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a  b  s  t  r  a  c  t

The  negative  charge  of  LPS  molecule  and  the  presence  of  fatty  acids  in  lipid  A structure  make  it  capable
of binding  with  chitosan.  In the presented  work  we  analyzed  the interactions  of  chitosan  with LPS of
Burkholderia  cepacia  or Proteus  mirabilis  and  biological  effects  of these  complexes  on  CHO-K1  cells.  We
observed  that  the  presence  of O-polysaccharide  part of LPS  (S1959),  core  region  (R110)  or  lack  of  fatty
acids  in  lipid  A  increased  binding  affinity  of endotoxin  with  chitosan.  However,  lipid A of  B.  cepacia  or P.
mirabilis  R45  might  interact  with  CHO-K1  cells  membrane  alone  or mediated  by  chitosan,  respectively.
eywords:
hitosan
ipopolysaccharide
roteus
ulkhorderia
HO-K1 cells
omet assay

In  conclusion,  the  presence  of  two (B. cepacia)  or one  (P.  mirabilis  R45)  Ara4N  residues  in  lipid A part,
promoted  binding  to cell membrane  of CHO-K1  cells,  alone  or in  the  presence  of  chitosan,  respectively.
Chitosan  reduced  biological  potencies  of  P. mirabilis  lipid  A  R45  structure  and  this  effect  depended  on the
presence  of  O-PS.  Lipid  A of  B.  cepacia  induced  oxidative  DNA  damage  in  CHO-K1  cells.

© 2013 Elsevier Ltd. All rights reserved.
. Introduction

The lipopolysaccharide (LPS) called also endotoxin, is a compo-
ent of the outer membrane of Gram-negative bacteria. The LPS is
eleased from the cell surface of bacteria either in small amounts
hrough its growth and cell division or in large quantities dur-
ng cell disruption (Caroff & Karibian, 2003). The presence of LPS

olecules in the blood stream results in inflammation response
f the host (Salomao et al., 2012). Moreover, in vitro exposure of
ndothelial cells to LPS resulted in the reactive oxygen species
ROS) occurrence and cytotoxicity (Choi, Hoffman, Rodway, & Sethi,
006). These proinflammatory and cytotoxic properties of LPS are

inked to its chemical structure. The toxic center of LPS is lipid

, its glycolipid fragment is the most conservative region in LPS
tructure. In case of Proteus mirabilis lipid A R45 structure, the
hosphate group at the non-reducing end of GlcN disaccharide is

∗ Corresponding author. Tel.: +48 41 349 63 07; fax: +48 41 349 63 07.
E-mail addresses: arabski@ujk.kielce.pl, arabski@ujk.edu.pl (M.  Arabski).

144-8617/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2013.05.008
chemically conjugated to 4-amino-arabinose (Ara4N) (Sidorczyk,
Zähringer, & Rietschel, 1983). Lipid A of P. mirabilis S1959 as well
as R110 has two phosphate-linked Ara4N residues (Kondakova,
Vinogradov, Lindner, Knirel, & Amano, 2003). Burkholderia cepacia
lipid A is characterized by two residues of Ara4N linked to reduc-
ing and non-reducing phosphate residues (Silipo et al., 2005). The
negative charge and amphiphilic nature of the LPS molecule make
it capable of binding with ligands whose molecules are positively
charged and/or are amphiphilic. Therefore, therapeutic strategies
for the treatment of septic shock in humans should be targeted
exclusively against the most conserved as well as toxic part of the
endotoxin structure, which is lipid A (Jerala & Porro, 2004; Matera
et al., 2005, 2012; Mingeot-Leclercq, Tulkens, Denamur, Vaara, &
Vaara, 2012).

