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The crucial event in metastasis is tumor invasion which in the case of melanoma cells is dependent on matrix
metalloprotease 2 (MMP2). Chitosan (MW ca. 5× 105 g mol-1, degree of acetylation ca. 30%) attenuated the
invasive activity of melanoma cells in a cell-based invasion assay and reduced MMP2 activity in the supernatant
of melanoma cells. While the expression level of MMP2 was not affected, the amount of MMP2 in the cell
supernatant was reduced, indicating a posttranscriptional effect of chitosan on MMP2. Atomic force microscopy
revealed a direct molecular interaction between MMP2 and chitosan forming a complex with a diameter of 349.0
( 69.06 nm and a height of 26.5( 11.50 nm. Affinity chromatography revealed a high binding-specificity of
MMP2 to chitosan, and a colorimetric MMP2 activity assay suggests a noncompetitive inhibition of MMP2 by
chitosan. The possible use of chitosan as a new type of MMP2 inhibitor is discussed.

Introduction

Chitosan, a chemical derivate of chitin, is composed of
N-acetylglucosamine and glucosamine units linked viaâ-1.4-
glycosidic bonds. The physicochemical properties of chitosans
are mainly determined by their degree of acetylation (DA),
reflecting the fraction ofN-acetylglucosamine units within the
chitosan molecules, and by their molecular weight or degree of
polymerization (DP). Chitosan is a versatile biopolymer known
for its biocompatibility and biodegradability; it possesses
interesting biological activities, and a broad range of promising
applications for chitosan in the life sciences have been pro-
posed.1,2 Many studies are available that suggest medical
applications of chitosan or chitosan-based products such as
nanocapsules for drug and gene delivery, and sponges or
hydrogels for tissue engineering or wound healing purposes.3

Recent data show that chitosan within a three-dimensional
sponge can ensure long-term cultivation of human osteoblasts
leading to mineralization of the sponge.4 Chitosan as a
component of wound dressings is also known to be responsible
for improved wound healing, possibly by enhancing proliferation
of human fibroblasts.5 However, bioactivities of chitosan tend
to be difficult to reproduce, and detailed knowledge on structure/
function relationships is not available. One area of particular
interest troubled by contrasting reports is the bioactivity of
chitosans toward tumor cells. While chitosan has been shown
to induce apoptosis in human bladder tumor cells,6 chitosan
sponges have been suggested as a suitable matrix for the
cultivation of human breast cancer cells to study the effects of
anticancer drugs.7,8 Possibly the bioactivity of chitosan differs
with the type of tumor cell under investigation.

The purpose of this study was to investigate the impact of
chitosan on melanoma cells with a focus on melanoma cell

invasive properties. To our knowledge, no report is available
investigating the effects of pure chitosan on melanoma cells.
Previously, we have shown that matrix metalloproteases (MMPs)
in general and MMP2 in particular play a pivotal role in
melanoma tumor progression.9-11 Interestingly, it has been
reported recently that chitosan may suppress MMP2 expression
in human fibroblasts.12 Many different MMPs have been
described in humans, and each of these proteases is unique in
its substrate spectrum, regulation, and function.13 MMPs are
crucial players in different physiological contexts such as wound
healing14 but also in pathological processes such as metasta-
sis.15,16 Moreover, recent data demonstrate that inhibition of
MMP2 secretion attenuates melanoma cell invasion signifi-
cantly.17 The present report provides structural and functional
data implying that chitosan binds to melanoma-derived MMP2
accompanied by a decrease of MMP2 activity in the melanoma
cell supernatant. The specificity of chitosan-MMP2 binding
was shown by affinity chromatography. Using a cell-based
invasion assay, we in addition observed on a cellular level that
chitosan treatment reduces the invasive activity of melanoma
cells.

Experimental Section

Cells and Cell Culture. The cell based migratory assay consisted
of two cell types, namely the highly malignant, actin binding protein-
transfected human amelanotic melanoma cell line, subclone A7,18 and
the nonmalignant epithelial, MDCK-C7 cells.19 Both cell lines were
cultured under standard conditions as previously described.20 To prevent
contamination, penicillin (100 U mL-1) and streptomycin (100µL
mL-1) were present in the cell culture medium. Geneticin G148 (355
µg mL-1, Life Technologies, Morelbeke, Germany) was used to select
transfected A7 melanoma cells.

