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a b s t r a c t

A series of water-soluble chitosan-N-arginine (CS-N-Arg) with various degrees of substitution (DSs) from
8.7 to 28.4% was synthesized by reacting amino groups of chitosan with arginine. The chemical structures
and physical properties of CS-N-Arg were characterized by Fourier-transform infrared, magnetic reso-
nance spectra, elemental analysis and X-ray diffraction as well as thermogravimetric analysis. Results
eywords:
hitosan-N-arginine
egree of substitution
ntimicrobial activity

showed that CS-N-Arg had a more amorphous structure than that of chitosan, and the thermal stability
of CS-N-Arg was slightly lower than that of chitosan. It was found that CS-N-Arg samples were able to
inhibit almost all the bacteria (Staphylococcus aureus and Escherichia coli) at a concentration higher than
150 ppm, whereas they could promote the growth of bacteria at a concentration lower than 50 ppm. The
antibacterial activity of CS-N-Arg samples was dependent on both DS and concentrations changed in the
range from 50 to 150 ppm. Due to their enhanced antimicrobial properties, CS-N-Arg materials would be

the a
promising candidates for

. Introduction

Chitosan is a deacetylated derivative of chitin, which is the
econd most abundant natural polysaccharide after cellulose
Arvanitoyannis, 1999). Antibacterial activity of chitosan has been
onsidered as one of its interesting properties (Chiang, Wang, &
ee, 2009). So far, it is basically clear that the antibacterial func-
ions of chitosan are arisen from its positively charged properties
Gil, del Mónaco, Cerrutti, & Galvagno, 2004). In principle, chitosan
an kill some kinds of microbes by disrupting their normal struc-
ure due to the reactions between the positive charges of chitosan
nd the negatively charged cell walls of bacteria or proteins inside
Holappa et al., 2006). However, the antibacterial functions of chi-
osan are limited because amino groups on chitosan backbone can
nly function as relatively weak positive charge centers. To improve
he antimicrobial activity of chitosan, it is reasonable to enhance the
trength of positive charges on the chitosan molecules by endow-
ng it with some more positively charged groups. Many efforts,
herefore, have been made to synthesize some new antimicrobial

hitosan derivatives such as acyl thiourea derivatives of chitosan,
-trimethyl chitosan, N-diethyl methyl chitosan and chitosan-N-
-hydroxypropyl trimethyl ammonium chloride (Qin et al., 2004;
adeghi et al., 2008; Zhong et al., 2008).

∗ Corresponding author at: Advanced Biomaterials and Tissue Engineering Center,
uazhong University of Science and Technology, Life Science Building, 1037 Luoyu
d, Wuhan 430074, PR China. Tel.: +86 27 8779 2216; fax: +86 27 8779 2205.

E-mail address: smzhang@mail.hust.edu.cn (S. Zhang).
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pplications in skin tissue engineering.
© 2010 Elsevier Ltd. All rights reserved.

Guanidine is one of strong organic bases in considering its
dissociation constant (pKa = 13.6) (Gobbi & Frenking, 1993). In
general, the positive electronic strength of the groups in organic
bases is ranked in the following way: guanidine group > quaternary
group > alkylamino group > aromatic amine (Yao, 1994). Since
guanidine group seems to show the strongest positive electricity
and it is positively charged in acidic, neutral and basic solutions,
guanidine derivatives, therefore, have been investigated as antibac-
terial and antivirus materials (Baker, Luedtke, Tor, & Goodman,
2000; El-Azzami & Grulke, 2009; Zhang, Jiang, & Chen, 1999).
Some guanidine-contained polymers can function as polyelec-
trolytes and are capable of being against some Gram-positive or
-negative bacteria even though they sometimes show low mam-
malian toxicity (Guan, Xiao, Sullivan, & Zheng, 2007). Several
reports have indicated that chitosan-N-arginine (CS-N-Arg) has
desirable biocompatibility, high gene transfection efficiency and
good anticoagulation activity (Liu, Zhang, Cao, Xu, & Yao, 2004;
Zhu et al., 2007). In view of the functions of guanidine, CS-N-Arg
could be expected to show enhanced antibacterial activities than
that of chitosan and serve as a desirable material for antimicrobial
applications.

