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Two-photon polymerization is a powerful tool for fabricating three-dimensional micro/nano structures
Delivered
by Ingenta
to:such structure for speciﬁc purposes
for applications ranging from nanophotonics
to biology.
To tailor
UNIVERSIDADE
PAULO
it is often important to dope
them. In this paper SAO
we report
on theIF
fabrication of structures, with
nanometric surface features (resolution
approximately 700 nm), using two-photon polymerizaIP : of143.107.229.249
tion of an acrylic resin doped with
the 04
biocompatible
chitosan using a guest-host scheme.
Tue,
Aug 2009polymer
16:43:35
The ﬂuorescence background in the Raman spectrum indicates the presence of chitosan throughout the structure. Mechanical characterization reveals that chitosan does not affect the mechanical
properties of the host acrylic resin and, consequently, the structures exhibit excellent integrity. The
approach presented in this work can be used in the fabrication of micro- and nanostructures containing biopolymers for biomedical applications.
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1. INTRODUCTION
Two-photon polymerization is a powerful tool for fabricating three-dimensional structures with dimensions
ranging from micro- to nanometers for diverse applications, such as optical circuitry,1 optical data storage,2
three-dimensional mechanical actuators,3–5 birefringent
structures,6 photonic crystals2 7 and bone replacement.8 9
The nonlinear nature of multiphoton absorption conﬁnes polymerization to the focal volume of the laser,
allowing fabrication of structures by scanning a focused
laser beam through the resin.10–12 Due to the optical
nonlinearity and the threshold energy required for the
photo-polymerization, multiphoton polymerization techniques allow the achievement of resolution better than
the laser beam diffraction limit. For instance, two-photon
polymerization with features smaller than 100 nm have
been reported recently.13–16 To tailor the property of resins
for speciﬁc applications it is important to identify new
dopants that can be used in two-photon polymerization.
To date limited work has been reported on the fabrication
of structures using two-photon polymerization of doped
resins.6 17–19
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In this paper, we report on two-photon fabrication of
structures containing the biopolymer chitosan, with resolution of approximately 700 nm. We use a guest-host strategy
in which the host consists of two triacrylate monomers, and
the guest material is chitosan. Chitosan [(1→4)-2 amino
–2–deoxy--D-glucan] is a linear cationic polysaccharide
obtained by deacetylation of chitin [(1→4)-2 acetamide–2
–deoxy--D-glucan], a structural polysaccharide normally
encountered in crustaceans.20 It is a biodegradable and biocompatible polymer,21 22 which has been used for applications in blood coagulation,23–25 taste sensors,26 27 soft
tissue and bone regeneration,28 antibacterial action21 and
conductive membranes.29 Chitosan has also been used in
producing nanostructured ﬁlms30 31 and nanoparticles for
applications in drug delivery.32–35 The structures we fabricated contain chitosan distributed throughout the bulk.
In addition, we show that chitosan does not impair the
mechanical properties of the polymer. Therefore, the fabrication process presented here is promising for fabricating
tailor-made structures containing chitosan with nanometric
features for biomedical applications.

2. EXPERIMENTAL DETAILS
The resin we used consists of a mixture of tris(2hydroxyethyl)isocyanurate triacrylate, which gives
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Fig. 1.

Chemical structure of chitosan.