Previously studies indicated that natural polysaccharides, in
particular chitosan, meet the above requirement by virtue of their
safety (Yermak et al., 2006; Davydova et al., 2008; Arabski et al.,

2009; Muzzarelli, 2010). Chitosan manufactured from chitin is the
liner and partly acetylated (1-4)-2-amino-2-deoxy-beta-d-glucan
(Muzzarelli et al., 2012). The forming of chitosan-LPS complexes
is associated with ionic interactions between negatively charged

dx.doi.org/10.1016/j.carbpol.2013.05.008
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.carbpol.2013.05.008&domain=pdf
mailto:arabski@ujk.kielce.pl
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roups on LPS and amino groups on chitosan (Yermak et al., 2006).
n practice, chitosan was used for removing endotoxins from bio-
ogical liquids (Henrie, Ford, Stroup, & Ho, 2011). The major goal
f the presented paper was to examine the formation mechanism
f complex composed of chitosan and rough (R) or smooth (S)
PS molecules originated from P. mirabilis. The role of positively
harged substituents Ara4N in P. mirabilis lipid A was evaluated
s a suspected major domain for interactions with chitosan amino
roups. The second element of study was to determine the detoxifi-
ation efficacy and biological activity of the above complexes tested
y genotoxicity, cytotoxicity and immunostimulation assays. Lipid

 with two residues of Ara4N originated from B. cepacia LPS was
sed to evaluate the mechanism (proposed in this study) of LPS

nteractions with CHO-K1 cells.

. Materials and methods

.1. Isolation of lipopolysaccharides and chitosan

P. mirabilis O3 (OXK, S1959), and its two R mutants: Ra (R110)
nd Re (R45) originated from the collection of the Institute of
icrobiology and Immunology University of Lodz, Poland. LPS
ere isolated from bacterial cells by the hot phenol–water method

Westphal and Jann, 1965). The LPS were purified by DNAse and
NAse (Sigma Chemical Co., St. Louis, MO,  USA) treatment and
ltracentrifugation, as described by Knirel et al. (1997). LPS was
ssentially free from nucleic acids (about 10.8 �g in LPS solution
t 1 mg/ml) and contained less than 2%, w/v of proteins. P. vulgaris
3 LPS and its two R mutants were chemically modified by mild
asic O-deacylation. LPSOH form is lacking five ester bound fatty
cids on its lipid A part. Preparation of lipid A from B. cepacia
as presented elsewhere (Silipo et al., 2005). A high molecular
eight of chitosan sample of 130 kDa and a 4% degree of its
-acetylation was obtained by alkaline treatment of crab chitin
ccording to a protocol published previously (Wolfrom & Shen-
an, 1959). The degree of N-acetylation was calculated according

o IR-spectroscopic data (Domszy & Roberts, 1985). The molecular
eight of the chitosan was determined by the Archibald method

t 12 000 rpm (Archibald, 1947).

.2. Cell culture

Cytotoxic properties of LPS, chitosan and LPS/chitosan com-
lexes were measured by comet assay using Chinese hamster ovary
CHO-K1) cells. CHO-K1 cells were cultured at 37 ◦C in a humidi-
ed 5% CO2 atmosphere in plastic dishes in McCoy’s 5A medium
upplemented with 10% heat inactivated fetal calf serum, 2 mM l-
lutamine and antibiotics (100 units/ml penicillin and 100 �g/ml
treptomycin). We  used CHO-K1 as a model of eukaryotic cells for
nalysis of LPS–chitosan complexes interactions with membrane,
o mediated by glycosylphosphatidylinositol-linked glycoprotein

 CD14 (Chakravortty et al., 2001).

.3. LPS/chitosan precipitation assay

Stock solutions of P. mirabilis LPS were diluted in 100 �l water at
oncentrations of 0.03-1 mg/ml  prior to the addition of 100 �l col-
stin at concentration of 1 mg/ml. The reaction mixtures contained
PS, colistin and LPS/colistin complexes in final volumes of 200 �l.
ontrols were corresponding LPS or colistin solutions. Precipitation
roceeded for 18 h at 25 ◦C and was measured with a time interval
t = 1 h. Colistin was used as positive control. Colistin (polymixin
) is a polycationic antibiotic member of the polymixin family.
he essential role of hydrophobic and ionic interaction between
PS and polymyxins has been reported (Mares, Kumaran, Gobbo,

 Zerbe, 2009). This drug shows amphipathic character and might
lymers 97 (2013) 284– 292 285

interact with by fatty acids as well as with carbohydrate moieties
of GlcN or Kdo in LPS by polar residues in the cationic decapep-
tide of polymyxin. On the base of colistin precipitation, the same
LPS and chitosan concentration were chosen. Moreover analyzed
kinetics of LPS/chitosan complexes formation was performed in the
same conditions as colistin. Additionally, O-deacetylated forms of
all S and R forms of P. mirabilis LPS were applied and the following
criteria were applied. Positive result of precipitation (A600 nm) was
defined when differences after time 18 h (T18) and time 0 h (T0)
for LPSOH–chitosan formation was higher than total absorbance
(A600 nm) of differences between T18 and T0 for LPSOH and chitosan
formation. Aggregates were detected by spectroscopic measure-
ment at 600 nm using Microplate Reader TECAN Infinite 200 PRO
(Tecan Group Ltd., Switzerland).

