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ABSTRACT: In this study, antimicrobial activity of gallic acid-grafted-chitosans (gallic acid-g-chitosans) against five Gram-
positive and five Gram-negative foodborne pathogens was evaluated. The minimum inhibitory concentrations (MICs) of gallic
acid-g-chitosans ranged from 16 to 64 ug/mL against Gram-positive bacteria and ranged from 128 to 512 pg/mL against Gram-
negative bacteria. These activities were higher than those of unmodified chitosan. The bactericidal activity of gallic acid-g-chitosan
(I), which showed the highest antimicrobial activity, was evaluated by time-killing assay with multiples of MIC, and it was
recognized to depend on its dose. The integrity of cell membrane, outer membrane (OM), inner membrane (IM)
permeabilization experiments, and transmission electron microscopy (TEM) observation were conducted for elucidation of the
detailed antimicrobial mode of action of gallic acid-g-chitosan. Results showed that treatment of gallic acid-g-chitosan (I) quickly
increased the release of intracellular components for both Escherichia coli and Staphylococcus aureus. In addition, gallic acid-g-
chitosan (I) also rapidly increased the 1-N-phenylanphthylamine (NPN) uptake and the release of f-galactosidase via increasing
the permeability of OM and IM in E. coli. TEM observation demonstrated that gallic acid-g-chitosan (I) killed the bacteria via

disrupting the cell membrane.
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1. INTRODUCTION

Consumption of food contaminated with pathogenic bacteria
or their toxins resulting in foodborne illness has been of vital
concern to public health." The microbial contamination
problem in food industry is of great concern, and controlling
pathogens are needed to reduce foodborne outbreaks and to
ensure consumers a safe, wholesome, and nutritious food
supply. It is well-known that the survival of microorganisms in
food can lead to spoilage and can deteriorate the quality of food
products or cause infection and illness.”® Thus, food
preservation is important in food industry since food products
require a longer shelf life and greater assurance of freedom from
foodborne pathogenic organisms.* Consequently, there is
considerable research interest in the development of anti-
microbial agents in order to prevent the growth of foodborne
pathogens or to delay the onset of food spoilage.”™”
Chitosan is a carbohydrate biopolymer derived from
deacetylation of chitin, the main component of crustacean
exoskeletons. Because of the unique biological properties
including biocompatible, biodegradable, and nontoxic nature,
chitosan has been developed for biomaterials since it displays a
broad spectrum of biological activities such as antioxidant,
antitumor, antihypertensive, immuno-modulating, and anti-
inflammatory activity.*”** In particular, antimicrobial activity of
chitosan and its derivatives has been well documented.
Chemical, physical, and biological factors including molecular
weight, degree of deacetylation, pH, temperature, and species of

Recently, various functionalized chitosans with specific
functional groups such as arginine, oleoyl, and aminoethyl
were developed and were evaluated on their antimicrobial
activity.”"*"> Antimicrobial activity of chitosan was improved
by conjugating a functional group onto chitosan indicating that
the conjugation strategy was thought to be a good method for
development of novel chitosan derivatives. In our previous
report, gallic acid-g-chitosans were developed, and their
antioxidant, hepatoprotective, and enzyme inhibition activity
were evaluated.'®”"® Biological activities of chitosan were
agumented by grafting of gallic acid. Thus, as part of our
ongoing investigation of biological activity of chitosan
derivatives, antimicrobial activity of gallic acid-g-chitosans was
investigated against foodborne pathogens as five Gram-positive
and five Gram-negative bacteria. In addition, the mode of action
of gallic acid-grafted-chitosan on model Gram-positive bacteria,
Staphylococcus aureus, and Gram-negative bacteria, Escherichia
coli, was evaluated using outer membrane (OM) and inner
membrane (IM) permeability assays, cell membrane integrity,
bactericidal activity, and transmission electron microscopy.

