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A freeze-gelation method was utilized to prepare porous scaffolds made of chitosan, alginate, and car-
boxymethyl cellulose because of their usefulness in tissue engineering applications. These polysaccharide
solutions were cooled down to freezing using either a fast-cooling (FC) mode (>20 °C/min) or a slow-cool-
ing (SC) mode (0.83 °C/min). Then the frozen polysaccharide solutions were immersed in their respective
non-solvents to form porous scaffolds. Based on the SEM and optical microscope images of the scaffolds,
the FC mode induced non-simultaneous nucleation and generated directional pore structures. In contrast,
simultaneous nucleation and uniform and isotropic pore structures (mean pore size: 60-100 um) were
obtained by using the SC mode. Moreover, the tensile strength of the scaffolds prepared by the SC mode
(about 60 N/g) was three times higher than that of scaffolds prepared by the FC mode (about 20 N/g). This
study reveals that when using the freeze-gelation method, the cooling rate (mode) is a crucial factor
which controls the pore structure and strength of porous scaffolds. Therefore, our results suggest that
polysaccharide scaffolds with pore structures suitable for tissue engineering applications can be obtained
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via an appropriate cooling mode.
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1. Introduction

Polysaccharides are extensively used in tissue engineering (Kim
et al., 2008) and drug delivery systems (Dong & Leong, 2006;
George & Abraham, 2006) because of their numerous beneficial
biological properties (Muzzarelli et al., 1988). Porous polysaccha-
ride scaffolds are able to provide three-dimensional structures
for both in vitro studies of cell-scaffold interactions as well as
in vivo studies of induced tissue regeneration (Dong & Leong,
2006; Kim et al., 2008; Ma et al., 2003). High porosity (generally
greater than 90%) and a large pore size (about 100 pum) as well as
an interconnected pore structure of the porous scaffolds are neces-
sary for the transport of cells and metabolites (Rezwan, Chen,
Blaker, & Boccaccini, 2006). Previous reports showed that adhesion,
proliferation, and phenotype of cells were affected by the pore size
distribution and pore shape of scaffolds (Berry, Campbell, Spadic-
cino, Robertson, & Curtis, 2004; Zeltinger, Sherwood, Graham,
Miieller, & Griffith, 2001).

A freeze-gelation method was developed by Ho et al. for fabri-
cating porous scaffolds for tissue engineering applications (Ho
et al., 2004). Their method is based on thermally induced phase
separation (TIPS) (Nam & Park, 1999; Whang, Thomas, Healy, &
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Nuber, 1995) and immersion precipitation. In the freezing step
(TIPS), a homogeneous aqueous polymer solution is frozen in a
cooling process to induce liquid-liquid demixing or solid-liquid
demixing. Then, the frozen solution is immersed in a non-solvent
of the polymer to remove the frozen solvent, and the polymer
forms a porous scaffold. Compared with the freeze-drying method,
the freeze-gelation method saves time and energy, and is easier to
scale up (Ho et al., 2004).

However, in an aqueous polymer solution, the presence of poly-
mer molecules may affect the equilibrium and non-equilibrium
properties of the water as ice crystals are generated during the
freezing process. A wide range of melting (T,,,) and freezing tem-
peratures (T¢) reflects the non-ideal behavior of the solution at high
concentrations (Koop, Luo, Tsias, & Peter, 2000). At the end of ice
solidification, the pore size and structure of the scaffolds were
determined by the ice-crystal morphology and size distribution
(O’Brien et al., 2004). Bigg reported in 1953 that the cooling rate
has a dramatic effect on freezing, with significant supercooling
possible at high cooling rates (Bigg, 1953; Chen & Lee, 1998).
Supercooled water is in a metastable state which ends when ice
nucleation occurs and ice crystals form. The latent heat released
from the ice crystals are consumed by the supercooled water,
and the temperature of water returns to its freezing point (0 °C)
during the growth process of the ice crystals. It was observed that
the freezing temperature decreased with the cooling rate up to a
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certain value in deeper supercooled states (Gokhale, 1964). Previ-
ous study showed that varying the rate of ice nucleation may result
in ice crystals of different morphologies (Wood & Walton, 1970).

