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ABSTRACT

The mechanism of action of over 85% deacetylated chitosan on Gram-negative Pseudomonas aeruginosa
and Gram-positive Staphylococcus aureus was investigated. Results showed that after treated with chi-
tosan, the electric conductivity of bacteria suspensions increased, followed by increasing of the units of
average release for alkaline phosphatase (ALP) and glucose-6-phosphate dehydrogenase (G6PDH). SDS-
PAGE and agarose gel electrophoresis indicated that the soluble proteins and intact DNAs decreased or
disappeared in chitosan-treated bacteria cells, demonstrating that chitosan performed its antibacterial
function via increasing the permeability of cell membranes. Moreover, chitosan had a stronger effect on
the cell membrane of S. aureus than on that of P. aeruginosa due to the differences in their cell structures.
Transmission electron microscopy (TEM) observations further verified that S. aureus is more sensitive
than P. aeruginosa to chitosan. Our works provide additional evidences in support of chitosan being

regarded as a natural bactericide.

Crown Copyright © 2011 Published by Elsevier Ltd. All rights reserved.

1. Introduction

Chitosan’s antimicrobial activity has been well documented.
Mugzzarelli et al. (1990) examined N-carboxybutyl chitosan’s
antimicrobial activity against 298 pathogens, finding that it was
particularly active against candidae and Gram-positive bacteria
tested as determined by the agar dilution. When a thin pad of
N-carboxybutyl chitosan was used, all candidae and most staphylo-
cocci were killed, whereas percentages of the bactericidal activities
against most Gram-negative species were lower. However, no bac-
tericidal activity was observed with Gram-positive streptococci and
enterococci, and three Gram-negative Salmonella strains. Thus, it
is likely that chitosan might be bactericidal or simply bacterio-
static, and each strain may be vulnerable/indifferent to the presence
of chitosan. Recently, Wu et al. (2011) reported that they syn-
thesized chitosan-poly(e-caprolactone) (CPC) copolymers via an
amino-group-protection method. The optimized quaternized CPCs
(q-CPCs) were able to completely prevent growth of Staphylo-
coccus aureus and Escherichia coli, as model Gram-positive and
Gram-negative bacteria, respectively, at different concentrations
of about 0.2% and 0.25%, respectively. At lower concentrations,
these optimal q-CPCs had higher antibacterial activities against
the both bacteria as compared to chitosan. Simultaneously, Vallapa
et al. (2011) reported that the antibacterial activity of the surface-
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quaternized chitosan film against S. aureus and E. coli were
superior to that of the virgin chitosan film. The other literature
mentioned that chitosan displays antibacterial activities, with min-
imum inhibitory concentrations (MICs) reported to range from
100 to 10,000mgL-! against Gram-negative bacteria (Helander,
Nurmiaho-Lassila, Ahvenainen, Rhoades, & Roller, 2001), and from
100 to 1250 mgL-! against Gram-positive bacteria (Bae, Jun, Lee,
Paik, & Kim, 2006; Jeon, Park, & Kim, 2001; No, Park, Lee, & Meyers,
2002; Vishu Kumar, Varadaraj, Lalitha, & Tharanathan, 2004).

It has been demonstrated that chitosan’s antibacterial activity
depends on the strain examined and on its growth phase, besides
chitosan concentration, molecular weight, degree of deacetyla-
tion, and pH, temperature, and composition of the medium (Chen
& Chou, 2005; Chung, Wang, Chen, & Li, 2003; Liu et al., 2006;
Mugzzarelli et al., 1990; No et al., 2002). Because it has been
tested under widely varied conditions, it is hard to compare chi-
tosan’s antibacterial effect among results obtained by different
researchers.