Proliferation Assay. The cell proliferation assay was performed as
previously reported.21 Briefly, melanoma cells were seeded onto a 96
well plate (10× 104 cells per well) and cultured for 1 day under the
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above-described conditions. Prior to the proliferation assay, the culture
medium was exchanged with a serum-free medium. Cells were
incubated with MTT-containing buffer for 4 h. Subsequently, cells were
permeabilized, and the formazan crystals were dissolved by incubation
for 24 h in the cell permeabilization buffer containing 50% DMF. The
relative amount of formazan was measured photometrically at a
wavelength of 470 nm. The initial OD measured for time pointt ) 0
h in the control sample corresponds to a proliferation index value of
one.

Melanoma Cell Invasion Assay. The invasive properties of
melanoma cells were investigated by a cell-based assay. An epithelial
MDCK-C7 cell monolayer on the reverse site of a thin filter membrane
(growth area, 4.2 cm2; pore diameter, 0.4µm; thickness, 20µm; Falcon,
Heidelberg, Germany) served as a test barrier for malignant cells due
to the development of a high transepithelial electrical resistance (TEER),
which was measured continuously using a STX-2 electrode (WPI,
Sarasota, FL). Permeabilization of the epithelial cell layer (MDCK-C7
cells) due to the invasive activity of the tested cells can be determined
by transepithelial electrical resistance (TEER) measurements, as previ-
ously reported.9,20 Melanoma cells (1× 106 cells) were added to the
MDCK monolayer after TEER had reached a value of about 15000Ω
cm2. The time point of melanoma cell addition was defined as 0 h.
Culturing of cells was performed as described above. TEER index
reflects the relative change of electrical resistance. Values below 1
indicate a decrease of resistance, and values above 1 indicate that the
resistance was increased relative to time point 0 h. A resistance
breakdown due to the migratory activity of melanoma cells occurred
between 20 and 25 h in relation to time point 0 h.

MMP2 Expression Analysis.Expression of MMP2 was analyzed
using RT-PCR. Total RNA was extracted from cells using GIT-buffer
(4 M guanidinium isothiocyanate; 1%N-lauroylsarcosine; 100 mM
2-mercaptoethanol; 10% NaAc, pH 4.8) followed by phenol/chloroform
extraction.22 Following DNase I digestion (RQ1 DNase, Promega,
Madison, WI), 2.5µg of RNA was reversely transcribed into cDNA
using RevertAid First Strand cDNA Synthesis Kit (Fermentas Inc.,
Burlington, Canada) as recommended by the manufacturer. Briefly,
RNA and oligo-dT primer were incubated to allow hybridization in a
volume of 12µL at 70°C for 5 min. After the mixture was chilled on
ice and spun for a short time, the following components were added:
reaction buffer; dNTP mix to a final concentration of 1 mM each,
RNasin (recombinant ribonuclease inhibitor) 1 UµL-1; M-MuLV
reverse transcriptase 10 UµL-1. The reaction was carried out in a final
volume of 20µL at 42 °C for 60 min. Polymerase chain reaction was
carried out using primers specific to the MMP-2 gene in a 20µL
reaction volume utilizing the Red Taq Polymerase system from Sigma
(St Louis, MO).23 Specific gene expression in different samples was
compared to the constitutive expression level ofâ-actin mRNA. To
verify that the subsequent reactions were performed in the linear range
of amplification, serial dilutions of template cDNA were made for each
primer pair starting with 100 ng. The following primer sets were used:
â-actin: F: 5′-AGAAAATCTGGCACCACACC-3′; R: 5′-CCATCTCT-
TGCTCGAAGTCC-3′; MMP-2: F: 5′-TTTGATGGCATCGCTCA-
GATC-3′; R: 5′-CCGCATCAATCTTTTCCGG-3′. PCR products were
separated electrophoretically on 1.8% agarose gels in 1 x TAE buffer
(40 mM Tris-acetate, 1 mM EDTA). The intensity of ethidium bromide-
stained bands of specific products was recorded using Phoretix Grabber
software (Nonlinear Dynamics, Newcastle upon Tyne, UK). To
semiquantify the relative amounts of gene transcripts, the signal intensity
of specific PCR products was compared toâ-actin PCR products
amplified from the same cDNA template in a separate PCR reaction.

