
Biophysical Chemistry 99(2002) 99–106

0301-4622/02/$ - see front matter� 2002 Elsevier Science B.V. All rights reserved.
PII: S0301-4622Ž02.00134-5

Interaction of low-molecular-weight chitosan with mimic
membrane studied by electrochemical methods and surface

plasmon resonance

Fan Yang, Xiaoqiang Cui, Xiurong Yang*

State Key Laboratory of Electroanalytical Chemistry and National Analytical Research Center of Electrochemistry and
Spectroscopy, Changchun Institute of Applied Chemistry, Chinese Academy of Sciences, Changchun, Jilin 130022, PR China

Received 7 February 2002; received in revised form 7 May 2002; accepted 10 May 2002

Abstract

Chitosan has shown its potential as a non-viral gene carrier and an adsorption enhancer for subsequent drug
delivery to cells. These results showed that chitosan acted as a membrane perturbant. However, there is currently a
lack of direct experimental evidence of this membrane perturbance effect, especially for chitosans with low molecular
weight (LMW). In this report, the interaction between a lipid(didodecyl dimethylammonium bromide; DDAB)
bilayer and chitosan with molecular weight(MW) of 4200 Da was studied with cyclic voltammetry(CV),
electrochemical impedance spectroscopy and surface plasmon resonance(SPR). A lipid bilayer was formed by fusion
of oppositely charged lipid vesicles on a mercaptopropionic acid(MPA)-modified gold surface to mimic a cell
membrane. The results showed that the LMW chitosan could disrupt the lipid bilayer, and the effect seemed to be in
a concentration-dependent manner.� 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Chitosan is a typical biological macromolecule
derived from crustacean shells and has several
applications in drug development, obesity control,
tissue engineering, etc.w1x. Chitosan consists of
polymeric 1™4 linked 2-amino-2-deoxyl-b-D-glu-
cose, but its preparation and batches vary with
respect to its degree of deacetylation and polym-
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erization. Many derivatives, such asN-sulfonyl
chitosan, and salts, such as chitosan lactate, with
altered physicochemical properties can also be
prepared.

Chitosan has been used as a bioadhesive and
permeabilizer in pharmaceutical applications.w2x
It is an ideal candidate for mucosal drug delivery.
The co-administration of drugs and chitosan
enhances the transcellular and paracellular trans-
port of drugs across the mucosal epitheliumw3x.
Chitosan has also created significant interest in
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biomedical applications due to its biodegradation,
biocompatibility and bioactivities, such as antimi-
crobial activity and wound-healing acceleration
w4,5x. In recent years, several studies have shown
the potential use of chitosan in a DNA delivery
system. Chitosans can form complex nanoparticles
with recombinant DNA, which could provide an
effective means for delivering genes into cells.
w6–9x. These studies showed that chitosan–DNA
nanoparticles overcame the cell membrane barrier
w6x and induced gene expression in the absence of
ligands on the nanoparticle surfacew8x. Chitosan
also affected the transfection efficiency of com-
plexed DNA when the target cell was incubated
with nanoparticles in the presence of chitosanw10x.

All the studies implied that chitosans might
have a disturbance effect on the cell membrane.
The chitosans previously used were of relatively
large molecular weight and in most cases were
used at acidic pH. Richardson et al.w11x reported
the potential of LMW chitosan as a DNA delivery
system. The LMW chitosans were neither toxic
nor hemolytic, and could complex DNA and pro-
tect against nuclease degradation. They can be
administered intravenously.

So far, little direct experimental evidence of the
interaction of chitosan with the cell membrane is
available. In recent years, supported lipid bilayer
membranes(s-BLM) have been used to mimic the
properties of the cell membranew12–16x. Here we
have studied the interaction of LMW chitosan with
s-BLM by electrochemical methods and surface
plasmon resonance. A self-assembled monolayer
of mercaptopropionic acid(MPA) was developed
on the bare gold surface of an Autolab electro-
chemical surface plasmon resonance(ESPR) sen-
sor disc. A lipid bilayer was then formed on the
surface by electrostatic adsorption. Chitosan with
a molecular weight of 4200 Da was used to study
its interaction with the lipid bilayer.