Several antimicrobial mechanisms have been proposed for chi-
tosan and its soluble derivatives. In the first, the cationic chitosans
interact with anionic moieties at the cell surface thereby altering
cell permeability and resulting in material being prevented from
entering the cell and/or material being leaked from the cell (Chen,
Liau, & Tsai, 1998; Jung, Kim, Choi, Lee, & Kim, 1999). The second
mechanism involves the binding of chitosan with DNA to inhibit
RNA synthesis, which occurs through chitosan penetration toward
the nuclei of the microorganisms and interference with the syn-
thesis of mRNA and proteins (Rabea, Badawy, Stevens, Smagghe,
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& Steurbaut, 2003; Wang, Du, & Liu, 2004). In another proposed
mechanism, chitosan also acts as a chelating agent that selectively
binds trace transition metals and thereby inhibits the produc-
tion of toxins and microbial growth (Cuero, Osuji, & Washington,
1991). Various techniques have been applied to S. aureus and E. coli,
to investigate and compare chitosan’s antibacterial modes (Vishu
Kumar, Varadaraj, Gowda, & Tharanathan, 2005; Xing et al., 2009).
However, up to the present, there are few reports on chitosan’s
antibacterial activity and antibacterial mechanism against bacte-
ria in the family Pseudomonadaceae. These bacteria are considered
psychrotrophs, growing well at 0-15°C, thereby being regarded
as the most important spoilage bacteria originating in refrigerated
food (Jay, 2000; Vela, 1997). Pseudomonads, especially Pseu-
domonas aeruginosa, can also cause outbreaks of intramammary
infections. So far, although the activity and interactions of some
antibiotics, innate defense molecules such as antimicrobial pep-
tides and chemicals against P. aeruginosa were reported (Bouhdid,
Abrini, Zhiri, Espuny, & Manresa, 2009; Bellemare, Vernoux, Morin,
Gagné, & Bourbonnais, 2010; Jayaraman, Sakharkar, Lim, Tanq, &
Sakharkar, 2010; Uccelletti et al., 2010), there is no direct evidence
for the mode of action of chitosan on P. aeruginosa.

The objectives of the present study were to elucidate the
interaction between chitosan and Gram-negative P. aeruginosa. In
addition, Gram-positive S. aureus was also selected as a tested strain
to compare the modes of action of chitosan on the both strains.

2. Materials and methods
2.1. Materials and microorganisms

Chitosan (source: crab shell, high MW, degree of deacety-
lation>85%) was purchased from Li Zhong Chitin Company
(Qingdao, China). Strains of P. aeruginosa (ATCC27853), S.
aureus (ATCC27853), E. coli (ATCC25922), Listeria monocytogenes
(ATCC19115), Salmonella enteritidis (ATCC13076) and Bacillus
cereus (ATCC14579) were obtained from the American Type Culture
Collection (ATCC). Sodium dodecyl sulfate (SDS), acrylamide, N, N'-
methylenebisacrylamide, o-nitrophenyl-3-p-galactoside (ONPG)
and glutaraldehyde were purchased from Sigma Chemicals Com-
pany (St. Louis, Mo). All other reagents were of the highest grade
available commercially.

2.2. Determination of minimum inhibitory concentrations (MICs)
and minimum bactericidal concentrations (MBCs)

MICs were determined by microtiter broth dilution method, fol-
lowing the guidelines in the literature (Andrews, 2001). In brief,
inocula of those strains were prepared by adjusting overnight cul-
tures to containing 2 x 10° CFUmL™! in nutrient broth. Aliquots
of 50 wL were mixed with chitosan (dissolved in 0.5% acetic acid,
and adjusted to pH 6.0 with 0.1 M NaOH) of 50 L of serial two-
fold dilutions in a 96-well plate, and the plate was incubated with
shaking at 37°C for 18 h. MIC was defined as the lowest concen-
tration of chitosan where no growth was observed by microscopic
examination. On the other hand, 10 pL mixtures from the wells
with no growth were spread on agar plates for MBC determination.
MBC was defined as the lowest concentration of chitosan where no
colony was observed on agar plates after 48 h incubation at 37 °C.