Protein Preparation and Separation.To analyze proteins of human
melanoma cells that were secreted into the cell supernatants, the
supernatant was harvested. Cell supernatants were generated in serum-
free medium or in physiological HEPES buffer (10 mM HEPES, 130
mM NaCl, 10 mM KCl, 1 mM CaCl2, 1 mM MgCl2). Proteins of the
cell supernatant were precipitated by adding 200µL of a 50% aqueous
TCA (trichloric acid) solution (v/v) to 1 mL of supernatant. Precipitated

proteins were washed carefully with 100% acetone and finally resolved
in 30 µL of SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel
electrophoresis) loading buffer (0.125 M Tris/HCl, pH 6.8, 4% (w/v)
SDS, 10% (v/v) glycerol, 0.04% (w/v) bromophenol blue). Prior to
immunoblotting or gelatin zymography, proteins were separated by
SDS-PAGE according to their molecular weight. Accurate separation
of MMP2 was achieved by a polyacrylamide content of 10%. To ensure
comparability of individual samples, the electrophoresis gel was always
loaded with the same volume of the supernatant. Protein bands were
stained by silver24 or Coomassie Brilliant Blue.25

Gelatin Zymography. Gelatinolytic activity of melanoma cell-
derived supernatant proteins was detected by gelatin zymography.
Gelatin concentration within the SDS-PAGE gel was 0.2% (w/v). After
protein separation, SDS was removed from the gel by two washing
steps with aqueous 2.5% (v/v) Triton X-100. After electrophoresis, the
protease activity was developed by incubating the gel for 16 h at 37°C
in a 50 mM Tris-HCl buffer (50 mM Tris-HCl, 200 mM NaCl, 10
mM CaCl2; pH 7.6). After Coomassie staining of the gel, gelatinolytic
activity was visible as a bright band.

Immuno Blotting. Proteins separated by SDS-PAGE were blotted
onto a nitrocellulose membrane and incubated with a specific antibody
directed against MMP2 (Chemicon, Hampshire, United Kingdom).
Binding of the specific MMP2 antibody was detected with horseradish
peroxidase-conjugated secondary antibodies (Amersham, Buckingham-
shire, UK). Binding of the secondary antibody was quantified using a
chemiluminescense detection system (SuperSignals West Pico, Pierce
Biotechnology Inc., Rockford, IL).

Atomic Force Microscopy. Samples were prepared by dropping 2
µL of the desired solution (MMP2, chitosan, or MMP2+ chitosan)
onto a freshly cleaved mica surface. Molecules were adsorbed to the
mica surface for 1 min. Subsequently, the surface was washed carefully
with about 5 mL of ultrapure water (Millipore, Hampshire, United
Kingdom; filtered subsequently through a 0.22µm pore filter). Air-
dried samples were scanned using a JPK Nanowizard atomic force
microscope (JPK instruments, Berlin, Germany) in tapping mode using
cantilevers with a force constant at about 10 N m-1 and resonance
frequency in the range of 120 kHz (NSC35, Micromash, Tallinn,
Estonia). Dimensions of the scanned objects in lateral extension were
generally overestimated because of the tip curvature.26 Therefore, values
of the lateral extension were measured at half-maximal height of the
observed object. Molecular volumes of MMP2 molecules were
calculated on the basis of the measured dimensions and according to
the molecular weight as previously reported.26,27

Binding Analysis. Binding of melanoma cell-derived supernatant
proteins to chitosan was investigated by affinity chromatography.
Affinity columns were composed of macroscopic chitosan beads. The
degree of acetylation of chitosan (Sigma-Aldrich, Germany) was about
15%. Prior to use, chitosan was purified. Briefly, chitosan (3% w/v)
was dissolved in acetic acid (2% v/v) overnight and passed through a
0.45 µm pore filter twice. Filtered samples were precipitated by the
addition of sodium hydroxide (40% w/v) and incubated for 2 h at 80°C
under stirring. Sodium hydroxide was removed by several washing steps
with ultrapure water. Finally, the purified chitosan was freeze-dried.
To produce macroscopic chitosan beads, the freeze-dried chitosan was
dissolved in acetic acid as above. Amorphous particles were formed
immediately when a viscous chitosan solution was added dropwise to
a 1 M sodium hydroxide solution. The solution was stirred at low speed,
and particles remained in the sodium hydroxide solution for about 1 h.
Recovered particles were washed carefully several times with ultrapure
water, to remove sodium hydroxide completely, and packed into a
column. The affinity column contained about 30 mg of chitosan. The
column was loaded with 4 mL of melanoma cell-derived supernatant
generated in HEPES buffer (10 mM HEPES, 130 mM NaCl, 10 mM
KCl, 1 mM CaCl2, 1 mM MgCl2). The loaded column was eluted with
eight 1-mL fractions of the HEPES buffer. The two last elution steps
were performed with a HEPES buffer containing 1% (w/v) SDS to
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recover all column-bound proteins. The collected fractions were further
analyzed by SDS-PAGE and gelatin zymography, as described above.