hardness to the structure, and ethoxylated(6) trimethylolpropane triacrylate, which reduces shrinkage upon
polymerization36 and the photoinitiator Lucirin TPO-L.
We demonstrated earlier that Lucirin TPO-L is suitable
for two-photon absorption polymerization, despite its low
two-photon absorption cross-section.37
Chitosan, whose chemical structure is shown in
Figure 1, is extracted from gray shrimps using a standard
approach described in the literature.38 The extracted chitosan is puriﬁed by dissolution in acetic acid, precipitation
in 0.1-M NaOH, and ﬁltration using a 450-nm membrane.
The puriﬁed chitosan sample has a molecular weight of
450 kg/mol and a degree of deacetylation of 72, determined by H-NMR according to Lavertu Method.39 The
sample is dissolved in a solution of acetic acid in ethanol
(7% by volume), and mixed for 30 min. with the triacrylate resins. Ethanol is eliminated by evaporation at
room temperature for 24 h, yielding a viscous liquid containing the chitosan. To this liquid, we add the photoinitiator (1% by weight) and stir for 1 h prior to use. We
prepared solutions containing from 1% up to 10% of chitosan by weight. We were able to fabricate microstructures
within this range of chitosan content, however we present
the results only of the solution containing 10% of chitosan
by weight.
To fabricate the structures, we place a drop of the
viscous liquid between spacers located on top of a
microscope slide, which is then covered by a cover
slip. The surface of the microscope slide is treated with
(3-acryloxypropyl)trimethoxysilane to increase adhesion
of the polymerized structure to the glass substrate. The
resin is polymerized using 130-fs pulses at 800 nm from
a Ti:sapphire laser oscillator operating at 80 MHz. The
average power of the laser is 60 mW, measured before
the 0.65-NA objective that focuses the laser beam into the
sample. The sample is positioned in the axial z direction
using a motorized stage, and the laser is scanned in the
x–y direction by a pair of galvo mirrors. After the laser
exposure, the sample is immersed in ethanol to wash away
any unsolidiﬁed resin.
We analyzed the structures using a Raman microscope.
Typically, we used 200 W of the 514.5-nm argon ion
laser line at the sample for Raman scattering, mapping and
global imaging. For the 785- and 632.8-nm laser lines, the
power at the sample was 25 W. All measurements were
5846
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made in a backscattering geometry, using a 50× microscope objective with a numerical aperture value of 0.75,
providing scattering areas of about 1 m2 . Single point
spectra were recorded with 4 cm−1 resolution, while 2D
mapping results were collected through the rastering of a
computer-controlled 3-axis encoded motorized stage, with
a step of 1 m. To test the structural properties of the
material, we used UV-lamp to polymerize discs of 20-mm
diameter and 1-mm height from the same resin. To evaluate the hardness of the material, we used the Shore-D
hardness test, which is based on the penetration of an
indenter into the surface of the material (ASTM D224000 – “Standard Test Method for Rubber Property – Durometer Hardness”).

3. RESULTS
Figure 2 shows optical microscopy images of the top view
of three-dimensional structures of tri-acrylate resins containing up to 10% of chitosan by weight fabricated by
two-photon absorption polymerization. The cubic structures range in dimension from 40 m (Fig. 2(a)) to 6 m
(Fig. 2(c)), with a resolution of approximately 700 nm.
The structures in Figure 2 were fabricated with an
average power of 20 mW, measured after the 0.65-NA
objective. At an average power below 10 mW two-photon
absorption polymerization does not occur. At average powers above 40 mW we observe generation of bubbles during
the polymerization, which ruins the quality of the ﬁnal
structure.
Figure 3 shows scanning electron micrographs of threedimensional acrylate resin structures containing chitosan
and fabricated using an average power of 20 mW. The
stripes and pattern on the surface of the structures were
produced during the fabrication, displaying that features on
the scale of nanometers can be made. The structures have
excellent deﬁnition and physical integrity, demonstrating
that the method presented here is suitable for fabricating
biopolymer-containing micro/nano structures. Although the
structures presented here are simple, structures of any shape
or pattern can be produced with this technique.
To verify if the acrylic resins present Raman signals
distinct from those of chitosan, we measured the Raman
spectrum of 100-m thick acrylate ﬁlms of the same compositions as the microstructures (with and without chitosan), and of a pure chitosan ﬁlm. Figure 4 shows that
the Raman spectra of the resin sample without chitosan
(blue line) and with chitosan (dark gray) are very similar. The spectrum of chitosan-containing resin differs from
that of the pure resin by a monotonic rise of the background towards higher wavenumbers. This monotonically
rising background can be attributed to ﬂuorescence from
chitosan and is also visible in the spectrum of neat chitosan
(Fig. 2, gray line). The absence of any lines in the neat chitosan spectrum can be explained by the fact that chitosan
is a poor scatterer with a very low Raman cross section.
J. Nanosci. Nanotechnol. 9, 5845–5849, 2009
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Fig. 3. Scanning electron micrographs of microstructures containing
chitosan fabricated by two-photon absorption polymerization. (a) and (b)
hold the same scale bar.

Fig. 2. Optical microscopy images of cubic microstructures of different
sizes fabricated via two-photon absorption polymerization. (a), (b), and
(c) hold the same scale bar.

The ﬂuorescence background indicates that chitosan is
distributed throughout the structure. The Raman scattering spectrum obtained from a cubic structure without
chitosan shown in Figure 5(a) exhibits vibrational lines
at 1637 cm−1 and at 1736 cm−1 . The left two images
in the inset are Raman maps of the structure obtained
from the intensity of the vibrational modes at 1637 cm−1
and 1736 cm−1 . The square shape of the structures in
the Raman map agrees with the shape observed in the
scanning electron micrographs in Figure 3(a). The rightmost image was created from the intensity recorded at
1858 cm−1 where there is no characteristic Raman peak of
the resin. Indeed no structure is seen at this wavenumber.
Figure 5(b) shows the Raman spectrum of a fabricated structure containing chitosan, using the same
excitation wavelength. As we concluded before, Raman
measurements do not reveal any distinctive chitosan peaks.
However, the spectrum in Figure 5(b) does reveal the
J. Nanosci. Nanotechnol. 9, 5845–5849, 2009

monotonic rise in background characteristic of chitosan
ﬂuorescence, indicating that the structures produced contain chitosan.
To determine the inﬂuence of chitosan on the mechanical properties of the acrylic resin, we measured the