Materials for skin tissue engineering need to meet some specific
requirements for the antibacterial applications due to the com-
mon infection in clinic treatment. The object of this study is to

synthesize a series of CS-N-Arg samples with various DSs and inves-
tigate their antimicrobial activities against Staphylococcus aureus
and Escherichia coli, and screen desirable materials for skin tissue
engineering.

dx.doi.org/10.1016/j.carbpol.2010.07.032
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:smzhang@mail.hust.edu.cn
dx.doi.org/10.1016/j.carbpol.2010.07.032
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Fig. 1. Synthetic scheme of chitosan-N-arginine (CS-N-Arg) u

. Materials and methods

.1. Materials

Chitin was purchased from Aldrich. Chitosan was obtained
y highly deacetylating chitin following a known method
Mima, Miya, Iwamoto, & Yoshikawa, 2003). 2-(N-morpholino)
thanesulfonic acid sodium salt (MES) was purchased from
mresco Commercial Finance, Inc. Peptone was obtained from
hanghai Regal Biotech Technology, Inc (China). 1-Ethyl-3-(3-
imethylaminopropyl) carbodiimide hydrochloride (EDC) and
-hydroxysulfosuccinimide sodium salt (NHS) were purchased

rom Shanghai Huishen Chemical Co., Ltd. (China). l-Arginine, beef
xtract and agar were supplied by Sinopharm Chemical Reagent
o., Ltd. (China). Other chemicals were of analytical grade. S. aureus
CCTCC AB910393) and E. coli (CCTCC AB91112) were supplied by
he Chinese Center of Type Culture Collection, Wuhan University,
hina.

.2. Depolymerization and intrinsic viscosity measurement

Molecular weight of chitosan samples obtained above was
ailored by depolymerization using sodium nitrite following a
eported method (Lavertu, Méthot, Tran-Khanh, & Buschmann,
006). Viscosity-average molecular weight of the resultant chi-
osan was determined as 5.2 × 104 using a 0.5 M CH3COOH/0.2 M
H3COONa solvent system (Badawy & Rabea, 2009).

.3. Synthesis of chitosan-N-arginine

The CS-N-Arg samples were synthesized by a modified method
escribed in some reports and synthetic scheme is given in Fig. 1
Chung et al., 2002; Liu, Zhang, et al., 2004). 3 g of chitosan was
issolved in 600 mL of MES buffer (25 mM, pH 5.0). The carboxyl
roup of arginine was activated for 2 h by NHS/EDC in MES buffer.
t a fixed molar ratio of EDC/NHS/arginine of 4:4:1, several mix-
ures were prepared by adding the activated arginine solution into
he chitosan solution, and resultant mixtures were allowed to react
t ambient temperature with stirring for 12, 24 and 48 h, respec-
ively. The reactions were quenched by adding hydroxylamine, and
djusting pH of reaction systems to 8.0 with addition of a NaOH
DC and NHS as catalysts in MES buffer at room temperature.

solution. The collected products were dialyzed (MWCO = 3500)
against distilled water for 4 days and lyophilized. The final products
were named as CS-N-Arg-1, CS-N-Arg-2 and CS-N-Arg-3, respec-
tively, and the DSs of arginine were denoted by the numbers
followed Arg.

2.4. Characterization

Infrared spectra of chitosan and CS-N-Arg samples were mea-
sured using a Bruker EQUINOX 55 FT-IR spectrophotometer.
Powder samples were mixed with KBr, and the mixtures were
pressed into disks for measurements.

13C NMR spectrum was recorded on a Bruker Avance spec-
trometer (INOVA-400 NMR). 150 mg of CS-N-Arg-3 was dissolved
in 15 mL of 0.1 M HCl solution with stirring overnight, and 3 mL
of 1.5 wt% NaNO2 solution was added to further decrease the
molecular weight of CS-N-Arg-3 (An, Thien, Dong, & Dung, 2009).
The obtained products were filtrated through a micro-filter and
lyophilized. After that, the resultant CS-N-Arg-3 was dissolved in
D2O to prepare a 30 wt% solution for NMR measurements.

DS of CS-N-Arg was determined by elemental analysis (C, N)
using a Vario Micro cube elemental analysis instrument (Elementar
Co., German).