2.4. Titration of the Orange II–chitosan complex with LPS solution

To 80 �l of 5 mM phosphate buffer (pH 5.0), 30 �l of Orange II
(4-(2-hydroxy-1-naphthylazo) benzenesulfonic acid sodium salt)
solution (0.08 mg/ml) and 20 �l of chitosan solution (100 �g/ml)
were added. The mixture was incubated for 20 min  at 25 ◦C.
Then the resulting complex was  titrated with LPS solution
(200–150 �g/ml), preincubated at 37 ◦C for 48 h, by adding differ-
ent portions of LPS. The mixtures were incubated at 37 ◦C until
a constant mean of optical density of the solutions during 24 h
(LPS O3 and R110) or 48 h (LPS R45) was obtained. The absorp-
tion was determined with a �Quant spectrophotometer (Bio-TEK
Instruments, USA) at 483 nm in three parallel samples, and the
mean arithmetic value was calculated. The value of �D = Dexp − D0
was calculated, where D0 and Dexp were absorptions of the solu-
tions before and after the addition of LPS, respectively. The values
of �Dmax and Kb were determined from the Scatchard plot in
�D/CLPS versus �D coordinates. The chitosan saturation (Q) with
LPS molecules was calculated from the ratio �D/�Dmax. The degree
of cooperativity (h) was determined from the Hill equation in log-
arithmic form (Hill, 1910):

log
Q

1 − Q
= h log[CLPS] − log[Kb]

The number of binding sites on the endotoxin molecule per glu-
cosamine unit of chitosan was  assessed from the saturation curve
by plotting a tangent to the point that corresponded to the maximal
change in the reaction mixture’s absorption. Then, the LPS concen-
tration corresponding to the chitosan saturation with the endotoxin
was determined.

2.5. Limulus amebocyte lysate (PyroGene rFC) assay

The endotoxin level in chitosan stock solutions and O3, R110
or R45 LPS P. mirabilis inactivated by chitosan was determined
by the fluorogenic endotoxin detection assay PyroGene rFC pur-
chased from Lonza (Walkersville, USA) in accordance with the
test instruction. The fluorescence was measured with Microplate
Reader TECAN Infinite 200 PRO (Tecan Group Ltd., Switzerland).

2.6. Complement activation

To assess complement system activation by the chitosan poly-
mers in vitro, the quantitation of terminal complement complex
SC5b-9 in human serum was  analyzed using enzyme-linked
immunosorbent assay kits from Quidel Corporation (San Diego,
USA). The chitosan (50 or 500 �g/ml) in veronal-buffer saline con-

taining 0.15 mM Ca2+ and 0.5 mM Mg2+, pH 7.4 were incubated
with fresh human serum from healthy volunteers at a volume
ratio of 1:9 at 37 ◦C for 60 min. After incubation with gentle agi-
tation (80 rpm), the serum samples were centrifuged (2500 rpm,
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Fig. 1. Precipitation of colistin (0.5 mg/ml) with S1959, R110 and R45 LPS P. mirabilis
◦
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0 min), serially diluted in PBS solution containing 0.05% Tween-20
rotein stabilizers and 0.035% ProClin 300, and SC5b-9 concen-
ration was measured according to manufacturer’s instructions.
ymosan (Sigma) at final concentration 50–500 �g/ml, a yeast cell
all extract was used as a positive control. Negative control sam-
les consisted of human serum only.

