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Abstract

Freeze-fixation and freeze-gelation methods are presented in this paper which can be used to prepare highly porous scaffolds
without using the time and energy consuming freeze-drying process. The porous structure was generated during the freeze of a
polymer solution, following which either the solvent was extracted by a non-solvent or the polymer was gelled under the freezing
condition; thus, the porous structure would not be destructed during the subsequent drying stage. Compared with the freeze-drying
method, the presented methods are time and energy-saving, with less residual solvent, and easier to be scaled up. Besides, the
problem of formation of surface skin can be resolved and the limitation of using solvent with low boiling point can be lifted by the
presented methods. With the freeze-extraction and freeze-gelation methods, porous PLLA, PLGA, chitosan and alginate scaffolds
were successfully fabricated. In addition to the presentation of the morphologies of the fabricated scaffolds, preliminary data of cell

culture on them are as well included in the present work.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Tissue engineering, a technique to create new tissue
from cultured cells, has now been considered as a
potential alternative to organ or tissue transplantation
[1]. Biodegradable scaffolds, serving as transplant
vehicles for cultured cells and templates to guide tissue
regeneration, play an important role in transforming the
cultured cells to a new tissue [1-3]. To allow a high
density of seeded cells and to promote neovasculariza-
tion when being implanted in vivo, the scaffolds should
have high porosity, large surface area, suitable pore size,
and highly interconnected pore structure, in addition to
biocompatibility and biodegradability [4-7]. Therefore,
a lot of researches have concentrated on developing
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methods for preparing scaffolds with suitable porous
structure for tissue engineering.

Several preparation methods have been reported for
porous scaffolds, including porogen leaching [8-10],
saturation and release of CO, [11,12], 3D printing [13],
and phase separation techniques [10,14—18]. A widely
used method is the thermally induced phase separation
(TIPS) [10,14,15], in which the solution temperature is
lowered to introduce phase separation of the homo-
geneous biodegradable polymer solution. The phase
separation mechanism could be liquid-liquid demixing
[16], which generates polymer-poor and polymer-rich
liquid phases. The subsequent growth and coalescence
of the polymer-poor phase would develop to form
the pores in scaffolds. On the other hand, when the
temperature is low enough to allow the freeze of the
solution, the phase separation mechanism would be
solid-liquid demixing, which forms frozen solvent and
concentrated polymer phases. After the removal of the
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frozen solvent, the remained space would become pores.
By adjusting the polymer concentration, using different
solvent, or varying the cooling rate, phase separation
could occur via different mechanisms, resulting in
scaffolds with various morphologies.

The porous structure is in fact generated in the stage
of phase separation. After the removal of the liquid or
frozen solvent contained in the demixed solution, the
space originally occupied by the solvent would become
pores in the prepared scaffolds. Obviously, in the stage
of solvent removal, the porous structure contained in
the solution needs to be carefully retained. Therefore,
freeze-drying is usually used for solvent removal to
retain the porous structure. Without freeze-drying, a rise
in temperature during the drying stage could result in
remixing of the phase-separated solution or remelting of
the frozen solution, leading to a destruction of the
porous structure. Although freeze-drying can prevent
the disintegration of porous structure, it is so time and
energy consuming that the whole scaffold fabrication
process becomes inefficient and economically uncompe-
titive. Another problem encountered in the application
of freeze-drying to preparation of scaffolds is the
occurrence of surface skin. During the freeze-drying
stage, if the temperature is not controlled low enough,
the polymer matrix would not be rigid enough to resist
the interfacial tension caused by evaporation of solvent.
Thus, the porous structure collapses and dense skin
layers occur in the prepared scaffolds. To improve the
efficiency of the fabrication process and to prevent the
formation of surface skin, a method is presented in this
paper which fixes the porous structure under freezing
condition so that in the subsequent drying stage the
freeze-drying process is not needed.