XRD patterns of the samples were recorded on an X-ray diffrac-
tometer (X’Pert PRO, PANalytical B.V. Holland) at a voltage of
40 kV and a current of 40 mA using CuKa radiation. The scanning
scope of 2� was ranged from 5◦ to 40◦ at ambient temperature
(Arvanitoyannis, Kolokuris, Nakayama, Yamamoto, & Aiba, 1997).

The water-solubility of chitosan and its derivatives was
estimated at room temperature using turbidity measurement
(Jintapattanakit, Mao, Kissel, & Junyaprasert, 2008). The dry sam-
ple (30 mg) was dissolved in 50 mL of 0.1 M HCl solution for 3 h
with constant stirring with addition of 0.1 or 1.0 M NaOH solu-
tion stepwise, the transmittance of the solution was recorded on
a PuXi TU-1810 UV–visible spectrophotometer (China) and data

were collected at 600 nm.

Thermal degradation of samples was monitored using a thermal
analyzer (PerkinElmer Instruments Pyris 1 TGA). The samples were
heated from ambient temperature to 600 ◦C at a constant heating
rate of 10 ◦C/min under a nitrogen atmosphere.
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Table 1
Elemental analysis results of different samples.

Samples C (%) N (%) Reaction time (h) DD (%) DS (%)

Chitosan 38.55 ± 0.08 6.993 ± 0.05 – 78.4 –
CS-N-Arg-1 42.51 ± 0.04 10.91 ± 0.01 12 – 8.7
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ent samples, some representative X-ray patterns are provided in
Fig. 4. It is observed that the diffractogram of unmodified chitosan
shows two characteristic diffractive peaks located at around 10.7◦

and 19.9◦, indicating the high degree of crystallinity of chitosan
similar to the reported results (Zhang, Xue, Xue, Gao, & Zhang,
CS-N-Arg-2 42.93 ± 0.02 14.08 ± 0.01
CS-N-Arg-3 44.30 ± 0.05 16.94 ± 0.03

D is the degree of deacetylation; DS is the degree of substitution.

.5. Antimicrobial tests

The antimicrobial activities of chitosan and CS-N-Arg samples
ere determined by a plate count agar (PCA) method. Strains of S.

ureus and E. coli were cultured on nutrient agar slope (peptone
%, NaCl 0.5%, beef extract 0.3%, agar 2%, pH 7.2–7.4). Suspensions
ere prepared by transferring sterile 0.9% saline to the slope. Then

0-fold dilutions were made to get a final concentration of 600
ells/mL for the antibacterial test. Prior to experiments, an acetic
cid (HAc) solution was prepared and used as a reference. Chitosan
nd CS-N-Arg samples were respectively dissolved in a 0.3 (v/v)
HAc solution to prepare 0.5 wt% solutions, and these solutions
ere micro-filtrated through a syringe filter. Then, the solution was

dded to the beef extract–peptone medium to produce different
ixtures with various concentrations: 50, 100, 150, 200, 300, 400,

nd 500 ppm. These mixtures were shaken gently to disperse HAc,
hitosan, CS-N-Arg throughout the agar plates. Afterwards, 0.4 mL
f diluted bacteria solution was spread onto agar plates. After incu-
ation at 37 ◦C for 24 h, the number of colonies was counted to
easure the antibacterial activity. Survival percentage was defined

s follows (Kitagaki, Araki, Funato, & Shimoi, 2007; Lu et al., 2008):

urvival % = colony numbers of treated bacteria
colony numbers of control bacteria

× 100

. Results and discussion

.1. Preparation of chitosan-N-arginine samples

During the process of guanidination, EDC was reacted with
he carboxyl groups of arginine to form the amine-reactive
-acylisourea intermediate (Chung et al., 2002). However, the

ntermediate is susceptible to hydrolysis, making it short-lived in
queous solution. Then the addition of NHS stabilizes the unsta-
le amine-reactive intermediate by converting it to the semistable
mine-reactive NHS ester, thus increasing the efficiency of EDC-
ediated coupling reaction. Finally, the activated carboxylic groups

f arginine form stable amido links through the reaction of amino
roups of chitosan. The reaction conditions for guanidination of
hitosan are summarized in Table 1. Under present reaction con-
itions, by fixing the ratio of arginine to chitosan as constant and
electing an optimized amount of catalyst, DSs of CS-N-Arg seem
o proportionally increase with reaction time. Results shown in
able 1 may suggest that DSs of CS-N-Arg could be feasibly con-
rolled by the reaction time.

