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a b s t r a c t

A cryogenic plotting system and manufacturing stage was designed to fabricate three-dimensional (3D)
chitosan scaffolds for tissue regeneration applications. The combination of cryogenics and freeze-drying
yielded highly porous and structurally stable 3D chitosan scaffolds. The pore size of the chitosan scaffold,
which varied from 90 to 400 �m, was reproducibly dependent on processing parameters. Crosslinked
eywords:
hitosan
iomedical scaffold
one tissue regeneration

chitosan scaffolds exhibited rough surfaces and were stable with regard to shapeability and pore size.
During the process, changes in the dimensions of the final scaffold, due to shrinkage and swelling, were
within ±10% of the dimensions specified in the initial design. MG-63 cells were cultured on the fabricated
scaffolds to evaluate the structures as substrates for tissue regeneration. Cell proliferation on the struc-
tured scaffolds was higher than on conventional spongy-type chitosan scaffold. In particular, scaffolds

s exh
with 200-�m mean pore

. Introduction

To regenerate damaged tissues, cells are attached to and cul-
ured on an appropriate substrate and implanted into or onto the
unctioning tissue at the injured area. The substrate, commonly
eferred to as a scaffold, should be biocompatible and made from

biodegradable material that ideally mimics the natural extra-
ellular matrix (ECM) (Yang, Leong, Du, & Chua, 2001). Generally,
caffolds should be highly porous and with an appropriate pore size,
arge degree of pore interconnectivity, and exhibit a high surface-
rea-to-volume ratio (Hollister, 2005; Karagenorgiou & Kaplan,
005). Additionally, the three-dimensional (3D) shape of the scaf-
old is important for tissue regeneration. According to Lawrence
nd Madihally (2008), in a two-dimensional scaffold, cell spreading
s restricted and cells may only attach to flat surfaces. Any bio-
hysical properties of the substrate that provide spatial–temporal
ffects in the body are not taken into account. Conversely, it has
een shown that the biophysical properties of a substrate can
ignificantly influence both cell adhesion and function in a 3D envi-
onment (Huang, Siewe, & Madihally, 2006; Lawrence & Madihally,
008). 3D substrates can provide both physical and chemical sig-
als to guide cell colonization and to support cell attachment and

roliferation, respectively.

Several methods have been used to create scaffolds with ideal
patial architectures (Dalton, Woodfield, & Hutmacher, 2009; Liao

∗ Corresponding author. Fax: +82 62 230 7180.
E-mail address: gkim@chosun.ac.kr (G. Kim).

144-8617/$ – see front matter © 2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2011.04.001
ibited the highest rate of cell proliferation.
© 2011 Elsevier Ltd. All rights reserved.

et al., 2002; Matthews, Wnek, Simpson, & Bowlin, 2002; Mooney,
Baldwin, Suh, Vacanti, & Langer, 1996; Yoon & Park, 2001). These
include gas foaming, phase separation, and freeze-drying, which
are thermodynamic-based processes, electrospinning, which uses
a electrohydrodynamic process, and solid free-form fabrications
(SFFs), which include 3D printing, 3D plotting, fused deposi-
tion modeling, selective laser sintering, and stereolithography, to
construct 3D structures in a layer-by-layer manner. Because layer-
by-layer methods can produce scaffolds with complex internal
structures that are difficult to prepare with traditional fabrica-
tion methods, SFF methods are considered particularly promising
(Hollister, 2005; Hutmacher, Sittinger, & Risbud, 2004). These
processes are sometimes combined with various conventional fab-
rication processes, such as electrospinning (Kim, Jang, Park, & Min,
2010; Ma & Choi, 2001; Moroni, Schotel, Hammann, de Wijn,
& van Blitterswijk, 2008; Yoon, Ahn, & Kim, 2009) and freeze-
drying (Jiankang et al., 2009), to create hierarchical scaffolds with
improved cellular behavior. Additionally, recent methods, such as
modified photolithography (Jamal, Bassik, Cho, Randall, & Gracias,
2010) and leaching (Choi, Xie, & Xia, 2009), have been proposed for
fabricating 3D scaffolds with good cellular responses.