MMP2 Activity Assay. The influence of chitosan on the hydrolytic
activity of recombinant MMP2 (Chemicon, Hampshire, United King-
dom) was investigated using a colorimetric assay, as follows. A
synthetic thiopeptolide with the sequence Ac-Pro-Leu-Gly-[2-mercapto-
4-methylpentanoyl]-Leu-Gly-OC2H5 (BIOMOL International, USA)
served as a substrate.28 Cleavage of the thiopeptolide by MMP2
produces a sulfhydryl residue that reacts with 5,5′-dithiobis(2-nitroben-
zoic acid) (DTNB) to form 2-nitro-5-thiobenzoic acid (NTB). Genera-
tion of NTB was measured at a wavelength of 405 nm by a microtiter
plate spectrophotometer. Optical density was converted into molar
quantity of generated product using pure NTB solutions as a standard.
Prior to the spectrophotometric measurement, MMP2 was incubated
for 30 min at 37°C in the reaction buffer (10 mM HEPES, 130 mM
NaCl, 10 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 1 mM DTNB)
containing chitosan or water but no substrate. The enzymatic reaction
was started in the microtiter plate by addition of the substrate.
Generation of NTB was monitored over a period of 30 min at 37°C.
Maximum turnover rate of the substrate,Vmax, and the substrate
concentration at1/2 Vmax, K50 were obtained by nonlinear regression
analysis of the data set applying the Hill equation. The Hill coefficient
nH representing the cooperativity of the substrate binding was deter-
mined by Hill plot analysis.

Results and Discussion

Chitosan-Treated Melanoma Cells Show Impaired Inva-
sive Properties.The invasive activity of human melanoma cells
(cell line A7) upon chitosan treatment was analyzed by a cell-
based invasion assay recently described.9,20 In contrast to the
well-known Boyden chamber, this assay uses an electrically tight
epithelial monolayer of MDCK cells instead of a reconstituted
basement matrix. Permeablization of this tight epithelial cell
layer due to the migratory activity of cells was monitored by
measuring the transepithelial electrical resistance (TEER). For
each experiment, 106 melanoma cells with either 20µg mL-1

chitosan (DA 29.4%, MW) 452100 ( 13600 g mol-1,
generated and characterized as previously reported29) or with
the corresponding volume of ultrapure water were seeded close
to the basolateral surface of the epithelial monolayer but
separated from it by a filter membrane (no physical contact)
(Figure 1A).

Within 20 h of coculture with untreated melanoma cells,
TEER of the MDCK monolayer decreased rapidly to 11.0(
0.3% (n ) 6) of its initial value (Figure 1B,1C). However,
chitosan-treated cells were less aggressive, reducing TEER to
38( 4.3% (n ) 6) of its initial value (Figure 1B,1C), reflecting
a less pronounced permeabilization of the MDCK monolayer.
As melanoma cells were separated from the MDCK monolayer
by the filter membrane, the impaired invasiveness cannot be
due to decreased cancer cell motility or changes in cancer cell
morphology. A simple explanation for the chitosan-related effect
would be a pro-apoptotic effect of chitosan on tumor cells. Since
it has been shown that chitosan is capable of inducing apoptosis
in human bladder tumor cells,6 a MTT-based proliferation assay
was performed to investigate whether chitosan has a comparable
effect on human melanoma cells. Therefore, human melanoma
cells were incubated with chitosan at a concentration of 20 or
100 µg/mL. However, as shown in Figure 2, proliferation of
melanoma cells was not affected by chitosan.