2. Experimental

2.1. Reagents

Chitosan with a molecular weight of 4200 Da
(degree of deacetylation 90%) was purchased from
Haidebei(Jinan, China). 2-Mercaptopropionic acid

and didodecyl dimethylammonium bromide were
from Acros(Belgium). Chloroform was from Sig-
ma (USA). All other chemicals were of analytical
grade and used as received. Highly purified 18.2
MV distilled water was obtained from an ultrapure
water purification system(Mini-Q Plus, Millipore
Inc) and was used in the preparation of all
solutions.

The following solution was used in electrochem-
ical analysis: 2.5 mmol l K Fe(CN) q50 mmoly1

3 6

l KCl. Phosphate-buffered saline(PBS) wasy1

prepared with 10 mmol l sodium phosphate andy1

150 mmol l sodium chloride and was adjustedy1

to pH 7.0 with 1 N hydrochloric acid. All the
solutions were filtered through a 0.22-mm
membrane filter and purged with nitrogen for 15
min prior to measurement.

2.2. Surface plasmon resonance experiment

SPR measurement was performed using a
cuvette-based Autolab electrochemical surface
plasmon resonance(ESPR) instrument (Eco
Chemie BV, The Netherlands). The SPR data were
recorded with a frequency of 0.5 Hz. The glass
side of the sensor disc substrate was attached to
the half-cylinder prism with a refractive-index-
matching liquid. Upon the gold side of the sub-
strate, a combined electrochemistry–SPR cuvette,
equipped with an outlet and a pump to drain out
the liquid from the cuvette cell, was mounted.
After each step, the cell and disc were washed
with ultrapure water three times and SPR data
were recorded in the PBS buffer, pH 7.0.

2.3. Preparation of supported lipid bilayer on gold
disc

The lipid (DDAB) was dissolved in chloroform
in a glass vial. The solvent was evaporated under
a pure nitrogen flow. The lipid was resuspended
in 10 mmol l phosphate buffer, pH 6.0, andy1

then sonicated in an ultrasonic bath until a clear
solution was obtained. At this time, the suspended
lipid formed unilamellar vesicles. Buffer was add-
ed to fix the final lipid concentration(5 mg ml ).y1

The sensor disc of the ESPR was used for
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fabrication of the supported lipid bilayer. This is a
glass disc with a gold film, 50 nm thick, deposited
on one side. Before use, the disc was treated with
piranha acid(a mixture of concentrated H SO2 4

and H O) for several minutes, and then rinsed2 2

with ethanol. After thoroughly rinsing with ultra-
pure water, the disc was mounted on the half-
cylinder prism and then the combined
electrochemistry–SPR cuvette was mounted on the
gold film of the disc.

Prior to use, the surface of the gold film was
subjected to cyclic potential sweeps betweeny
0.2 andq1.5 V in 1 mol l H SO until a stabley1

2 4

cyclic voltammogram was obtained. Next, the
surface was incubated with 1 mmol l MPA fory1

4 h. The solution was then drained out with the
pump. The cell was rinsed with water to remove
excess acid. At this time, a self-assembled mono-
layer (SAM) was formed on the gold film. The
lipid bilayer was then formed on the SAM layer
by the electrostatic adsorption method. The vesicle
preparation was added to the cuvette. The surface
of the MPA monolayer was negatively charged,
and the hydrophilic surface of vesicle was posi-
tively charged. The vesicles were adsorbed onto
the SAM surface, fused and a lipid bilayer formed,
as described by Steinem et al.w17x. After 1 h, the
excess solution was drained out with the pump,
and the cell and lipid bilayer formed were rinsed
with water.