A recent study indicated that adjusting the cooling rate can af-
fect phase separation via different ice nucleation mechanisms,
resulting in scaffolds with various morphologies of pore sizes and
distributions as well as scaffold heterogeneity, thus affecting their
mechanical properties (Hollister, 2005). Different scaffold micro-
structures lead to different effective stiffness levels. A scaffold’s
mechanical properties (strength, toughness, and ductility) are
determined both by properties of the bulk material such as the
material chemistry and by its structure such as the material/pore
arrangement (Muschler, Nakamoto, & Griffith, 2004). For porous
scaffolds prepared by the freeze-drying method using different
freezing temperatures, it was reported that a lower freezing
temperature can induce smaller pore sizes (Kuo & Ku, 2007; Mos-
hfeghian, Tillman, & Madihally, 2006). In our previous research, we
found that using an elevated pre-cooled bath temperature and con-
centration of acetic acid, the tensile stress and strain of the chito-
san scaffolds at maximum load significantly increased (Hsieh et al.,
2007). However, the effects of the cooling rate on the mechanical
properties and pore structure of scaffolds have not been exten-
sively investigated. In order to demonstrate that the cooling rate
is an important factor that affects the properties of porous scaf-
folds, three polysaccharides, chitosan (CH), alginate (AL), and
carboxymethyl cellulose (CMC), were used to prepare porous scaf-
folds by the freeze-gelation method, and the characteristics of the
scaffolds were determined. CH, AL, and CMC are often used for
tissue engineering applications and also drug release systems (Far-
oongsarng & Sukonrat, 2008; George & Abraham, 2006; Kim et al.,
2008; Kokini & Surmay, 1994; Wang, Kao, & Hsieh, 2003).

As to the nature of the material, CH is a copolymer of glucosa-
mine and N-acetylglucosamine which is generally obtained from
crustacean shells and cell walls of fungi (Muzzarelli et al., 1988;
Wang et al., 2003). AL is a linear unbranched polymer containing
B-(1,4)-linked p-mannuronic acid and o-(1,4)-linked r-guluronic
acid residues (George & Abraham, 2006; Kokini & Surmay, 1994),
whereas CMC is a cellulose derivative with carboxymethyl groups
(-CH,-COOH) bound to some of the hydroxyl groups of the gluco-
pyranose repeating units which have different degrees of substitu-
tion, but it is generally in the range of 0.6-0.95 derivative per
repeating unit (Capitania, Porrob, & Segre, 2000). It is noteworthy
that ethanol is a non-solvent of CH, AL, and CMC for immersion
precipitation in the freeze-gelation method.

The aim of this study was to investigate the influence of cooling
rate (mode) on the final characteristics of the porous polysaccha-
ride (CH, AL, and CMC) scaffolds fabricated by the freeze-gelation
method. Ice nucleation phenomena under different cooling rates
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were compared to better understand how the cooling rate affects
the pore structure and tensile strength of the porous scaffolds,
which were assessed by scanning electron microscope (SEM),
optical microscope and mechanical strength analysis.

2. Experimental
2.1. Materials

Chitosan (CH, Myy = 300,000, degree of deacetylation = 85-90%)
was obtained from Kiotek (Hsinchu, Taiwan). Alginate sodium salt
(AL, from the kelp Macrocystis pyrifera), and carboxymethyl cellu-
lose sodium salt (CMC, medium viscosity of 400-800 cps in a 2%
aqueous solution at 25 °C) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). All solvents used were of analytical quality.
Distilled and deionized water was used throughout this study.
Other chemicals were purchased from Sigma-Aldrich.