2. MATERIALS AND METHODS

Materials. The microorganisms tested for antibacterial
activity were obtained from Korean Collection of Type
Cultures (KCTC, Daejeon, Korea). O-Nitrophenyl-$-p-galacto-
side (ONPG) and 1-N-phenyl- naphthylamine (NPN) were
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Table 1. Minimum Inhibitory Concentrations (MICs) of Gallic Acid-g-Chitosans and Unmodified Chitosan

MIC (ug/mL)

gallic acid-g-chitosan gallic acid-g-chitosan gallic acid-g-chitosan gallic acid-g-chitosan unmodified
strain (I‘g (It (11m) ) chitosan
Staphylococcus aureus (KCTC 1927) 32 32 32 32 128
Bacillus subtilis (KCTC 1028) 16 32 32 32 64
Bacillus cereus (KCTC 3624) 32 32 64 64 128
Enterococcus faecalis (KCTC 2011) 16 16 32 32 64
Listeria monocytogenes (KCTC 3569) 16 32 64 64 128
Escherichia coli (KCTC 1682) 256 512 512 512 1024
Klebsiella pneumoniae (KCTC 2242) 128 256 256 256 512
Pseudomonas aeruginosa (KCTC 256 256 S12 S12 S12
1637)
Salmonella typhimurium (KCTC 128 256 256 S12 S12
1925)
Shigella flexneri (KCTC 2998) 256 256 S12 S12 1024

obtained from Sigma Chemical Co. (St. Loius, MO). All other
reagents were of the highest grade available commercially.

Antimicrobial Agents. Four kinds of gallic acid-g-chitosans
using different molar ratios of chitosan residue and gallic acid
for the antimicrobial assay were prepared from our previous
method.'” To confirm successful synthesis, "H NMR analysis
was conducted, and the results were compared to those of Cho
et al.'” Unmodified chitosan: 'H NMR (400 MHz, D20) &:
530 (1H, H-1), 3.63—4.35 (1H, H-2/6), 2.51 (H—Ac), 4.8
(D,0). Gallic acid-g-chitosan: '"H NMR (400 MHz, D,0) &:
7.63 (phenyl protons of gallic acid), $.33 (1H, H-1), 3.65—4.36
(1H, H-2/6), 2.51-2.54 (H—Ac), 4.8 (D,0). The gallic acid
contents in the gallic acid-g-chitosans were determined by the
Folin—Ciocalteau method, and the contents were 118.92 mg
gallic acid/g gallic acid-g-chitosan for gallic acid-g-chitosan (I),
82.91 for gallic acid-g-chitosan (II), 67.62 for gallic acid-g-
chitosan (III), and 53.87 for gallic acid-g-chitosan (IV).

Determination of MIC Values. Antimicrobial activity of
gallic acid-g-chitosans against five Gram-positive (Staphylococcus
aureus, Bacillus subtilis, Bacillus cereus, Enterococcus faecalis, and
Listeria monocytogenes) and five Gram-negative bacteria
(Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa,
Salmonella typhimurium, and Shigella flexneri) was evaluated
using twofold serial broth dilution as follows. Bacteria culture
(10°~10” CFU/mL) grown in 5 mL Mueller Hinton broth
(MHB, Difco, MI) which contained 1 mL of antimicrobial
agent with various concentrations in 50 mM acetate buffer (pH
5.5) was incubated at 37 °C for 18 h. MIC was defined as the
lowest concentration of antimicrobial agent at which the cell
growth was not visible with the naked eye.

Bactericidal Assay. The bactericidal activity of gallic acid-g-
chitosan was evaluated with a time-kill experiment. Briefly,
gallic acid-g-chitosan was added to MHB inoculated with E. coli
and S. aureus strain, which was adjusted to an estimated cell
density of approximately 10° CFU/mL, followed by culture at
37 °C for 24 h. The final gallic acid-g-chitosan concentrations
consisted of the MIC, 2 X MIC, 4 X MIC, and 8 X MIC. Viable
cell counts were estimated at various incubation times by the
spread plate method. The plates were incubated at 37 °C for 24
h, and the colonies were counted.