2.4. Electrochemical measurements

Electrochemical experiments were performed in
the ESPR cuvette cell(150ml) coupled to a three-
electrode system. The gold film of the ESPR
sensor disc was used as the working electrode
(diameter 5 mm), an AgyAgCl electrode(saturat-
ed KCl) was the reference electrode and a platinum
wire was the counter electrode. Cyclic voltamme-
try was performed in a 2.5 mmol l K Fe(CN) qy1

3 6

50 mmol l KCl solution at a scan rate of 100y1

mV s . The scan range was fromy0.2 toq0.6y1

V. Cyclic voltammetry was performed with an
Autolab PGSTA-30 digital potentiostatygalvanos-
tat, using GPES 4.9 software for electrochemical
measurements(Eco Chemie BV, The Netherlands).
For impedance measurement, an FRA module with

FRA software 4.9(Eco Chemie BV) was used.
The impedance spectra were recorded within the
frequency range of 0.1–100 000 Hz. The ampli-
tude of the applied sine-wave potential in each
case was 50 mV, while the DC potential was 0.22
V in the presence of KwFe(CN) x and4 6

K wFe(CN) x as the redox couple.3 6

3. Results and discussion

3.1. Cyclic voltammetric behavior of the lipid
bilayer

Cyclic voltammetry has been widely used to
characterize self-assembled monolayers and bilay-
ers on solid support surfacesw18–20x. These stud-
ies showed that electrochemical reaction involving
dissolved redox ions could be strongly suppressed
by the presence of organic layers. Fig. 1A shows
CV curves of the KwFe(CN) x redox probe, solu-3 6

bilized in electrolyte solution, on a bare gold-film
electrode(curve a), on the self-assembled mono-
layer of MPA (curve b) and on the subsequently
formed lipid bilayer(curve c). The curve of the
bare gold electrode is typical for a diffusion-
controlled reversible redox process. The peak cur-
rent was relatively large due to the large area of
the gold film electrode surface. The MPA-modified
gold electrode resulted in small peak-to-peak sep-
aration and a slight decrease in amperometric
response. However, upon the formation of the lipid
bilayer on the gold support, a significant change
was observed. The large decrease in the ampero-
metric response and an increase in the peak-to-
peak separation indicated that the interfacial
electron-transfer between the redox probe and the
gold surface was mostly blocked. This implied
that a lipid bilayer had been successfully formed
on the MPA-modified gold film electrode.

3.2. Electrochemical impedance behavior of the
lipid bilayer

It is well known that impedance spectroscopy is
an effective method for probing the interfacial
properties of modified electrodes, and is often used
for understanding chemical transformations and
processes associated with conductive supports
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Fig. 1. Cyclic voltammogram recorded in an K Fe(CN) solution when the measuring film electrode was:(A) bare gold;(B) gold3 6

modified with MPA; (c) as in (b) with additional modification with lipid vesicles;(d) as in (c) after incubation with chitosan.
Chitosan concentration was(A) 250; and(B) 50 mg ml in PBS buffer(0.01 mol l , pH 7.0, 0.15 mol l NaCl).y1 y1 y1

w21,22,20x. The adsorption and desorption of
insulting materials on conductive supports is antic-
ipated to alter the interfacial electron-transfer fea-
tures(capacitance and resistance) at the electrode
surface. Therefore, in the present work, the impe-
dance technique was also used as an electrochem-
ical sensing method as well as CV.

Fig. 2 shows the results of Faradic impedance
spectroscopy presented as Nyquist plots(Z vs.im

Z ) on a bare gold electrode(curve a), an MPA-re

modified electrode(curve b) and a lipid bilayer
formed in the presence of the redox probe
Fe(CN) measured at their formal potential4yy3y

6

(inset). The impedance spectra followed the theo-
retical shapes, including a semicircle portion
observed at higher frequencies, which corresponds
to the electron transfer-limited process, followed
by a linear part, characteristic of the lower fre-
quency attributable to diffusionally limited electron
transfer. The semicircle diameter corresponded to
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Fig. 2. Nyquist diagram for the Faradic impedance measurement in 2.5 mmol l Fe(CN) q0.25 mol. l KCl solution on:y1 4yy3y y1
6

(a) bare gold surface;(b) MPA-modified gold surface; and(c) BLM surface after incubation with 250mg ml chitosan. The insety1

shows the curve for the MPA-modified surface after incubation with lipid vesicles.