2.2. Preparation of polysaccharide aqueous solutions

CH powder and water were poured into a bottle which was cov-
ered with insulated materials (FANYALON® NP-620, Fanyalon, Tai-
chung Hsien, Taiwan) to avoid heat exchange with the
surroundings (insulated system). Then, acetic acid was added to
the system to dissolve the CH and form a 3-wt% chitosan 0.2 M ace-
tic acid aqueous solution. During the dissolution process, the tem-
perature profile with respect to time was measured by a T-type
thermocouple (TP-K02, TES Corp., Taipei, Taiwan) and recorded
with a digital thermometer (TES-1307, TES). Data were transmitted
to a computer for further analysis. AL and CMC were directly dis-
solved in pure water to form a 3-wt% aqueous solution. In addition,
the apparent viscosities of the three polysaccharide aqueous solu-
tions were determined by a viscometer (model DV-II+, Brookfield,
Middleboro, MA, USA).

2.3. Preparation of the polysaccharide scaffolds

The polysaccharide scaffolds were prepared by a freeze-gelation
method developed by Ho et al. (2004). A diagram of the experi-
mental apparatus is shown in Fig. 1a. It consists of a mold section
and a cooling section. The mold section, as shown in Fig. 1b, con-
tains a homemade acrylic square frame that was divided into 10
hollow areas. Each hollow area is a cuboid with a length of 8 cm,
a width of 2.5 cm, and thickness of 0.3 cm. The 3 wt% polysaccha-
ride solution (about 60 g) was enclosed in the acrylic frame, and
placed between two stainless steel plates (15 x 15 x 0.3 cm) (at
the top and bottom for heat exchange) to form a sandwich-like
mold. Afterwards, the mold was put into a refrigerated bath circu-

Fig. 1. Schematic diagram of the experimental apparatus: (a) cooling section and (b) mold section. The local temperatures of the polysaccharide solution (Ts) and bath (Tg)

were measured.
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lator (the cooling section, model BL-80, TIT Co., Taipei, Taiwan) for
cooling. Two kinds of cooling modes were used and are described
as follows.

Fast-cooling (FC) mode: The prepared mold was quenched in a
pre-cooled bath with different bath temperatures (Tg) of —20,
—40, —60, or —80 °C. Different temperature gradients were gener-
ated in the initial quenching step that induced different FC rates.

Slow-cooling (SC) mode: The mold was cooled in a cooling bath
at a constant cooling rate of 0.83 °C/min from 20 °C to final bath
temperatures (Tg) of —20, —40, —60, and —80 °C. The rate of cooling
was controlled by an RTD temperature controller.

During the cooling processes (FC and SC), temperatures of the
solutions (Ts) in the mold and bath temperatures (Tg) were mea-
sured using a T-type thermocouple. The data were recorded and
analyzed on a notebook computer. The entire cooling process
lasted at least 150 min until the temperature reached the final bath
temperature, and then the frozen polysaccharide solution was ta-
ken out of the mold and immersed in different non-solvents at
—20 °C for 3 h to precipitate different polysaccharides, thus form-
ing the porous scaffolds. The non-solvent of CH was a NaOH/etha-
nol aqueous solution (pH 13), and the non-solvent of CMC was an
HCl/ethanol aqueous solution (pH 2.2), because CH and CMC were
precipitated at different pH values. To stabilize the AL scaffolds, a
CaCl,/ethanol aqueous solution (the concentration of CaCl, solu-
tion was 1 wt%) was chosen to be the non-solvent of AL. After-
wards, all scaffolds were immersed in another non-solvent bath
(a 95% ethanol aqueous solution) at —20 °C for 3 h. Finally, the
CH scaffold was washed with a phosphate-buffered saline (PBS)
solution, and the AL and CMC scaffolds were washed with a 70%
ethanol aqueous solution three times (30 min each time) at
25 °C. The scaffolds were dehydrated step-wise in an ethanol solu-
tion starting at 70% and continuing to 100% (70%, 80%, 90%, 95%,
and 100%) for approximately 15 min in each step. Afterwards, the
scaffolds were dried in a Tousimis PVT-3D critical point dryer
(Rockville, MD, USA). All scaffolds were stored at 4 °C for further
use.

