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Abstract
Lactobionic acid (LBA) is a newly identified natural polyhydroxy acid that is widely used in the food industry. In this study, the
antibacterial effects and underlying mechanism of action of LBA against Staphylococcus aureus were investigated. LBA
exhibited significant antibacterial activity against S. aureus with a determination of the minimum inhibitory concentration
(MIC) and minimum bactericidal concentration (MBC) of 15 mg/mL and 50 mg/mL, respectively. The Growth curves indicated
that LBA directly inhibited the growth of S. aureus. Moreover, LBA induced the leakage of alkaline phosphatase and nucleotides
in the culture medium, indicating damage to the integrity of the S. aureus cell wall membrane, which was confirmed by
transmission electron microscopy observations. The relative electric conductivity measurements indicated that LBA changed
the cell membrane permeability. The preservation effect of LBAwas evaluated by quantifying the total number of colonies, total
volatile base nitrogen (TVB-N), and thiobarbituric acid reactive substances (TBARS). Overall, these results revealed that LBA
exerts its antibacterial activity by breaking down the structure of the bacterial cell wall and membrane, thereby releasing the
cellular contents as well as inhibiting protein synthesis, which ultimately lead to cell death. The total number of colonies, the
TVB-N value, and the TBARS of cold fresh meat treated with preservatives were significantly lower than those of the control
group (P < 0.05).With these antibacterial characteristics, LBA has potential to be used as a safe food additive in the food industry.

Abbreviations
AKP Alkaline phosphatase
CFU Colony-forming units
LBA Lactobionic acid
MBC Minimum bactericidal concentration
MIC Minimum inhibitory concentration
PBS Phosphate-buffered saline

Introduction

With the rapid development in the field of food science, it has
become increasingly evident that food spoilage and contamina-
tion are the most common causes of foodborne diseases. As a
serious public health issue, protecting against such contamina-
tion represents one of the most urgent challenges currently fac-
ing the food industry (Sokmen et al. 2004; Aziman et al. 2014).

Several studies have focused on the causes of foodborne
illness and disease worldwide, demonstrating that infection
from foodborne pathogens and spoilage microorganisms is
the most critical factor to target (Patra and Baek 2016; Diao
et al. 2013). Thirty-one major pathogens were identified to be
responsible for 9.4 million episodes of foodborne illness,
resulting in 55,961 hospitalizations and 1351 deaths annually
in the USA (Scallan et al. 2011; Xu et al. 2017). Preservatives
are additives that can not only extend the shelf life of food but
also effectively inhibit the colonization and growth of harmful
microorganisms in food, thereby securing the health of con-
sumers (Zhou et al. 2017). Despite the fact that, due to their
low cost and good effects, the chemical preservatives are the
preferred andmost common type of food preservatives used in
the market, they can also pose great harm to the human body
(Derde et al. 2013). Therefore, the development of naturally
based preservatives to avoid ingesting such potentially harm-
ful chemicals is an important topic in food sciences (Goñi
et al. 2013). In general, a natural preservative is defined as a
natural substance that is safe and effective, including some
already existing food components. In addition to not being
harmful to health, such preservatives should also help to en-
hance the food product with regard to improving or maintain-
ing flavor and quality. Natural antimicrobial substances are
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currently used as food preservatives; however, before their
widespread application, it is important to understand the de-
tailed antibacterial characteristics and underlying mechanism.

One such potential natural preservative with antibacterial
effects is lactobionic acid (LBA), which is a versatile polyhy-
droxy acid comprising one galactose molecule attached to
another molecule of gluconic acid via an ether-like linkage
that is featured by the presence of eight hydroxyl groups
(Alonso et al. 2013). LBA has been verified to be a safe and
non-toxic substance (Van Dokkum et al. 1994) and currently
plays an essential role in several industrial applications, in-
cluding in the food, chemical, pharmaceutical, medical
(Olivieri et al. 2018), and cosmetic industries. The role of
LBA as a food preservative is highly anticipated, and its use
in the form of calcium lactobionate has already been support-
ed by the US Food and Drug Administration. Indeed, this
versatile polyhydroxy acid can serve as an antioxidant, stabi-
lizer, or gelling agent (Jéssica et al. 2016), acidifier agent
(Faergemand et al. 2012), aging inhibitor (Oe and Kimura
2011), and food flavor enhancer and can also enhance mineral
absorptions (Oe et al. 2008). LBA may also exert potential
prebiotic effects as a bioactive ingredient in functional foods
(Schaafsma 2008). However, its antibacterial activity and
mechanism remain to be verified.