Cell Membrane Integrity. Bacterial cell membrane
integrity was examined by determination of the release of
material absorbing at 260 nm.** Bacterial cultures grown were
harvested by centrifugation at 11 000g for 10 min, were washed,
and were resuspended in 0.5% NaCl solution. The final cell
suspension was adjusted to an absorbance at 420 nm of 0.7. A
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1.5 mL portion of antimicrobial agent solution was mixed with
1.5 mL of bacterial cell suspension, and the release over time of
materials absorbing at 260 nm was monitored with UV
spectrometer (SpectraMax M2°, CA, United States).

OM Permeabilization Assay. OM permeabilization
activity of water-soluble chitosans was determined by the
NPN assay described by Ibrahim et al.>' Bacterial cultures
grown were harvested by centrifugation at 11 000g for 10 min,
were washed, and were resuspended in 0.5% NaCl solution.
The final cell suspension was adjusted to an absorbance at 420
nm of 1.0. Twenty microliters of 1 mM NPN was added into 1
mL of bacteria in a quartz cuvette, and background fluorescence
was recorded using a SpectraMax M2°, with 1 cm path length
cuvettes, at excitation wavelength of 350 nm and emission
wavelength of 429 nm. Then, various concentrations of
antimicrobial agent were added. An increase in fluorescence
because of partitioning of NPN into the OM was recorded as a
function of time until there was no further increase in intensity.
Control tests were performed to verify that the enhanced
fluorescence was due to NPN uptake by bacteria.

IM Permeabilization Assay. IM permeabilization was
determined by measuring the release of cytoplasmic S-
galactosidase activity from E. coli into the culture medium
using ONPG as the substrate.”! Logarithmic-phase bacteria
grown in nutrient broth containing 2% lactose were harvested,
were washed, and were resuspended in 0.5% NaCl solution in
order to adjust an absorbance at 420 nm of 1.2. A 200 uL
bacterial suspension was pipetted into the wells of a standard
microtiter plate, and then 10 uL of ONPG (30 mM) was added
to each well. The production of o-nitrophenol over time was
determined by monitoring the increase in absorbance at 420
nm using a spectrophotometer.

Transmission Electron Microscopy (TEM). E. coli and S.
aureus were inoculated into MHB in the absence or presence of
the gallic acid-g-chitosans and then were further incubated at 37
°C for 18 h. After the incubation, 1 mL aliquots were
centrifuged at 11 000 rpm, were washed twice with phosphate-
buffered saline (PBS) (pH 7.2), and were fixed with 2.5%
glutaraldehyde in 0.1 M PBS. Samples were postfixed with 1%
(w/v) 0sO, in 0.1 M PBS for 2 h at room temperature, were
washed once with the same buffer, were dehydrated in a graded
series of ethanol solutions, and were embedded in Spurr low-
viscosity embedding medium. Thin sections of the specimens
were cut with a diamond knife on an Ultracut ultramicrotome
and were double-stained with uranyl acetate and lead citrate.
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3. RESULTS AND DISCUSSION

Antimicrobial Activities of Gallic Acid-g-Chitosans.
The antimicrobial activity of chitosan has been well
documented, and its activity was influenced by several factors
including the type of chitosan, molecular weight, and some of
its other physicochemical properties.”” Recently, chitosan
derivatives with specific moiety were developed to improve
its antimicrobial activity,">**** and the results showed that
chitosan derivatives exhibited better antimicrobial activity than
that of unmodified chitosan. These results indicate that
chemical modification is a good strategy for improving
antimicrobial activity of chitosan.