2.4. Evaluation of scaffold porosity

The porosity of a porous scaffold was evaluated as follows:

_ Vpolysaccharide) « 100%
Vscaffold

_ (1 M)  100%,
p

Porosity (%) = <1

where Vicafrold and Vpolysaccharide are the volume of scaffold and that
occupied by the polysaccharide, respectively, py, is the intrinsic den-
sity of the polysaccharide (1.342 g/cm® for CH (Thomson et al.,
1999), 2.64 g/cm? for AL, and 1.59 g/cm® for CMC). The area (A),
mass (Wscarrord), and thickness (I) of the scaffold were measured
and used to estimate the overall porosity of the scaffold using the
above equation.

2.5. Observation of the scaffold structures

To observe the structures of the scaffolds with a scanning elec-
tron microscope (SEM), the scaffolds were dehydrated step-wise in
an ethanol solution starting at 70% and continuing to 100% for
approximately 15 min for each step. Afterwards, the scaffolds were
dried in a Tousimis PVT-3D critical point dryer (Rockville, MD,
USA), sectioned, sputter-coated with gold in a Hitachi JEOL JFC-
1100E and JEOL JEE-4X vacuum evaporator (Tokyo, Japan), and
then visualized using a Hitachi J[SM-6300 scanning electron micro-
scope. For observation of the solidified polysaccharide solutions
with an optical microscope, CH was stained with a Crocein Orange

G dye solution (1 pg/ml), and AL and CMC were stained with a
crystal violet solution (1 pg/ml). The frozen polysaccharide solu-
tions prepared by either the SC or FC mode with a Tz of —20°C
without immersion in a non-solvent were maintained at a low
temperature and observed with an Olympus inverted microscope
(Tokyo, Japan) equipped with a charge coupled device (CCD) image
collection system connected to a personal computer.

2.6. Determination of the mechanical properties of the scaffolds

The tensile strength and elongation at maximum load of the
porous scaffolds were determined using a Lloyd LRX tensile
strength instrument (Hampshire, UK) at a constant speed of
10 mm/min with a preload of 0.1 N. Samples were cut into a typical
dog-bone shape similar to the American Society for Testing Mate-
rial (ASTM) D 4762-04 standard, and then each sample was
weighed. The thickness of each individual scaffold was measured.
The measured maximum tensile strength (load to fracture) was
normalized by weight for each scaffold.

2.7. X-ray diffraction (XRD)

XRD was used to characterize the crystal structure of the scaf-
folds, which is related to the mechanical strength. The XRD pat-
terns were determined using an X-ray diffractometer (Philips
X'Pert MPD Pro, PANalytical, Westborough, MA, USA) and Cu K
radiation with a voltage of 45 kV and an intensity of 40 mA. The
crystal structures of the polysaccharide scaffolds prepared by the
freeze-gelation method with either the FC or SC mode to Ty of
—80 °C were examined by measuring the X-ray powder diffraction
patterns. The data were collected over a 20 angular range of 15-50°
in a continuous mode with a scan rate of 0.5°/min, and then the
X-ray diffractograms were analyzed.

2.8. Statistical analysis

The statistical analysis was performed using the one-way anal-
ysis of variance (ANOVA) method (SPSS 14.0, SPSS Taiwan Corp.,
Taipei, Taiwan) to determine whether differences in the data were
significant. Data are expressed as the mean * standard deviation
(SD) (n = 5), and differences were considered statistically signifi-
cant if p <.05.

