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Abstract: A technique for imparting micro- and nano-
structured topography into the surface of freestanding thin
sheets of chitosan is described. Both micro- and nanomet-
ric surface structures have been produced using soft li-
thography. The soft lithography method, based on solvent
evaporation, has allowed structures ~60 nm tall and
~500 X 500 nm?” to be produced on freestanding ~0.5 mm
thick sheets of the polymer when cured at 293 K, and
structures ~400 nm tall and 5 X 5 um® to be produced
when cured at 283 K. Nonstructured chitosan thin sheets

(~200 pm thick) show excellent optical transmission prop-
erties in the visible portion of the electromagnetic spec-
trum. The structured sheets can be used for applications
where optical microscopic analysis is required, such as cell
interaction experiments and tissue engineering. © 2007
Wiley Periodicals, Inc. ] Biomed Mater Res 85A: 242-247,
2008
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INTRODUCTION

Biopolymers are increasingly being studied in rela-
tion to their interactions with cell cultures for appli-
cations such as tissue engineering' and biomedical
implants.”> In such applications, it is probable that
the surface topography of the biopolymer plays an
important role in the well-being of the growing
cells.*” To this end, polymers with properties suita-
ble for biomedical applications have been investi-
gated with respect to the ability to impart ordered
structure into their surfaces.®!!

Chitin, a high molecular weight nitrogenous poly-
saccharide, is the second most abundant natural bio-
polymer, and is commonly found in the shells of
marine crustaceans, the exoskeleton of insects, and
the cell walls of fungi. Chitosan is a deacetylated de-
rivative of chitin (Fig. 1), and is a linear polysaccha-
ride, composed of glucosamine and N-acetyl gluco-
samine units covalently linked via B(1-4) bonds. The
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glucosamine/N-acetyl glucosamine ratio is normally
referred to as the degree of deacetylation.'” The high
abundance of chitin, and hence chitosan, makes chi-
tosan a promising material for use in biomedical
applications where biopolymers are necessary.
Chitosan has a number of properties that make it
attractive for use in biomedical applications. It has
intrinsic antibacterial activity as its cationic amino
group associates with anions on the bacterial cell
wall, which accelerate bacterial mortality."® This cati-
onic nature also means that chitosan interacts elec-
trostatically with anionic glycosaminoglycans (GAG),
proteoglycans, and other negatively charged mole-
cules. These interactions lead to some interesting chi-
tosan properties.'* For example, a large number of
cytokines/growth factors are linked to GAG (mostly
with heparin and heparin sulphanate) and, therefore,
a surface or scaffold containing the chitosan-GAG
complex may retain and concentrate growth factors
secreted by colonizing cells. Other characteristics of
chitosan are the stimulatory effect of its oligosaccha-
rides on macrophages, and the chemoatractivity of
neurophils of chitosan both in vivo and in vitro.
Depending on the source and preparation proce-
dure, the molecular weight of chitosan may vary
from 300 to ~1000 kDa with a degree of deacetyla-
tion from 30 to 95%. In its crystalline form chitosan
is normally insoluble in aqueous solutions above
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Reaction scheme showing the production of Chitosan 2 from Chitin 1. The ratio of the glucosamine (x) and the

N-acetyl glucosamine (y) in the chitosan is referred to as the degree of deacetylation.

pH 7; however, in dilute acids (pH < 6) the proto-
nated free amino groups on glucosamine help to solu-
bilize the polymer, and hence facilitate processing.'>'®

Chitosan is degraded in vivo through the hydroly-
sis of acetylated residues by lysozyme enzymes.'”'®
Other proteolytic enzymes also degrade chitosan,
with the rate of polymer degradation being inversely
related to the degree of deacetylation. This makes it
an excellent candidate for applications where biode-
gradable polymers are required. For example, possi-
ble chitosan matrix preparations include gels,
sponges, fibres, beads, or porous compositions.' >
However, nature has demonstrated that it is possible
to form nanometric structures from chitosan, in the
form of cicada wings.** Planar sheets of chitosan
containing ordered micro- or nanostructures may be
useful in such applications as tissue culturing and
cell interaction experiments. For employment as a
substrate for cell culturing, the structured chitosan
film can be further treated with sodium hydroxide
(NaOH) in order to neutralize any possible acid resi-
dues and to complete surface deacetylation.”® Here
we present the ordered topological structuring of
chitosan polymer at micro- and nanoscales using
soft lithography techniques.