.2. Characterization of chitosan-N-arginine samples

The IR spectra of chitosan and CS-N-Arg samples are shown in
ig. 2. The broad band at around 3450 cm−1 is attributed to –NH,

OH stretching vibration and inter- and extra-molecular hydro-
en bond of chitosan molecules. The weak band at 2921 cm−1

s ascribed to –CH– stretch of chitosan. The characteristic peaks
t 1650 and 1600 cm−1 are corresponded to the C O stretch of
he amide I and –NH2 bands of chitosan, respectively. The peaks
24 – 18.1
48 – 28.4

matched with saccharide backbone are easily viewed at 1158 cm−1

(anti-symmetric stretching of the C–O–C), and 1086–1020 cm−1

(skeletal vibrations involving the C–O stretching). In comparison
to chitosan, several noticeable changes occur in the spectra of
CS-N-Arg samples. The characteristic band of guanido group at
around 1630 cm−1 is observed, indicating that arginine has been
already successfully coupled to chitosan. The new band at around
1520 cm−1 is most likely due to an amide bond linking chitosan and
arginine (Liu, Zhang, et al., 2004). In addition, it can be seen that the
peak at 1600 cm−1 for primary amine –NH2 bending disappears in
CS-N-Arg owing to the introduction of arginine.

To obtain a CS-N-Arg-3 solution with a high concentration, fur-
ther depolymerization of CS-N-Arg-3 has been done. In mildly
acidic solutions at room temperature, in general, nitrosating species
can attack the amine groups of chitosan, and subsequently cleave
the ˇ-glycosidic linkages of chitosan, resulting in 2,5-anhydro-d-
mannose units at the reducing end of the cleaved polymer (Allan &
Peyron, 1995). Fig. 3 presents 13C NMR spectrum of so-produced CS-
N-Arg-3. The main peaks are basically in agreement with reported
results (Liu, Zhang, et al., 2004). Some non-typical peaks in the
spectrum can be ascribed the effect of depolymerization, which
was also observed by other researchers (Kumirska et al., 2009).
In addition, spectrum of the anomeric carbon is quite weak and
it is also possibly resulted from depolymerization of the sample.
Fig. 3 confirms that there exist methylene (43.0 ppm) and guanido
(170.2 ppm) bands in CS-N-Arg, further suggesting that CS-N-Arg
has been already successfully synthesized.

To make a comparison of crystalline properties among differ-
Fig. 2. FT-IR spectra of chitosan (a) and chitosan-N-arginine (CS-N-Arg) samples
with various degrees of substitution: 8.7% (b); 18.1% (c) and 28.4% (d). The descrip-
tion of chitosan and CS-N-Arg samples is given in Table 1.



B. Xiao et al. / Carbohydrate Polymers 83 (2011) 144–150 147

F nitrou
b

2
o
a
p
a
c
t
N
c
c
g
s
c

p
I
d
A
r

F
w
t

ig. 3. 13C NMR spectrum of depolymerized chitosan-N-arginine (DS = 28.4%) with
esides the signals typical of CS-N-Arg.

005). In comparison to unmodified chitosan, the X-ray patterns
f CS-N-Arg samples exhibit some changes in both its diffraction
ngles and peak intensity. In the spectrum of the CS-N-Arg sam-
les, a peak originally recorded at 10.7◦ for chitosan is shifted to
higher 2� value of around 12.5◦, and another peak for chitosan

omponent at 29.9◦ almost disappears. In addition, it can be seen
hat there are no significant differences observed for different CS-
-Arg samples with various DSs. The lower crystallinity of CS-N-Arg
an be ascribed to the presence of arginine side chains which will
ertainly hinder the formation of inter- and extra-molecular hydro-
en bonds. As a result, CS-N-Arg samples are expected to show
ignificantly decreased crystallinity compared to the unmodified
hitosan.

