane extraction was repeated until only
the monoester was present in the pellet. The purities of the lactose esters were

confirmed to be greater than 85% by HPLC analysis.

2.5. Microbial Inhibitory Studies in Milk

A 5-strain cocktail of L. monocytogenes included strains C1-056, J1-177, N1-277,
N3-013, and R2-499 was prepared. The 5 stocks were stored individually at
—80°C, and each individual freezer stock (20 ul) was added to 15 ml of BHI me-
dia. The Listeria strains were grown at 37°C and 200 rpm for 24 h. Aliquots (2
ml) from each strain were combined in a test tube to develop the 5-strain stock
cocktail. Aliquots (315 pl) of the stock cocktail were grown in BHI media (12
ml), and incubated with shaking at 37°C for 4 h. Aliquots of the 5-strain stock
cocktail were kept at —80°C. The growing cultures were monitored by optical
density measurements at 600 nm (OD600) and diluted with fresh media to reach
an OD600 of 0.2, which was determined by plating on BHI agar to be equivalent
to between 10° and 10° CFU/ml. After the optical density was standardized at
0.2, an aliquot of the culture, 100 pl was mixed with 10 ml of fresh media, and
then centrifuged (4000 rpm, 15 min, 4°C). The resulting pellets from the centri-
fugation were then resuspended in 10 ml of fresh 0.1% phosphate-buffered saline
(PBS). This allowed the treatment cultures to be standardized for each test.
Identical stock solution concentrations (93.75 mg/ml) each of LMD and LML
were prepared in 100% DMSO. Ester stock solutions were diluted into sterilized
milk to give a final ester concentration of 5 mg/ml containing 2.5% DMSO as
previously described [3]. Sterile milk samples with various levels of fat levels we
purchased (1%, 2%, 3.5%, and 36% fat). Milk samples with higher fat levels were
also prepared by mixing 1% fat milk with heavy whipping cream (36% fat). Each
of the various fat levels was achieved by calculating how much total fat was
needed in each for a given volume of 100 ml. Once each samples’ fat content was
calculated, the required amount of cream to achieve that level was added with
the remaining volume being filled by 1% fat milk and then blended at 18,000
rpm (Ultra-turrax T25) for 1 min to obtain a homogeneous solution. LMD was
tested at fat contents from 0 (BHI media) to 10% at 37°C, 0% - 7% fat at both 24
and 5°C. LML was tested at 0% - 9% fat at 37°C, 0% - 2% fat at both 24°C and
5°C. The lactose esters in a stock solution were then added to the milk samples

in 15 ml sterile tubes for a final concentration 5 mg/ml and each tube contained
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a total of 10 ml, containing 10° and 10° CFU/ml of the Listeria cocktail prepared
as described above. Controls contained the same concentration of DMSO as the
treatments. These were then incubated at 5°C, 24°C and 37°C, respectively. Each
combination of milk fat level, lactose ester treatment, and microbial inoculation
was tested a total of eight times and was compared to the control. Survival and
growth of L. monocytogenes were monitored daily for 6 days to determine the
log reduction by plate counts. A paired T-test was used to compare the treat-
ments with the controls at each concentration to determine if the treatments

were significantly different from the controls.

3. Results

LMD was evaluated for antilisterial effect at different milk fat contents (1% to
10%) at 37°C with a final concentration of 5 mg/ml ester in each sample. BHI
growth media was also tested along with the milk samples for comparison. The
results in Table 2 show the log reductions at each fat content and at 37°C, 24°C
and 5°C. Figure 1 shows the log reduction in BHI media and milk at various fat
contents over the time course of the study (6 days). The results in Table 2 sum-
marize the log reductions from each time course study. When testing the anti-
microbial activity of LMD in growth media at 37°C, 3 and 8.4 log reductions in
cells were observed after 1 and 3 days respectively with no viable cells on day 3.
With 1% fat milk, 4.5 and 8.2 log reductions were observed on days 1 and 3 with
no bacterial growth at day 3. With 2% fat milk, 2 and 6.5 log reductions were
observed on days 1 and 3 with no bacterial growth on day 6. With 3.5% fat milk,
2 and 6 log reductions were observed on days 1 and 3. With 7% milk fat, 1.8, 4.8,
and 6 log reductions were observed at days 1, 3 and 6. With 9% milk fat, 0.8, 1.7

Table 2. Log reductions' of a 5-strain Listeria cocktail with various fat contents with 5 mg/ml lactose decanoate (LMD).

