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Pressure-induced strong adhesion between chitosan nanofilms
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Abstract: The surface and adhesion forces between chitosan-
coated mica surfaces in an acetic acid buffer solution were
measured using a surface force apparatus (SFA). The force-
distance profiles were obtained under different pressure
conditions. It was found that the chitosan was adsorbed on the
mica surface and formed a stable nanofilm under acid
conditions. The adsorbed chitosan nanofilms induced a short-
range monotonically steric force when two such surfaces came
close in the acid buffer. The adhesion forces between the two
chitosan-coated mica surfaces varied with the loads. Strong
adhesion between the two chitosan-coated mica surfaces was
observed at high pressure. Such pressure-dependent adhesion
properties are most likely related to the molecular
configurations and hydrogen bonds reordering under high
confinement.

Key words: surface force apparatus ( SFA); chitosan;
adhesion; pressure; mica surface

doi: 10.3969/]. issn. 1003 —7985.2015.01.019

hitosan, the only cationic biopolymer originating

from natural sources,
composed of B (1-4) glucosamine and N-acetyl glu-
cosamine monomers'". It is the N-deacetylated derivative
of its parent biopolymer chitin, a naturally abundant mu-
copolysaccharide and the supporting material of crustace-
ans and insects'™. Chitin’s poor solubility in aqueous so-
lution or organic solvents is the major limiting factor in its
practical applications. A few applications of chitin or
modified chitins, e. g. as a raw material for man-made fi-
1 have been reported. Conversely, chitosan is solu-
ble in a slightly acidic solution and is more suitable for

useful applications. Chitosan has been extensively studied
141

is a linear polysaccharide

bers

in the pharmaceutical industry =, due to its excellent bio-
degradable and admirable biocompatible characteristics.
In addition,
functional material in many fields,
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chitosan has attracted much attention as a
such as food sci-
, the cosmetics industrym , water treatment'”’, and
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agriculture'®'.

The structural and physiochemical properties of chi-
tosan in solution depend largely on molecular weight, the
degree of deacetylation, pH, and ionic strength' . Chi-
tosan is completely soluble and behaves as a weak cation-
ic polyelectrolyte below pH 6, at which most of its amino
groups are protonated. Many studies have been performed
to elucidate the properties of adsorbed chitosan on mineral
and metal oxide surfaces” . The solid surface proper-
ties, such as surface charge, can be changed by the ab-
sorption of weak cationic chitosan layers'"”. The pH de-
pendence of interaction forces between adsorbed chitosan
layers was investigated by a surface force apparatus
(SFA)"'. The weak friction force between mica surfaces
bearing chitosan under low pressures was found by Kampf
et al'"". They attributed it to the weak interpenetration
and hydration sheaths of charge chitosan together with
Atomic force microscopy
(AFM) was used to study the absorption and desorption

counterion osmotic pressure.

of individual chitosan polymer chains from substrates with
a varying chemical composition'”""'. Chitosan adsorbed
onto a flat substrate shows elongated single strands or ag-
gregated bundles. The desorption energies were depend-
ent on the affinity of chitosan to the solid substrates. Re-
cently, a stable, rigid and thin adsorption monolayers ch-
itosan on a silica surface was observed under a wide range
of conditions'"”. Tt is found that the strong adhesion and
cohesion of chitosan were dependent on pH''", which is
largely different from the previous results'’.

Due to the complexity and flexibility of chitosan, the
molecule configurations vary under different conditions,
such as pressure and temperature. However, exploring
the molecular mechanisms of interactions between chi-
tosan nanofilms under different pressures remains rather
limited. In the present study, we investigate the interac-
tions of chitosan adsorbed on mica surfaces in aqueous so-
lution. In particular, we focus on the roles of pressure on
the adhesion and structural properties of the adsorbed chi-
tosan layer. We find that the strong adhesion can be ob-
tained under high pressure conditions. Our results can
provide important information for understanding the adhe-
sion mechanism of adsorbed chitosan monolayers.

