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ABSTRACT

AlM: Five representative waterborne pathogens were used to illustrate the relationship between chitosan’s antibac-
terial activity and the surface characteristics of the bacterial cell wall. METHODS: Chitosan was prepared with
averaged 75 % or 95 % deacetylated degree to examine its antibacterial activity against waterborne pathogens.
Fresh microbial inoculants for the antibacterial assessment were prepared on nutrient agar at 37°C for 24 h. The
evaluation items of antibacterial mechanism included hydrophilicity and negative charge analysis of cell surface, and
adsorptive characteristics of chitosan to bacterial cell. All the experiments were applied in triplicate tests at least.
RESULTS: Although cell wall hydrophilicity was similar anong Gram-negative bacteria, the distribution of negative
charge on their cell surfaces was quite different. More negatively charged cell surfaces had a greater interaction
with chitosan, a phenomenon further confirmed by transmission electron micrography (TEM). CONCLUSION:
Results showed the hydrophilicity in Gram-negative bacteria was much higher than in Gram-positive ones. The
correlation coefficient 0.988 between the amount of absorbed chitosan and its inhibition efficiency indicated a close
relationship.

INTRODUCTION been estimated that is produced in nature at alevel of

Chitosan, B-(1-4) linked 2-amino-2-deoxy-D-
glucose, isanatural biopolymer on earth after cellulose
and deacetylated from chitinf. It isthe main structural
component of the cuticles of crustaceans, insects and
molluscs and the cell walls of certain fungus and has
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up to 1x10°-1x10% tones per year!?. Chitosan is a
natural, positively charged polysaccharide with a pK,
equal t0 6.3-7"¥ and it has a potential application in sev-
eral areas, including food™, pharmaceutical’®, biotech-
nology!®, and environment!™. It exhibits various promi-
sing biological activities, including antimicrobid activity,
antitumor activity, hemostatic activity, and acceleration
of wound healing®®. Chitosan is biodegradable and
biocompatible’®. Hence, extensive research has been
conducted to explore its potential applications in vari-
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ous industries.

Recently, research has shifted and focused on the
possibility of developing chitosan as a natural disinfec-
tant’®. It can also be applied to extend the storage life
of fresh fruit!®®* and other foods™”. Much of the inter-
est in the antimicrobial properties of chitosan has fo-
cused on the possibility of plant protection™. Chen et
al applied chitosan as a natural disinfectant against
waterborne pathogens and proved it to be promisingt™?.

El-Ghaouth et al have proposed possible antibac-
terial actions of chitosan and its derivatives*”. They
asserted that chitosan reacted with the cell surface, al-
tered cell permeability, and further prevented the entry
of material or caused the leakage of material. However,
no evidence has been provided to demonstrate the rela-
tionship between the antibacterial activity of chitosan
and the surface characteristics of the bacteria cell wall.
In order to illustrate this rel ationship, we used five water-
borne pathogens, including three Gram-positive and two
Gram-negative bacteria, to analyze the hydrophilicity,
the negative charge of the cell, and the adsorption
amount of chitosan to the cell surface.

MATERIALS AND METHODS

Materials Chitosan, prepared with averaged 75 %
or 95 % deacetylated degree (DD), was extracted from
shrimp and purchased from Shin Dar Biotechnology
Company (Taipei, China). Strains of waterborne
pathogens, Pseudomonas aeruginosa (ATCC 27853),
Salmonella typhimurium (ATCC 27198), Escherichia
coli (ATCC 25922), Staphylococcus aureus (ATCC
27853), and Streptococcus faecalis (ATCC 4200) were
obtained from the American Type Culture Collection
(ATCC). Fresh inoculantsfor the experimental assess-
ment were prepared on nutrient agar at 37°C for 24 h.
Sfaecalis was cultivated in brain heart infusion nutri-
ent and others were cultivated in nutrient broth. All
growth media were obtained from Difco Company and
chemicals were purchased from Sigma Chemical Com-
pany unless otherwise indicated.

Hydrophilicity analysis of cell surface Cell sus-
pension (1x10” CFU/mL) was harvested from the cul-
tivated broth after atwo-day cultivation and added to 5
mL of atwo-phase mixture, with various ratios of hex-
ane and water. The solution was mixed for 3 min and
allowed to settle for 5 min. The absorption of the lower
part of the solution (water phase) was measured at 660
nm in the Beckman spectrophotometer. The hydrophi-
licity was expressed as determined value divided by

control value™.