3. Results and discussion
3.1. Dissolution of chitosan

The dissolution process involves three steps, all of which
include a change in enthalpy (Perkyns & Pettitt, 1996). The first
step is an endothermic process in which solvent molecules over-
come attractive forces in the solute particles such as lattice energy
of crystalline materials. The second step is also an endothermic
process which involves the separation of solvent molecules to
accommodate the solute. The final step is the formation of new
attractive interactions between solvent and solute molecules and
is exothermic. The sum of the enthalpy change for all three steps
determines whether the overall dissolution process is endothermic
or exothermic. Since chitosan is a semi-crystalline polymer, lattice
energy is released during the dissolution process. However, the
temperature increase during the dissolution process of chitosan re-
vealed that it is an exothermic process. That is to say, the energy of
the attractive interaction between CH and the acetic acid aqueous
solution was greater in magnitude than the lattice energy of CH.
Based on our experimental data, the overall heat release for the
CH dissolution process can be evaluated as follows:
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[(Mw x Cow + Mg x Cpg) x AT] = [(100g x 4.18 /g K+ 2179 g
x 0.84]/gK) x 3.8 K] = 2283 ],

where My and Mg are the respective weights of water and the glass
bottle, Cpw and Cpg are the heat capacities of water and the glass
bottle, respectively, and AT is the temperature change (increase)
during the dissolution process. The above experimental data indi-
cates that the dissolution process of chitosan is exothermic, and
thus the phase-separation of CH from its solvent ought to be endo-
thermic during the freezing-induced phase separation step in the
fabrication of CH scaffolds. However, in our experiment the total
mass of CH in the solution was only 3 g, and there was 95.8 g of
water in the solution. The total energy change of CH dissolution
was about 2283 ] which is quite small compared to the total latent
heat of solidification of water (95.8 g x 334.4 J/g = 32035 ], where
334.4]/g is heat of solidification of water per gram), but it still
had a significant effect on the phase-separation process of the CH
aqueous solution.
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Table 1

Freezing temperature (T¢), initial cooling rate, and the time required for freezing to
begin of the polysaccharide solutions using the fast-cooling (FC) mode with different
bath temperatures (Tg) (n > 3, mean + SD).
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Fig. 2. Time course of solution temperature (Ts) under fast-cooling (quenching, FC) mode and slow-cooling (at a cooling rate of 0.83 °C/min, SC) mode with different final bath

temperatures (Tg) (—20 and —80 °C). (a and b) Chitosan (CH), (¢ and d) alginate (AL), and (e and f) carboxymethyl cellulose (CMC).
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3.2. Temperature profile of the cooling modes

The freezing step in the freeze-gelation method was carried out
by either the FC or SC mode. Heat transfer in the cooling process is
associated with heat conduction and natural convection, and the
phase-separation process includes ice nucleation and solidifica-
tion. For the FC mode, the temperature profiles of different poly-
saccharide solutions with various Ty values are shown in Fig. 2.
Since the process of separation of the polymer from the solution
can be endothermic or exothermic, the change in temperature be-
came complicated. The entire cooling process can be divided into
three stages: solution sensible cooling stage, phase-separation
stage (including ice nucleation and solidification), and frozen solu-

tion sensible cooling stage. During the solution sensible cooling
stage, heat conduction and natural convection are the dominative
heat transfer mechanisms (Chen & Lee, 1998; Yoon et al., 2001;
Zhang et al., 2005). In the phase-separation stage, heat transfer
by conduction and latent heat released during phase change of
water into ice are the principle heat exchange processes. From
the temperature curve of the polysaccharide aqueous solution in
the FC mode, there was no significant temperature change in the
phase-separation stage. This means that the rate of ice nucleation
growth was comparatively slow, and is regarded as a non-simulta-
neous nucleation mechanism. Primary nucleation was the initial
ice nucleation event. Secondary nucleation (ice growth) followed
primary nucleation, and moved with a velocity on the order of

