
Chitosan was obtained from cuticles of the housefly (Musca domestica) larvae. Antibacterial activities
of different Mw chitosans were examined against six bacteria. Antibacterial mechanisms of chitosan
were investigated by measuring permeability of bacterial cell membranes and observing integrity of
bacterial cells. Results show that the antibacterial activity of chitosan decreased with increase in
Mw. Chitosan showed higher antibacterial activity at low pH. Ca2+ and Mg2+ could markedly reduce the
antibacterial activity of chitosan. The minimum inhibitory concentrations of chitosans ranged from
0.03% ~ 0.25% and varied with the type of bacteria and Mw of chitosan. Chitosan could cause leakage
of cell contents of the bacteria and disrupt the cell wall.

Keywords: molecular weight – chitosan – antibacterial activity – antibacterial mechanism – housefly
larvae

INTRODUCTION

Chitosan (poly-β-1,4-glucosamine) is a natural nontoxic and biodegradable biopoly-
mer formed by N-deacetylation of chitin. In recent years, chitosan has received con-
siderable attention because of its potential application in many areas, including the
food industry [16, 19], agriculture [2], biomedicine [5], cosmetics and wastewater
treatment [9].

Chitosan exhibits various biological activities, including antibacterial activity
[10, 11], antiviroid activity [14] and antifungal activity [18]; it also possesses a high-
er antibacterial activity, a broader spectrum of activity, a higher killing rate, and a
lower toxicity toward mammalian cells than other types of disinfectants [4, 15, 23].
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The antibacterial activity and the mechanism of chitosan have been investigated
[3, 8, 11, 12]. However, the exact mechanism of the antibacterial action of chitosan
was still unknown, even though different mechanisms have been proposed. It has
been suggested that the interaction between chitosan and cell membranes that leads
to the leakage of intracellular components was one of the antibacterial mechanisms
of chitosan [3].

Chitosan as described above is usually manufactured from crustacean shells.
While the antibacterial activities of chitosans can be influenced by the type of chi-
tosans and the environmental conditions [15], it is also important to investigate dif-
ferent sources of chitosans. The cuticles of housefly larvae are mainly composed of
chitin. In order to determine the antibacterial activities and mechanisms of other
sources of chitosans, we prepared chitosans varying in molecular weight from the
cuticles of housefly larvae and studied the effects of molecular weight, pH and metal
ions on antibacterial activities of chitosans. The antibacterial mechanism of chitosan
was also discussed.

MATERIALS AND METHODS

Housefly larvae

Housefly larvae were fed in moist bran mash (bran mash: corn protein powder :
water = 10 : 1 : 20, w/w/v) and kept in a greenhouse (Temperature 25 ± 1°C, relative
humidity 75%, light/dark: 16 h/8 h).

Bacteria

Six kinds of bacteria were tested for the antibacterial activity of chitosan. These
included three Gram-negative bacteria (Escherichia coli ATCC 25922, Pseudomonas
aeruginosa ATCC 27853, Proteus vulgaris ATCC 49027) and three Gram-positive
bacteria (Bacillus subtilis ATCC 9372, Staphylococcus aureus ATCC 25923,
Micrococcus luteus ATCC 9341).

Preparation of chitin

Four-day-old housefly larvae were grinded, filtered and washed with deionized
water. The precipitation was treated with 5% NaOH at 95 °C for 6 h, filtered and
washed, then treated with 0.3% KMnO4 at room temperature for 4 h and filtered. The
sample was then treated with 1% oxalic acid at room temperature for 3 h and filtrat-
ed, followed by a treatment with 1 mol/L HCl at room temperature for 3 h and fil-
trated. The sample was dried at 50 °C for 8 h to obtain the chitin product of house-
fly larvae.



Preparation of different molecular weight chitosans

The chitin was deacetylated with 42% (w/w) NaOH at 70 °C for 4 h, filtered and
washed with deionized water. The deacetylation procedure was repeated three times
to obtain chitosan with a deacetylation level of 90%, as determined by conductomet-
ric titration [13]. Different molecular weight chitosans were prepared by oxide degra-
dation with hydrogen peroxide according to Rhoadea et al. [16] with some modifi-
cation. Chitosan (1 g) was dissolved in 90 mL 1.0% (v/v) acetic acid, and 10 mL 30%
hydrogen peroxide was added. The chitosan solutions were incubated at 50 °C for 0,
1, 2, 3, 4, 6, 8, 12, 16, 20 h, respectively. Ten samples were precipitated by neutral-
ization to pH 8.0 with 5 mol/L NaOH. The precipitates were washed extensively with
deionized water and dried at 50 °C. Ten products were chitosans of ten different mol-
ecular weights.

