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Antibacterial Characteristics and Mechanism of Chitosan-metal Complexes
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Abstract; Complexes of chitosan (CS) with Zn (1) ,Ni (IT) and Co (II) were prepared,characterized by FT-IR and
UV-vis spectra. The antibacterial activities of these complexes against Staphylococcus aureus and Escherichia coli were in-
vestigated in vitro. The results showed the antibacterial activities were dependent on the property of metal ions,and CS-
Zn exhibited the best antibacterial activity. Hence ,CS-Zn was selected to evaluate the antibacterial characteristic against
E. coli. The integrity of the cell membrane and the permeability of the outer membrane (OM) were studied respectively,
by determining the release from cells of material that absorb at 260 nm and changes in the fluorescence of cells treated

with the fluorescent probe 1-N-phenylnaphthylamine ( NPN). Transmission electron microscopy (TEM) analysis results

indicated that CS-Zn disrupted bacterial cell membranes with the release of cellular content.
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Introduction

Chitosan ( CS) is one of the most promising biomateri-
als in the world , not only because of its abundance but
also due to its various properties. CS is known for its
antimicrobial properties, higher killing rate and lower
toxicity toward mammalian cells''’. Many attempts have
been taken up to improve the antibacterial activity of
CS, such as structural modification and forming comple-
xes with other antimicrobial materials'*'. CS is a power-
ful chelating agent, which is easy to form complexes

with transition metals and heavy metals. Most resear-
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ches of CS-metal complexes focused on their applica-
tions in the removal of metal ions,dyeing, catalysis, wa-
ter treatment and many other industrial processes'’’.
However, few researches pay attention to their biologi-
cal activities and antibacterial mechanism. In this pa-
per, three metal ions were used to prepare CS-metal
complexes,and the antibacterial activities of the com-
plexes against S. aureus and E. coli were studied in
vitro. In addition, to explain the antibacterial mecha-
nism of CS-Zn ,the integrity of the cell membranes, per-
meability of OM and morphologies of E. coli treated

with CS-Zn were investigated.

Materials and Methods

Materials

CS (50 kDa,degree of acetylation was 80% ) was pur-
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chased from Yuhuan Ocean Biochemical ( Zhejiang,
China) ; 1-N-phenylnaphthyl-amine ( NPN) was ob-
tained from Sigma-Aldrich China ( Shanghai, China ).
Strains of S. aureus ( ATCC 26113) and E. coli (ATCC
35218) were supplied by Chinese medicine hospital of
Tianshui , Gansu , China. Fresh inoculants for the experi-
mental assessment were prepared on nutrient agar at 37
°C for 24 h.

Preparation of CS-metal complexes

CS samples were dissolved in 1% (v/v) acetic acid to
obtain a solution with concentration of 1% . By stirring,
desired amount of metal ions (1 mol metal ions per 1
mol amine group of CS) were added into the solution.
The pH value was adjusted to 6.0 by NaOH. After agi-
tating for 3 h,the mixture was poured into acetone ,and
precipitates were collected by filtering. Repeatedly
washed with ethanol and finally dried under vacu-
um'*.

Characterization

IR spectra of samples were taken on KBr pellets with a
Spectrum One FT-IR 360 spectrophotometer ( Perkin
Elmere). UV-vis spectra of samples in 0.3% (v/v)
hydrochloric acid were collected using a UV-2450
spectrophotometer.

Antibacterial test

Antibacterial activities of CS and CS-metal complexes
were evaluated by optical density method described as
follows ; By appropriate diluting with sterile distilled wa-
ter, each culture containing about 10°-10” CFU/mL was
prepared for the antimicrobial test. The tested samples
were dissolved in 0.3% (v/v) hydrochloric acid at a
concentration of 1% (w/v), and then autoclaved at
121 °C for 15 min, each sample was added to nutrient
broth to the final concentration of 1000 pwg/mL,1 mL
of the cultured bacteria solution was inoculated on nu-
trient medium with sample or control. The plates were
incubated on the rotary shaker (128 rpm) at 37 °C.
The inhibitory effects were estimated periodically by
measuring 0Dy, values. Hydrochloric acid (0. 3% )
was used as a control instead of samples. For determi-
nation of the minimum inhibitory concentration ( MIC)
of CS and complexes, samples solution was added to

nutrient agar and made the final concentrations range

1000 pg/mL from 31.25 pg/mL. The MIC was consid-
ered to be the lowest concentration that completely in-
hibited against on agar plates comparing with control ,
disregarding a single colony or a faint haze caused by
the inoculum'™’.