3D biomedical structures have been created with sev-
eral synthetic biodegradable polymers, including poly(glycolic
acid), poly(lactic acid), poly(lactic-co-glycolic acid), and poly(�-
caprolactone). These biopolymers have various advantages,
including mechanical flexibility, low antigenicity, easy processabil-

ity, and low degrees of chronic persistence (Glowacki & Mizuno,
2008). However, disadvantages of these materials for use as
biomedical scaffolds include toxicity and the lack of cell recognition
signals (Glowacki & Mizuno, 2008). To overcome these disadvan-

dx.doi.org/10.1016/j.carbpol.2011.04.001
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:gkim@chosun.ac.kr
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Fig. 1. (a) Single-line chitosan strand diameter at various nozzle speeds and pro-
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ages, natural biopolymers, such as chitosan and collagen, have
een widely used as biomedical scaffolds, because they are very
imilar to macromolecular substances that can be recognized and
etabolized in a biological environment (Drury & Mooney, 2003;
lowacki & Mizuno, 2008). In particular, chitosan has been used
s a material in tissue regeneration scaffolds, because of its abun-
ance, biocompatibility, biodegradability, antibacterial properties,
nd wound-healing activity (Kim et al., 2008). Generally, chitosan is
erived from the chitin found in crustacean exoskeletons, e.g., crabs,

obsters, and shrimp. Chitosan is a linear polysaccharide, composed
f glucosamine and N-acetyl glucosamine units, linked by �(1–4)
lycosidic bonds. In biomedical applications, highly porous scaf-
olds have been formed from chitosan by freeze-drying and by
lectrospinning micro/nanosized fibers. However, using a direct
lotting system, such as one of the aforementioned SFFs, to fabri-
ate a 3D scaffold with chitosan, as opposed to a synthetic polymer,
s relatively difficult (Ang et al., 2002). The first reported study
etailing the fabrication of 3D chitosan scaffolds using 3D plotting
as by Ang et al. Chitosan and chitosan–hydroxyapatite (HA) were
issolved in acetic acid and plotted in a sodium hydroxide–ethanol
lotting medium. The resulting chitosan scaffold exhibited an

nterconnected pore structure, relative to freeze-dried scaffolds.
owever, the pore interconnectivity structure was incomplete and

he porosity at the surface of the scaffold was low.
Recently, we designed the cryogenic system combined with

freeze-drying method and electrospinning process (Ahn et al.,
009; Ahn, Koh, & Kim, 2010; Kim, Ahn, Yoon, Kim, & Chun, 2009).
y using this system, we can achieve highly porous 3D collagen
caffolds for skin tissue regeneration. In the current study, we
xtend this technique to chitosan. In particular, the goal of this work
as to adapt the cryogenic direct plotting technique to fabricate

hitosan scaffolds, which were mechanically stable, highly porous
nd had an interconnected pore structure. To assess the feasibil-
ty of this material as a scaffold, MG-63 cells were cultured in the
caffold and the cellular response for various mean pore sizes (100,
00, and 400 �m) of the chitosan scaffold was compared with that
rom a conventionally designed spongy-type chitosan scaffold.

. Experimental

.1. Materials

Water soluble chitosan (Mw = 200,000) was obtained from JaK-
ang Inc. (South Korea). The chitosan solution was prepared in

riply distilled water at a fixed concentration of 4.0 wt%. Glutaralde-
yde (25 wt%, Sigma, USA) was used to crosslink the chitosan.

.2. Scaffold fabrication

The cryogenic 3D plotting system (AD-3000C, Ugin-tech, South
orea) included a cryogenic manufacturing stage. The cryogenic
efrigeration system consisted of a circulation pump and two com-
ressors that circulated silicone oil to cool the stage. The stage
as constantly purged with nitrogen gas to prevent frost formation

n the fabricated scaffold due to high ambient humidity. Because
he chitosan solution in the nozzle (nozzle diameter = 300 �m) was
eadily frozen during this process, it was heated to 25 ◦C. Nozzle
peeds varied from 2 to 4 mm/s and the pneumatic pressure was
xed at 225 ± 5 kPa. The design geometry of the chitosan scaffolds
as fixed at 20 × 20 × 2 mm3. The processing temperature of the
anufacturing stage was measured using a non-contact infrared
hermometer (DT-8860B, CEM). To fabricate chitosan scaffolds,
hitosan strands were plotted, layer-by-layer, by extruding the chi-
osan solution onto a cryogenic plate held at −20 ◦C. Starting from
he bottom layer, each layer adhered to the previous layer and was
cessing temperatures and (b–d) plotted chitosan scaffolds fabricated at 28 ◦C with
various nozzle speeds of 0.5, 2, and 4 mm/s.

perpendicular to it, forming a 0◦/90◦ strand structure. The plotted
chitosan scaffolds were immediately placed in a freeze-dryer (FD,
SFDSM06, Samwon, South Korea) at −76 ◦C for 2 days. After finish-
ing the freeze-drying process, the scaffolds were cross-linked by
immersion in 6 wt% glutaraldehyde for 24 h at room temperature.
The scaffolds were then washed copiously in triply distilled water
to obtain the final, highly porous chitosan scaffolds. As a control,
spongy-type porous chitosan scaffolds were prepared by freeze-
drying a chitosan solution (4 wt% in triply distilled water) using the
same freeze-drying and cross-linking processes.