Fig. 3. SEM images of the chitosan (CH), alginate (AL), and carboxymethyl cellulose (CMC) scaffolds prepared by the freeze-gelation method using the (a) fast-cooling (FC) and
(b) slow-cooling (SC) mode with different bath temperatures (Tg = —20, —40, —60, and —80 °C). (Bar = 100 pm).
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mmy/s to the supercooled water region until the solidification pro-
cess was complete. Secondary nucleation often is referred to as
crystallization, and the velocity of solidification is referred to the
linear velocity of crystallization (Budiaman & Fennema, 1987).
The average freezing temperature and cooling rate of the FC
mode are shown in Table 1. The results demonstrated a wide range
of freezing temperatures of the aqueous solution under the high
cooling rate condition (Okawa, Saito, & Suto, 2002). In comparing
the different polysaccharides, the time required for freezing to be-
gin in the AL aqueous solution was less than those for the CH and
CMC aqueous solutions (shown in Table 1). Because the viscosity of
the AL (320 cp) solution was less than that of the CH (4460 cp) and
CMC (4600 cp) solutions, natural convection was more exuberant
for the lower viscosity solution at the same temperature gradient,
and it thus increased the speed of eliminating the sensible heat and
decreased the time required for freezing to begin. In addition, Tam-
mann reported in 1925 that the velocity of the secondary nucle-
ation front first increases with the extent of supercooling then
decreases at deep supercooling due to the effect of high viscosity
(Searles, Carpenter, & Randolph, 2001). Therefore, in the FC mode,
the high cooling rate induced a large temperature gradient which
produced ice crystals generated from the outside to the center of
the solution, and directional solidification developed. Ice nucle-
ation first occurred at the surface of the steel, but the latent heat
of solidification warmed up the supercooled water, thus decreasing
the velocity of ice growth. For all cases of the SC mode with differ-

ent Ty values, the freezing temperatures were around —5 to —10 °C,
and then the temperatures suddenly rose to around the freezing
point of water (0 °C) (shown in Fig. 2). This is because of the large
amount of latent heat released from the ice crystals, which was
simultaneously generated, thus inducing a jump in the solution
temperature. Therefore, in the SC mode, simultaneous ice nucle-
ation occurred because as the entire polysaccharide solution was
cooled to the same supercooled degree, ice nuclei formed every-
where in the solution and the growth rate of ice crystals increased
at the same time (Budiaman & Fennema, 1987; Guzman & Braga,
2005; Okawa et al., 2002).

3.3. Morphology of the scaffolds

The microstructures of the cross-section of the polysaccharide
scaffolds are shown in Fig. 3. For the FC mode with a Ts of —20
to —80 °C, stratiform pore structures were observed in the cross-
sectional SEM images (Fig. 3a). Because of the presence of large
temperature gradients caused by the high cooling rate in one direc-
tion during the freezing step in the preparation of the scaffolds, ice
crystals grew in one direction which was the same as the direction
of the temperature gradient (Zhang et al., 2005). Therefore, at the
end of the growth process of ice crystals, a stratiform pore struc-
ture had developed.

In contrast, uniform and isotropic pore structures were ob-
served in SEM images of scaffolds produced by the SC mode. Be-

Fig. 4. Optical microscopic images of the chitosan (CH), alginate (AL), and carboxymethyl cellulose (CMC) solutions prepared using the fast-cooling (FC) and slow-cooling (SC)

modes (T = —20 °C). (Bar = 100 pm).
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cause simultaneous nucleation occurred under the SC condition,
ice crystals formed throughout polysaccharide solutions at the
same time and thus induced isotropic pore structures. The cross-
sectional SEM images demonstrated that the pores were intercon-
nected with high porosity.