LMD 37°C
Fat 0% 1% 2% 3.5% 7% 9% 10%
Day 1 3 1 3 6 1 3 6 1 3 6 0 3 6 1 3 6 1 3 6
LogRed. 3.0* i;g 4.5* 113\12(;‘ ;SC: 20 6.5* 113\]5(: 20 6.0* 59t 18 48* 6* 08 17 37 00 00 0.0
LMD 24°C
Fat 0% 1% 2% 3.5% 7%
Day 1 3 1 3 6 1 3 6 1 3 6 1 3 6
LogRed. 3.8* 7.0+ 3.8* 50* 7.5% 22* 36* 56* 00 08 28 00 00 00
LMD 5°C
Fat 0% 1% 2% 3.5% 7%
Day 1 3 1 3 6 1 3 6 1 3 6 1 3 6
LogRed. 0.0 3.0+ 0.0 1.5 24* 00 114 3.0* 00 15 1.2 00 00 0.0

'Log Reductions compared to control (Log Red.); *Denotes a significant log reduction from the control; NG = No Growth.
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Figure 1. Average log CFU/ml results of a 5-strain cocktail of L. monocytogenes treated
with 5 mg/ml LMD in milk at various fat contents over time at 37°C. The black bars are
the controls and the light grey bars are the treatments. The error bars represent the stan-
dard deviations and the asterisks indicate a significant difference from the control. The fat
content in the milk is given in blue font and the log reductions in treatments are given
over the bars.

and 3.7 log reductions were observed at days 1, 3, and 6 respectively. LMD in
milk up to 7% fat (3.5% fat is whole milk) was found to be an effective
antilisterial agent resulting in 6 log reductions after 6 days. Additionally, milk
samples with fat concentrations up to 9% showed measurable and significant log

reductions of L. monocytogenes at 6 days. There was no observed inhibition of
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the L. monocytogenes with fat contents greater than 9% fat with LMD at 37°C.

The antilisterial effectiveness of LMD was also tested at 24°C at different fat
contents and the results are summarized in Table 2. Results of LMD at this
temperature were as follows: in 1% fat milk, 5 and 7.5 log reductions in cells
were observed after 3 and 6 days respectively; in 2% fat milk, 3.6 and 5.6 log re-
ductions were observed on days 3 and 6; in 3.5% fat milk, 0.8 and 2.8 log reduc-
tions were observed on days 3 and 6. No additional log reductions were observed
at fat contents greater than 3.5%. The log reductions in BHI growth media were
3.8 and 7 on days 1 and 3.

Additionally, the antilisterial effectiveness of LMD was tested at 5°C at differ-
ent fat contents and summarized in Table 2. Results of LMD at this temperature
were as follows: in 1% fat milk, 1.5 and 2.4 log reductions in cells were observed
after 3 and 6 days respectively; in 2% fat milk fat, 1.4 and 3 log reductions were
observed on days 3 and 6. Log reductions were observed in 3.5% fat milk, but the
reductions were not significant and no further log reductions were observed in
milk at 7% fat. The log reductions in BHI growth media were 0 and 3 on days 1
and 3.