Therefore, the aim of the present study was to comprehen-
sively evaluate the mode of action and promote the further
application of LBA in the food industry by testing its antibac-
terial activity against Staphylococcus aureus, which is a sig-
nificant pathogen and major cause of foodborne diseases
worldwide.

Material and methods

Bacterial strain and growth conditions

The strain S. aureus ATCC 25923 obtained from the
American Type Culture Collection was inoculated in nutrition
broth (NB) containing 1% tryptone, 0.3% beef extract, and
0.5% NaCl, and on nutrient agar (NA) with the same compo-
nents along with 1.7% agar powder. S. aureuswas cultured by
streaking onto NA petri dishes and incubating for 24 h at
37 °C. The turbidity of the cell suspensions was adjusted to
the required concentration of 106 colony-forming units
(CFU)/mL.

Determination of the minimum inhibitory
concentration and minimum bactericidal
concentration

LBA (≥ 97%; Sigma-Aldrich, St. Louis, USA) was diluted to
20% (v/v) in sterile water and then filtered through a 0.22-μm
filter membrane. The antibacterial assay of LBA was

conducted against S. aureus ATCC 25923 using the agar well
diffusion method as reported previously (Zhang et al. 2017).
In brief, the suspensions containing 106 CFU/mL of S. aureus
were spread onto separate NA plates. Oxford cups (8 mm in
diameter) were filled with 250 μL of the LBA solution so that
the concentration of LBA ranged from 0.75 to 50 mg/mL. The
inhibitory zones formed were measured after incubation of the
plates at 37 °C for 24 h to calculate the minimum inhibitory
concentration (MIC).

The minimum bactericidal concentration (MBC) was de-
termined according to a previously reported procedure (Raja
et al. 2011) with minor modifications. In brief, the bacterial
suspensions were incubated at 37 °C for 24 h and then diluted
in the NB to obtain a final inoculum of 106 CFU/mL. Bacterial
suspensions (100 μL) were added to each well of a 96-well
plate so that the final concentration of LBA ranged from 10 to
100 mg/mL, and the plates were incubated at 37 °C for 18 h.
The MBC was determined by spreading the cultures from
eachwell onNA plates and determining the absence of growth
after 24-h incubation at 37 °C.

Growth curves

To evaluate the direct inhibitory effect of LBA on the growth
of S. aureus, 106 CFU/mL of the bacterial suspension was
poured into a 100-mL NB medium containing 1/2× MIC
and 1× MIC of LBA. The bacterial suspension was adjusted
to an inoculum amount of 1%. NB medium with the inocu-
lum, but without LBA, was used as the control. All samples
were incubated at 37 °C, and the absorption values at 600 nm
were determined at 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, and 24 h. The
growth curves were generated by plotting the optical density
values at 600 nm (OD600) versus time. The experiment was
performed in triplicate.

Leakage of alkaline phosphatase

The logarithmic-phase S. aureus (107 CFU/mL) was treated
with LBA at a final concentration of 1×MIC and 2×MIC. The
bacterial suspension without LBA treatment served as a con-
trol. The mixtures were incubated at 37 °C for 5 h and then
centrifuged at 5000×g for 5 min. The amount of extracellular
alkaline phosphatase (AKP) in the supernatant was deter-
mined using an AKP kit (Nanjing Jiancheng Institute of
Bioengineering, Nanjing, Jiangsu, China) and evaluated on a
microplate reader (Eon, Biotek, USA).

Leakage of nucleic acids

The leakage of nucleotides was determined according to a
previous report (Diao et al. 2018) with some modifications.
In brief, logarithmic-phase S. aureus cells were obtained by
centrifugation (5000×g for 5 min). The cells were washed
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twice and resuspended at a concentration of 1 × 106 CFU/mL
in 10 mM phosphate-buffered saline (PBS, pH 7.4). S. aureus
was incubated with LBA at three concentrations (1/2× MIC,
1× MIC, 2× MIC) at 37 °C, and samples were collected at 0,
30, 60, 90, and 120 min and then sterilized through a 0.22-μm
filter membrane. The amount of nucleotides in the filtrates
was determined at 260 nm on a microplate reader (Eon,
Biotek, USA).