Gallic acid is a naturally occurring phenolic compound,
which is noteworthy for its antioxidant activity.”® Currently,
antimicrobial activity of gallic acid is reported.”*™>® In this
study, therefore, we conjugated gallic acid onto chitosan
backbone in order to improve antimicrobial activity of chitosan.
For that, different molar ratios were used to conjugate gallic
acid onto chitosan; thereby, we produced four kinds of gallic
acid-g-chitosans bearing different amounts of gallic acid, and it
could be expected to show enhanced antimicrobial activities.
Ten bacteria strains, including five Gram-positive bacteria and
five Gram-negative bacteria, were used to determine the
antimicrobial spectrum of gallic acid-g-chitosans by twofold
serial dilution method as described above. The activity
appeared to vary among the tested bacteria. The unmodified
chitosan showed the MICs of 64—128 ug/mL against five
Gram-positive bacteria and the MICs of 512—1024 ug/mL
against five Gram-negative bacteria (Table 1). However, gallic
acid-g-chitosans showed higher antimicrobial activities than that
of unmodified chitosan indicating that the conjugation of gallic
acid improved the antimicrobial activity of chitosan. The MICs
of four gallic acid-g-chitosans ranged from 16 to 64 ug/mL
against Gram-positive bacteria and ranged from 128 to 512 ug/
mL against Gram-negative bacteria. In addition, gallic acid-g-
chitosan (I) possessed the highest antimicrobial activities of all
the gallic acid-g-chitosans. As described above, gallic acid
content in gallic acid-g-chitosans was in the order of gallic acid-
g-chitosan (I) > gallic acid-g-chitosan (II) > gallic acid-g-
chitosan (III) > gallic acid-g-chitosan (IV). These results
indicated that gallic acid content in gallic acid-g-chitosans by
the conjugation of gallic acid was a crucial role for improvement
of antimicrobial activity of chitosan. The antimicrobial activity
of gallic acid-g-chitosan (I) was 4 times stronger than that of
unmodified chitosan. We also tested the antimicrobial activity
of gallic acid alone as the same concentration of gallic acid
calculated from gallic acid-g-chitosan (I), which contains 118.92
mg gallic acid/g gallic acid-g-chitosan (I), compared to the
MICs of gallic acid-g-chitosan (I). However, gallic acid does not
show antimicrobial activity against the tested bacteria (data not
shown). Taguri et al.”® reported the MIC values of gallic acid
against Bacillus cereus (1067 ug/mL), Bacillus subtilis (1600 pg/
mL), Listeria monocytogenes (1600 ug/mL), Staphylococcus
aureus (533 pg/mL), Escherichia coli (600 pug/mL), Klebsiella
pneumoniae (400 pg/mL), Shigella flexneri (267 pg/mL), and
Pseudomonas aeruginosa (533 pg/mL). In this study, the MIC
values of gallic acid-g-chitosan (I) ranged from 16 to 32 ug/mL
against Gram-positive bacteria and ranged from 128 to 256 ug/
mL against Gram-negative bacteria. Considering gallic acid
content in these concentrations, gallic acid content in gallic
acid-g-chitosan (I) was very lower than that of the literature
MIC values. Thus, the gallic acid in gallic acid-g-chitosans was
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not solely responsible for the growth inhibition of the tested
bacteria, and the synergy effect may exist by the conjugation of
gallic acid onto chitosan.

Several researches revealed that polyphenols with gallate such
as catechin gallate, epicatechin gallate, and epigallocatechin
gallate possess higher affinity to cell membranes than those
without gallate.29’30 In addition, epigallocatechin gallate showed
higher antimicrobial activity via damaging the lipid bilayer of
liposomes than that of epicatechin, but epicatechin did not
damage the lipid bilayer.>' These results indicate that gallic acid
would also have high affinity to the cell membrane. This might
be the reason for why the antimicrobial activity of unmodified
chitosan was improved by the conjugation of gallic acid. In
other words, the affinity of chitosan to the bacterial cell
membranes was improved by the conjugation of gallic acid.

In comparison with the MIC values of food antiseptics, gallic
acid-g-chitosans showed higher antimicrobial activities that
those of sorbic acid (605S pg/mL for E. coli and 9262 pg/mL
for S. aureus), benzoic acid (10 171 ug/mL for E. coli and 16
788 pg/mL for S. aureus), and propionic acid (15000 pg/mL
for E. coli and S. aureus).>>** This comparison indicates that
gallic acid-g-chitosans may be useful for a food preservative.