Negative charge analysis of cell surface Anion
exchange resin, Dowex-2, was washed five times with
deionized water and balanced with 0.1 mol/L HCI in the
burette for 6 h. Five milliliters of cell suspension (1x10’
CFU/mL) were sequentially added to the burette and
mixed completely. After Dowex-2 settled to the bot-
tom of the burette, the absorption of the upper part of
the solution (water phase) was measured at 660 nm in
the Beckman spectrophotometer. Therelative cell den-
sity (RCD) was expressed as determined value divided
by control valug™®, and relative absorbed ratio was equal
to 100 %-RCD.

Adsor ptive characteristics of chitosan to bac-
terial cell Chitosan (2500 ppm) with 75 % DD or 95 %
DD was added to 100 mL cdll suspension (1x10” CFU/mL).
The mixture was adjusted to pH 4.0 or 5.0 with 0.1
mol/L HCI and then shaken at 30 r/min. Every hour,
the upper solution was collected (after settling for 10
min) to analyze the residual chitosan. The adsorptive
balance between cells and chitosan reached a steady
state in about 3 h. The adsorptive capacity (amount)
was expressed as an average during the 3- to 6-h
experiment. Chitosan analysis was done according to
the titration method presented by Tsuji and Kinoshital®,

RESULTS

Hydrophilicity analysis of cell surface Fig 1
showed the hydrophilicity of the cell wall in the tested
bacteria. Results indicated the residual amounts of
Gram-positive strains Saphylococcus aureus and Strep-
tococcus faecalis in the water phase were gradually
decreased with the increasing volume of hydrophobic
n-hexane. However, the residual amounts of Gram-
negative bacteria Pseudomonas aeruginosa, Salmonella
typhimurium, and Escherichia coli were indifferent to
the addition of n-hexane. The hydrophilicity order was
Pseudomonas aeruginosa, Salmonella typhimurium,
Escherichia coli, Saphylococcus aureus and then Strep-
tococcus faecalis. The difference among the Gram-
negative bacteria was not significant (P>0.05).

Negative charge analysis of cell surface Rela-
tive cell density (RCD) was used to represent the re-
sidual amount of cellsin the solution after adsorption
on Dowex-2 resin. A lower RSD represented a higher
negatively charged density distributed over the cell
surface. Tab 1 showed Saphyl ococcus aureus had higher
negatively charged density on its cell surface than Strep-
tococcus faecalis did. As for Gram-negative bacteria,
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Fig 1. Hydrophilicity of bacterial cell in biphasic partition
with different volumes of n-hexane.

Pseudomonas aeruginosa carried the highest negative
charge. Samonella typhimurium was second, and Es-
cherichia coli was third. Besides, the negative charge
on the cell surface of Gram-negative bacteriawas higher
than that on Gram-positive bacteria. The data of
hydrophilicity, RCD, and inhibition capacity of chitosan
against the tested bacteria (the data obtained from ref-
erence 13) were collected and treated by regression
analysis. Fig 2 showed the correlation coefficient of
hydrophilicity and inhibition efficiency of chitosan was
0.824, and that of relative adsorbed ratio (100%-RCD)
and inhibition efficiency of chitosan was 0.942,
respectively.

Adsor ptive characteristics of bacterial cell to
chitosan To further illustrate the effect of the nega-
tive charge of the cell surface on the antibacterial activ-
ity of chitosan, the amount of bactericide chitosan
adsorbed to the different bacterial cells was determined
and listed in Tab 2. It showed that more chitosan were
adsorbed to Gram-negative than Gram-positive bacteria,
and the sequence was Pseudomonas aeruginosa, Sal-
monella typhimurium, Escherichia coli, Staphylococ-

Fig 2. A) Control group Escherichia coli before adsorption
of chitosan. B) TEM diagram of adsor ption of chitosan on
E coli after 4 h. (TEM x4000).

cus aureus, and Srreptococcus faecalis. Tab 2 also indi-
cated the adsorbed amounts of chitosan were related to
environmental pH values and degree of deacetylation of
chitosan. Chitosan was adsorbed by bacterial cellsmore
at pH 4.0 than at pH 5.0. In addition, chitosan with a
higher degree of deacetylation would result in greater
adsorbed amounts. The relationship between adsorbed
amounts of chitosan by bacterial cell and the inhibition
efficiency of chitosan (20 groups) was analyzed by the
regression method. Fig 3 revealed the correlation coef-
ficient between both is 0.925. This will increase to
0.988 if the data of 100 % inhibition efficiency (5

Tab 1. Residual percentage of bacterial cell in the solution after the adsorption on anion exchange resin Dowex-2.