Optical microscopic photos of the frozen polysaccharide solu-
tions at a Tg of —20 °C are shown in Fig. 4. The patterns of the frozen
polysaccharide solutions were similar to the SEM images. An
aligned structure of the polysaccharide was observed with the FC
mode, but an isotropic structure of the polysaccharide was observed
with the SC mode. This indicates that the microstructures of the
polysaccharide scaffolds were determined by the freezing-induced
phase separation which was affected by the cooling mode. These re-
sults are consistent with the inferences discussed in Section 3.2.
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3.4. Porosity, mechanical properties, and X-ray diffraction analyses of
the scaffolds

All of the scaffolds had high porosities exceeding 96%. That is to
say, the cooling rate did not have a significant effect on the porosity
of the freeze-gelled porous polysaccharide scaffolds prepared with
the same concentration of polysaccharide solution. The mechanical
properties of the tensile strength and elongation of the polysaccha-
ride scaffolds with different cooling modes are shown in Fig. 5. The
tensile strengths of the CH (Fig. 5a), AL (Fig. 5¢), and CMC scaffolds
(Fig. 5e) fabricated by the freeze-gelation method with the SC
mode were significantly greater than those with the FC mode.
Elongation of the CH and CMC scaffolds prepared by the SC mode
was higher than that prepared by the FC mode, but there was no
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Fig. 5. Mechanical properties of scaffolds prepared with the fast-cooling (FC) and slow-cooling (SC) modes with various Tg values (—20, —40, —60, and —80 °C). (a), (c), and (e)
are the normalized tensile strength (maximum load divided by weight of scaffold) and (b), (d), and (f) are the elongation (percentage of strain at maximum load) of the
scaffolds ((a and b) for CH, (c and d) for AL, (e and f) for CMC). (N > 10, mean * SD, "p <.05).



356 N.-Y. Yuan et al./Carbohydrate Polymers 78 (2009) 349-356

significant difference between the AL scaffolds prepared using
these two modes.

However, different Ty values for the FC mode affected the rate of
cooling (see Table 1) and induced different ice nucleation and
solidification processes. Therefore, different pore structures and
material/pore arrangements developed. For the FC mode, there
was no difference among the elongation extents of the CH
(Fig. 5b), AL (Fig. 5d), and CMC scaffolds (Fig. 5f), but the tensile
strength slightly increased with an increase in the Tg. In the SC
mode, the use of different Tz values had no significant effect on
either the tensile strength or elongation.

From the X-ray diffraction (XRD) analyses, cooling modes had
no effect on the semi-crystallization of CH or CMC generated by
immersion in the non-solvent (NaOH/ethanol or HCl/ethanol aque-
ous solution). The XRD patterns of AL showed that it was a more-
amorphous polymer than CH or CMC, and the cooling mode had no
effect on the AL scaffolds. Taking the mechanical properties, SEM
images, and XRD analyses into account, because the direction of
tensile force used in determining the mechanical properties of
the scaffolds was perpendicular to the direction of stratiform struc-
ture of the polysaccharide scaffolds, lower tensile strengths were
found for scaffolds prepared by the FC mode.

4. Conclusions

This investigation has shown that the pore space in the scaffolds
was mainly created by the formation of ice crystals. SEM and opti-
cal microscope images showed that scaffolds with stratiform struc-
tures were obtained using the FC mode, because directional
freezing and non-simultaneous ice nucleation were induced by
the large temperature gradients in the FC mode. In contrast, simul-
taneous ice nucleation and isotropic pore structures of scaffolds
were obtained using the SC mode. Moreover, different pore struc-
tures of scaffolds influenced their mechanical properties. Our re-
sults show that the normalized tensile strength of scaffolds
prepared using the SC mode was approximately three times great-
er than that prepared using the FC mode. Our results suggest that
the cooling mode in the freeze-gelation method is a dominant fac-
tor affecting the microstructures and mechanical properties of CH,
AL, and CMC scaffolds. Therefore, pore structures can be adjusted
via different cooling modes in order to manufacture suitable scaf-
folds for various tissue engineering applications.
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