.7. ELISA

ELISA method was used to analyze the binding of LPS medi-
ted by chitosan to CHO-K1 cells. The plates with CHO-K1 cells
onolayer (1 × 105) were preincubated for 30 min  with chitosan

t 50 �g/ml and treated with LPS at 100 �g/ml for 1 h at 37 ◦C. The
lates were incubated with rabbit polyclonal anti-LPS sera (diluted

n PBS 1:1000) for 1 h at 37 ◦C and washed three times with PBS.
iluted (1:1000) goat anti-rabbit IgG conjugated with peroxidase

Sigma, USA) in 1% BSA in PBS was used as the second antibody.
ext, the plates were washed three times with PBS. A solution
f 0.4 mg  o-phenylenediamine dihydrochloride (Sigma, USA) was
reshly prepared and added. After 25 min  of incubation at ambient
emperature, the reaction was stopped by adding 0.5 M H2SO4, and
he absorbance was measured at 490 nm with Microplate Reader
ECAN Infinite 200 PRO (Tecan Group Ltd., Switzerland).

O-antisera against P. mirabilis S1959, R110 or R45 were obtained
y immunization of rabbits with heat-inactivated bacteria (100 ◦C,
.5 h). To prepare the immunogen, lyophilized bacteria were sus-
ended in sodium chlorine (0.85% NaCl) at a concentration of

 mg/ml. Animals were injected intravenously with 50, 100, 100,
00 and 500 �g of immunogen in 500 �l of saline solution on days
, 4, 7, 11 and 16, respectively. Seven days after the last immu-
ization, the blood was sampled by the cardiac puncture, and then
erum was separated and stored in 0.5 ml  aliquots at −20 ◦C. The
xperiments were carried out in accordance with Animal Ethical
ommittees guidance.

.8. DNA damage (comet assay)

CHO-K1 cells were preincubated for 30 min  with chitosan at
0 �g/ml and treated with LPS at 100 �g/ml for 1 h at 37 ◦C. DNA
amage was assessed by the alkaline comet assay according to
ojewódzka, Kruszewski, Iwanenko, Collins, & Szumiel, 1998. In

ree radicals scavenging experiments CHO-K1 cells were pretreated
ith dimethyl sulfoxide (DMSO). The cells were incubated with
MSO at 0.5 mol/l for 30 min  at 37 ◦C.

.9. Apoptosis

CHO-K1 cells were preincubated for 30 min  with chitosan at
0 �g/ml and treated with LPS at 100 �g/ml for 1 h at 37 ◦C. After
he treatment, the frequencies of early apoptotic, late apoptotic
nd necrotic cells were evaluated with the Annexin V-FITC apo-
tosis detection Kit I (BD Pharmingen, USA) described elsewhere
Darzynkiewicz, Huang, Okafuji, & King, 2004).

.10. Data analysis

The data were analyzed using the Statistica (StatSoft, Tulsa, OK,
SA) software package. Analysis was made in triplicate in one
ELISA, LAL, titration of the Orange II–chitosan complex with LPS
olution) or in two independent experiments (complement acti-
ation, DNA damage, apoptosis). All the values in this study are
xpressed as mean ± SD. If no significant differences between vari-
tions were found as assessed by the Snedecor–Fisher test, the
ifferences were compared by the one-way ANOVA test.
proceeded for 18 h at 25 C. Colistin/LPS aggregates were detected by spectroscopic
measurement at 600 nm.  The results are the means of three independent experi-
ments. * p < 0.05.

3. Results

3.1. Aggregates formation of LPS with chitosan

The interaction of endotoxin with chitosan or colistin may  result
in aggregate formation detected by absorption values at 600 nm.
Fig. 1 shows precipitation of colistin (0.5 mg/ml) with a varied
amount of S1959, R110 or R45 P. mirabilis LPS proceeded for 18 h
at 25 ◦C. Statistically significant amounts of LPS with colistin aggre-
gates were noticed at the concentrations of 0.25 and 0.5 mg/ml  for
both reagents, respectively. The amount of precipitates depended
on the content of lipid A in P. mirabilis LPS. Fig. 2A shows dif-
ferent kinetics of S1959, R110 and R45 LPS aggregates formation
with chitosan in comparison to LPS/colistin. The most effective
precipitation was  observed for R45 LPS and colistin. Interestingly,
the precipitation during the first 7 h of incubation with colistin
was decreased, in contrast to chitosan. This effect might be asso-
ciated with disruption of R45 micelles by colistin, probably by
detergent-like mode of action. In addition, the amount of precip-
itate complexes of chitosan/R45 was  lower than colistin/LPS after
18 h of incubation. To establish the role of lipid A fatty acids in
precipitation process with chitosan, O-deacetylated LPS were used.
We observed weaker aggregate formation of LPSOH–chitosan com-
plexes (Fig. 2B).