MATERIALS AND METHODS

Chitosan solution preparation

Medium molecular weight chitosan (75-85% deacety-
lated, 200-800 cps viscosity), derived from crab shell, was
purchased from Aldrich (Sigma-Aldrich Chemical, USA).
A 2% (w/v) polymer solution was produced by dissolving
the chitosan in dilute glacial acetic acid (1% v/v). The
chitosan polymer solution was subjected to ultrasonic agi-
tation and heated at 35°C to aid solvation. After ~90 min
the resultant solution was a highly viscous, transparent
fluid with a yellow color.

However, possibly due to the source of the chitosan
(from crab shells), the polymer solution was full of sub-
millimetre sized particles, which could not be removed via
filtration because of their high concentration, and were not
dissolved with further ultrasonic/heat treatments. To
remove these particles, the chitosan solution was placed in

a centrifuge at 20,000 rpm for 10 min. The particle free
polymer solution could then be decanted for use in the
structuring experiments.

Thin film deposition

To ensure the processability of the chitosan solution
with respect the production of thin polymer films, it was
spun down onto glass substrates (WS-400A Laurel Tech-
nologies Corp., USA) (Fig. 2). The polymer solution was
spread on the surface of the substrate (~0.2 mL cm™?),
and a dispensing spin was performed at 500 rpm for 10 s,
to ensure the substrate is evenly covered with polymer,
before accelerating to the final spin speed for 45 s. A
3 min post-deposition soft bake at 65°C was completed to
cure the polymer film.

Mould fabrication

Moulds containing structures, which are the negative of
those required in the polymer, were prepared using previ-
ously described methods.?® Microstructured moulds were
prepared using deep reactive ion etching (RIE), whereas
nanostructured moulds were produced using focussed ion
beam (FIB) milling techniques. In each case, the material
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Figure 2. Spin curve data (circles) showing the thickness
of chitosan films deposited onto glass substrates from a
2% (w/v) chitosan solution in acetic acid. The data are
compared to a theoretical curve (solid line) describing the
thickness variation of thin films spun down onto sub-
strates.”®
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used for the moulds was silicon-based and the surface to
come in contact with the polymer was silicon nitride. The
moulds fabricated are arrays of holes of 5 X 5 pm? and
400 nm deep (microstructured) and ~500 X 500 nm? and
70 nm deep (nanostructured).

The mould was cleaned via a solvent rinse (acetone,
ethanol, and water) before drying under nitrogen. A final
clean in an oxygen plasma cleaner was undertaken for
20 min. The antiadhesion property of the silicon nitride
was enhanced by depositing a silane-based antiadhesion
coating on the surface prior to use.”

Chitosan micro- and nanostructuring

Micro- and nanostructure replication in chitosan has
been attempted via soft lithography from a 2% (w/v) solu-
tion of chitosan. The soft lithography is carried out by
pouring polymer solution onto the mould and allowing
the solvent to evaporate in a fume hood. After the evapo-
ration of the acidic solvent, a hard, ~0.5-mm thick layer of
chitosan forms on the mould surface containing negative
replicas of the structures in the mould. The chitosan film is
then manually removed from the mould with the help of
tweezers, and the freestanding thin polymer sheet depos-
ited on a glass substrate to aid handling. While the chito-
san thin sheet replica is mechanically robust (i.e., it does
not break or rip easily), its thinness means it has a tend-
ency to bend, causing irreversible folds to appear in the
polymer surface.

Initial attempts using a well-ventilated oven to assist in
evaporating the solvent had the result of producing
unwanted gas bubbles in the chitosan sheet. These gas
bubbles are possibly formed by trapped solvent gasses,
due to the increased rate at which the chitosan solidifies.

Characterization

The structured, thin chitosan sheets have been topologi-
cally characterized using a variety of methods depending
on the dimensions of the structures produced in the sur-
face. For the microstructured polymers, the surface was
examined using a microscope, to confirm the production
of the structures, and then white light interferometry
(Wyko NT1100 Optical interferometer, Veeco Instruments,
USA), in vertical scanning interferometry mode, was used
to produce a three-dimensional rendering of the surface
from which structure dimensions could be measured. The
interferometric technique is ideal for imaging these surfa-
ces as a large area of the surface (70 X 70 um®) can be
imaged with a high vertical resolution (~2 nm). The imag-
ing time is in the order of 30 s, which allows rapid, highly
accurate measurements of a number of micrometric posts
(~40) simultaneously.