1 Experimental Methods

1.1 Force measurements

The interaction forces between chitosan-coated mica



114 Tan Qiyan, Kan Yajing, Zhao Gutian, Qiu Yinghua, and Chen Yunfei

surfaces were investigated by the SFA 2000 system from
SURFORCE, LLC at Santa Barbara'”'. SFA has been
widely used to measure the intermolecular and surface
forces in various fields with 10 nN force sensitivity and
0. I nm distance resolution. The surfaces were visualized
by using a video camera to record the optical multiple
beam interferometry ( MBI) fringes known as fringes of
equal chromatic order (FECO), which allow the surface
shape, contact radius r, area A = w7, and film thickness
D to be measured. The detailed description of the SFA
2000 system can be found in Refs. [ 18 —20]. The experi-
mental setup in this study is shown in Fig. 1.

Spectrometer

R=2 cm

Chitosan

White light

Fig.1 The schematic of the experimental setup

1.2 Materials

Chitosan ( low molecular weight, product number
448869) was purchased from Sigma-Aldrich, the detailed
structure of which is shown in Fig. 1. According to the
manufacturer, the degree of deacetylation of chitosan was
more than 75. 0% . A chitosan solution (10 pg/mL) was
prepared by dissolving chitosan powder in 100 mmol/L
acetic acid ( from Sigma-Aldrich) solution (pH 3.2).
The solution was then stirred gently for at least 4 h at
room temperature. High purity water with a resistivity of
18.25 M() - cm was taken from a water purification sys-
tem. All chemicals were used as received.

1.3 Surface preparations

Atomically smooth mica surfaces ( Grade 1, S&
Trading, Inc. ) with a thickness of about 3 pum were
manually cleaved in a laminar flow cabinet. A uniform
silver film of 50 nm thickness was coated on the mica sur-
face in a physical vapor deposition system. Two back-sil-
vered mica surfaces were then glued onto cylindrical silica
disks (Radius R is about 2 cm) by using Epoxy Resin
(“EPON 1004F” , Shell Chemicals). The mica-coated
disks were mounted in the SFA facing each other in a
crossed-cylinder configuration, equivalent to the geome-
try of a sphere over a flat substrate. The zero separation
(D =0) was set as the adhesive contact between two bare
mica surfaces in a dry nitrogen atmosphere. After calibra-
tion, the mica surfaces were immersed into 10 wg/mL
chitosan solution for 20 min. Then, the mica surfaces

were rinsed thoroughly with 100 mmol/L acetic acid buft-
er (pH =3.2) to remove the free chitosan. Immediately,
the chitosan-coated mica surfaces were mounted into the
SFA chamber. A drop of 100 mmol/L acetic acid buffer
(pH =3.2) was injected into the gap between the mica
surfaces. The chamber was sealed and the whole system
was maintained until reaching equilibrium. Then, the
force-distance profiles were measured at different pres-
sures with an approaching speed of (4 +1) nm/s. Dur-
ing the experiments, the chamber was saturated with wa-
ter vapor. All the experimental data shown here was re-
producibly repeated two or more times.

1.4 AFM

Topographical images of adsorbed chitosan nanofilms
were obtained using AFM under 100 mmol/L acetic acid
buffer conditions. A freshly cleaved mica surface was
first dipped into a 10 pwg/mL chitosan solution for 20 min
followed by being rinsed thoroughly with a 100 mmol/L
acetic acid buffer (pH =3.2). Images were obtained by
scanning the sample with an AFM operated in tapping
mode at room temperature.