Transmission electron microscopy

Logarithmic-phase S. aureus cells were treated with LBA at
2× MIC and incubated at 37 °C for 6 h. The bacterial pellets
were processed for transmission electron microscopy (TEM)
as reported previously (Liu et al. 2016), and the ultrathin sec-
tions were observed on an H-600IV microscope (Hitachi,
Tokyo, Japan).

Relative electric conductivity

The permeability of the bacterial membrane was assessed ac-
cording to a previously reported method (Diao et al. 2014)
with slight modifications. Briefly, the bacterial suspension
was centrifuged at 5000×g for 5 min after incubation with
the MIC of LBA for 0, 1, 2, 3, 4, 5, 6, and 7 h at 26 °C.
Untreated bacterial cells were used as the control. The changes
in permeability of the supernatant were determined by mea-
suring the relative electric conductivity with a conductivity
meter.

Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis of whole-cell proteinase

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) of S. aureus proteins was performed according
to a previously reported method with few modifications (Li
et al. 2014; Zhao et al. 2015). Logarithmic-phase cells of
S. aureus (1 × 107 CFU/mL) in NB were added to an equal
volume of LBA solution with different concentrations (1/2×
MIC, 1× MIC, 2× MIC). The treated bacterial suspensions
were incubated at 37 °C with shaking at 150 rpm for 4 h and
then centrifuged at 5000×g for 10 min at 4 °C. The pellets
were washed twice with PBS (10 mM, pH 7.4) and resuspend-
ed to make 1 × 107 CFU/mL solution in PBS. Ten microliters
of proteins was combined with 10 μL 2× SDS sample dilution
buffer. After boiling for 10 min, the samples were centrifuged
at 5000×g for 10 min, and then 15 μL of the supernatant of
each sample was loaded onto the gel. SDS-PAGE was per-
formed on a 5% stacking gel and 12% separating gel, and the
bands were visualized after silver staining.

Application of LBA in meat preservation

The meat (Sheng Rong Xiang Sunshine Pork Co. Ltd) was cut
into pieces of about 500 g and chilled in a refrigerator at 4 °C.
The meat pieces were separately coated with 3 mL of LBA
solution (0, 1, 2, 3, 4, 5 g/100 mL) and placed in a 14.5 ×
11.5 × 5.5-cm transparent crisper, marked, and placed in a
refrigerator at 4 °C. GB 4789.2-2016 (BDetermination of the
total number of colonies in food microbiology test^) and
GB5009.228-2016 (BDetermination of volatile base nitrogen
in food^) were used to determine the total number of colonies
and volatile base nitrogen values after 6 days of storage at
4 °C. The method by Oussalah et al. (2004) was used with
slight modifications. Ten grams of meat was crushed with a
pulverizer and mixed with 50 mL of 7.5% trichloroacetic acid
(containing 0.1% EDTA.Na2). This mixture was shaken for
30 min, filtered twice with double-layered filter paper, and
5 mL of the supernatant was added to 5 mL of 0.02 mol/L
thiobarbituric acid solution and incubated at 90 °C for 40 min
in a water bath. This mixture was then cooled to room tem-
perature (cooling process was completed within 1 h) and cen-
trifuged at 1100×g for 5 min, and the supernatant was trans-
ferred to a clean tube, shaken with 5 mL of chloroform, and
left to stand for formation of layers. The supernatant from the
tubewas analyzed colorimetrically at 532 nm and 600 nm, and
the light absorption value was recorded.

Data analysis

Each assay was performed at least three times in duplicate,
and the data was analyzed by SPSS 17.0 software. Data are
expressed as mean ± SD. The significance level was set to
P < 0.05 and P < 0.01.

Results and discussion

Antibacterial activity of LBA to S. aureus

The MIC and MBC values of LBA against S. aureus ATCC
25923, obtained by using the agar well diffusionmethod, were
15 mg/mL and 50 mg/mL, respectively.