For the nanostructures, the surface was first examined
using scanning electron microscopy (SEM, Strata DB35
dual beam FIB/SEM, FEI company, USA) to confirm the
presence of the structures, before atomic force microscopy
(AFM, MFP-3D AFM, Asylum Research, USA) was used to
produce a three-dimensional image from which structural
dimensions could be measured. AFM was carried out in
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contact mode, in ambient conditions, using a silicon nitride
AFM probe with a force constant of 80 pN nm ™' (OMCL
TR400PSA-2, Atomic Force F&E GmbH, Germany). Finally,
the optical transparency of a ~200 pm thick, freestanding
film of the chitosan was tested using UV-visible spectros-
copy (UV-2501PC UV-Visible Spectrometer, Shimadzu
Corp., Japan).

The thickness of the polymer layer spun onto glass is
measured using a profilometer (Dektak Surface Profiler,
Veeco Instruments, USA). A section of the chitosan is
removed using a sharp blade and the step height of the
polymer to the glass is measured.

RESULTS AND DISCUSSION

The successful production of chitosan thin films,
deposited on glass, with thicknesses ranging from
6.5 to 0.7 pm (Fig. 2) shows that the chitosan pre-
pared here is suitable for thin film processing using
existing techniques. Indeed, the spin curve data in
Figure 2 has been favorably compared (R* = 0.9292)
with a theoretical curve describing the variation in
thickness of thin films spun down on to substrates.*®
The theory describes an equation for the thickness of
the final polymer thin film, of the form y =b X x7,
where y is the film thickness, x is the spin speed
(rpm), and a and b are empirical characteristics of
the polymer: in the case of chitosan, 4 = 1.24 and b
= 14,326. The chitosan, when spun down in this
way, produces a transparent polymer film with mi-
crometer or sub-micrometer thickness on the surface
of the glass. These films are eminently useful when
microscopic apparatus is to be used for optical char-
acterization of cellular interactions with the chitosan,
for example. However, a method that will allow the
interactions of cells with structured chitosan surfaces
is now of interest, considering that there is evidence
that polymer topography has an effect on cells cul-
tured on the polymer surface.”*~>

Initially, nanoembossing of structures in to the
surface of chitosan thin films spun down onto glass
substrates, was attempted using a nanoimprinter
(Obducat 2.5 inch nanoimprinter, Obducat AB, Swe-
den). Several embossing conditions were attempted
at temperatures ranging from 80 to 130°C and at
pressures from 3 X 10° to 5 X 10° Nm 2, all of them
performed for an embossing time of 600 s. Unfortu-
nately all the embossing attempts were unsuccessful
because no structures, or even regular deformations,
were formed on the surface of the polymer. This
may be due to the fact that after spinning down the
chitosan, most of the solvent had been evaporated
and the polymer was extremely rigid. We conclude
that the chitosan in this state (i.e., in a dried thin
film) is not suitable for structuring by nanoemboss-
ing because it is not thermoplastic enough, and
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Figure 3. Sectional profiles of microstructures produced
on a freestanding, ~500 pum thick chitosan sheet via soft 11—
thography. The sectional profiles show the 5 X 5 pm?>
structures, with a 10 pm period, produced in the surface of
the polymer when cured at (a) 293 K and (b) 283 K. The
sectional profiles are taken from white light interferometer
images [scan area = 58 X 45 um 2] shown inset.

shows no sign of having the capacity to undergo a
glass transition process to form a softened state suit-
able for nanoimprinting. Therefore, a more suitable
structuring technique for polymer in solution is
required, and hence the use of soft lithography.

Both micro- and nanostructures have been fabri-
cated in the surface of freestanding, thin chitosan
sheets via the soft lithography technique described.
Although the microstructures (Fig. 3) have replicated
in the surface of the polymer after curing at 293 K,
their height corresponds to only ~50% of the depth
of the mould used in the soft lithography (400 nm).
The concave shape of the tops of the posts in the chi-
tosan replicas are also an indication of incomplete
replication,® and is possibly due to the chitosan cur-
ing before it has chance to displace the air in the
cavities and reach the bottom of the mould struc-
tures.

To confirm this hypothesis the chitosan was cured
at low temperature (283 K) to reduce the evaporation
rate of the solvent. This increases the capacity of the
air in the cavities to dissolve into the polymer solu-
tion and allows the polymer to displace it in the
mould cavities. The replicated polymer surface

Figure 4.