Fig. 3. SPR sensorgram of binding of vesicles on MPA-modified surface and the interaction of the lipid bilayer formed with chitosan:
(a) adsorption of vesicles; and(b) addition of chitosan to the lipid bilayer.

the electron transfer resistance at the electrode
surface(R ). It could be observed that the diam-ct

eter of semicircle at high frequency increased upon
the formation of SAM and the lipid bilayer on the
electrode surface. Fox example, for the bare elec-
trode R s37 V (Fig. 2, curve a), R s144 Vet et

(Fig. 2, curve b) upon SAM of MPA, whereas
R increased to 9700V (Fig. 2, inset) on subse-et

quent formation of the lipid bilayer. The reason
might be that when the lipid bilayer formed, the

tightly arranged lipid layer almost blocked the
redox probe to the electrode surface.

From the above, it could be confirmed that the
lipid bilayer was successfully formed on the gold
surface. The impedance spectroscopy data agreed
with the cyclic voltammograms observed.

3.3. Surface plasmon resonance analysis

A SPR sensorgram of the lipid bilayer formation
is shown in Fig. 3a. The incubation of vesicles on
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MPA modified surface produced a 0.2808 shift of
the SPR angle. According to a previous report
w23x, complete coverage of the surface with a
phosphatidylcholine(PC) monolayer caused a
2200 RU response increase in a BIAcore instru-
ment, which corresponded to a surface lipid den-
sity of 2.0 ng mm (0.92"0.05 pg mmy2 y2

RU ). We may deduce that formation of a lipidy1

bilayer may cause a change of 4400 RU or a
surface lipid density of 4.0 ng mm . In any2

Autolab SPR instrument, a surface lipid density
change of 1.0 ng mm produces a 0.1328 SPRy2

angle shift. In the present study, a 0.2808 shift
corresponding to a surface lipid density of 2.1 ng
mm was observed after incubation of the vesi-y2

cles on the MPA surface. The MW of the lipid
used in the present study(DDAB) was half of
that of PC. Thus, the surface lipid density of 2.1
ng mm in our study corresponded to a lipidy2

bilayer formed on the gold surface.

3.4. Interaction of chitosan with lipid bilayer

A chitosan solution of 250mg ml in PBSy1

(0.01 mol l , pH 7.0, 0.15 mol l NaCl) wasy1 y1

applied to the lipid bilayer formed and incubated
for 15 min. The solution was then drained out.
After rinsing with water, the lipid bilayer was
characterized by SPR and electrochemical meth-
ods. The cyclic voltammetry behavior(Fig. 1A,
curve d) significantly changed compared with the
undisturbed lipid bilayer. The large increase in the
amperometric response and an increase in the
peak-to-peak separation indicated that the integrity
of the lipid bilayer might have been disturbed. The
impedance spectroscopy is shown in Fig. 2, curve
c. The R value decreased to 324V, indicatinget

that the barrier of the redox probe to the surface
was disrupted.

In the absence of chitosan, the lipid bilayer
served as a rather effective barrier against electron
tunneling. The results presented above showed that
the addition of chitosan caused the formation of
some transmembrane channels for the redox probe
across the lipid bilayer. The SPR analysis of the
interaction is shown in Fig. 3b. The addition of
chitosan caused a 0.1508 shift in the SPR angle,

indicating that chitosan was adsorbed to the
surface.

Chitosan is a basic polymer with an intrinsic
pK value of;6.5 (primary amines), independenta

of the degree of deacetylationw24x. This suggests
that chitosan is protonated and positively charged
at and below pH 7w9x. In this study, the existence
of a DDAB bilayer was proved by electrochemical
methods and the SPR technique. Although physi-
cally adsorbed chitosan may promote the redox
probe Fe(CN)6 y to the surface because of4y 3y