The pH-dependent solubilities of chitosan and CS-N-Arg sam-
les are shown in Fig. 5. All samples show good solubilities at pH < 7.
t is clear that chitosan can be dissolved in a dilute acidic solution
ue to the protonation of the amino groups. With respect to CS-N-
rg samples, the introduction of arginine to chitosan main chains
educes the hydrogen bond interactions and makes the samples

ig. 4. XRD patterns of chitosan (a) and chitosan-N-arginine (CS-N-Arg) samples
ith various degrees of substitution: 8.7% (b); 18.1% (c) and 28.4% (d). The descrip-

ion of chitosan and CS-N-Arg samples is given in Table 1.
s acid. Artifact signals (*) are visible in the spectrum of the depolymerized sample

soluble in the medium. In the pH ranging from 7 to 7.5, the trans-
mittance of the solutions of all samples is abruptly decreased since
the samples are liable to transfer to flocky precipitate, as indicated
in a report (Qin et al., 2004). When the pH of the solution is higher
than 7.5, the turbidity reaches a plateau. It is known that a low pro-
tonation degree leads to low charge density and therefore small
repulsive electrostatic force between its chains, resulting in forma-
tion of more hydrogen bonds and decreases in solubilities of the
samples (Zhu et al., 2005), and as a result, all samples precipitate
from the solutions. After being grafted with arginine, it might be
difficult for CS-N-Arg samples to form orderly arranged crystalline
structure through interactions between molecules. Consequently,
the crystallinity of CS-N-Arg samples is significantly lower than that
of chitosan (as shown in Fig. 4), and thus solubility of CS-N-Arg in
neutral water is notably improved compared to that of unmodified
chitosan.
TG curves of chitosan and CS-N-Arg samples are shown in
Fig. 6(a). The thermogram of chitosan has two stages of weight
loss. The first stage ranges between 30 and 150 ◦C and shows about
6.4% loss in weight, corresponding to the evaporation of adsorbed
and bound water, together with the elimination of the possible

Fig. 5. pH-dependent of solubility of chitosan and chitosan-N-arginine (CS-N-Arg)
samples with various degrees of substitution. The description of chitosan and CS-N-
Arg samples is given in Table 1.
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against E. coli are shown in Fig. 7(b). At the concentrations rang-
ig. 6. TG (a) and DTG (b) of chitosan and chitosan-N-arginine (CS-N-Arg) sam-
les with various degrees of substitution. The description of chitosan and CS-N-Arg
amples is given in Tables 1 and 2.

race amount of HAc. The second one starts at 230 ◦C and contin-
es up to 400 ◦C during which there is 39.3% weight loss due to
urther dehydration of the saccharide rings, to deacetylation and
egradation of chitosan. Comparing with chitosan, all the CS-N-
rg samples show a two-stage degradation behavior as well. The
rst stage occurs between 30 and 120 ◦C, associated with the loss
f bound water in the samples. The second one, ranging from 200
o 280 ◦C, corresponds to further dehydration and degradation of
he samples, together with the breakage of the amide linkage of
S-N-Arg. The curves shift to lower temperatures as the DS of the
amples increasing from 8.7 to 28.4%.

To more quantitatively examine these plots, the weight-loss
ercents of all samples are differentiated, and collected data are
epicted in Fig. 6(b) and also summarized in Table 2, respectively.
he temperature value corresponding to the maximum degrada-
ion rate for different samples is marked with Tmax. To make more
etailed comparisons of the various thermal effects for four kinds
f samples, the peaks at a lower or higher temperature are desig-
ated as Tmax1 and Tmax2, respectively. Comparing with Tmax1 and
eight loss of each sample, it can be seen that the adsorbed and

ound water in CS-N-Arg samples is more easily evaporated than

hat of chitosan. In addition, water adsorbed in CS-N-Arg samples
ose at various rates depending on the DSs of CS-N-Arg. Fig. 6(b)
lso shows that Tmax2 of chitosan is higher than that of CS-N-Arg,
ndicating that chitosan is more difficult to be discomposed in this
Fig. 7. Antibacterial activity of acetic acid (HAc) on S. aureus (a) and E. coli (b). S.
aureus and E. coli cells were spread onto culture medium agar plates with different
concentrations of HAc and incubated at 37 ◦C for 24 h. Data are mean ± standard
deviation of quadruplicate.

phase. Additionally, CS-N-Arg samples with increased DS are more
easily to be degraded.