LML also was evaluated for antilisterial effect in media and in different milk
fat samples (1% to 10%) at 37°C with a final concentration of 5 mg/ml ester in
each sample as summarized in Table 3. BHI growth media was also tested along
with the milk samples for comparison. When testing the antimicrobial activity of
LML in growth media at 37°C, 3 and 8 log reductions in cells were observed after
1 and 3 days respectively with no viable cells on day 3. With 1% fat milk, 2, 3.7,
and 7.4 log reductions were observed on days 1, 3 and 6. With 2% fat milk 5 log
reductions were observed on day 6. With 3.5% milk fat, 3 log reductions were

observed at day 6. Milk samples with fat concentrations up to 3.5% showed

Table 3. Log reductions' of a 5-strain Listeria cocktail with various fat contents with 5 mg/ml lactose monolaurate (LML).

LML 37°C
Fat 0% 1% 2% 3.5% 7% 9%
Day 1 3 1 3 6 1 3 6 1 3 6 1 3 6 1 2 6
8*
Log Red. 3% NG 2% 3.7* 7.4* 1.5 2.2* 5.0* 0.0 1 3.0* 0.0 1 1.8 0.0 0.0 0.0
LML 24°C
Fat 0% 1% 2%
Day 1 3 1 1 3 1 3 6
Log Red. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
LML 5°C
Fat 0% 1% 2%
Day 1 3 1 3 6 1 3 6
Log Red. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

'"Log Reductions compared to control (Log Red.); * Denotes a significant log reduction from the control; NG = No Growth.
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measurable and significant log reductions of L. monocytogenes over 6 days,
however, LML was not shown to be bactericidal in any of the milk samples.
There was no observed inhibition of the L. monocytogenes in milk with greater
than 7% milk fat at 37°C.

The antilisterial effectiveness of LML was also tested at 5°C and 24°C, respec-
tively, at different fat contents (Table 3). Results of LML at 5°C and 24°C
showed that there was no observed inhibition of the L. monocytogenes in BHI

media or 1% and 2% milk fat samples at these temperatures.

4. Discussion

Previous research investigated the antilisterial activity of carbohydrate esters.
Lee [3] showed that the fatty acid chain length of lactose esters significantly in-
fluenced the microbial inhibitory activity of these esters towards Listeria in
growth media at 37°C. The research showed MICs for LMD and LML for L.
monocytogenes were less than 3 mg/ml (<5.7 mM). A similar study [8] reported
that the lauric ether of methyl a-D-glucopyranoside and the lauric ester of me-
thyl a-D-mannopyranoside showed the greatest activity against L. monocyto-
genes at concentrations of 0.04 mM which were also conducted at 37°C in
growth media.

A previous study [13] showed that LML was bactericidal towards L. monocy-
togenes in milk and yogurt with <1% fat and bacteriostatic in milk and yogurt at
higher fat contents. Additionally, no growth inhibition was observed in the study
at 5°C which is in agreement with this research. This current study focused on
determining the antilisterial activities of both LMD and LML as influenced by fat
content and temperature. Also, there are few reports in the literature on the log
reductions of L. monocytogenes resulting from carbohydrate esters at tempera-
tures below 37°C.

Sucrose esters are approved for use in the European Union (ingredient E473)
and in the United States. In the U.S., sucrose fatty acid esters are approved for
use as emulsifiers and should be used in accordance with current good manu-
facturing practice and in an amount not to exceed that reasonably required to
accomplish the intended effect [16]. We used a 5 mg/ml (equal to 0.5%) level of
ester in this research since most food emulsifiers are used at levels less than or
equal to 1%, thus research using higher ester concentrations would be interest-
ing future research.

Both LMD and LML demonstrated antilisterial properties in tested milk sam-
ples, though the observed log reductions in the LMD treated milk samples were
greater than those with LML at all tested temperatures (5, 24°C and 37°C). Both
LML and LMD were bactericidal at 37°C in BHI media. For both esters, there
was a decrease in Listerialog reductions with an increase in fat content. Previous
research [13] suggested that the laurate (12 carbon fatty acid) moiety of LML
was responsible for the bactericidal activity of LML. Since these esters include a
fatty acid moiety, they may bound in the fat phase or at the fat-water surface
leading to less ester available for antilisterial activity in samples containing fat.
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LMD (containing a 10 carbon fatty acid) showed significantly higher antimi-
crobial activity compared to LML at high-fat concentrations, suggesting that
LMD may not partition into the fat phase as readily as LML and thus remain more
available in the liquid phase for microbial inhibitory activity. Specifically, LMD
may not partition into the fat phase until the fat content is greater than 7% while
LML may partition into the fat phase at fat concentrations greater than 2%.