The fabrication procedures for four biodegradable
polymers are discussed in the present work, containing
poly (L-lactic acid) (PLLA), poly (lactic-co-glycolic acid)
(PLGA), chitosan, and alginate. For PLLA and PLGA,
after the polymer solution was frozen, the frozen
solution was immersed in a non-solvent bath to allow
the exchange of solvent and non-solvent at a tempera-
ture lower than the freezing point of the polymer
solution. Such a freeze-extraction technique can extract
the solvent out of the polymer matrix before the drying
stage. After that, the polymer matrix was surrounded
with non-solvent, redissolution of polymer would not
occur in the drying stage and freeze-drying was therefore
not needed. On the other hand, for chitosan and
alginate, the frozen polymer solution was immersed in
a gelation environment at a temperature lower than the
freezing point of the polymer solution. With this freeze-
gelation technique, since the polymer matrix had already
gelled before the drying stage, the porous structure
could also be retained without freeze-drying.

In the following, the procedures of freeze-extraction
and freeze-gelation will be discussed. The prepared

scaffolds will be compared with those fabricated by
using the freeze-drying method. In addition, some
preliminary data of cell culture on the prepared scaffolds
will also be given.

2. Materials and methods
2.1. Materials

PLGA 50/50 (poly (D, L-lactic-co-glycolic acid) 50:50),
chitosan and alginate were purchased from Sigma,
PLLA (poly (rL-latide)) from Fluka. All the solvents
used were of analytical quality. Distilled and deionized
water was used throughout this study. For cell culture,
o-minimum essential medium («MEM) was purchased
from Sigma, and fetal bovine serum (FBS) and
penicillin—streptomycin—amphotercin were purchased
from Gibco.

2.2. Preparation of PLLA and PLGA scaffolds

PLLA was dissolved in dioxane and PLGA was
dissolved in dioxane or DMSO (dimethyl sulfoxide) to
form a 3wt% polymer solution. The polymer solution
was placed in a glass petridish and frozen at —20°C. The
solvent contained in the frozen solution was then
removed either by freeze-drying or by freeze-extraction.
The procedures of freeze-extraction are described below.
The frozen polymer solution was immersed in an
ethanol aqueous solution that was pre-cooled to
—20°C. It should be noted that the ethanol concentra-
tion was 80 wt% preparation of PLLA scaffolds, and
30wt% for PLGA. Due to the miscibility between the
solvent (dioxane or DMSO) and the ethanol aqueous
solution, the solvent was extracted out and replaced
with ethanol aqueous solution, a non-solvent for PLLA
and PLGA. After extraction, drying at room tempera-
ture was performed to remove the ethanol aqueous
solution contained in the polymer matrix. PLLA and
PLGA scaffolds could then be obtained after the drying
stage.

2.3. Preparation of chitosan and alginate scaffolds

Chitosan was dissolved in acetic-acid aqueous solu-
tion (1Mm) to form a 2wt% polymer solution. The
polymer solution was placed in a glass petridish and
frozen at —20°C. The frozen chitosan solution was
immersed in a NaOH/ethanol aqueous solution to
adjust its pH to allow for the gelation of chitosan. The
NaOH/ethanol aqueous solution was precooled to
—20°C so that the gelation occurred below the freezing
point of the chitosan solution; hence, the process is
called ““freeze-gelation”. For comparison, freeze-drying
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was also conducted to remove the aqueous solution
contained in the frozen chitosan solution.

The procedures to prepare alginate scaffolds are similar
to those for chitosan scaffolds. Alginate was dissolved in
deionized water to form a 2 wt% solution, which was then
frozen at —20°C. The frozen solution was immersed in
aqueous ethanol solution of CaCl, at —20°C to induce
gelation of alginate. Drying at room temperature was
performed after gelation to obtain alginate scaffolds.

2.4. Freeze-drying

As mentioned in Sections 2.2 and 2.3, freeze-drying
was also performed in the present work for comparison
with freeze-extraction and freeze-gelation. It should be
noted that, when the commercial freeze-dryer was used,
the prepared scaffolds possessed surface skin. To
prevent the formation of surface skin, the apparatus
depicted in Fig. 1 was used to carry out the freeze-drying
process. During operation, liquid nitrogen was con-
stantly added to the liquid nitrogen bath to prevent the
elevation of temperature.

2.5. Determination of the porosity of scaffolds

Both the mass (M) and the volume (V) of the
prepared scaffolds were measured. Dividing M by the
density of polymer (p,) gave the volume of polymer (V)
contained in the scaffolds. The polymer density can be
obtained from the supplier: PLLA 1.25 (g/cm®), PLGA
1.37 (g/em?), chitosan 0.50 (g/cm?), alginate 0.90 (g/
cm’). With the above information, the porosity of
scaffolds can be calculated via the following equation:

—-V,

Porosity = 100%.