3.3. Antimicrobial activity of HAc, chitosan and CS-N-Arg

3.3.1. Effect of concentrations on the antibacterial activity of HAc
Since HAc also has a certain antimicrobial activity, a series of

blank (control) experiments was conducted to verify the results.
Fig. 7(a) illustrates the antimicrobial activity of HAc with dif-

ferent concentrations against S. aureus. The results show that
antimicrobial activity of HAc is dependent on its concentrations.
In the range of concentrations changing from 50 to 150 ppm, CFU
ratios are not obviously different among the experimental groups.
The results show that HAc at these concentrations exhibits slightly
antimicrobial activities against S. aureus. When the concentration
of HAc reaches 200 ppm, the CFU ratio is lower than those with low
concentrations. HAc shows obvious antibacterial activities when its
concentration is set as 300 ppm. Once the concentration is higher
than 400 ppm, HAc can inhibit all S. aureus.

Antimicrobial activities of HAc with different concentrations
ing from 300 to 500 ppm, E. coli has been completely inhibited.
When concentrations are changed from 150 to 200 ppm, HAc has
no obvious effect on the growth of E. coli. The growth of E. coli is
slightly promoted when the concentration of HAc varies from 50
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Table 2
Parameters of thermal degradation of chitosan and chitosan-N-arginine (CS-N-Arg) samples.

Samples First stage Second stage

Range (◦C) Tmax1 Weight loss (%) Range (◦C) Tmax2 Weight loss (%)

230–400 307.6 39.3
200–280 266.5 30.5
200–280 264.0 32.9
200–280 258.4 33.0
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Fig. 8. Antibacterial activity of chitosan and chitosan-N-arginine (CS-N-Arg) sam-
Chitosan 30–150 100.3 6.4
CS-N-Arg-1 30–120 65.3 3.8
CS-N-Arg-2 30–120 61.2 4.8
CS-N-Arg-3 30–120 55.0 6.5

o 100 ppm. Our results are well in agreement with the published
eport that E. coli will be completely inhibited when the concentra-
ions of HAc are higher than 200 ppm due to the strong inhibitory
ffect (Liu et al., 2006). At the concentrations of HAc ranging from
50 to 200 ppm, the possibly promotional and inhibitory effects
f HAc reach a level so that two effects could be balanced out.
hus, the numbers of tested groups and control become almost
imilar. At the concentrations changing from 50 to 100 ppm, HAc
romotes the growth of E. coli possibly due to the reason that
romotional effect of HAc is slightly stronger than its inhibitory
ffect.

.3.2. Effect of concentrations on the antibacterial activity of
hitosan and CS-N-Arg

The concentration-dependent antimicrobial activity of chitosan
nd CS-N-Arg samples against S. aureus is shown in Fig. 8(a). When
he concentrations are higher than 150 ppm, the samples exhibit
fficacious antibacterial activities and inhibit all of S. aureus. At a
oncentration of 100 ppm, the growth of S. aureus is significantly
romoted as the DSs of arginine increased. At a concentration of
0 ppm, the bacteria-promoting ability of chitosan and CS-N-Arg
amples is weakened.

The effect of concentrations on the antibacterial activity of chi-
osan and CS-N-Arg samples against E. coli is shown in Fig. 8(b).
he results show that the higher DS of the CS-N-Arg specimens, the
etter antimicrobial ability. At a very low concentration of 50 ppm,
hitosan and CS-N-Arg samples have some bacteria-promoting
ctivities. This result is similar to some reports in which chitosan
nd its derivatives are found to promote the growth of E. coli at a
ow concentration (Liu et al., 2006). At a concentration of 100 ppm,
S-N-Arg-2 and CS-N-Arg-3 show antimicrobial properties, while
hitosan and CS-N-Arg-1 still exhibit promotional effect of the
rowth of bacteria. At a concentration of 150 ppm, all samples show
ffective suppression against bacteria, and in particular, CS-N-Arg-2
nd CS-N-Arg-3 can inhibit all the bacteria. When the concentra-
ion is higher than 200 ppm, the antibacterial activities of all of the
our kinds of samples are almost the same, and all bacteria have
een inhibited.