Several studies have shown that cancer cells with high
expression levels of MMPs are characterized by enhanced
malignancy. We have shown that melanoma cell-derived MMP2
and MMP1 play a pivotal role in tumor progression.9,11,17

Therefore, a mechanism based on secretion of proteases appears
to be crucial for the destruction of the cellular monolayer. In
previous studies, we identified MMP2 as being mainly respon-
sible for the destruction of the MDCK monolayer.9,17

Chitosan Treatment Decreases MMP2 Content in the
Supernatant of Melanoma Cells.The above-described experi-
ments implied that the chitosan-related attenuation of melanoma
cell invasion might be due to reduced MMP activity. MMP
activity in the supernatant of melanoma cells was, therefore,
measured by gelatin zymography. In line with our previous data,
we detected a single gelatinolytic band at a molecular weight
of 62 kDa, corresponding to active MMP2 (Figure 3A).17 MMP2
activity was reduced upon incubation with chitosan in a dose

Figure 1. Invasive activity of human melanoma cells toward an
epithelial cell layer in the presence or absence of 20 µg mL-1 chitosan.
(A) Experimental setup for determining the invasive activity by
measuring the breakdown of the transepithelial electrical resistance
(TEER) in a time dependent manner. (B) Kinetic course of TEER in
one representative TEER experiment; melanoma cells (closed sym-
bols) or culure medium without cells (open symbols) and chitosan
(circles) or water (squares) were added at time point 0 h. (C) TEER
breakdown 20-25 h after melanoma cells were added; TEER index
represents TEER breakdown relative to time point 0 h; data given
are mean values ( SD of three independent experiments.

Figure 2. Proliferation of human melanoma cells in the absence (solid
line) or presence of 20 (dashed line) or 100 (dotted line) µg/mL
chitosan over an incubation period of 20 h. Proliferation was measured
by a MTT-based proliferation assay. The diagram represents mean
values ( SD of eight independent experiments.
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dependent manner (Figure 3A). Western blot analysis revealed
that the reduced MMP2 activity was due to a reduced content
of MMP2 protein in the cell supernatant (Figure 3B). However,
as shown in Figure 3C, total protein content increases upon
chitosan treatment. This indicates that the chitosan-induced
decrease of MMP2 amount is not due to a nonspecific reduction
of all supernatant proteins. Kim et al. have shown that chitosan
oligomers are able to suppress the expression of MMP2 in
human fibroblasts.12 In contrast, other data indicate that chitosan
or chitosan oligomers enhance MMP1 activity in human
fibroblasts.30 We performed RT-PCR to investigate whether the
decrease in MMP2 activity in the supernatant of chitosan-treated
melanoma cells was due to a decrease in MMP2 expression
(Figure 4). Expression analysis revealed no decreased MMP2
mRNA level after incubation with chitosan, so that a posttran-
scriptional effect of chitosan can be assumed. These apparent
inconsistencies between different studies may be explained by
different chitosans or different cell types used.

MMP2 Chitosan Interaction Imaged by Atomic Force
Microscopy. As MMP2 expression in melanoma cells was not
affected by chitosan, our data suggest a post-transcriptional
effect of chitosan such as a direct physicochemical interaction.
Atomic force microscopy (AFM) allows to study the nanostruc-
ture of single molecules under native conditions.31-33 Therefore,
we applied AFM to study the interaction between chitosan and
MMP2 on a molecular level. In the first set of experiments,
pure chitosan or pure MMP2 was immobilized on a freshly
cleaved mica surface and analyzed for their molecular dimen-
sions. Representative AFM images of chitosan and MMP2 are