Effect of LBA on S. aureus growth

As shown in Fig. 1, the growth curves of LBA-treated and
LBA-untreated S. aureus exhibited significant differences.
Bacterial growth in the untreated control group entered the
logarithmic phase after 4 h and showed rapid growth by
10 h with an increasing trend (Serpa et al. 2012; Ferro et al.
2015). However, S. aureus treated with LBA at 1/2× MIC
grew much more slowly, demonstrating clearly inhibited
growth. Upon treatment with 1× MIC LBA, the absorbance
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value of the bacterial suspensions did not show a clear change
over time, remaining essentially the same as the initial con-
centration. Therefore, LBA negatively affected the growth of
S. aureus in a dose-dependent manner. LBA not only signifi-
cantly inhibited the normal growth of S. aureus, but also
inhibited the growth activity and rates.

Effect of LBA on the cell wall

AKP is located between the cell wall and the cell membrane
and therefore cannot be detected extracellularly through the cell
wall. Nevertheless, when the cell wall is destroyed or

compromised, AKP will leak out of the cell (Tang et al. 2017;
Hsouna et al. 2011). Therefore, AKP activity in the culture
medium can be an indicator of cell wall integrity. As shown
in Fig. 2, compared with the control group, the OD520 value of
AKP in the cell suspension obviously increased within 5 h.
After treatment with LBA, the OD520 value increased from
0.137 to 0.174 for 1 ×MIC and from 0.137 to 0.252 for 2 ×
MIC. Thus, LBAwas more effective at increasing the extracel-
lular AKP level at greater concentrations. We speculate that
LBAwas able to increase permeability of the cell wall, suggest-
ing that damage to the integrity of the cell wall might be the
main cause of the release of AKP into the supernatant.
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Fig. 1 Growth curves of
S. aureus treated with lactobionic
acid

Fig. 2 Effect of lactobionic acid
on the leakage of alkaline
phosphatase in S. aureus cells.
Data are means ± standard
deviations of mean inhibitory
concentrations (MIC) from three
independent experiments. Values
with different lowercase letters
are significantly different at
P < 0.05
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Effect of LBA on the cell membrane

Nucleic acids are essential life substances in microorganisms,
playing important roles in the vital activities of the cell. The
maximum absorbance value of nucleic acids is 260 nm (Wu
et al. 2016; Yang et al. 2016). Therefore, a microplate reader
can be used to detect the presence of nucleic acid substances
outside the cell. The degree of leakage of nucleic acids from
S. aureus cells treated with 1/2×MIC, 1×MIC, and 2×MIC of
LBA is displayed in Fig. 3. There was a clear increase in the
amounts of nucleotides that leaked out of S. aureus cells with
greater LBA concentrations and longer exposure time. These
results suggest that LBA might induce damage to the outer
membrane of S. aureus, resulting in leakage of nucleic acids
from the bacterial cells.

TEM

To further examine the effect of LBA on S. aureus cells and
cell membrane integrity, the cell morphology and ultrastruc-
tural changes were visualized using TEM. As shown in Fig. 4,

the untreated S. aureus showed intact cell walls with smooth
membranes, and the cytoplasm was uniformly distributed and
full. In contrast, the bacteria treated with 2× MIC of LBA for
6 h showed an irregular shape and a loss of the clear boundary
of the cell walls. Lysis of the membrane was evident, and the
intracellular contents were clearly leaking out of the cells,
leading to electron density heterogeneity. Therefore, LBA
damaged the S. aureus cell walls and membranes, contributing
to the leakage of cellular cytoplasmic contents (Ahamed et al.
2017; Wang et al. 2017). This damage is likely responsible for
the observed growth inhibition and bacterial killing effect.