2.3. Electric conductivity assay

After incubated at 37 °C for overnight, S. aureus and P. aeruginosa
were harvested by centrifugation at 11,000 x g for 10 min. The pel-
lets were washed and resuspended in 0.1 M phosphate buffer (pH
7.4). The final cell suspensions were adjusted to 108 CFUmL~! and
mixed with chitosan (600 mg L~ in 0.5% acetic acid, pH 6.0) to final

chitosan concentrations of 150 and 300 mgL~1, and then the mix-
tures were incubated at room temperature and measured for their
electric conductivity every 10 min for 2 h. The experiment without
chitosan was used as blank control.

2.4. Alkaline phosphatase (ALP) and glucose-6-phosphate
dehydrogenase (G6PDH) assay

The chitosan (600 mgL~1 in 0.5% acetic acid, pH 6.0) was added
to a 0.85% (w/w) NaCl solution containing S. aureus or P. aeruginosa
at 107 CFUmL™! to a final concentration of 300 mg L~1. After incu-
bated at 37°C for 8 h, a 0.2-mL aliquot of the cell suspension was
withdrawn and added to the reaction mixture.

ALP activity was determined using the method described by
Malamy and Horecker (1964). The reaction mixture (total volume:
1 mL) contained 0.1 mg p-nitrophenylphosphate in 0.5 M Tris-HCI
buffer (pH 8). The reaction was followed at 28 °C by measuring the
optical density of the suspension at 420 nm. A unit of released ALP
activity was defined as the amount of enzyme that produced 1 puM
of p-nitrophenol-equivalent in 1 min at 28 °C.

G6PDH activity was determined using the method described by
Malamy and Horecker (1964). A 0.2-mL aliquot of the cell suspen-
sion as described in the above paragraph was added to the reaction
mixture. G6PDH activity was determined in a solution (total vol-
ume: 1 mL) containing 0.05 M Tris-HCl (pH 8), 0.01 M CaCl,, 1.0 uM
glucose-6-phosphate and 0.4 uM triphosphopyridine nucleotide
(TPN). The reaction was followed at 28 °C by measuring the opti-
cal density of the suspension at 340 nm. A unit of released G6PDH
activity was defined as the amount of enzyme that reduced 1 uM
of TPN-equivalent in 1 min at 28 °C.

2.5. Inner membrane (IM) permeabilization assay

Inner membrane permeabilization was determined by measur-
ing the release of cytoplasmic [3-galactosidase activity from E. coli
into the culture medium using ONPG as the substrate (Ibrahim,
Sugimoto, & Aoki, 2000). Logarithmic-phase bacteria grown in
nutrient broth containing 2% lactose was harvested by centrifuga-
tion at 11,000 x g for 10 min, washed and resuspended in 0.5% NaCl
solution. The final cell suspension was adjusted to an absorbance
of 1.2 at 420nm. A 1.6-mL aliquot was mixed with chitosan
(600mgL-! or 300mgL-! in 0.5% acetic acid, pH 6.0) of 1.6 mL
and 30 mM ONPG of 150 p.L. The production of o-nitrophenol over
time was determined by monitoring the increase in absorbance at
420 nm using a spectrophotometer. The control contained a 1.6-mL
aliquot described as above and 0.5% acetic acid (pH 6.0) of 1.6 mL
and 30 mM ONPG of 150 p.L.

2.6. SDS-PAGE and DNA fragmentation

Logarithmic phase cells of S. aureus and P. aeruginosa
(~107 CFUmL™1) in nutrient broth were mixed, respectively with
chitosan (600 mgL-! in 0.5% acetic acid, pH 6.0) to a final chitosan
concentration of 300 mgL-!, and then incubated at room tempera-
ture. Aliquots of 5 mL were withdrawn every 1 h for 3h and 6 h for
S. aureus and P. aeruginosa, respectively, and then centrifuged at
11,000 x g for 10 min. The pellet was subjected to SDS-PAGE anal-
ysis according to Laemmli (1970). The SDS-PAGE was performed
with a 4% stacking gel and a 10% separating gel. Proteins bands were
stained with 0.1% Coomassie Brilliant Blue R-250 and destained in
25% (v/v) of ethanol and 9% (v/v) of acetic acid.