3.2. The determination of binding parameters of LPS–chitosan

The binding constants of the lipopolysaccharides with the chi-
tosan were determined using the displacement of the anionic dye
tropaeolin 000 N2 (sodium salt of 4-(2-hydroxy-1-naphthylazo)
benzenesulfonic acid) by lipopolysaccharide in its complex with
chitosan. The dye has been previously shown (Glazunov & Gorbach,
1999) to bind to every ionized amino group in the polycation
molecule, resulting in decreased dye absorption (to 70%) at 483 nm.
On addition of LPS solution to the tropaeolin–chitosan complex,
the absorption of the reaction mixture at 483 nm increased to the
value corresponding to that of the free dye. This indicated that
the dye was  displaced by lipopolysaccharide from its complex

with chitosan and the endotoxin-polycation complex was formed
(Davydova, Naberezhnykh, Yermak, Gorbach, & Solovèva, 2006).
No effect of LPS on the absorption of tropaeolin was  recorded.
Data on LPS binding with chitosan, presented as linear Scatchard
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Fig. 2. (A) The precipitation kinetics of colistin (upper panel) and chitosan (lower panel) at 0.5 mg/ml  concentration with S1959, R110 and R45 P. mirabilis LPS measured for
18  h at 25 ◦C. (B) Precipitation of O-deacetylated (LPS-OH) and native forms of P. mirabilis LPS incubated with chitosan for 18 h at 37 ◦C. Results are presented as absorbance
d termi
c

p
o
i
d
fi

ifferences between T18 and T0. (C) Parameters of the LPS binding by chitosan de
oefficiency.

lots, suggest that the interaction occurs at independent sites

f the same type and that cooperativity during the interaction
s absent (Fig. 2A). The values of the cooperativity coefficients
etermined from the Hill plot (Hill, 1910) are close to unity, con-
rming our suggestion (Fig. 2C). The binding constants for the
ned by titration of the Orange II–chitosan complex with LPS solution. h* – Hill’s

chitosan-LPS complexes were determined from the Scatchard and

Hill plots assuming the independence of the binding sites on
chitosan. The LPS concentration corresponding to the point of chi-
tosan saturation by endotoxin was  determined from the saturation
curves and the number of binding sites was calculated.
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cantly (p = 0.061). Additionally, DMSO (as free radical scavenger)
decreased the extent of DNA damage evoked by B. cepacia LPS
(p = 0.076) (Fig. 6B). The contrary results were obtained for R45 LPS,
where chitosan increased DNA damage (p = 0.067).
ig. 3. The level P. mirabilis LPS detected in mixtures with chitosan at 100 �g/ml
fter incubation for 18 h at 37 ◦C measured by PyroGene rFC assay.

.3. PyroGene rFC assay

The PyroGene test utilizes recombinant Factor C (rFC) which is
sed in combination with a fluorogenic substrate. The rFC recog-
izes only biologically active endotoxin (lipid A) without glucans.
e observed the relatively low level of environmental endotoxin

etected in chitosan isolates: 0.68 EU/ml in doses of 100 �g/ml.
ig. 3 shown that the amount of detected LPS by the PyroGene test
ncreased with doses used, the most active being R45 LPS. In low LPS
oses (0.3 ng/ml) chitosan neutralized toxicity of LPS R45 and R110
p < 0.001 and p = 0.034, respectively). Chitosan reduced LPS activi-
ies from 6.09 EU/ml to 2.26 for R45 LPS at concentration 0.3 ng/ml.
hitosan decreased the level of R110 LPS at concentration 2.5 ng/ml
rom 4.73 EU/ml to 2.99 EU/ml (p = 0.026). S1959 LPS at doses of 1.2,
.5 or 5 ng/ml LPS has lower, but not statistically significant, activity

n the presence of chitosan.