Permeability of the cell membrane

The permeability changes in the cell membrane were deter-
mined by the relative electric conductivity of bacterial suspen-
sion. Figure 5 shows that the values of the control group were
slightly increased, which may be partly due to the normal
apoptosis of cells (Diao et al. 2014). Compared with the con-
trol, S. aureus exposed to LBA at MIC showed a significant
increase in conductivity with increased time, and the value for
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Fig. 3 Effect of lactobionic acid
on the amounts of nucleotide
leakage from S. aureus cells. Data
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of mean inhibitory concentrations
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Fig. 4 Transmission electron
micrographs of S. aureus ATCC
25923 cells. a Not treated with
lactobionic acid, and b, c treated
with lactobionic acid at 2× MIC
for 6 h
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the treatment group was obviously higher than that of the
control group after 2 h. Moreover, with the increase in LBA
concentration and treatment time, the relative electric conduc-
tivity increased correspondingly. These results demonstrated
that LBA could affect the permeability and integrity of
S. aureus cell membranes, causing leakage of electrolytes
(K+, Na+, and so on) and damage to metabolic pathways.

Protein analysis of S. aureus cells treated with LBA

The SDS-PAGE profiles of bacterial proteins from LBA-
treated and control S. aureus were vastly distinct (Fig. 6).
The protein bands of the control group were strong and clear,

whereas those of the LBA-treated bacteria were weak,
or even disappeared altogether in some cases. In addi-
tion, there was a marked LBA concentration-dependent
effect, with less protein amounts and types expressed at
higher LBA concentrations. These results indicated that
LBA could cause the infiltration of S. aureus proteins
into the culture medium by disrupting the bacterial cell
membrane to release intracellular proteins. Similar re-
sults were reported for bacterial cells treated with other
types of natural antibacterial substances, including lactic
acid (Wang et al. 2015) and sugar fatty acid esters
(Zhao et al. 2015).

Effect of LBA on meat preservation

The results of the effect of LBA solution (0, 1, 2, 3, 4, 5 g/
100 mL) on the 6th day are shown in Table 1. The loga-
rithm of the total number of colonies in the control group
was 6.75 ± 0.167 CFU/g, which exceeded the national
standard, and except for one result of 1 g/100 mL LBA,
the concentrations of bacteria in the treatment group were
significantly lower than those in the control group
(P < 0.05). This indicated that LBA could inhibit the
growth of spoilage microorganisms. On the 6th day, the
total volatile base nitrogen (TVB-N) value of the control
group was 18.30 ± 0.098 mg/100 g, greater than 15 mg/
100 g, which exceeded the range for cold meat. In contrast,
the values of the 2, 3, 4, and 5 g/100 mL groups were
significantly lower than those of the control group
(P < 0.05) and still in the range of fresh meat. This result
indicated that LBA could inhibit the proliferation of some
aerobic microorganisms and slow down the increase of
TVB-N value. The value of thiobarbituric acid reactive
substances (TBARS) of the control group was 1.30 ±
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Fig. 5 The relative electric
conductivity of S. aureus. Data
are means ± standard deviations
of mean inhibitory concentrations
(MIC) from three independent
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cantly different at P < 0.05

Fig. 6 SDS-PAGE patterns of proteins of S. aureus treated with
lactobionic acid. Lane 1, control (untreated) group; lane 2, 2× MIC
LBA treatment for 4 h; lane 3, 1× MIC LBA treatment for 4 h; lane 4,
1/2× MIC LBA treatment for 4 h
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0.069 mg/kg, which was higher than that in groups treated
with different concentrations of lactobionic acid (P < 0.05).
The logarithm of the total number of colonies, the TVB-N
value, and the TBARS value of the 4-g/100 m and 5-g/
100 m groups were not significantly different, indicating
that 4 g/100 mL lactobionic acid could provide optimal
preservation effect.

Conclusion

We have confirmed that LBA has good antibacterial activ-
ity against S. aureus. LBA changed the growth curve of
S. aureus. In addition, LBA induced damage to the integ-
rity of the cell wall and cell membrane, resulting in ultra-
structural alterations and membrane dysfunction leading to
leakage of macromolecules (electrolytes, proteins, and
nucleic acids). The change in protein patterns indicated
that LBA might inhibit the synthesis of proteins or reduce
degradation of bacterial cell proteins. The logarithm of the
total number of colonies, the TVB-N value, and the
TBARS value of chilled fresh meat treated with LBAwere
significantly lower than those of the control group on the
6th day (P < 0.05). Thus, our study provides a strong basis
for further investigation of the antibacterial properties of
LBA toward its development as a natural food preservative
and antibacterial agent for application in the food industry
and other fields.
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