All chitins and chitosans were powdered and stored at room temperature during
the experiments.

Determination of viscosity average molecular weigh of chitosan

The viscosity average molecular weight of chitosan was calculated using the visco-
metric method [17, 20]. Chitosan (0.1 g) was accurately weighed and dissolved in
0.1 M CH3COONa-0.2M CH3COOH solution. The intrinsic viscosity was measured
with Ubbelohde viscometer at 25 °C. The viscosity average relative molecular
weight (M) was calculated with the Mark Houwaink equation as follows:

[η] = K · Mα

where K and α are 1.81 × 10–3 cm3/g and 0.93, respectively.

Evaluation of antibacterial activity of chitosan in vitro

Chitosan solutions were prepared in 0.5% (v/v) acetic acid at a 1% (w/v) concentra-
tion and stored at –4 °C during experiments. The antibacterial activities of chitosans
were determined against the 6 test bacteria by the cut plug method [26] on LB agar
medium (peptone 1%, NaCl 1%, yeast powder 0.5%, agar 0.8%, pH 7.0). Sterilized
Petri dishes (9 cm in diameter) received 10 ml melted LB agar medium containing
105 bacterial cells in logarithmic phase. After solidification, the wells (3 mm in diam-
eter) were made and filled with 15 μl chitosan solutions. The plates were incubated
at 37 °C for 12 h. The antibacterial activity was determined by measuring the diam-
eter of the growth inhibition zone.

To study the effect of pH, chitosan solutions (Mw = 21 kD) were adjusted to pH
4.0, pH 4.5, pH 5.0, pH 5.5 and pH 6.0 with 0.1 mol/L HCl or 0.1 mol/L NaOH.
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To study the effect of metal ions, 6 different metal ions (K+, Na+, Ca2+, Mg2+,
Fe2+, Li+) were added to chitosan solutions (Mw = 21 kD) to a final concentration of
50 mM.

For determination of the minimum inhibitory concentration (MIC) of chitosans,
chitosan solutions (Mw = 21 kD, concentration 1%) were added to LB agar to a final
concentration of 0.5%, 0.25%, 0.12%, 0.06%, 0.03% and 0.015%, respectively. Each
plate was inoculated with 104 bacterial cells in logarithmic phase. The MIC was
defined as the lowest concentration of chitosan required to completely inhibit bacte-
rial growth after incubation at 37 °C for 24 h.

Statistical analysis

Data analysis was carried out using the general linear model procedure in the SAS
package (version 6.12). The analysis of variance (ANOVA) was carried out by two-
factors cross-classified design, significant difference was defined at p < 0.05. The six
tested bacteria were random effects, while Mw, pH and metal ions were fixed effects.
The linear model was described as follows:

where αi was fixed effect, Σ αj = 0; βj was random effect, subject to NID (0, σ2
α);

interaction (αβ)ij was random effect, subject to NID (0, σ2
α,β); expected mean square

of each effect, respectively, were calculated with the equations as follows:

All experiments were carried out in triplicate, and mean values reported.

Assays of cell membrane permeability

Assay conditions were set up according to Hara et al. [6] with some modifications.
The permeability of cell membranes was determined by measuring the leakage of
cytoplasmic β-galactosidase, using o-nitrophenyl-β-D-galactopyranoside (ONPG) as
its substrate. E. coli and S. aureus cells were grown in LB broth containing 1% (w/v)
galactose as an inducer of β-galactosidase to OD600 of 0.3, centrifuged at 3000 × g
for 15 min and washed 3 times with 10 mM Tris-HCl (pH 7.2), then suspended in 10
mM Tris-HCl (pH 5.5) to OD600 of 0.15. To each suspension, chitosan (21 kD, final
concentration 0.1%) was added and the samples were then incubated at 37 °C. One ml
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suspension was taken out from each suspension every 10 min, and 10 μl of 15 mM
ONPG was added into it. After incubating the mixtures at 30 °C for an additional
30 min, the reaction was stopped by addition of 0.5M NaOH (10 μl). The production
of o-nitrophenol was assayed by measuring the absorbance at 405 nm.