For DNA fragmentation analysis, aliquots of 5 mL as described in
the above paragraph were withdrawn after incubated for 1h and
8 h, and subjected to centrifugation at 11,000 x g for 10 min. DNAs
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Table 1
Minimum inhibitory concentration (MIC) and minimum bactericidal concentration
(MBC) of chitosan against the six types of strain.

Bacteria MIC (mgmL-') MBC (mgmL-1)
S. aureus 0.38 0.75

E. coli 0.75 0.75

L. monocytogenes 3 >3

S. enteritidis 3 300

B. cereus 3 >3

P. aeruginasa 3 >3

were extracted from the pellets using Kit (Tiangen Co., Beijing,
China) and were run on a 1% agarose gel.

2.7. Transmission electron microscopy (TEM)

TEM analysis was performed following the guidelines in the
literature with slight modification (Li, Wu, Wang, & Sun, 2002).
Overnight cultures of S. aureus and P. aeruginosa were centrifuged
and the pellets were washed and suspended in 0.1 M sodium phos-
phate buffer (pH 7.4) to an absorbance of 0.4 at 600 nm. The cell
suspensions were incubated with chitosan (final concentration
300mgL-1) at 37°C for 20min and 2h, and then centrifuged at
11,000 x g for 10 min. The resulting pellets were subjected to a
series of treatments according to the guidelines in the literature
to perform TEM analysis.

2.8. Statistic analysis

All experiments were carried out in triplicate, and average val-
ues with standard deviation were revealed. Significant differences
between the 2 groups were examined using t-test. A P value <0.05
denoted the presence of a statistically significant difference.

3. Results and discussion

3.1. Minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC) of chitosan against the six types
of strain

The antimicrobial activity of chitosan was quantitatively
assessed against three Gram-positive and three Gram-negative
bacteria by determining the MIC and MBC. As shown in Table 1,
in the case of Gram-positive bacteria, MIC value of chitosan
was 3mgmlL-! against both L. monocytogenes and B. cereus and
0.38 mgmL~! against S. aureus. In the case of Gram-negative bac-
teria, MIC value was 3mgmL-! against both S. enteritidis and
P. aeruginosa and 0.75mgmL-! against E. coli. MBCs of chitosan
against six types of strain were 0.75mgmL~!,3 mgmL-!, or higher.
Chitosan was thought to have antibacterial activities only at acidic
pH because of its poor solubility at pH>6.5 (Rabea et al., 2003).
Our results using over 85% deacetylated chitosan, soluble in 0.5%
aceticacid (pH 6.0), indicated that chitosan at acidic pH significantly
inhibited the growth of three Gram-positive and three Gram-
negative bacteria in 18 h at concentrations ranged from 0.38 to
3mgmL-!. Inhibition with 5000 ppm acetic acid (pH was adjusted
to 6.0) was negligible. Thus, using acetic acid at low concentration
for chitosan did not have any additional adverse effect on bacterial
growth. Many literatures reported the IMC values of chitosan with
different ranges. Because the bacterial strains and the experimental
conditions in this study are different from those in the literature, it
is difficult to directly compare chitosan’s antibacterial effect with
results obtained by other researchers.
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Fig. 1. Electric conductivity of cell suspensions for chitosan-treated S. aureus and P.
aeruginosa.

3.2. Electric conductivity of cell suspensions for chitosan-treated
S. aureus and P. aeruginosa

We determined electric conductivity of the cell suspensions
for S. aureus and P. aeruginosa treated with 150 and 300mgL~!
chitosan. As shown in Fig. 1, the electric conductivity showed a
time-dependent increasing manner. It was found that the electric
conductivity of suspensions for S. aureus and P. aeruginosa began
to increase after treated with 150 and 300mgL-! chitosan for
10 min, and when the incubation time was 2 h, the electric con-
ductivity increased by 6.1% and 8.3% for S. aureus, and 5.1% and
6.6% for P. aeruginosa compared with the controls, showing that
300mgL-! chitosan was more effective than 150 mgL~! chitosan.
On the other hand, differences in the changes of the electric con-
ductivity between S. aureus and P. aeruginosa also suggested that
the effect of chitosan on the membrane permeability of S. aureus
was greater than on that of P. aeruginosa.