2.3. Characterization of 3D chitosan scaffolds

The morphology of the chitosan scaffolds was observed under
an optical microscope (BX FM-32; Olympus, Tokyo, Japan), con-
nected to a digital camera, and a scanning electron microscope
(SEM, Sirion, FEI, Eindhoven, The Netherlands). The final shape
of the structured scaffolds was roughly rectangular and was
measured using a digital caliper micrometer (Ultra-cal III, Syl-
vac). For size measurements, three different parts of the scaffold
were measured and averaged. Mechanical properties of the chi-
tosan scaffolds were evaluated by measuring the Young’s modulus
and maximum strength. The scaffolds were cut into small strips
(10 × 18 × 1.8 mm3). Tensile test was characterized using a univer-
sal tensile machine (Top-tech 2000, Chemilab, South Korea). The
stress–strain curves of the scaffolds were recorded at a stretching
speed of 0.5 mm/s. The scaffold porosity (P) of the cryogenically
fabricated chitosan scaffold was calculated as a volume percent-
age using the equation P = (1 − M/�V) × 100, where M is the mass

3
of the scaffold, � is the chitosan density (0.5 g/cm ), and V is the
volume of the rectangular scaffold structure. The porosity of the
spongy type scaffold was measured by the same procedure of the
plotted chitosan scaffold. The scaffold was weighed with a pre-
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Fig. 2. (a) A spongy-type chitosan scaffold fabricated by freeze-drying and (b an

ise balance (AD-4 autobalance; Perkin-Elmer, Waltham, MA). Pore
ize was assumed to be the distance between chitosan strands
nd was determined by optical microscopy and SEM. Before the
ross-linking process, the pore size of the lyophilized chitosan

caffold was measured in dried state using SEM images and after
ross-linking with the glutaraldehyde, the pore size of the chi-
osan scaffold was measured in phosphate buffered saline (PBS)

ig. 3. SEM images of fabricated 3D chitosan scaffolds. (a) Surface and (b) cross-sectional
c) 92 ± 12 �m, (d) 211 ± 11 �m, and (e) 415 ± 13 �m. (f) An enlargement of the chitosan
D structured chitosan scaffolds with 211-�m and 415-�m pores, respectively.

solution using an optical microscope. All data are expressed as
the mean ± standard deviation (n ≥ 5). Fourier-transform infrared
(FTIR) data of the chitosan scaffold were acquired to determine the
degree of cross-linking. FTIR data were acquired in attenuated total

reflection (ATR) mode using a 6700 FT-IR spectrometer (Nicolet,
West Point, PA, USA). Data were acquired for 30 scans between
4000 and 400 cm−1 at a resolution of 8 cm−1.

view of a spongy-type chitosan scaffold and structured scaffolds with pore sizes of
strand surface and (g) a cross-sectional view of the fabricated scaffold.
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ig. 4. SEM images show the morphology of the chitosan scaffolds (a) before and (b
c) before and (d) after cross-linking.

.4. Cell culture

Scaffolds for use with cell cultures, 10 × 10 × 1.8 mm3, were
terilized with 70% EtOH and UV light, and placed overnight in
ulture medium. Osteoblasts (MG-63), obtained from ATCC, were
sed to observe cellular behavior in the chitosan scaffold. MG-
3 cells were cultured in Dulbecco’s modified Eagle’s medium
DMEM, Hyclone, USA), supplemented with 10% fetal bovine serum
FBS, Hyclone, USA) and 1% penicillin/streptomycin (Hyclone, USA).