Transmission electron microscopy

E. coli and S. aureus cells were grown in LB broth to OD600 of 0.3, centrifuged at
3000 × g for 15 min, washed once with 10 mM Tris-HCl (pH 7.2) and suspended in
10 mM Tris-HCl (pH 5.5). Subsequently, chitosan (21 kD) solution was added to it to
a final concentration of 0.1%, incubated at 37 °C for 30 min, centrifuged at 3000 × g
for 15 min and washed 3 times with 10 mM Tris-HCl (pH 7.2). The samples were
suspended in 0.1 mol/L PBS. The suspensions were placed as droplets on the cuprum
grids and negative-stained with phosphotungstic acid. The grids were examined with
a EM-400ST transmission electron microscope (PHILLIPS) at an operating voltage
of 60 kV.

RESULTS

Antibacterial activities of different molecular weight chitosans

The antibacterial activities of different molecular weight chitosans were assayed at
1% concentration and pH 5.5. As seen from Table 1, chitosans remarkably inhibited
the growth of the six bacteria tested. However, different inhibitory effects were
shown by chitosans of different molecular weight and different types of bacteria.
Chitosan of 21 kD appeared most effective against S. aureus, while chitosan of 8 kD
and 467 kD showed no antibacterial activity against E. coli. In general, the antibac-
terial effect of chitosan decreased with increase in Mw; however, chitosan of 8 kD,
the lowest Mw in the test, was less effective than chitosan of 21 kD.

The ANOVA of the antibacterial activity of chitosan of different molecular weight
are shown in Table 2. It could be seen that the p values of Mw, bacteria and interac-
tion of Mw and bacteria were less than 0.01, which showed that the type of bacteria
and molecular weight of chitosans were significant factors for the antibacterial
effects of chitosans. More importantly, the p value of A × B was also less than 0.01,
which indicated that antibacterial effects of chitosans were determined both by the
molecular weight of chitosans and the type of bacterium.

Effect of pH on the antibacterial activity of chitosan

The effect of pH on the antibacterial activity of chitosan (21 kD) was assayed with
chitosan of 21 kD at 1% concentration and the results are shown in Table 3. Because
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of its poor solubility above pH 6.3, the upper pH value studied was limited to 6.0 and
lower pH was limited to 4.0. As shown in Table 3, the antibacterial activity of chi-
tosan was remarkably affected by pH, being more effective at lower pH values. The
antibacterial activity of the chitosan was not found to be significant difference from
pH 5.5 to pH 6.0.

Effect of metal ions on antibacterial activity of chitosan

Because metal ions exist in abundance in the natural environment, it is important to
estimate the effects of metal ions on the antibacterial activity of chitosans. This was

Table 1
Antibacterial activities of chitosans with different molecular weight (mm)

Molecular weight of chitosans (kD)
Bacteria CKF

8C,D 21A 28A,B 44A,B 63B,C

G– E. coli 3.0 3.0 7.1 7.0 7.0 7.0
P. aeruginosa 3.0 11.0 12.8 11.8 11.8 11.3
P. vulgaris 3.0 9.2 12.8 12.3 11.5 11.3

G+ S. saureus 3.0 11.5 16.3 13.4 12.5 11.7
B. subtilis 3.0 8.0 10.7 10.0 9.7 9.5
M. luteus 3.0 8.9 9.9 9.5 9.4 9.0

Bacteria CKF 76B,C 121C,D 148C,D 251D 467E

G– E. coli 3.0 6.9 6.8 6.0 5.5 3.0
P. aeruginosa 3.0 10.8 10.3 9.3 8.0 6.7
P. vulgaris 3.0 10.3 9.8 8.0 7.8 6.3

G+ S. saureus 3.0 11.5 11.2 10.5 9.0 7.8
B. subtilis 3.0 9.2 8.8 8.7 7.9 6.2
M. luteus 3.0 9.0 8.5 8.3 7.7 6.1

Note: A–F means with different superscripts of different Mw of chitosans indicate significant differ-
ence of antibacterial activities (P < 0.05).

Table 2
ANOVA of antibacterial activity of chitosans with different molecular weight

Source DF Sum of squares Mean square F value Pr>F

A (Mw) 10 1059.74828 105.97483 38.30 0.0001
B (Bacteria) 5 502.49859 100.49972 3747.45 0.0001
A × B 50 138.34141 2.76683 103.17 0.0001
Error 132 3.54000 0.02682
Corrected total 197 1704.12828



assayed with chitosan of 21 kD at a 1% concentration and at pH 4.0. The effects of
metal ions on the antibacterial activity of the chitosan are shown in Table 4. The
antibacterial activities of the chitosan decreased after the addition of metal ions. The
effects differed depending on the type of metal ion added. Ca2+ and Mg2+ dramati-
cally reduced the antibacterial activity of chitosan, while K+, Na+, Fe2+ and Li+ only
slightly affected the antibacterial activity of the chitosan.