Antibacterial effect of CS-N-Arg on S. aureus is different from
hat on E. coli, which may be ascribed to their different cell wall
tructures or components. In Gram-positive bacteria, the cell wall is
omposed of a broad dense wall that is consisted of 15–40 intercon-
ecting layers of peptidoglycans. At the concentrations higher than
50 ppm, positively charged free –NH3

+ or/and guanidine groups of
hitosan and CS-N-Arg can bind tightly to the components of cell
alls, resulting in pore formation in cell walls, severe leakage of

ell constituents and eventually the cell death (Kumar, Varadaraj,
owda, & Tharanathan, 2005). When concentrations of chitosan
nd CS-N-Arg decrease, they are not able to destroy the cell walls
n the form of distortion–disruption, and instead, chitosan and CS-
-Arg would be digested and adsorbed by bacteria as nutrition to

ccelerate the growth of the microbes. In addition, a result similar
o previous report was also observed in our experiments, namely, it
s found that chitosan derivatives with more positive charges show
ecreasing antibacterial activity against S. aureus (Holappa et al.,
006). These results may imply that the higher cationic charge is not
ples on S. aureus (a) and E. coli (b). S. aureus and E. coli cells were spread onto culture
medium agar plates with different concentrations of samples and incubated at 37 ◦C
for 24 h. Data are mean ± standard deviation of quadruplicate.

responsible for better antimicrobial activity than that of unmodi-
fied chitosan.

The outer membrane of Gram-negative bacteria is normally
built by a lipid bilayer with a thickness of about 7 nm, wherein
lipopolysaccharide (LPS) and proteins are held together by
electrostatic interactions with bivalent metal ions. When the con-
centration of chitosan and CS-N-Arg is over 200 ppm, the amino
groups of chitosan or amino and guanidine groups in CS-N-
Arg are bonded with the negatively charged O-specific antigenic
oligosaccharide-repeating units of LPS, thus forming a compact

layer around the cells, preventing the exchange of nutrients and
metabolite wastes and destabilizing the cell walls (Liu, Du, Yang, &
Zhu, 2004). In addition, due to the chelating ability of chitosan and
its derivatives, the bivalent metal ions linked to LPS and proteins
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orm chelates with chitosan or CS-N-Arg. Based on this kind of inter-
ctions, cell walls of bacteria will become more volatile, leading to
he leakage of cytoplasm constituents and resulting in the death of
acteria. At low concentrations, the samples are possibly assimi-

ated into E. coli as food materials so as to promote the growth of
ells.

There may be another antimicrobial mechanism in both S. aureus
nd E. coli. When the cell walls of bacteria are destabilized by chi-
osan or CS-N-Arg, the samples get through cell walls via porous or
eformed zone by pervasion effect. As a result, chitosan and CS-N-
rg will combine with DNA, negative-charged enzymes and other

unctional factors in the cells to disturb the physiological activities
f bacteria (Liu, Guan, Yang, Li, & Yao, 2001).

. Conclusion

In the present study, chitosan derivatives with different degrees
f substitution were successfully prepared. They showed significant
H-dependent solubility, and the degrees of substitution of argi-
ine could be changed from 8.7 to 28.4% under the various reaction
eriods from 12 to 48 h. Some results showed that all CS-N-Arg
pecimens had a more amorphous structure than that of chitosan
nd their thermal stability was slightly lower compared to that of
hitosan. CS-N-Arg samples exhibited obviously antibacterial activ-
ty against S. aureus and E. coli at the concentrations higher than
50 ppm. But at the concentrations lower than 50 ppm, they might
e digested by microbes and absorbed as nutrients to promote
he growth of microorganisms. These results also suggested that
ome optimized concentrations for CS-N-Arg and chitosan should
e selected when they were used to control, suppress or completely

nhibit the growth of bacteria.
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& Stepnowski, P. (2009). Determination of the pattern of acetylation of
low-molecular-weight chitosan used in biomedical applications. Journal of Phar-
maceutical and Biomedical Analysis, 50, 587–590.

Lavertu, M., Méthot, S., Tran-Khanh, N., & Buschmann, M. D. (2006). High efficiency
gene transfer using chitosan/DNA nanoparticles with specific combination of
molecular weight and degree of deacetylation. Biomaterials, 27, 4815–4824.