shown in Figure 5. In Figure 5A, a tightly packed filamentous
network of putative single chitosan molecules is visible. The
diameter and height of single filaments was 26.6( 7.58 nm (n
) 10) and 0.6( 0.09 nm (n ) 10), respectively. These data
agree with previously reported AFM measurements of single
polymer chains of hyaluronan (diameter>10 nm; height 0.6(
0.1 nm).34,35 In comparison, the diameter and height of single
MMP2 molecules was 16.0( 1.55 nm (n ) 20) and 1.1(
0.31 nm (n ) 20), respectively (Figure 5B). These molecular
dimensions of individual MMP2 molecules correspond to a
molecular volume of 113.0( 60.9 nm3. This experimentally
determined molecular volume is almost identical to the theoreti-
cal volume of 117.4 nm3 as calculated based on the molecular
weight of active MMP2 (62 kDa).26 A possible change in
morphology or size of the individual molecules during an
interaction between chitosan and MMP2 was studied by AFM
analysis of a mixture of the two polymers. AFM images of the
MMP2-chitosan solution revealed large globular structures as
shown in Figure 6A, possibly formed by a complexation of
MMP2 by chitosan. The diameter and height of these complexes
was 349.0( 69.06 nm and 26.5( 11.50 nm (n ) 15),
respectively (Figure 6C). Apart from these large structures, we
detected very small aggregates with a height of less than 10
nm probably representing an intermediate state of the final
complex. Tapping mode AFM allowed the generation of phase
images to characterize the chitosan-MMP2 particles in a
biophysical manner. The phase images shown in Figure 6D
represent the interference between the scanning tip and the
imaged surface. Interestingly, single complexes revealed a
sharply defined but irregularly shaped core (see black arrow in
Figure 6D) surrounded by a homogeneous circular shell (see
white arrow in Figure 6D). These data indicate that the
chitosan-MMP2 aggregates consist of a crystalline-like core
embedded in an amorphous capsule. We speculate that the phase
shift (bright regions) at the shell of the particles is related to a
strong electrostatic interaction between unbound chitosan chains
and the scanning tip. The missing phase shift at the core of the
particles (black regions) might indicate diminished electrostatic
properties due to the binding of MMP2 to chitosan. However,

Figure 3. Activity and amount of MMP2 in the supernatant of human
melanoma cells in the absence or presence of chitosan (20 to 200
µg mL-1, incubated with the cells for 8 h). (A) Gelatin zymography;
(B) immuno blot; (C) Coomassie stained SDS-PAGE gel. In all cases,
equal volumes of cell supernatant were applied to the gel.

Figure 4. Expression analysis of MMP2 in melanoma cells by means
of semiquantitative RT-PCR in the presence of chitosan (20 µg mL-1,
incubated for 0, 2, and 4 h).

Figure 5. Tapping mode atomic force microscopy of chitosan (A)
and MMP2 (B) on freshly cleaved mica surfaces. Resolution was in
the range of single molecules as shown by corresponding cross
sections of the images (C, D). The white bars (100 nm) mark the
position of the cross sections.
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an exact interpretation of phase image data is still under
discussion36 and further studies are needed to confirm our
hypothesis.

Specific MMP2-Chitosan Interaction Shown by Affinity
Chromatography. AFM images indicated a binding of MMP2
to chitosans. To support these data, we analyzed the binding
specificity and affinity of chitosan to MMP2 by liquid affinity
chromatography. The affinity column composed of macroscopic
chitosan beads was loaded with melanoma cell-derived super-
natant. Since cell supernatant was generated in a physiological
buffer solution, column-bound proteins were eluted stepwise
using the same buffer. Finally, proteins with high affinity to
the chitosan, were elute using the same buffer containing 1%
SDS (last two elution steps in Figure 7). The collected fractions
were analyzed for their protein content (SDS-PAGE) and MMP2
activity (gelatin zymography) (Figure 7A,B). Prior to affinity

chromatography, the cell supernatant (cs) was rich in protein
and showed a strong gelatinolytic band due to high MMP2
activity (Figure 7A). In the flow-through fraction (ft) and in
the first elution fraction of the chromatography, only weak
MMP2 activity was detectable (Figure 7A) in contrast to high
protein contents (Figure 7B). The characteristic protein pattern
of the cell supernatant is also visible in these fractions (Figure
7B), indicating that the bulk of supernatant proteins did not bind
to the chitosan column. In contrast, low MMP2 activity levels
in the flow through and the first elution fraction indicate a high
affinity of MMP2 to the chitosan. In the following elution steps,
no further protein or MMP2 activity was detected. As mentioned
above, we then used SDS in the mobile phase to recover all
column bound proteins. Already the first elution with SDS
revealed a high MMP2 activity band in the zymography assay
(Figure 7A). In contrast, virtually no clear protein band could
be detected (Figure 7B). These affinity chromatography experi-
ments showed that chitosan retains melanoma cell-derived
MMP2 in a specific manner and with relatively high affinity
since complete recovery required the presence of SDS in the
elution buffer. The binding of chitosan to MMP2 could be
explained by the interaction between the chitosan and the Zn2+-
ion that is coordinated within the catalytic domain of MMPs.37

Chelation of divalent ions such as copper or zinc by chitosan is
a known and well-studied phenomenon38,39that has already been
applied for wastewater treatment to clear the water from heavy
metal ions.40 Recently, a detailed study analyzing the binding
mechanism of copper and chitosan monomer41 showed that the
binding between copper and the uncharged amino group of the
glucosamine residue is favored. However, we cannot exclude
other binding mechanisms between chitosan and MMP2.