MIC values of chitosans

The minimum inhibitory concentration (MIC) of chitosans was investigated using
concentrations from 0.015% to 0.5%, with 6 bacteria incubated at 37 °C for 24 h. As
shown in Table 5, the MIC values ranged from 0.03% to 0.25% and varied with the
type of bacteria tested and Mw of chitosans. Chitosans of 21 kD, 28 kD, 44 kD were
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Table 3
Effect of pH on antibacterial activity of the 21kD chitosan (mm)

pH
Bacteria

4.0A 4.5B 5.0C 5.5D 6.0D

G– E. coli 11.9 10.8 8.7 7.1 6.0
P. aeruginosa 17.3 15.8 13.3 12.8 11.8
P. vulgaris 19.5 17.5 15.3 12.8 11.0

G+ S. aureus 21.0 20.1 17.0 16.3 16.0
B. subtilis 16.2 14.2 11.8 10.7 10.3
M. luteus 14.1 12.8 11.0 9.9 9.7

Note: A–D means with different superscripts of different pH indicate significant dif-
ference of antibacterial activities (P < 0.05).

Table 4
Effect of metal ions on antibacterial activity of chitosans (mm)

Metal ions
Bacteria CKA

K+ B Na+ B Ca2+ C Mg2+ C Fe2+ B Li+ B

E. coli 7.1 6.8 6.7 6.2 6.0 6.8 6.8
P. aeruginosa 12.8 12.2 12.3 10.8 10.9 12.3 12.0
P. vulgaris 12.8 12.3 12.2 10.5 10.3 12.5 12.3
S. aureus 16.3 14.5 14.2 12.3 12.2 14.5 14.8
B. subtilis 10.7 10.0 9.9 9.2 9.0 10.2 10.0
M. luteus 9.9 9.0 8.8 8.1 8.0 9.2 9.0

Note: A–C means with different superscripts of different metal ion indicate significant difference of
antibacterial activities (P < 0.05).
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more effective than chitosans of 8 kD, 476 kD. Also, S. aureus and M. luteus were
more sensitive than E. coli.

The cell membrane permeability

E. coli and S. aureus cell suspensions were treated with the 21 kD chitosan at pH 5.5.
The leakage of β-galactosidase was assayed and the results are shown in Fig. 1. The
amount of β-galactosidase began to increase after about 20 min of incubation and
reached the maximal value after about 60 min. For untreated E. coli and S. aureus
cell suspensions, the leakage of β-galactosidase was not detected.

Table 5
Minimum inhibitory concentration of chitosans with different molecular weight (%)

Molecular weight (kD)
Bacteria

8 21 28 44 63 76 121 148 251 476

E. coli 0.12 0.06 0.06 0.06 0.12 0.12 0.25 0.25 0.25 0.25

P. aeruginosa 0.06 0.03 0.03 0.03 0.03 0.03 0.03 0.06 0.06 0.12

P. vulgaris 0.06 0.03 0.03 0.03 0.03 0.03 0.03 0.06 0.06 0.12

S. aureus 0.06 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.06 0.12

B. subtilis 0.12 0.03 0.03 0.03 0.03 0.03 0.06 0.06 0.12 0.25

M. luteus 0.06 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.06 0.12

Fig. 1. Release of cytoplasmic β-galactosidase of bacterial cells. (– � –) E. coli treated with buffer alone
at pH 5.5; (– � –) S. aureus treated with buffer alone at pH 5.5; (– � –) E. coli treated with chitosan at

pH 5.5; (– � –) S. aureus treated with chitosan at pH 5.5



Transmission electron microscopy

After being treated with the 21 kD chitosan at 0.1% concentration and pH 5.5, E. coli
and S. aureus cell suspensions were examined by transmission electron microscopy
(Fig. 2). After the treatment, only 10% of integral cells and <1% disrupted cells were

observed in E. coli, while 90% of cell could not be observed because they have fall-
en to pieces; for S. aureus, about 5% integral cells and 3% disrupted cells were
observed and 92% of the cells had fallen to pieces (Table 6). The results also demon-
strate that chitosan had a high antibacterial activity. In micrographs of chitosan-treat-
ed E. coli, slight changes were observed in the cell wall. In micrographs of chitosan-
treated S. aureus, the cell wall and membrane were disrupted and cell contents were
released from the cell.
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Fig. 2. TEM micrographs of E. coli and S. aureus. (a) E. coli treated with buffer alone at pH 5.5;
(b) E. coli treated with chitosan at pH 5.5; (c) S. aureus treated with buffer alone at pH 5.5; (d) S. aureus

treated with chitosan at pH 5.5

Table 6
The proportion of integrated cell after treated with chitosan (%)