Fig. 4. Raman scattering spectrum of resin ﬁlms with (dark gray) and
without chitosan (blue), and for pure chitosan (light gray).
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Fig. 5. Raman spectra of a microstructure (a) without and (b) with chitosan. The inset shows images built from the Raman scattering signal at
1637 cm−1 , 1736 cm−1 and 1858 cm−1 , using excitation at 514 nm.

hardness of specimens fabricated with acrylic resin and
chitosan. The results of the hardness test are displayed in
Table I. We observe that both the mixture of acrylic resins
with (10% in weight) and without chitosan have an average hardness of 80 ± 1 on the Shore D scale. This value
is higher than low-density and high-density polyethylene
and comparable to polypropylene.40

4. DISCUSSION
Because the fabrication method used here involves simultaneous absorption of two photons, the polymerization is
Table I. Shore D scale hardness comparison of the acrylic resin with
and without chitosan, and some other polymers.
Material
Resin
Resin + chitosan
Low-density polyethylene
High-density polyethylene
Polypropylene
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highly localized and occurs only in the focal region of the
laser beam, allowing the fabrication of three-dimensional
microstructures. The absorption creates free radicals of the
photoinitiator Lucirin TPO-L which react with unsaturated
monomers of the acrylic resin, creating an active site that
triggers the crosslinking of acrylic monomers. Multiphoton polymerization techniques offer real three-dimensional
fabrication, at resolutions lower than 100 nm. Such resolution on the nanometric scale can only be achieved owing
to the nonlinear nature of the process, which narrows the
interaction region below the diffraction limit of the excitation wavelength, and to the careful control of the laser
intensity close to the threshold energy of photopolymerization. Ideally the chitosan should be retained within the
structure without forming any kind of crosslinking, which
would alter its desirable chemical properties for biological
application.
The chitosan-containing structures in Figure 3 exhibit
excellent integrity and good deﬁnition, indicating that the
presence of chitosan does not affect the fabrication process and conﬁrming the feasibility of fabricating threedimensional chitosan-containing structures by two-photon
absorption polymerization. In addition, Figure 3 shows that
nanometric patterns can be produced on the structure surface, allowing a new approach of manipulating chitosan
compounds on a nanometric scale, aiming at biological
applications.
The Raman spectrum of ﬁlms or fabricated structures
made of the chitosan-containing acrylate resin differs from
that of ﬁlms or structures made without chitosan only in a
ﬂuorescence background that can be attributed to chitosan
(Figs. 4 and 5). Because the addition of chitosan does
not affect the vibrational Raman spectrum of the resin,
we infer that crosslinking or other chemical interaction
between the acrylic resin and the chitosan is negligible.
Such mixing without chemical interaction is desirable for
biomedical applications, because it implies that the acrylic
resins retain chitosan without altering any of its biological
or chemical properties.
The hardness is inversely proportional to the indentation depth, and depends on the elastic modulus and viscoelasticity of the polymer. Although the data presented
in Table I give an idea of the material’s penetration resistance, they cannot be directly correlated with the fundamental properties of the material (e.g., elastic modulus).
Our results indicate that chitosan does not reduce the hardness of the acrylic resins. Therefore, three-dimensional
structures fabricated using two-photon polymerization containing chitosan can be used in biomedical applications.

Hardness (shore D scale)
80 ± 1
80 ± 1
45 ± 5
65 ± 5
80 ± 5

5. CONCLUSION
We present an approach for fabricating three-dimensional
structures containing the biocompatible polymer chitosan
with nanometric features. The two-photon polymerized
J. Nanosci. Nanotechnol. 9, 5845–5849, 2009
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structures present good deﬁnition and structural integrity.
Raman measurements show that chitosan is incorporated
in the structure and is distributed throughout its bulk. The
spectra also show that chitosan does not react chemically
with the acrylic resin, which is a required condition for
biomedical applications, where the acrylic resin must work
as a substrate for chitosan without changing its chemical properties. Finally, hardness measurements show that
chitosan does not impair the mechanical properties of the
resins. Therefore, two-photon polymerization can be used
to fabricate three-dimensional structures containing chitosan, with nanometric features or even on the nanometric
scale, which may then be applied in tissue engineering,
bone reconstruction and drug delivery.
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