Bactericidal Assay. Considering the MIC values of gallic
acid-g-chitosans, the bactericidal effects of gallic acid-g-chitosan
(I) against E. coli and S. aureus were confirmed by a time-kill
curve experiment. As shown in Figure 1, E. coli (5.8 X 10°
CFU/mL) suspension without gallic acid-g-chitosan (I) was

A 10

»

Log CFU (cells/mL)
H

Log CFU (cells/mL)

Time (h)

Figure 1. Bactericidal activity of gallic acid-g-chitosan (I) against (A)
E. coli. and (B) S. aureus. MIC, @; MIC X 2, O; MIC X 4, ¥; MIC X
8, A; control, l. The values represent means + standard deviation
(SD) (n = 3).
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significantly increased to 1.4 X 10° CFU/mL after 24 h.
However, the incubation with gallic acid-g-chitosan (I) at MIC
suppressed bacterial growth for 24 h indicating a bacteriostatic
effect. Over the MIC, gallic acid-g-chitosan (I) killed the
bacteria, and 2.8 log reduction (2 X MIC), 5.0 log reduction (4
X MIC), and no viable cells were observed after being exposed
to 8 X MIC for 24 h (Figure 1A). In the case of S. aureus, viable
cells without gallic acid-g-chitosan (I) increased from 2.2 X 10°
CFU/mL to 5.6 X 10° CFU/mL after 24 h. However, gallic
acid-g-chitosan (I) treatment decreased viable cells, and 1.2 log
reduction (MIC) and 3.4 log reduction (2 X MIC) were
observed after 24 h. No viable cells were observed after being
exposed to 4 X MIC for 18 h and to 8 X MIC for 12 h (Figure
1B).

Integrity of Bacterial Cell Membranes. The cytoplasmic
cell membrane is a structural component, which may become
damaged and functionally invalid during exposure to
antimicrobial agents. Thus, release of intracellular components
is a good indicator of membrane integrity. If the bacterial
membrane becomes compromised by interaction with anti-
microbial agents, first, small ions such as potassium and
phosphate tend to leach out followed by large molecules such
as DNA, RNA, and other materials. These intracellular
components are easily detected by UV at 260 nm as an
indication of membrane damage.20

As shown in Figure 2, total nucleotide leakage from E. coli
and S. aureus as a function of incubation time with gallic acid-g-
chitosan (I) was plotted. Upon addition of gallic acid-g-chitosan
(I) to E. coli, there was a dramatic increase in OD,g, within 30
min, and thereafter, OD 4 slightly increased up to 90 min. The
extent of nucleotide leakage by treatment of gallic acid-g-
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Figure 2. The release of intracellular components of (A) E. coli and
(B) S. aureus. The values represent means + SD (n = 3).
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chitosan (I) was in a dose-dependent manner, which is
agreeable with the findings for bactericidal activity. In the
case of S. aureus, the extent of nucleotide leakage by treatment
of gallic acid-g-chitosan (I) was higher than that of E. coli. This
was probably due to the differences in cell wall structure and
composition, and S. aureus does not have the OM to prevent
the influx of foreign molecules.”® These results indicate that
gallic acid-g-chitosan (I) can bind to membrane components
and can cause membrane permeabilization to varying extents.
OM Permeabilization Assay. Gram-negative bacteria such
as E. coli have two cell envelope membranes. Thus, we
examined the ability of gallic acid-g-chitosan (I) to interact with
both OM and IM. To determine OM permeabilization,
hydrophobic NPN probe was used. NPN is normally excluded
from OM. However, when OM was damaged and functionally
invalid by interaction with antimicrobial agents, NPN could
partition into perturbed OM exhibiting increased fluorescence.
Therefore, the increase of NPN fluorescence intensity can be
used as an indicator for increased cell membrane permeability.
On the basis of this principle, the change of NPN
fluorescence upon the addition of gallic acid-g-chitosan (I) is
shown in Figure 3. The fluorescence increase by the addition of

40
-@ MIC

-O— MICx 2
-¥— MIC x4

30 A

20 -

Relative fluorescence

10

10

Time (min)

Figure 3. The uptake of NPN by E. coli suspensions treated with gallic
acid-g-chitosan (I). The values represent means + SD (n = 3).

gallic acid-g-chitosan (I) to E. coli suspensions was dose- and
time-dependent manner; it is indicated that E. coli cell
membranes were damaged or functionally invalid by gallic
acid-g-chitosan (I).