the positive charge on chitosan, we might exclude
this possibility due to electrostatic repulsion
between chitosan and the positively charged lipid-
bilayer surface. For the only case in which chitosan
penetrated into the lipid bilayer, the integrity of
the lipid bilayer was disrupted, as shown by Chan
et al. w25x. The chitosan-induced destabilization
was also confirmed by a higher initial rate of
quinine release from a chitosanyliposome complex
compared with pure liposomew26x. We think that
electrostatic repulsion between the protonated ami-
no groups of chitosan and the positively charged
surface of the lipid bilayer played an important
role in the interaction. The hydrophobic interaction
between theN-acetyl group on the chitosan back-
bone (degree of acetylation was 10%) and the
hydrophobic core of the lipid bilayer was another
driving force, as described by Chan and co-workers
w25,27x. The N-acetyl group on the chitosan back-
bone imparted hydrophobic properties to the lipid
bilayer. The LMW chitosan used in the present
study was soluble in PBS buffer at neutral pH, at
which chitosan with a large molecular weight is
insoluble. The high solubility of chitosan used in
the present study may compensate for the relatively
weak electrostatic and hydrophobic effect. A com-
bined electrostatic–hydrophobic driving force
caused destabilization of the membrane. From the
discussion above, we might conclude that changes
in the cyclic voltammograms and impedance spec-
tra were due to the formation of some ‘defects’ on
the lipid bilayer as a result of the interaction
between chitosan and the lipid.

It was reported that chitosan significantly sup-
pressed the enthalpy of the gel–crystalline transi-
tion of a phospholipid bilayer and caused serious
disorganization of the ordered bilayer structure in
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a concentration-dependent mannerw25x. Ranaldi et
al. w28x found that chitosan might increase the
tight junction permeability in the human intestinal
Caco-2 cell line. The effect was in a concentration-
dependent fashion. The effect of LMW chitosan
on a lipid bilayer in our study also appeared to be
concentration-dependent. A chitosan solution of 50
mg ml in PBS buffer was applied to the lipidy1

bilayer as described above. CV curves are shown
in Fig. 1B. The increase in the amperometric
response was relatively smaller than that with
chitosan solution of 250mg ml , as shown iny1

Fig. 1a. The chitosan sample with higher concen-
tration may have a relatively stronger action on
the lipid bilayer.

There have been very few studies on the inter-
action between chitosan and biomembranes using
electrochemical methods and the SPR technique.
The results obtained in our study are of great
significance for pharmaceutical applications of chi-
tosans. Most chitosans used in previous studies
were of large molecular weight and should be used
at acidic pH. At neutral pH, they are insoluble,
and are therefore ineffective. An increase in molec-
ular weight may increase the risk of toxicity, and
the poor solubility at neutral pH limits their uses.
LMW chitosans were proved to be neither toxic
nor hemolytic and could be administered intrave-
nously. It is critical to investigate the interaction
between LMW chitosan and cell membranes under
physiological pH conditions. As a gene delivery
carrier, chitosan increased the transfection efficien-
cy of complexed DNA when the target cells were
incubated with nanoparticles in the presence of
chitosan w10x. Chitosan and its derivatives, in
either free amino or acid forms, were used as
absorption enhancers of drugsw29–32x. Our results
showed that LMW chitosan could destabilize the
lipid bilayer at neutral pH, and thus may provide
an explanation for these studies. Its high solubility
and low toxicity expand its use as a drug excipient.
In many pharmaceutical applications, chitosans can
disturb the integrity of the cell membrane, and
thus promote the absorption of drugs and DNA.
Since chitosans exhibit antibacterial and antifungal
activity, they have attracted much attention as
potential food preservativesw11x. Chitosans could
sensitize harmful bacteria to other potentially

inhibitory substances by facilitating their entry into
the bacterial cells. They could also change the
permeability of the cell membrane and even disrupt
it, resulting in the leakage of cell constituents.

4. Conclusions

In this paper, a solid supported lipid bilayer was
successfully formed on the gold surface of an
ESPR sensor disc by fusion of positively charged
vesicles on an oppositely charged self-assembled
monolayer of MPA. We characterized the forma-
tion of the lipid bilayer and studied its interaction
with low-molecular-weight chitosan with cyclic
voltammetry, electrochemical impedance spectros-
copy and surface plasmon resonance. The chitosan
induced the formation of a mass-transfer channel
in the lipid bilayer at neutral pH. The results gave
direct evidence of the disturbance effect of LMW
chitosan on cell membranes. The high solubility
and low toxicity of LMW chitosan and its bioac-
tivities at neutral pH can expand the use of
chitosan in the pharmaceutical and food industries.
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