(a) SEM image [bar = 10 pm] of nanostructures
reproduced on a freestanding, ~500 um thick chitosan
sheet via soft lithography. (b) AFM image of the nano-
structures which are ~60 nm tall, ~500 X 500 nm? with a
1 um period [scan area = 5 X 5 pum?]. (c) AFM image of
the edﬁe of the nanostructured area [scan area = 20 X

20 pm©]. Average roughness measurements: R, (nonstruc-
tured area) = 9.6 nm, R, (nanostructured area) = 46.7 nm
[measurement area in each case = 4.7 X 4.7 pm?].
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shows a high fidelity to the mould. However, a
major drawback to this technique is that the curing
process now takes almost five times longer (10 days)
at this temperature. The temperature of the environ-
ment during curing is therefore a variable parameter
depending of the needs of the application, that is,
depending on the requirement for speed or accuracy
of replication.

We have attempted to use both silicon and poly(-
dimethyl siloxane) (PDMS, Slygard 184, Microchem
Corp., USA) moulds from which to impart the struc-
tures in the surface of the polymer. The PDMS
moulds, however, have a poor affinity with polymer-
ized chitosan, causing spontaneous separation of the
mould and the replica during polymerization. In
comparison, contact between the polymer and the
mould is continuous during the whole evaporation
process when using silicon-based moulds. However,
the PDMS does not have a bad affinity for the chito-
san solution in acetic acid, suggesting that the chito-
san solution could be used in PDMS based microflui-
dics if required.

Nanostructures with dimensions of 60 nm tall,
~500 X 500 nm? at the base, and 1 pm period have
been fabricated using a silicon mould produced via
FIB (Fig. 4). In this case, the height of the nanostruc-
tures corresponds to ~73% of the depth of the holes
fabricated in the mould. The nanostructures are,
however, somewhat irregular, possibly due to some
adherence of the polymer to the mould upon
demoulding. Even so, the nanostructures cover the
entire 1 mm” nanostructured area defined in the
mould.

A comparison of the nanostructured area with that
of the embossed but nonstructured areas of the chi-
tosan [Fig. 4(c)] reveals that the nanostructured area
has a roughness ~3 times greater than that of the
nonstructured area. Roughness measurements meas-
ured in 4.7 X 4.7 um? areas give average roughness
(R,) values of 9.6 nm for the nonstructured area and
46.7 nm for the nanostructured area, respectively.
This increase in the roughness of the surface, allied
with the size of the nanostructures, suggests that
these structured chitosan surfaces will be “felt” by
cells cultured on the surface,*>>?® and will have uses
in cell-surface interaction studies and tissue engi-
neering.

Optical transmittance spectra, recorded over the
visible range of the electromagnetic spectrum, of a
~200 pm thick freestanding sheet of nonstructured
chitosan is given in Figure 5. The polymer sheets
have excellent optical transparency (~90%) in this
region. The addition of the micro-/nanostructures
will reduce the transparency somewhat, but they are
still expected to be extremely useful for optical mi-
croscopy studies where cell-surface interactions are
required.
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Figure 5. Optical transmittance spectra of a ~200 pm thick
freestanding film of chitosan. The spectrum is recorded
over the visible range of the electromagnetic spectrum.

CONCLUSION

Micro- and nanostructures have been produced in
freestanding, thin films of chitosan using a soft li-
thography technique, and the quality of the replicas
has been studied with respect to the curing tempera-
ture and time. The nanostructures have been pro-
duced in the surface with dimensions that have pre-
viously been shown to affect cell culture.*>® The op-
tical transparency of the chitosan thin films means
that they can be utilized in applications requiring
optical microscopy techniques, such as those com-
monly used in biological laboratories. Such surfaces
will be useful for cell-surface studies or applications
involving tissue engineering. The solution process-
ability of the chitosan is also described by the pro-
duction of a spin curve for deposition of the poly-
mer onto glass substrates, confirming chitosan’s
applicability for the production of thin films. Further
development will be undertaken, focusing on the
preparation of the chitosan solution, to produce a
polymer that is more able to fabricate micro- and
nanostructures to their full height in more robust
thin sheets, and for possible use in techniques such
as polymer embossing. This may be achieved by pre-
paring a polymer with a more amorphous character
for example.

The authors thank Drs. J. Bausells and G. Villanueva at
the Centro Nacional de Microelectronica (Barcelona) for
supplying the microstructured moulds used here.
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