.4. Human complement activation by chitosan

Carbohydrate polymers (i.e. chitosan) may  activate human com-
lement via classical, alternative or lectin pathways. All three
athways end up on the membrane attack formation (MAC)
etected by the presence of C5b-C9. The activation of the human
erum complement system by chitosan is shown in Fig. 4. The chi-
osan used at final concentration of 500 �g/ml activated serum
omplement to an extent that was 2.3-fold lower as compared
ith activation caused by 500 �g/ml of zymosan, a well known

omplement system activator. The ten times lower concentra-
ion of chitosan (50 �g/ml) activated complement approximately
0-times stronger compared to human serum alone (negative con-
rol) and 4.5-fold weaker than 500 �g/ml of zymosan (positive
ontrol).

.5. ELISA

To find out if P. mirabilis S and R LPS binding to CHO-K1 cells is
odified by chitosan, the amount of LPS was monitored by rabbit

ntibodies, specific for each LPS. Fig. 5 shows the levels of spe-
ific anti-S or -R form rabbit antibodies recognizing P. mirabilis
PS adhered on CHO-K1 cells surface. We  observed that the level
f anti-R LPS form antibodies was higher for CHO-K1 cells prein-

ubated for 0.5 h with chitosan at 50 �g/ml in contrast to native
45 and R110 at concentration 100 �g/ml (0.002 and 0.009, respec-
ively). We  observed statistically significant (p = 0.001) binding the
Fig. 4. Human serum complement system activation by chitosan. A representative
experiment performed at least in duplicate is presented.

anti-S1959 LPS antibodies to CHO-K1 cells after preincubation with
chitosan.

3.6. DNA damage

To determine the role of charged components of LPS the B. cepa-
cia Re type LPS as internal control was  used. B. cepacia LPS differs
from P. mirabilis Re (R45) by an additional residue of 4-amino-
arabinose at the non-reducing end of lipid A molecules. The DNA
damage induced in CHO-K1 cells by chitosan/LPS alone or in com-
plexes was determined by alkaline single-cell gel electrophoresis
(comet assay) (Fig. 6A). Chitosan or three forms of P. mirabilis LPS
alone did not induce DNA damage in CHO-K1 cells. The highest
level of single- and double-strand DNA breaks in CHO-K1 cells was
detected after 1 h incubation at 37 ◦C with Re form of B. cepacia
LPS (p = 0.008). Chitosan reduced the DNA damage level signifi-
Fig. 5. Detection of LPS on the CHO-K1 cells surface preincubated with chitosan at
50  �g/ml measured by ELISA.
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ig. 6. (A) DNA damage in CHO-K1 cells caused by chitosan at 50 �g/ml and LPS at
y  comet assay. Bc–LPS of B. cepacia.

.7. Apoptosis

The amount of Annexin and IP allowed to determine the apo-
tosis and necrosis of CHO-K1 cells in the presence of LPS and
hitosan alone or in complexes (Table 1). We  analyzed proapopto-
ic properties of both reagents in the same condition as applied
n studies using comet assay. A number of early and late apop-
otic cells was detected after incubation with LPS at 100 �g/ml
1 h) or after preincubation with chitosan at 50 �g/ml (0.5 h) at
7 ◦C. The flow cytometric analyses of the CHO-K1 cells popula-
ion showed that the distributions of early and late apoptotic cells
%) in the presence of LPS alone or in complexes with chitosan
ere similar to controls (untreated cells or preincubated with chi-

osan).

. Discussion

The positively charged chitosan interacts with negatively

harged groups on LPS: phosphate substitutes located on lipid A and
arboxylic groups in the O-specific polysaccharide (Arabski et al.,
009; Davydova et al., 2008; Yermak et al., 2006). This interaction
ight be modulated by positively charged substituent in lipid A
g/ml and (B) by DMSO at 50 �g/ml and LPS from B. cepacia at 100 �g/ml analyzed

structure, like Ara4N at the non-reducing end of GlcN disaccha-
ride in P. mirabilis R45 LPS structure. Moreover, ester bound fatty
acids play an important role in aggregates formation by chitosan
with P. mirabilis LPS as was shown by precipitation assay (Fig. 2).
The presence of polysaccharide part of LPS (inner core oligosac-
charide substituted with ethanolamine phosphate in R110 and/or
O-polysaccharide in S1959) reduced the amount of precipitates. It
indicates that hydrophobic nature of LPS plays a predominant role
in LPS–chitosan precipitation process (Fig. 2B and C). The binding
constant of LPS with chitosan decreases dramatically with increas-
ing hydrophobic character of the LPS.