he cells were maintained up to passage 14 and collected by
rypsin–EDTA treatment. The cells were then seeded onto the
caffolds at a density of 5 × 104 cells/sample and incubated in an
tmosphere of 5% CO2 at 37 ◦C. The medium was changed every

ig. 5. (a) Pore size before cross-linking and after soaking in PBS solution prior to cell cul
f a spongy-type scaffold. NS means non-significant and *p < 0.05.
cross-linking with glutaraldehyde; FTIR spectra of the chitosan scaffolds are shown

second day. To assess the morphology of cells on the scaffolds, they
were examined by SEM 7 days after seeding. The cell/scaffold con-
structs were fixed in 2.5% glutaraldehyde and dehydrated through
a graded ethanol series. Dried scaffolds were coated with Au
and examined under the SEM at 15 kV. Cell growth was deter-
mined using an MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide) assay (Cell Proliferation Kit I; Boehringer
Mannheim, Mannheim, Germany). This assay is based on the
cleavage of the yellow tetrazolium salt MTT by mitochondrial dehy-

drogenases in viable cells to produce purple formazan crystals. Cells
on the scaffold were incubated with 0.5 mg/mL MTT for 4 h at 37 ◦C
and the absorbance at 570 nm was measured with a microplate
reader (EL800, Biotek Instrument, USA).

turing. (b) The porosity of the various cross-linked scaffolds is compared with that
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ig. 6. Young’s modulus and maximum tensile strength of the structured chitosan
caffolds is shown as a function of pore size (C-100 = 92 �m, C-200 = 211 �m, C-
00 = 415 �m). *p < 0.05.

.5. Statistical analyses

All data presented are expressed as means ± one standard devi-
tion. Statistical analyses consisted of single-factor analyses of
ariance (ANOVAs). The significance level was set at p < 0.05.

. Results and discussion

The cryogenic plotting system incorporated a dispenser con-
ected to a three-axis moving stage. The temperature of the
ryogenic stage and the ambient temperature of the plotting sys-
em were fixed at −20 ◦C and 25 ◦C, respectively. The pore size
tability influences initial cell attachment and proliferation. Thus,
he size-stability of the fabricated strands that comprise the 3D
caffold is an essential parameter. As a result, the temperature of
he cryogenic stage needs to be optimized under the various pro-
essing conditions. The effects of process temperature and nozzle
peed on the size of the resulting chitosan strands are shown in
ig. 1(a). Generally, the fabricated strands decreased in diameter
s the nozzle speed increased. However, at −20 ◦C, strand diam-
ter of chitosan solution was independent of nozzle speed and
ery stable, presumably due to the rapid freezing of the deposi-
ion solution. The processing temperature and nozzle speed were
hus set to −20 ◦C and 4 mm/s, respectively. Fig. 1(b) and (d) shows
he resulting chitosan plotted at room temperature (28 ◦C) for var-

ous processing speeds (0.5, 2, 4 mm/s). As shown in the figure,
lthough high plotting speed slightly improved the shape-ability
f the plotted structure of the chitosan solution, if the appropriate
ow processing temperature was not applied to the system, the 3D

ig. 7. (a) Cell proliferation results are shown on pore-size controlled chitosan scaffolds
C-100, C-200, C-400). NS means non-significant and *p < 0.05.
ymers 85 (2011) 817–823 821

structure of chitosan was not obtained, due to the low viscosity and
high hydrophilicity of the deposition solution.

To observe the effect of pore size for bone tissue regeneration,
we fabricated three different chitosan scaffolds. Three chitosan
scaffolds with pore-sizes of 100, 200, and 400 �m were fabri-
cated using a 300-�m nozzle moving at 4 mm/s. The pore size was
controlled by the changing the distance between the microsized
strands. Fig. 2(a) shows a spongy-type chitosan scaffold obtained
after the freeze-drying process. Fig. 2(b) and (c) shows structured
chitosan scaffolds. The fabricated scaffolds had strand diameters
ranging from 290 to 310 �m, with pore sizes and overall dimen-
sions differing by less than 10% from the nominally designed pore
sizes of 100, 200, and 400 �m: 92 ± 12 �m (C-100), 211 ± 11 �m
(C-200), and 415 ± 13 �m (C-400). The total dimensions of the scaf-
folds were designed to be 20 × 20 × 2 mm3; actual measurements
were 19 × 18.7 × 1.8 mm3.