2 Results and Discussion

Chitosan became positively charged under slightly acid-
ic conditions, due to the protonation of the amino
groups. The electrostatic attraction is the main driving
force of the adsorption of chitosan to negatively charged
mica in a 100 mmol/L acetic acid buffer (pH=3.2). In
previous studies ', the adsorbed chitosan films were ob-
served to be relatively smooth and to have a flat confor-
mation. AFM images of chitosan under liquid showed the
presence of sparse or entangled elongated strands. Stable
and flat chitosan was adsorbed on the mica surface. The
roughness of adsorbed chitosan is less than 0.4 nm, as
shown in Fig.2.
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Fig.2 AFM image of the roughness of adsorbed chitosan on
mica

We used the SFA 2000, at room temperature (22 +
0.1)%TC, to measure the surface forces as a function of
surface separation between two chitosan-coated mica sur-
faces in a 100 mmol/L acetic acid buffer solution (pH =
3.2). Fig. 3 shows the results of one pair of mica sur-
faces. The forces F are normalized by the radius R of the
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curved mica surface. The value F/R is equal to 2wE
based on the Derjaguin approximation, where E is the
corresponding surface energy per unit area for two flat
parallel surfaces. The long-range repulsive forces, start-
ing at about (32 +1) nm, were observed from three dif-
ferent experiments, which can be attributed to the repul-
sive electrostatic double-layer forces. The range of force
is in agreement with the previous report'"’ | but shorter
than that reported by Claesson"', which may be induced
by the difference of buffer solutions.

100

D/nm

Fig.3 The surface forces F/R between two chitosan-coated
mica surfaces

To interpret this phenomenon, we compare our experi-
mental data with the DLVO theoretical predictions, by
summing electrostatic double-layer forces and Van der
Waals forces. Taking acetic acid as a 1: 1 electrolyte so-
lution”’ | the surface force profiles can be fitted to the
DLVO theoretical calculations for a monovalent electro-
Iyte solution, given by

% - 128wpkaTK*‘tanhz(:]j;“T)e*K” - 12:02 (1)
where p, is the bulk salt concentration; k, is the Boltz-
mann constant; T is the temperature; ¢, is the effective
surface potential; e is the electronic charge; A is the Ha-
maker constant of mica across water, 2 x 10 ° J; D is the
surface separation; '
The Debye screening length for 1: 1 electrolyte solution
can be given by

is the Debye screening length.

K =

B ee, kBT 172

(] (2)

2p,e

where g, =80 is the dielectric constant. The solid line in
Fig. 3 shows that the measured surface forces agree well
with the theoretical calculations, which gives a fitted De-
bye length of 7. 37 nm and an effective surface potential
of 134 mV. The corresponding bulk salt concentration 17
mmol/L can be obtained by Eq. (2). The surface charge
of mica surfaces has changed the sign from negative to
positive, due to the absorption of positively charged chi-

tosan. The long-range repulsive electrostatic double-layer
force dominates down to D, = (3.4 +0.1) nm. The
short-range repulsive steric force is stronger than the at-
tractive Van der Waals force predicted from the DLVO
models below D_. The adsorption of chitosan to mica was
confirmed by the increase in the short-range steric force.
The repulsive steric force started around D >4 nm on the
approach process, which indicated that initially, the ad-
sorbed chitosan was in an exposing loops structure. With
the increasing compression load, the exposing loops chi-
tosan became a flatter configuration. The mica surfaces
can be compressed together and finally contacted flatly at
a “hard wall” distance D, = (1.4 £0. 1) nm. The “hard
wall” distance in this study is defined as the mica-mica
separation distance. The thickness of the adsorbed chi-
tosan layer on mica was determined to be half of the
“hard wall” distance. Here, the adsorbed chitosan thick-
ness is about (0.7 £0. 1) nm per surface. The adsorbed
chitosan layer is slightly thicker than the reported thick-
ness of 0.5 nm on silica substrate'""’.

The measured surface and adhesion forces between two
chitosan-coated mica surfaces under different compression
loads are presented in Fig. 4. The circle and triangle sym-
bols in Fig. 4 are the approach (in) and separation (out)
processes, respectively. The chitosan-coated mica sur-
faces were first driven into contact at a separation of D, =
(3.2+0.1) nm, then stopped and separated immediate-
ly, as shown in Fig. 4 (a). The detected force was the
only repulsive double-layer force, and no short-range
steric force was observed. The maximum repulsion force
was about 6 mN/m, indicating that the interaction energy
of chitosan layers is approximately 1 mJ/m’ based on the
Derjaguin approximation. Under these conditions, the ad-
sorbed chitosan layer is still in exposing loops or the
swollen structure. The surfaces were not flattened and the
pressure can be ignored. The adsorbed chitosan layers are
slightly interpenetrated at a separation of D, = (3.2 +
0. 1) nm. We reasoned that the molecules adsorbed to the
surfaces would act as adhesive bridges when the surfaces
were separated. However, no adhesion was measured be-
tween the two chitosan-coated mica surfaces. The pull-off
force (or adhesion force) to separate the two mica sur-
faces is zero.