3.3. Effect of chitosan on the leakage of enzymes from S. aureus
and P. aeruginosa

The effects of chitosan on the leakage of ALP and G6PDH from
S. aureus and P. aeruginosa were shown in Table 2. The units of
average release for both ALP and G6PDH in the cell suspension
of S. aureus were higher compared with those in the cell suspen-
sion of P. aeruginosa. The control, which consisted of bacteria in a
0.5% acetic acid solution, showed zero units of the both enzymes
released (data not shown). We also observed that the release of
enzymes reached a plateau in 2h for ALP and in 5h for G6PDH.
Malamy and Horecker (1964) reported that ALP was an extracel-
lular enzyme, while GEGPDH was found in the cell membrane. The
locations of these two enzymes clearly provided the answer as to
why ALP was the first molecule to be released into the medium,
followed by G6PDH.

3.4. SDS-PAGE patterns of cellular soluble proteins from
chitosan-treated S. aureus and P. aeruginosa

As shown in Fig. 2, the normal cell protein electrophoresis bands
of S. aureus and P. aeruginosa appeared strong and clear. After

Table 2
Effect of chitosan on the leakage of enzymes from S. aureus and P. aeruginosa.

Alkaline phosphatase (Units)  G-6-P dehydrogenase (Units)

128.4 £ 13.6
98.2 + 11.7

185.7 £ 174
147.8 £ 14.3

S. aureus
P. aeruginasa
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Fig. 2. SDS-PAGE patterns of cellular soluble proteins from chitosan-treated S. aureus (A) and P. aeruginosa (B).

treated with 300 mg L~! chitosan for 1-3 h, bands of all-molecular-
weight proteins for S. aureus appeared obviously shallow, even
disappearing altogether. In the case of P. aeruginosa, the protein
contents of chitosan-treated cells reduced, and as the incuba-
tion time increased (after 3 h), these characteristics became more
distinct. On the other hand, protein contents in the cell-free super-
natant increased compared with control culture supernatants (data
not shown). These results suggested that chitosan decreased the
content of cellular soluble proteins by permeating and disrupt-
ing cell membranes. However, the effect of chitosan on membrane
permeability of S. aureus was more obvious than on that of P.
aeruginosa. Cui et al. (2009) proposed that chitosan probably inhib-
ited protein synthesis or control gene expression. The mechanism
of protein breakdown remains unclear.

3.5. Agarose gel electrophoresis of DNAs from chitosan-treated S.
aureus and P. aeruginosa

The release of the intracellular component, DNA, is also an indi-
cation of membrane damage. DNAs isolated from S. aureus and P.
aeruginosa treated with 300mgL~! chitosan for 1h and 8 h were
analyzed by agarose gel electrophoresis. As shown in Fig. 3, specific
DNA degradative smearing typical of necrotic degeneration was
prominent in P. aeruginosa cells, especially for cells treated with
chitosan for 8 h. In contrast, the occurrence of DNA disappearing
was observed with chitosan-treated S. aureus cells even at time of
1 h. These shifts occurring on S. aureus and P. aeruginosa prompted
that chitosan seems to be more active against S. aureus than against
P. aeruginosa.