SEM images showing the surface and cross-sectional mor-
phology of the spongy and structured chitosan scaffolds (C-100,
-200, -400) are given in Fig. 3(a)–(g). Fig. 3(a) and (b) shows
that evaporation of ice crystals during lyophilization roughened
the surface and cross-section of the spongy chitosan. According
to several researchers (Dalby et al., 2004; Gadegaard, Martines,
Riehle, Seunarine, & Wilkinson, 2006), micro- and nano-sized
roughness can influence cell attachment and proliferation on
various surfaces. Fig. 3(c)–(e) shows various chitosan scaffolds in
which pore size was 100, 200, and 400 �m, respectively. Fig. 3(f)
shows a surface of the plotted chitosan scaffold and Fig. 3(g)
shows the cross-sectional image of the scaffold (C-100) that had
been constructed by layer-by-layer deposition of chitosan micro-
strands. As shown in the figures, the designed chitosan scaffolds
had highly porous structure and the designed pore size was well
sustained during the cryogenic process.

The effects of cross-linking on scaffold geometry and surface
morphology of micro-sized chitosan strands can be observed in the
SEM images before and after cross-linking, shown in Fig. 4(a) and
(b), respectively. Both the pore structure and surface roughness
were sustained during cross-linking. However, the micro-sized
strands shrunk slightly during the dehydration process. These
results indicate the formation of stable chitosan scaffolds suit-
able for cell culturing. Fig. 4(c) and (d) shows FTIR spectra before
and after cross-linking. N–H stretching vibrations are observed at
approximately 3352 and 3289 cm−1 and a peak corresponding to
N–H bending is visible at 1586 cm−1 in the uncross-linked chitosan.

Complete reaction of the amino groups in the cross-linked chitosan
scaffold is evident by the absence of any significant amino peaks
(Vieira & Beppu, 2006). Thus, the chitosan scaffolds treated with
glutaraldehyde were well cross-linked.

and the spongy scaffold; PS = pore size. (b) Cell growth rate vs. various pore sizes
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ig. 8. (a) Surface and (b) cross-sectional SEM images of the spongy type scaffold
hitosan scaffold (C-200) seven days after seeding with MG63 cells.

Although controversial, several researchers have suggested
ptimal pore structures for the regeneration of various tissues. Pore
izes of 100–400 �m and 200–350 �m, have been suggested for
issue regeneration and osteoconduction, respectively, while for
broblasts and chondrocytes, growth is optimal with pore sizes
f 5–15 �m and 70–120 �m, respectively (Oh, Park, Kim, & Lee,
007). Many researchers agree that different cell lineages exhibit
preference for a particular pore size range. Thus, an optimal

caffold requires a uniformly distributed appropriate pore struc-
ure, according to the cells with which it will be used (Choi et al.,
009).

Fig. 5(a) shows the effect of cross-linking on the final pore size of
abricated scaffolds that had been soaked in PBS for 7 days. Fig. 5(a)
hows that, although the scaffold was cross-linked, the strands
f chitosan swelled slightly, eventually reducing pore size. For all
caffolds (C-100, -200, -400), this reduction was less than 10%, sug-
esting that changes in scaffold geometry will be sufficiently small
o sustain cell cultures.

Fig. 5(b) shows the porosity of spongy chitosan and structured
hitosan scaffolds (C-100, -200, -400). As expected, based on the
EM images in Fig. 3, the porosity of structured chitosan scaf-
olds was enhanced by the artificially designed pore sizes between
trands. According to Hutmacher (2000), the porosity of a scaffold
ust be higher than 85% to support tissue regeneration. In this

espect, the structured scaffolds C-200 and C-400 were sufficient,
ith porosities greater than 85% and up to 90%, respectively. The
-100 scaffold exhibited a porosity of 81% and the spongy chitosan
caffold 68%. These results indicate that the fabrication process
escribed herein is capable of producing chitosan scaffolds with

ontrolled porosity, while maintaining the same chitosan concen-
ration.

Mechanical properties are an important consideration in design-
ng 3D scaffolds, because the injected scaffold in a damaged area
own after seven days of cell culturing; (c) SEM images of the pore-size controlled