One previous study investigated the antimicrobial activity of sucrose esters of
laurate, palmitate and myristate [15] in salad dressing containing 35.2% oil.
They showed that 1% (10 mg/ml) sucrose monoesters were effective at inhibiting
the growth of Zygosaccharomyces bailii in the salad dressing at 27°C and viable
Z. bailii cells decreased to near undetectable levels after 9 days of storage. No
temperatures other than 27°C were investigated for microbial inhibitory activity
and they used twice the concentration of ester as used in this study but they did
show that sucrose esters were inhibitory at a high-fat content.

Regardless of the fat content, the antilisterial activity of the lactose esters de-
creased with a decrease in temperature. There are several explanations for de-
creasing temperatures reducing antilisterial activity. First, lactose is one of the
least soluble sugars and the alpha-monomer can precipitate from a 5% solution
at refrigeration temperatures [17]. LML, with the longer fatty acid chain length,
is predicted to be less water soluble than LMD, so fatty acid chain length along
with lactose solubility may be the reason why LML was ineffective at microbial
inhibition at 24°C and 5°C. Also, hydrophobic interactions are directly depen-
dent on temperature with lower temperatures decreasing or eliminating hydro-
phobic interactions. If the lactose esters’ antilisterial activity were dependent
upon hydrophobic interactions, the reduction or loss of these interactions would
decrease or eliminate the antilisterial properties. Moreover, physical changes occur
at reduced temperatures; it is possible that the listerial cell wall and membranes
become less malleable or interactive at lower temperatures thus less permeable to a
carbohydrate ester. Recently Shao [11] investigated the antimicrobial activity of
sucrose monolaurate against L. monocytogenes. They showed that the sucrose es-
ter caused pronounced damage to the cell membrane integrity and may form a
hole in the peptidoglycan layer. Therefore, at low temperatures, the activity of
carbohydrate esters is limited perhaps due to ester solubility, a decrease in neces-
sary hydrophobic interactions or a more impermeable bacterial cell membrane.

LMD (but not LML) showed antilisterial activity at all temperatures including
5°C, a standard milk refrigeration storage temperature. LMD, as a milk additive,
may help with cross-contamination of L. monocytogenes in dairy products, a
pathogen that can grow at refrigeration temperatures. Listerial load may be re-
duced or eliminated in food systems with less than 9% fat at 37°C and at 5°C
with less than 2% fat with the addition of LMD.

5. Conclusion

Carbohydrate fatty acid esters have well-documented microbial inhibitory and
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emulsification properties and thus have great potential for multiple uses in the
food industry. Both LMD and LML showed antilisterial properties at different fat
contents in milk at 37°C, although LMD showed significant log reductions up to
9% fat while LML showed significant log reductions to only 3.5% fat. LMD also
showed significant log reductions at 24°C and 5°C with up to 2% fat while LML
was not effective at these temperatures. The decreased activity of LML at tem-
peratures lower than 37°C may be due to a decreased solubility of this molecule
as compared to LMD. The loss of antilisterial activity for each ester with an in-
crease in fat content may be due to the ester partitioning into the fat phase in the
milk samples. LMD, as a food additive, may play a role in increasing the safety of
foods as it has shown significant microbial inhibitory activity towards Listeria in
milk samples at multiple fat and temperature levels. Milk fat content and tem-
perature are not the only parameters that can influence the antilisterial activity
of carbohydrate esters, other environmental conditions such as pH may play
significant roles. Additionally, the influence of lactose esters in dairy products
with respect to taste, acceptance and overall functionality, is unknown. Further
research can explore this and other parameters to determine the efficacy of the

use of lactose esters in food systems for antilisterial activity.
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