Liu, H., Du, Y. M., Yang, J. H., & Zhu, H. Y. (2004). Structural characterization and
antimicrobial activity of chitosan/betain derivative complex. Carbohydrate Poly-
mers, 55, 291–297.

Liu, N., Chen, X. G., Park, H. J., Liu, C. G., Liu, C. S., Meng, X. H., et al. (2006). Effect of
MW and concentration of chitosan on antibacterial activity of Escherichia coli.
Carbohydrate Polymers, 64, 60–65.

Liu, W. G., Zhang, J. R., Cao, Z. Q., Xu, F. Y., & Yao, K. D. (2004). A chitosan–arginine
conjugate as a novel anticoagulation biomaterial. Journal of Materials Science:
Materials in Medicine, 15, 1199–1203.

Liu, X. F., Guan, Y. L., Yang, D. Z., Li, Z., & Yao, K. D. (2001). Antimicrobial action of
chitosan and carboxymethylated chitosan. Journal of Applied Polymer Science, 29,
1324–1335.

Lu, Z. S., Li, C. M., Bao, H. F., Qiao, Y., Hoh, Y. H., & Yang, X. (2008). Mechanism of
antimicrobial activity of CdTe quantum dots. Langmuir, 24, 5445–5452.

Mima, S., Miya, M., Iwamoto, R., & Yoshikawa, S. (2003). Highly deacetylated chitosan
and its properties. Journal of Applied Polymer Science, 28, 1909–1917.

Qin, C. Q., Xiao, Q., Li, H. R., Fang, M., Liu, Y., Chen, X. Y., et al. (2004). Calorimet-
ric studies of the action of chitosan-N-2-hydroxypropyltrimethyl ammonium
chloride on the growth of microorganisms. International Journal of Biological
Macromolecules, 34, 121–126.

Sadeghi, A. M. M., Dorkoosh, F. A., Avadi, M. R., Saadat, P., Rafiee-Tehrani, M., &
Junginger, H. E. (2008). Preparation, characterization and antibacterial activitie
of chitosan, N-trimethyl chitosan (TMC) and N-diethylmethyl chitosan (DEMC)
nanoparticles loaded with insulin using both the ionotropic gelatin and poly-
electrolyte complexation methods. International Journal of Pharmaceutics, 355,
299–306.

Yao, X. S. (1994). Natural medicine chemistry. Beijing: People’s Medical Publication
House. (in Chinese).

Zhang, Y. M., Jiang, J. M., & Chen, Y. M. (1999). Synthesis and antimicrobial activity
of polymeric guanidine and biguanidine salts. Polymer, 40, 6189–6198.

Zhang, Y. Q., Xue, C. H., Xue, Y., Gao, R. C., & Zhang, X. L. (2005). Determination of
the degree of deacetylation of chitin and chitosan by X-ray powder diffraction.
Carbohydrate Research, 340, 1914–1917.

Zhong, Z. M., Xing, R., Liu, S., Wang, L., Cai, S. B., & Li, P. C. (2008). Synthesis of
acyl thiourea derivatives of chitosan and their antimicrobial activities in vitro.
Carbohydrate Research, 343, 566–570.
Zhu, D. W., Zhang, H. L., Bai, J. G., Liu, W. G., Leng, X. G., Song, C. X., et al. (2007).
Enhancement of transfection efficiency for Hela cells via incorporating arginine
moiety into chitosan. Chinese Science Bulletin, 52, 3207–3215.

Zhu, J. H., Wang, X. W., Ng, S., Quek, C. H., Ho, H. T., Lao, X. J., et al. (2005). Encapsu-
lating live cells with water-soluble chitosan in physiological conditions. Journal
of Biotechnology, 117, 355–365.


	Preparation and characterization of antimicrobial chitosan-N-arginine with different degrees of substitution
	Introduction
	Materials and methods
	Materials
	Depolymerization and intrinsic viscosity measurement
	Synthesis of chitosan-N-arginine
	Characterization
	Antimicrobial tests

	Results and discussion
	Preparation of chitosan-N-arginine samples
	Characterization of chitosan-N-arginine samples
	Antimicrobial activity of HAc, chitosan and CS-N-Arg
	Effect of concentrations on the antibacterial activity of HAc
	Effect of concentrations on the antibacterial activity of chitosan and CS-N-Arg


	Conclusion
	Acknowledgements
	References