Integrity of cell membrane

Cell membrane integrity was examined by determination
of the release of material absorption value at 260
nm'®’. The cultured bacterial were harvested, washed
and suspended in sterile physiological saline. The final
cell suspension was adjusted to an optical density ab-
sorbance at 630 nm ( ODg,,, of 0. 6 to measure
ODy¢,- The CS-Zn complexes solution of 1.0 mg/mL
was mixed with cell suspension to the ratio of 1:1 (v/
v) ,and the release over time of materials absorbing at
260 nm was recorded periodically with an UV spectro-
photometer ( Rayleigh, UV-9200, Beijing, China) .

OM permeability assays

OM permeability was determined by the NPN assay de-
scribed by Ibrahim'”'. E. coli suspension was adjusted
to obtain an ODy, . of 1.0. One milliliter of CS-Zn so-
lution or 0. 3% HCI was mixed with 20 L of 1 mM
NPN. Fluorescence, with an excitation wavelength of
350 nm and an emission wavelength of 420 nm,was re-
corded with a RF-5301PC fluorescence spectrophotom-
eter, from immediately after the addition of 1.0 mL of a
cell suspension until there was no further increase in
the emission intensity.

TEM

E. coli were prepared for electron microscopy as previous-
ly described®'. E. coli was grown in nutrient broth to ob-

tain a culture with the concentration was 10°CFU/mL.

Results and Discussion

Characterization of CS-metal complexes
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Fig. 1 IR spectra of CS and CS-metal complexes
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Fig. 1 showed the IR spectra of CS and CS-metal com-
plexes. As for CS,the wide peak at 3400-3500 cm™ cor-
responding to the vibration of -NH, group and -OH
group. Peaks at 1152.71 ¢m™,1080.96 cm™ and 893.
39 cm™ assigned to the saccharide structure. The peak
at 1673.53 c¢m™ is the amide I band,and the absorp-
tion at 1598. 60 c¢m™ disappeared in the complexes is
attributed to -NH, stretching band. A new absorption
band at 1634-1637cm™ appeared , which suggested that
the amine or the acetamide group at C2 interacted with
metal ions. The bending vibration peak of -OH at
1421.15 em™ gradually disappeared in CS-metal com-

plexes also indicated -OH have taken part in chelation.
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The maximal absorption bands of CS is at 191 nm, but
for CS-Zn,CS-Co and CS-Ni,which shifted to 201,217
and 209 nm each, owing to needing more energy of e-
lectron transition. Furthermore, there is a new absorp-
tion band of CS-Zn, CS-Co and CS-Ni appeared at
255,246 and 240 nm, it is possible that the lone-pair
electrons of nitrogen or oxygenic occurred n—g * tran-
sition , resulted in the changing of electronic spectrum.
The results demonstrated that valence electron transi-
tion was existed between metal ions and CS,and formed
compounds among them.

Antibacterial test
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Fig. 2 Inhibitory effect of CS and complexes on the growth of E. coli and S. aureus

The complex reaction between CS and metal ions may
be described according to the Lewis acid-base theory.
Metal ions, acting as acceptor of electrons, showed
stronger activity than H". Thereby metal ions are also
called as “super acid” "', After chelating with metal i-
ons , the positive charge density of CS increased ,leading
to an enhanced adsorption of polycation onto the nega-
tively charged cell surface. Reasonably, the antimicro-
bial activities of CS-metal complexes should be higher
than CS itself. Antibacterial activity of CS and CS-metal
complexes were explored by optical density method. E.
coli and S. aureus were selected as test cells because
they are the most frequent bacteria in wound infection
and representative Gram-negative and Gram-positive
bacteria. Fig. 2 shows ODyg,,..of CS and CS-metal com-
plexes towards E. coli and S. aureus. The OD values of
CS-metal complexes to E. coli and S. aureus are less
than control and CS,and are stable with the increasing
of time, which shows that CS-metal complexes has a

higher rate of killing cells and higher antibacterial ac-

tivity than CS. Also, the antibacterial activity of CS-Zn
was strongest than that of CS-Ni and CS-Co. This order
is in agreement with Irving-williams Series. With more
extranuclear electrons and smaller radius zinc ions have
stronger interaction with CS than Ni ions and Co ions.
As a result, zinc complexes with higher charge intensity
are easier to associate with cell surface and show higher
antimicrobial activity. After the formation of complex,
its “Lewis acid” activity will be greatly improved.