can be subject to various stresses. If the scaffold cannot main-
tain its shape, the emerging hard or soft tissue may be excessively
deformed (Drury & Mooney, 2003; Hollister, 2005). According to
Williams and Lewis (1982), trabecular bone has a modulus from
38 to 130 MPa. Because bone is an anisotropic material, its modu-
lus depends on the direction of the applied force. The mechanical
properties of a structured scaffold depend on the inherent structure
and bulk mechanical properties of the materials. The mechanical
properties of structured scaffolds are highly affected by pore struc-
ture, strand size, and pore size (Freyman, Yannas, & Gibson, 2001;
Kim & Son, 2009). Uniaxial tensile tests were performed to observe
the effect of pore size on the mechanical properties of structured
chitosan scaffolds. As shown in Fig. 6, both the tensile strength and
modulus decreased as the pore size increased. The tensile proper-
ties of the scaffolds were closely related to porosity. For scaffolds
with the same chitosan strand diameter, an increase in porosity
(from 81% of C-100 to 90% of C-400) caused a decrease in the tensile
modulus, from 1.2 MPa to 0.8 MPa, and strength, from 0.16 MPa to
0.07 MPa. These were both relatively low, compared with the same
properties of trabecular bone (38–130 MPa). Thus, the scaffolds fab-
ricated were not strong enough to support bone regeneration and
would only be suitable for soft tissues. However, the mechanical
properties might be improved by incorporating various compos-
ite systems containing synthetic polymers and/or ceramics, such
as hydroxyapatite (Ang et al., 2002). Future studies will focus on
strengthening the structured chitosan scaffolds with various cross-
linking conditions and supplementary materials.

Fig. 7(a) shows cell proliferation results from MTT assays after 1,
3, and 7 days. The optical density (OD) was measured at 570 nm to

evaluate the number of viable cells. A 3D spongy chitosan scaffold
(Fig. 2(a)) was used as a control. Cell proliferation was evaluated
on three different structured chitosan scaffolds (C-100, C-200, C-
400) and the spongy scaffold. The OD of the structured scaffolds
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C-100, C-200, C-400) was lower than that of the spongy scaffold
fter 1 day. This is due to a low degree of initial attachment onto
he structured scaffolds. The injected cells passed readily through
he uniformly distributed pores, rather than attach to the chitosan
trands. However, with increasing culture time, the degree of cell
igration and the rate of cell proliferation on the structured scaf-

olds surpassed those of the spongy chitosan. Fig. 7(b) shows the cell
rowth rate for various scaffolds (spongy-type of chitosan, C-100,
-200, C-400). The growth rate was defined as an OD value of MTT
ssay/day and to calculate the value, the data were linearly fitted
ith commercial software (Origin 7.0). As shown in the data, the

ryogenically designed scaffolds show higher cell growth rate than
hat of the spongy scaffold. In particular, the C-200 scaffold exhib-
ted the highest cell proliferation rate. This was likely due to the

ore appropriate channels for cell migration. However, this result
as confined to our structured scaffolds with microsized chitosan

trands. The large pore size of the C-400 scaffold proved to be a sig-
ificant obstacle to cell proliferation, while the small pore size of
he C-100 scaffold inhibited cell migration. According to Murphy,
augh, and O’Brien (2010), the effects of pore size are well known.
arge pore sizes can reduce the surface area of the scaffold to a level
hat limits cell adhesion, and the cells simply migrate through the
caffold, or the level of cell-to-cell contact will be too low to allow
or proliferation and subsequent osteogenesis (Murphy et al., 2010).

Fig. 8(a)–(c) shows the cell morphologies for the spongy chi-
osan scaffold and C-200 structured scaffold. Fig. 8(a) shows that
he cells had well spread over the surface of the spongy scaffold.
owever, the cross-sectional view shows that the spongy scaffold
id not allow cells to grow in its interior, due to a lack of intercon-
ected pores (Fig. 8(b)). In contrast, the scaffold in Fig. 8(c) shows
ood cell compactness around the pore throughout the uniformly
istributed pore structure and enough coverage of the chitosan
trands. These results contrast sharply with those observed with
he spongy-type scaffold, in which cells grew primarily on the sur-
ace, and indicate that the chitosan scaffolds described here, with
heir highly porous and interconnected pore structures, can be use-
ul as a matrix to enhance infiltration and proliferation of applied
ells. Furthermore, the fabrication technique for these scaffolds was
apid and stable and may be useful in the regeneration of various
issues.

. Conclusions

Highly porous and interconnected chitosan scaffolds were fab-
icated using a 3D plotting method, coupled with a cryogenic
ystem. The method allows one to create design-based and surface-
odified chitosan scaffolds. The scaffold pore size was readily

ontrolled by tailoring process parameters and the chitosan scaf-
old remained extremely porous, even after cross-linking (>85%).
hrinkage and swelling of the final scaffold were within ±10%
f the designed dimensions. Mechanical properties were highly
ependent on the pore structure, which could be adjusted with-
ut changing the chitosan concentration. Cell proliferation on the
tructured scaffolds was higher than on conventional spongy-type
caffolds. In particular, scaffolds with 200-�m pores exhibited the
ighest rate of cell proliferation.
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