Bacteria Control Integrated cell Disrupted cell

E. coli 100 ~ 10 < 1
S. aureus 100 ~ 5 ~ 3
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DISCUSSION

The results show that the antibacterial activities of chitosans varied with the molec-
ular weight of chitosan and the type of bacteria. Chitosans of 21 ~ 76 kD had stronger
antibacterial activities than chitosans of other Mw. The effect of the molecular weight
on antibacterial activities had been reported by other investigators. No et al. [11]
reported that chitosans showed a higher antibacterial activity than chitosan oligomer.
Our studies confirmed this result; it was found that chitosan oligomer of 8 kD
showed a lower antibacterial activity than chitosan of 21 ~ 44 kD. For chitosans of
21 ~ 467 kD, the antibacterial effect decreased with increase in Mw. The results indi-
cate that the mode of action of chitosan of different molecular weight might be dif-
ferent. Tokura et al. [24] studied the antibacterial mechanism of chitosan oligomers
labeled with a fluorescein isothiocyanate and reported that while the accumulation of
chitosan of 9.3 kD was found in the cell wall of E. coli, the fluorescence was
observed inside the cell without stacking on the surface of the cell wall with chitosan
of 2.2 kD. Thus, the effect of molecular weight seems to be the result of different
mechanisms of chitosan activity. The low Mw chitosan was able to permeate into the
cell and inhibited its growth, while the high Mw chitosan mainly interacted with the
cell wall.

The antibacterial activities of chitosans were remarkably affected by pH; higher
antibacterial activity was observed at lower pH values. Similarly, Tsai et al. [22]
reported that acidic pH increased the antibacterial effect of chitosan against E. coli.
The pKa of chitosan is about 6.3 [25], when the pH is below 6.3 the amino groups
on the chitosan carry positive charges, while cell surfaces carry negative charges.
Thus the chitosan with positively charged amino groups could easily react with the
negative charges of cell surface and further inhibited bacterial growth. Chitosan was
no longer antibactericidal at pH 7 as reported by Sudharshan et al. [21].

The antibacterial activity of chitosan clearly decreased with the addition of metal
ions. Of the six metal ions added, Ca2+, Mg2+ ions inhibited the antibacterial activity
the most. It is believed that chitosans can act as chelating agents that bind metal ions
[1]. Thus the metal ion concentration for bacterial growth was lower than the normal
by chelated with chitosan, so the bacterial growth was inhibited by chitosan. After
the addition of metal ions, the antibacterial effect of chitsoan decreased with increase
in the metal ions concentration for growth.

Treated with chitosan, the β-galactosidase, an intracellular enzyme, could be
detected in the cell suspension; changes of the cell wall could also be observed under
TEM. Papineau et al. [12] reported that the antimicrobial action of chitosan might be
caused by the leakage of intracellular constituents. Young et al. [27] reported that chi-
tosan increased the membrane permeability of plant cells due to its polycationic
nature, and this increased permeability was probably caused by cross-linking of sur-
face components. Helander et al. [7] reported that chitosan caused extensive cell sur-
face alterations and bind to the outer membrane. Our results also show that chitosan
could damage the cell wall and increased the membrane permeability of suspension
cells. The leakage of β-galactosidase of S. sureus was more than that of E. coli



(Fig. 1) and the effect of chitosan on the cell wall of S. sureus was greater than that
on E. coli (Fig. 2). This could be attributed to the difference in their cell walls. The
cell wall of S. sureus, a Gram-positive bacterium, is entirely composed of peptide
polyglycogen; the chitosan could easily drill through the network of peptidoglycan
and directly acted on the cell membrane. The cell wall of E. coli however, is com-
posed of an inner membrane of peptide polyglycogen and an outer membrane of
lipopolysaccharide, lipoprotein, and phospholipid. The outer membrane was a poten-
tial barrier against high Mw chitosan, so the effect of chitosan on E. coli was lower
than its effect on S. sureus.
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