G G(+)
Tested Bacteria Pseudomonas Samonella Escherichia Saphylococcus  Streptococcus
aeruginosa typhimurium coli aureus faecalis
Relative cell density* 15% 36 % 48 % 62 % 74 %

*Relative cell density =(cell density in the solution with Dowex-2 treatment/cell density in the solution without Dowex-2 treatment)

x100 %.
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Fig 3. A) Relationships between hydrophilicity and inhibi-
tion efficiency of chitosan. B) Relationships between hy-
drophilicity and inhibition efficiency of chitosan and be-
tween relative adsor bed ratio (%) and inhibition efficiency
of chitosan.

groups) are eliminated, because they are regarded as
reaching adsorptive saturation. To clearly explain and
prove the adsorption phenomenon, the TEM diagrams
for adsorption of chitosan on Escherichia coli was pre-
sented in Fig 4.
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Fig 4. Relationship between absorbed amount of chitosan
and inhibition efficiency of chitosan.

DISCUSSION

Chitosan or its derivatives have been proven more
effective for Gram-negative bacteria than Gram-posi-
tive bacteria™. Although the antibacterial mechanism
has been interpreted, little evidence has been provided
to demonstrate the relationship between the antibacte-
rial activity of chitosan and the surface characteristics

Tab 2. The absorbed amounts of chitosan with various deacetylated degree at pH 4 or pH 5 on different bacterial cells.

G G(+)
Condition Pseudomonas Samonella Escherichia Saphylococcus Streptococcus
aeruginosa typhimurium coli aureus faecalis

pH=5

DD 95 % 225 20.6 18.7 17.5 16.8

DD 75 % 18.8 17.3 154 14.2 12.7
pH=4

DD 95 % 253 23.6 21.8 18.3 17.9

DD 75 % 216 19.2 17.1 16.6 154

The unit of adsorbed chitosan was pg chitosan/1x10° CFU.
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of cell wall. In this paper, the relationship was exposed
by using a biphasic partition system and it provided a
feasible direction for advanced study. Comparison with
the inhibition degree of chitosan to tested bacterial'”,
the antibacterial activity of chitosan seemed to be re-
lated with the hydrophilicity of cell wall. However, the
relationship between the inhibition capacity of chitosan
and hydrophilicity of cell wall for Gram-negative bac-
teria needed further evaluation.

As the hydrophilicity of the cell wall of Gram-
negative bacteria could not fully explain the difference
in the antibacterial activity of chitosan, the charge char-
acteristics of cell surface were required to be deter-
mined. Results of negative charge analysisin Tab 1in-
dicated that the same tendency was observed in the
hydrophilicity analysis(Fig 1). Hence, positively charged
chitosan had higher antibacterial activity or inhibition
activity in Staphylococcus aureus than Streptococcus
faecalis™. Although hydrophilicity was similar among
Gram-negative bacteria, the significant different nega-
tive charge distributed on the surface of cell wall of the
tested strains. This order well fitted with the inhibition
degree of chitosan against these tested bacteria™*".
This clearly explained why most Gram-negative bacte-
ria were sensitive to chitosan and negative charge den-
sity on the cell surface apparently determined whether
the bacteria were easily inhibited by chitosan or not.

Because the amount of adsorbed chitosan to the
different bacterial cellsis exactly the same order deter-
mined for the antibacterial activity of chitosan on these
bacteriad®*7, the antibacterial activity of chitosan and
the surface characteristics of the cell wall are closely
related. More adsorbed chitosan would result in greater
changes in the structure of the cell wall and in the per-
meability of the cell membrane. Both adverse effects
results in the death of the bacteria. As chitosan easily
carries more positively charged amino groups (NH;")
in more acidic solution and a higher degree of deacetyla
tion, it would result in greater adsorbed amounts. The
adsorption experiments clearly indicate the relationship
between the antibacterial activity (inhibition efficiency)
of chitosan and surface characteristics of the bacterial
cell wall. Besides, TEM diagrams for adsorption of
chitosan further verify the phenomenon.
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