3.6. Release of cytoplasmic 8-galactosidase from E. coli treated
with chitosan

The inner layer of Gram-negative bacteria consists of phos-
phatidyl glycerol and cardiolipin (Je & Kim, 2006). The cytoplasmic
[3-galactosidase is released as a consequence of change in inner
membrane permeability. In this study, we used model E. coli since
it is known that the ability of chitosan to permeate the E. coli
inner membrane can be verified as a function of cytoplasmic 8-
galactosidase release, with bacteria grown in lactose-containing
medium. As shown in Fig. 4, when cells were treated with two
different concentrations of chitosan, a lag time of about 10 min
was followed by a progressive release of the cytoplasmic -
galactosidase for up to 90 min to reach a steady state. However,
after treated for 50min, the effect of 300mgL-! chitosan on

Oh 1h 8h M(p) Oh 1h 8h

Fig. 3. Agarose gel electrophoresis of DNAs extracted from chitosan-treated S.
aureus (A) and P. aeruginosa (B).
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Fig. 4. Release of cytoplasmic [3-galactosidase from E. coli treated with chitosan.
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Fig. 5. Transmission electron micrographs of S. aureus treated with chitosan for
0min (A), 20min (B) and 2 h (C).

the membrane permeability was greater than that of 150 mgL~!
chitosan. These results indicated that the release of cytoplasmic 8-
galactosidase caused by chitosan was time- and dose-dependant,
which was coincident with the results reported by Liu, Du, Wang,
and Sun (2004) and Xing et al. (2009). Thus, it is reasonable to
consider that chitosan can also increase the inner membrane per-
meability of the Gram-negative P. aeruginosa.

3.7. Transmission electron micrographs (TEM) of S. aureus and P.
aeruginosa treated with chitosan

The effects of chitosan on the cell morphology of S. aureus and
P. aeruginosa were investigated by TEM. The electron micrographs
showed that normal cells were surrounded by the cell membranes
with compact surface, without release of intracellular components
and notable ruptures on the cell surfaces (Figs. 5A and 6A). As

Fig. 6. Transmission electron micrographs of P. aeruginosa treated with chitosan for
0min (A), 20 min (B) and 2 h (C).

compared to the untreated controls, remarkable modifications of
bacterial cell membranes were found after a period of exposure to
300mgL-! chitosan. As shown in Figs. 5B and 6B, when bacterial
suspensions were exposed to chitosan for 20 min, some ruptures,
which could cause some slight leakages of cellular cytoplasmic con-
tents, were observed on the cell membranes of S. aureus and P.
aeruginosa, but the morphous of cells still were regular. Two hours
of treatment later, the cytoplasmic membranes of chitosan-treated
cells completely collapsed (Figs. 5C and 6C). However, it was noted
that the adhering of chitosan to S. aureus was greater than to P.
aeruginosa in amount.

The above results effectively demonstrated that chitosan could
interact more strongly with Gram-positive S. aureus than with
Gram-negative P. aeruginosa. Similar observations have also been
reported by other researchers for chitosan-treated E. coli and S.
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aureus. Such results are probably attributed to the differences in
their membrane structures. All Gram-negative bacteria possess an
outer membrane (OM) due to the presence of lipopolysaccharide
(LPS) molecule, and outer membrane plays a role as a drug bar-
rier (Nikaido, 1996). But the peptidoglycan layer of the cell wall
of Gram-positive S. aureus is composed of networks with plenty
of pores, so foreign molecules can enter the cell without difficulty
(Xing et al., 2009). Jeon et al. (2001) reported that 89% deacetylated
chitosan had more effective activity against pathogens than against
non-pathogens expect in the case of lactic acid bacteria. Here our
data supported this conjecture.

4. Conclusions

The results reported here demonstrated that chitosan’s antibac-
terial activities against S. aureus and P. aeruginosa are due to the
interactions of this polycation with cell membranes, consequently
increasing the membrane permeability. These alterations occur-
ring on the membrane structures resulted in the leakage of cell
inclusions (enzymes, nucleotides, proteins and ions) from S. aureus
and P. aeruginosa. The bulk of evidence indicated that chitosan had
a stronger effect on the cell membrane of S. aureus than on that
of P. aeruginosa due to their differences in the structures of cell
membranes. The antibacterial mechanism of chitosan against P.
aeruginosa seemed to be similar to that against E. coli. Our works
provide additional evidences in support of chitosan being regarded
as a natural bactericide.
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