The MIC values of CS-metal complexes, ranged from
500 pg/mL to 31. 25 pg/mL, were slightly different
from CS. For E. coli ,the MIC values of CS,CS-Zn,CS-
Ni and CS-Co was 500,250,250 pwg/mL and 250 pg/
mL  respectively. For S. aureus,the MIC values of CS,
CS-Zn,CS-Ni and CS-Co was 500,31.25,125 pug/mL
and 250 pg/mL,respectively, which indicated the anti-
bacterial activity of CS-Zn was improved by 2-8 times
than that of CS. Hence, CS-Zn was selected to investi-
gate the antibacterial mechanism against E. coli.

Effect of concentration on the antibacterial activity
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of CS-Zn

The effect of concentration to the antibacterial activity
of CS-Zn against E. coli and S. aureus is shown in Ta-
ble 1. For E. Coli. , with the increasing of the CS-Zn
concentration , the viable population of E. Coli. observ-
ably decreased from 62.5 to 7. 81 pwg/mL,and the MIC
value was 250 pg/mL against E. coli. For S. aureus,

CS-Zn sample showed obvious antibacterial activity a-

bove the concentration of 31. 25 pg/mL. While the
concentration achieved to 62.5 pg/mL,almost all bac-
teria were killed, so the MIC of CS-Zn was 62.5 pg/
mL against S. aureus. However,the MIC of CS was 0.5
mg/ml against E. coli and S. aureus, which indicated
the antibacterial activity of CS-Zn was improved by 2-8
times than that of CS.

Table 1 Antibacterial activity of CS-Zn with different concentrations
Organism Viable population ( x 10" ¢fu/mL)
E. coli Control 62.50 31.25 15.63 7.81
E. coli 12.05 £0.04° 00" 1.520.01° 2.08 +0.00" 4.65 +0.02°
S. aureus Control 250 125 62.50 31.25
S. aureus 15.14 +0. 04" 00" 5.25+0.01° 10.48 +0.01¢ 13.21 +0.01¢

“LSD test,P =0.05,a—e Mean + standard deviation (n =3). Means in same column with different superscript letters were significantly different.
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Fig. 3 Antibacterial activity of CS-Zn with different molecular weights against E. coli and S. aureus

Effect of CS molecular weight on the antibacterial
activity of CS-Zn

OD values versus the time for the CS-Zn with different
CS molecular weight against E. coli and S. aureus were
shown in Fig. 3. As the final concentration of CS-Zn
was 1.0 mg/ml, the OD values were obviously differ-
ent from the experimental groups and control group.
The results illustrated that the antibacterial activity of
CS-Zn enhanced with the increasing of molecule weight
from 5 kDa to 50 kDa,the molecular weight of 50 kDa
appeared the most effective antibacterial activity against
E. coli and S. aureus. The effect of CS molecular weight
on the antibacterial activity of CS-Zn was similar to that
of CS.

Integrity of cell membrane

The cytoplasm and membrane of bacterial cell undoubt-
edly is the target for many inhibition agents. After the

inhibition agents interacted with bacterial membranes,

they cause functional changes in bacterial membrane.
When bacterial membranes become compromised by in-
teraction with inhibition agents, first, low molecular
mass species such as K* and PO} tend to leach out,
followed by DNA, RNA and other materials. These in-
tracellular components are easily detected by the ab-
sorption at 260 nm as an indication of membrane dam-
age'®’. In other words, the release of 260 nm absorbing
material corresponds to the antibacterial activity of CS.
The amount of DNA released from the E. coli suspen-
sion treated with CS-Zn was shown in Fig. 4. The ratio
of OD for E. coli suspension treated with and without
CS-Zn was plotted versus time. Upon addition of the
CS-Zn,the OD of the E. coli suspension at 260 nm
quickly increased within 6 Omin, thereafter the ratio
was almost unchanged. However ,the amount of 260 nm
absorbing material tended to decrease with time exten-