The force profile varies greatly with the increasing
load, as shown in Fig.4 (b). When the load increased to
17.5 mN/m, a short-range steric force emerged and the
“hard wall” decreased to D, = (1.5 £0.1) nm. These
measurements indicate that the adsorbed chitosan layer
would be in a flat conformation under confinement. The
steric force was induced by the compression of the expo-
sing structure of the adsorbed chitosan layer. The adhe-
sion force increased dramatically with load. The pull-off
force was up to 21. 1 mN/m. The corresponding adhesion
energy of the adsorbed chitosan layer was about 3.4 mJ/
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Fig.4 The surface and adhesion forces between two chitosan-
coated mica surfaces at different compression loads. (a) The

maximum load F/R =6 mN/m; (b) The maximum load F/R =17.5
mN/m; (c¢) The maximum load F/R =36.6 mN/m; (d) The maxi-
mum load F/R =41.2 mN/m

m’. When the load reached 36.6 and 41.2 mN/m, the
hard wall was reduced to D, = (1.4 £0. 1) nm. The ster-
ic force coincides with that at low loads. However, under

this compressive load, the diameter of surfaces flattened
area was about 40 pm when the load was increased to F/
R=40 mN/m. The pressure in the contact area can be
calculated by P = F/A=0.6 MPa. The maximum adhe-
sion force of 36. 4 mN/m was observed as the compress-
ing load achieved about 40 mN/m. Even the load was up
to 100 mN/m ( not shown here) , the last two adsorbed
chitosan layers cannot be squeezed and the adhesion can-
not exceed the maximum adhesion force measured above.

The initially adsorbed chitosan may be in an exposing
loop structure even if the roughness is less than 0.4 nm.
Fig.5 shows that the configuration and loop structure of
chitosan are changed due to the confinement under load.
The measured strong adhesion of chitosan layers under
high pressure in an acetic acid buffer is comparable with
that of mussel foot protein"*"’ | which is an adhesive pro-
tein that can achieve strong and durable attachments to a
variety of surfaces. This measured adhesion, achieved by
compressing the chitosan films, is likely to be due to hy-
drogen bonds originating from the moieties in the chitosan
molecule, which interacts with each other and with mica
surfaces. The configuration and hydrogen bonds of chi-
tosan layers are altered under high pressure. The hydro-
gen bonds have been considered to be the main driving
force of strong adhesion induced by other proteins'>'’ or
the polyelectrolytes. When the hydrogen bonds between
the chitosan nanofilms are formed, it is difficult to change
the configurations with the increase in the compression
load between chitosan films.

(a)

(b)
Fig.5 The configuration of adsorbed chitosan. (a) Initially ad-
sorbed chitosan; (b) Flatted chitosan layer under high pressure confinement

3 Conclusion

This study demonstrates that the configuration and ad-
hesion of adsorbed chitosan layers on mica surfaces are
strongly influenced by the compression load. Chitosan
can be adsorbed on the mica surface in an acetic acid
buffer through electrostatic interaction. The adsorption of
the chitosan layer changed the surface charge of mica sur-
face from negative to positive. The adhesion forces be-
tween two chitosan-coated mica surfaces varied with ap-
proaching load. The initially adsorbed chitosan molecules
reoriented their configuration confined between two mica
surfaces under different pressures. High pressure between
two such surfaces can induce strong adhesion due to mo-
lecular configurations and hydrogen bonds reordering. We
anticipate that this study will contribute to understanding
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the properties of polymer and polyelectrolytes under con-
finement.
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