OM contains polyanionic lipopolysaccharide (LPS) stabilized
by divalent cations; thus, polycationic antimicrobial agents
could bind to the negatively charged O-specific oligosaccharide
units of E. coli LPS thus disrupting the integrity of OM resulting
in loss of the barrier function or blocking the nutrient flow with
concomitant bacterial death because of depletion of the
nutrients. Chitosan is a polycationic biopolymer because of
the primary amines at the C-2 position; this is a major factor
affecting antimicrobial activity of chitosan. Moreover, we
conjugated gallic acid, which has high affinity to lipid bilayer
in the cell membrane, onto chitosan. Thus, gallic acid-g-
chitosan could interact with LPS and lipid bilayer in the cell
membrane; thereby, the antimicrobial activity of gallic acid-g-
chitosan appeared by disruption of OM.

IM Permeabilization Assay. Destabilization of OM is
necessary to gain access to IM. Gallic acid-g-chitosan (I) could

dx.doi.org/10.1021/jf401254g | J. Agric. Food Chem. 2013, 61, 6574—6579
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interact with IM because OM permeation was demonstrated.
Thus, we further examined IM permeabilization of E. coli as a
function of cytoplasmic f-galactosidase release with bacteria
grown in lactose-containing medium in order to operate lac
operon in E. coli. As shown in Figure 4 the control suspensions,

0.08
—-@— Control
-O- mic
—W- MICx2
0.06 - - MIC x4

0.04 -

Absorbance (420 nm)

0.02

0.00 % ; T
0 20 40 60 80 100

Time (min)

Figure 4. The release of cytoplasmic f-galactosidase activity of E. coli
cells treated with gallic acid-g-chitosan (I). The values represent means
+ SD (n = 3).

there was a lag of about 40 min before cytoplasmic f-
galactosidase was released very slowly, whereas the suspensions
with gallic acid-g-chitosan (I) showed immediate release of
cytoplasmic f-galactosidase followed by a progressive release up
to 70 min to reach a steady state. The release of cytoplasmic -
galactosidase in E. coli was a dose-dependent manner, which
was agreeable with the assay of integrity of cell membranes and
OM pemeabilization.

Transmission Electron Microscopy. To further elucidate
the nature of the killing mechanisms of gallic acid-g-chitosan
(I), E. coli and S. aureus were treated with gallic acid-g-chitosan
(I) for 18 h, and the bacteria were analyzed by TEM.
Compared to the control, gallic acid-g-chitosan (I) treatment
resulted in clear morphological changes (Figure S and 6).
Untreated cells displayed a smooth and compact surface
without release of intracellular components and notable
ruptures or pores on the cell surface (Figures SA and 6A).
However, the cells’ shape changed compared to those of

Figure S. TEM of S. aureus treated with 128 pug/mL of gallic acid-g-
chitosan (I) for 18 h. (A) Untreated S. aureus; (B) gallic-g-chitosan
treated S. aureus. Scale bar: 100 nm.

Figure 6. TEM of E. coli treated with 1024 pug/mL of gallic acid-g-
chitosan (I) for 18 h. (A) Untreated E. coli; (B) gallic-g-chitosan
treated E. coli. Scale bar: 100 nm.

untreated cells. S. aureus cells treated with gallic acid-g-chitosan
(I) appeared to undergo cell membrane damage resulting in the
release of their cellular components into the surrounding
environment and finally becoming empty (Figure SB). In the
case of E. coli, the cell membrane was shrunk and was irregular
by treatment of gallic acid-g-chitosan (I), and the cellular
components were released. These results correlate with the
integrity of cell membrane and OM and IM permeabilization.

The present study suggests that gallic acid-g-chitosans had
good antimicrobial activity against foodborne pathogens. The
integrity cell membrane and the OM and IM permeabilization
experiments indicated that gallic acid-g-chitosans influenced the
structure of the membrane and was speculated to interact with
lipids on the cell membrane. TEM observations demonstrated
the disruption of the cell membrane by gallic acid-g-chitosans.
Chitosan and gallic acid are regarded as relatively safe; thus,
these conjugation products, gallic acid-g-chitosans, could be
used for food preservatives.
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