sion. This quick release of 260 nm absorbing materials
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Fig. 4 Release of 260 nm absorbing material from E. co-
li with addition of 1.0 mg/mL ( A) or 2.5 mg/
mL (W) of CS-Zn
was in good agreement with fast killing kinetics of the
CS-Zn.
The release of 260 nm absorbing material from E. coli
with addition of CS-Zn indicated that CS-Zn had the a-
bility to damage the cell membrane of E. coli,and made
the nucleic acid released. Antibacterial activity of CS as
related to membranes permeability had been evaluated
in literature'®’. They studied on the integrity of cell
membranes using CS against E. coli and S. aureus.
Their results showed that the release of 260 nm absorb-
ing materials quickly increased,and the damage of cell
membranes was concentration-dependent. Our results
evidenced that CS-Zn induced the release of intracellu-
lar component by destroying the integrity of bacterial
cell membranes, which was similar to CS.
Permeabilization of the OM
As illustrated in Fig. 5 ,the addition of CS-Zn to E. coli
suspensions at the presence of NPN caused a time-de-
pendent increase in fluorescence, the relative fluores-
cence increased to a maximum in 10 min. The maxi-
mum fluorescence of CS-Zn at the higher concentration
was greater than the lower. Similar results were ob-
tained by Helander®' | who reported that CS at pH 5.3
caused a significant increase in NPN uptake, and that

relatively high concentrations of CS (250 ppm) were
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Fig. 5 The uptake of NPN ( measured as fluorescence
intensity in arbitrary units) by E. coli with addi-
tion of 0. 3% (v/v) hydrochloric acid or 1.0
mg/mL or 2.5 mg/mL of CS-Zn

required to obtain significant increase NPN uptake.
TEM

In electron micrographs,the control cells showed an in-
tact and apparent cell membrane as an electron dense
line ( Fig. 6a). However, E. coli of CS-Zn treated
showed badly disrupted and altered of cell membrane
after 24 h, as depicted in Fig. 6b and Fig. 6¢. Extra-
and intracellular changes compared with the non-trea-
ted cells including a separation of the cytoplasmic
membrane from the cell envelope and coagulation of the
cytosolic components,and disruption of the outer mem-
brane structure with membrane sloughing and breac-
hing, even disappeared. There were irregularities on the
E. coli cell surface, irregularly shaped and without
membranes or cell wall on one side, and pores formed
on the cell surface. Morphology of the bacteria were
multiplicity , and the cells were markedly degraded from
bacilliform to spherical shape (Fig.6b) and irregularly
condensed masses with bleb-like structures. The profile
of bacterial became faint, the surface appeared burs,
their structure turned dim and hollow, even perforated
and crashed. TEM studies showed that pore formation

on the bacterial cell surface,indicated that it was lytic

Fig. 6 TEM diagram of E. coli treated with buffer (a) and CS-Zn (b,c) (amplified 25000 )
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rather than static activity for CS-Zn toward E. coli. The
cell membranes appeared to be damaged. Thus, mem-
brane damage was the inhibition mechanism of CS-Zn

against E. coli.

Conclusion

In this study, CS-metal complexes with different chela-
ting metal ions showed much higher antibacterial activi-
ties than free CS. Furthermore, CS-Zn showed the
strongest antibacterial activity against E. coli and S. au-
reus. To make clear the antibacterial mechanism of CS-
metal complexes, the E. coli cells treated with CS-Zn
was investigated. When E. coli was treated by CS-Zn,
the release of intracellular component increased via de-
stroying the integrity of bacterial cell membranes. The
OM permeability results demonstrated CS-Zn increased
the permeability of the OM. Since bacteria were nega-
tively charged and CS-Zn had a high positive charge
density under acid condition, electrostatic interactions
quickly bring them into contact with each other. On the
basis of the above experimental results, it was suggested
that CS-Zn complexes firstly disrupted the OM of bacte-
ria. While more CS-Zn was introduced , without the pro-
tection of the OM, the relatively high concentration in-
fluenced the conformation of membrane protein by in-
teracting with proteins on the cell membrane or cell
wall , denatured membrane proteins,and lead to a com-
plete disintegration of the bacterial membrane with the re-
leasing of intracellular contents,and the ultimate lysis of
cell. All the results showed that CS-metal complexes were
a promising candidate for novel antimicrobial agents and
provided further insight into the pharmaceutical applica-
tion of CS and supported the possible usage of CS as a

template for the development of new antibiotics.
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