Theoretically, the presence of Ara4N in lipid A should attenu-
ate the ionic interactions between lipid A and chitosan. Now it is
convention fact that cation binding to LPS can be interpreted, at
least initially, to be electrostatic and to result from the attraction
between the positive charges of peptides and the negative charges
(phosphates and carboxylates) of LPS (Andra et al., 2005)

Really, S-LPS from Proteus spp. has Kb = 1.73 × 10−5 (Fig. 2C)

that is about four time less than for E. coli 055:B5 LPS
(Kb = 7.95 × 10−5 M)  determinated by us early (Davydova et al.,
2008) and in about 1.5 time less than for S-LPS from Y. pseudo-
tuberculosis (Kb = 2.8 × 10−5 M)  (Davydova et al., 2006).
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Table 1
Percentage of early and late apoptotic and necrotic CHO cells preincubated with chitosan (50 �g/ml) and treated with LPS (100 �g/ml); mean of two independent experi-
ments ± SD.

Substance Normal cells (Annexin−/IP−) Apoptosis Necrosis (Annexin−/IP+)

Early (Annexin+/IP−) Late (Annexin+/IP+)

Control 94.60 ± 2.97 2.10 ± 0.71 1.45 ± 0.35 1.85 ± 1.91
Chitosan 91.15 ± 5.44 1.55 ± 0.35 0.95 ± 0.78 6.40 ± 5.80
LPS  R45 91.25 ± 6.58 6.15 ± 5.87 0.90 ± 0.85 1.75 ± 1.48
Lipid  A Bc 93.20 ± 1.70 3.05 ± 1.34 2.15 ± 0.49 1.50 ± 0.85
Chitosan/LPS R45 83.30 ± 5.52 4.00 ± 1.27 3.00 ± 0.71 9.75 ± 4.88

 1.84

I

d
m
K
o
c
v
k
R
t
b
v
T
c
v

Chitosan/lipid A Bc 89.35 ± 4.17 3.90 ±
P – propidine iodine.

The amphiphilic character and aggregation properties of LPS
etermine its supramolecular structure and the phenomenon of
icelles formed by LPS is well documented (Seydel, Brandenburg,

och, & Rietschel, 1989). Lamellar or inverted cubic structures
f LPS may  occur as mixed states under different physiological
onditions and have far-reaching implications for the induction of
arious biological effects (Seydel et al., 1989). In this study different
inetics of colistin and chitosan interactions with LPS P. mirabilis
45 were observed (Fig. 2A) what can detect LPS aggregates disrup-
ion in colistin treatment, in contrast to micelle promotion done
y chitosan. Similar results of colistin actions were described pre-

iously by (Zavascki, Goldani, Li, & Roger, 2007; Li, Nation, Milne,
urnidge, & Coulthard, 2005). Moreover, the positively charged
olistin molecules can be neutralized by deacetylated O25 LPS P.
ulgaris (lactic acid in O-polysaccharide) promoting LPS-colistin

Fig. 7. Probable mechanism of genotoxicity mediat
 2.10 ± 0.14 4.60 ± 2.55

complex formation and its diffusion through membranes (Arabski,
Wąsik, Dworecki, & Kaca, 2007). These findings are in accordance
with the bioinformatic model proposed by Mares et al., 2009.

According to summarized data of toxicities on animals cells of
most chitosans (and derivatives) are not significantly toxic (Kean,
Roth, & Thanou, 2005). Chitosan might interact with the negatively
charged phosphate groups on the CHO-K1 cells membrane and
did not induce damage to DNA (Fig. 6). The preincubation with
chitosan evoked interactions between S forms of P. mirabilis LPS
with CHO-K1 cells (Fig. 5). Probably, chitosan mediated the binding
of LPS micells (carboxylic groups in the O-specific polysaccharide)

with negative charged cell surface of CHO-K1 (Fig. 7A and B).
This assumption accords well with our previous data (Davydova
et al., 2008), where the interactions of LPS deriving from differ-
ent microorganisms with chitosan resulted in the formation of