Peptidolytic Activity of MMP2 is Reduced in the Presence
of Chitosan. A colorimetric MMP2 activity assay was per-
formed to analyze whether the observed physicochemical
interaction between chitosan and MMP2 also influences the
hydrolytic activity of MMP2. As shown in Figure 8A the
turnover rate of the substrate increased with increasing substrate
concentration. However, substrate dose dependency of the
hydrolytic activity of MMP2 proceeded in a sigmoidal manner

Figure 6. Tapping mode atomic force microscopy of a MMP2
chitosan complex. (A) Height image; white square indicates the
position of the three-dimensional view (B); white arrows indicate the
position of the cross section (C); (D) phase image obtained for the
same area as given in part A; black arrow points to the core, white
arrow to the shell of the core/shell type complex. The black bar in
parts A and D corresponds to 500 nm.

Figure 7. Affinity chromatography of melanoma cell supernatant in
a column packed with chitosan beads. cs: Cell supernatant; ft: flow
through fraction; the column was washed with eight 1-mL fractions
of HEPES buffer prior to elution of bound proteins using two 1-mL
fractions of HEPES buffer containing 1% SDS. (A) Gelatin zymog-
raphy; (B) silver-stained SDS-PAGE gel.

Figure 8. Enzyme kinetic of recombinant MMP2 in the presence of
different concentrations of a synthetic thiopeptolide substrate. (A)
Enzyme activity; (B) Hill plot. Data given represent mean values (
SD of three independent experiments.
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indicating a cooperative substrate binding, a characteristic for
non Michaelis-Menten behavior.Vmax in the absence of chitosan
was 62.8( 7.65 µkat (mg MMP2)-1. In contrast,Vmax was
reduced in the presence of chitosan to 39.8( 0.55 µkat (mg
MMP2)-1 corresponding to a reduction of about 42%. K50 was
elevated in the presence of chitosan from 15.1( 2.59 to 24.1
( 2.19 µM. These data indicate that the interaction between
chitosan and MMP2 also influences the hydrolytic activity of
the protease. The observed cooperativity might be related to
cooperative binding of the substrate to the three tandem
fibronectin Type II repeats present in MMP2.42 Such cooper-
ativity can be described by the Hill coefficientnH obtained by
Hill plot analysis as shown in Figure 8B. In chitosan-free
reaction buffer,nH was 1.6( 0.05, while it was 2.0( 0.08 in
the presence of chitosan, indicating an increase in cooperativity
of substrate binding upon chitosan treatment. We speculate that
the shift ofnH might be related to a disturbance of the spatial
orientation of the substrate binding domains of MMP2 due to
chitosan binding.

Conclusion

The present study shows that treatment of highly invasive
human melanoma cells with chitosan attenuates their invasive
properties. As previously reported, the invasive activity of tumor
cells can be reduced by inhibition of MMPs using artificial
MMP inhibitors (MMPIs) such as ilomastat.9 Therefore, inhibi-
tion of MMPs is currently a major goal in cancer drug research.
However, to date, the application of MMPIs in clinical trials
revealed strong adverse effects precluding further testing.43,44

A challenge for future MMPI development, thus, lies in the
identification of new inhibitors with alternative inhibition
mechanisms. The enzyme kinetic measurements presented here
show that chitosan reduces the hydrolytic activity of MMP2
because of a direct molecular interaction. Future research might
validate chitosan as an alternative MMPI by elucidating the
chitosan MMP2 binding mechanism. Beside their role in tumor
cell invasion, MMPs are also involved in wound healing45 where
pathological MMP regulation results in chronic ulcerations.46

Since chitosan is known to improve wound healing, we speculate
that the MMP binding capacity of chitosan is at least partly
responsible for the improved wound healing mediated by
chitosan-based wound dressings.
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