ed by LPS R forms and chitosan interactions.
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omplexes in which the negative charges of LPS were neutralized
E. coli) or overcompensated (Y. pseudotuberculosis and P. vulgaris).
dditionally, the presence of chitosan facilitated the S and R forms
PS P. mirabilis fixation to CHO-K1 cells surface membranes (Fig. 5).
he binding of R45 LPS P. mirabilis mediated by chitosan promoted
trands breaks in DNA of CHO-K1 cells, in contrast to S1959 and
110 LPS binding (Fig. 6). We  suggest that Ara4N residues in struc-
ure of R45 P. mirabilis as well as chitosan molecules might allow
onic interactions with phosphate groups of CHO cell membrane
nd promote hydrophobic interactions between fatty acids of lipid

 from R45 and CHO-K1 membrane (Fig. 7C and D).
The other possible mechanisms of the chitosan complex for-

ation with R-forms of LPS cannot be excluded. According to
he chemical structures of the R-LPS it is possible to expect that
t will form densely packed aggregates of larger size as S-forms
Brandenburg, Funari, Koch, & Seydel, 1999; Davydova, Ermak,
orbach, Drozdov, & Solovèva, 2000; Davydova et al., 2008). Inter-
ction of R-LPS with chitosan can probably result in formation
f large positively charged particles which can bind to phos-
hate groups in CHO-K1 cells with higher affinity than neutral
-LPS–chitosan particles.

This R-LPS with chitosan complex formation on cell surface
ffects an induction of DNA damage measured by comet assay,
n contrast to parent R45 (Fig. 7A). The mechanisms of DNA dam-
ge inductions by chitosan-R45 P. mirabilis complexes are unclear.
owever, some investigators determined the role of ROS and reac-

ive nitrogen intermediates (RNI) in LPS-induced cytotoxicity of
ndothelial cells (Sylte, Inzana, & Czuprynski, 2004). Generally,
NA strand breaks might be generated by endonucleases, activated

n the late stage of apoptosis process. Analysis of proapoptotic prop-
rties of R45–chitosan complexes shown that induction of DNA
trand breaks is not associated with activation of endonucleases
Table 1). We suggest that free radicals are involved in oxidative

odifications of DNA bases which might be converted into strand
reaks by DNA damage repair systems and indirectly detected by
omet assay. No antioxidant properties of chitosan against DNA
amage induced by R45–chitosan complexion formed in CHO-K1
ells membrane were observed. Probably, N-substituted chitosan
y phosphate groups of lipid A (R45) and/or membrane phos-
holipids has weak antioxidant properties. Lipids A of P. mirabilis
1959 and R110, similar as B. cepacia, have two phosphate-linked
ra4N residues. The presence of negatively charged residues in O-
olysaccharide region decreased interactions of S1959 LPS with
HO-K1 cells membranes in contrast to R110 and R45 LPS. How-
ver, chitosan mediated binding of these LPS with cell membrane
Fig. 5). The inner core oligosaccharide of LPS P. mirabilis of R110
s substituted with ethanolamine phosphate. Thus, to evaluate the
ole of Ara4N in LPS interactions with CHO-K1 cells membranes
ediated by chitosan, lipid A from B. cepacia was used as con-

rol. The confusing fact was that the parent B. cepacia Re LPS had
imilar genotoxic properties as P. mirabilis Re did in complexion
ith chitosan (Fig. 6). It is proposed that the interactions between
hospholipids of cell membrane and two Ara4N in B. cepacia Re
PS are stronger than one Ara4N and phosphate group on non-
educing end of GlcN disaccharide mediated by chitosan molecule.
dditionally, chitosan protected CHO-K1 cells against DNA damage

nduced by B. cepacia Re LPS (Fig. 6). This effect might by associated
ith weaker interactions of chitosan with cell surface than Ara4N

nd as not fully N-substituted possess antioxidant properties. The
xperiments with membrane permeable ROS scavenger (DMSO)
onfirmed the role of free radicals in DNA damage induction by
arent B. cepacia Re LPS.
We concluded that chitosan might be considered an anti-
ndotoxin agent but the biological properties of formed complexes
ith LPS, such as gentotoxicity or complement activation, should

e studied in the future.
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