1 1
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Fig. 1. Schematic diagram of a freeze-drying apparatus.

2.6. Pore size distribution

Pore size distribution of porous scaffolds was
examined by using Mercury porosimetry (60K-1-A,
PMI).

2.7. SEM analysis

For analysis with SEM, specimens were cut from the
scaffolds and fractured in liquid nitrogen. A gold layer
was then coated on the specimen surface. Morphologies
of specimens were examined by using JEOL (JSM-6300)
scanning electron microscope. To prepare samples of
cell-containing scaffolds for SEM analysis, fixation and
dehydration of cells should be carried out. The scaffolds
with cells were fixed with a 1wt% glutaraldehyde
solution and dehydrated in a series of ethanol aqueous
solutions with successively increasing ethanol concen-
tration from 30 to 99.99 wt%. Critical point drying with
supercritical CO, was then performed to prevent the
deformation of cells.

2.8. Cell culture

Cells used for culture were ROS 17/2.8 osteoblast-like
cells, originally isolated from a rat osteosarcoma. The
cells were cultured in «MEM, supplemented with 10%
FBS and 100 U/ml penicillin—streptomycin—amphoter-
cin, at 37°C in 5% of CO,. Scaffolds were placed and
immobilized in culture dishes. ROS cells suspended in
culture medium (5 x 10* cells/ml) were then added in the
dishes to allow the ingrowth of cells to the scaffolds. The
culture medium was changed every 2 days. After
incubation for various periods, cells attached on the
scaffolds were harvested for analysis.

2.9. Determination of cell density in scaffolds

The scaffolds were washed with PBS for 3 times
to remove the non-attached ROS cells and were
then immersed into 0.5 x trypsin solution and in-
cubated at 37°C for 10min to detach the cells for
analysis. The number of cells was determined with a
hemacytometer.

3. Results and discussion

3.1. Scaffolds prepared by freeze-extraction and freeze-
gelation methods

From the micrographs shown in Figs. 2-5, it can be
seen clearly that porous PLLA and PLGA scaffolds can
be successfully fabricated by using the freeze-extraction
method and chitosan and alginate scaffolds can be
prepared by the freeze-gelation method. The PLLA and
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Fig. 2. Morphology of the PLLA scaffold prepared by the freeze-
extraction method (SEM). Solvent: dioxane. (a) Surface and (b) cross-
section.

PLGA scaffolds shown in Figs. 2 and 3 were prepared
by, respectively, freezing the PLLA /dioxane and PLGA/
dioxane solutions at —20°C. The frozen solutions were
immersed in ethanol aqueous solution at —20°C. The
ethanol aqueous solution was then removed by drying at
room temperature, leading to the formation of porous
scaffolds. The chitosan scaffold in Fig. 4 was prepared
by freezing the chitosan/acetic acid/water solution at
—20°C, and the frozen solution was immersed in
NaOH /ethanol/water solution at the same temperature
to adjust the pH to allow for the gelation of chitosan.
The liquid contained in the gel was then removed by
drying at room temperature. The procedures for
preparing alginate scaffolds are similar to those for
chitosan scaffolds except that the polymer solvent was
pure water and the frozen solution was immersed in a
solution containing calcium ion to bring about the
gelation of alginate.

It can be seen from Figs. 2-5 that the pores in the
scaffolds are interconnected and range from 60 to

— 10 um

Fig. 3. Morphology of the PLGA scaffold prepared by the freeze-
extraction method (SEM). Solvent: dioxane. (a) Surface and (b) cross-
section.

150 pm. To demonstrate that the pore-size information
obtained from SEM is reliable, mercury porosimetry
was used to determine the pore size distribution. The
results are depicted in Fig. 6, indicating that most pores
are in the range of 60—150 pm, similar to the estimations
rom SEM. Obviously, the scaffolds prepared by freeze-
extraction and freeze-gelation possess suitable pore size
for application to tissue engineering [1-7], and the
interconnected pore structure should be able to provide
enough space for possible neovascularization when
being implanted. Besides, the porosity of the scaffolds
was also measured and the results are shown in Fig. 7.
The data indicate that the porosity of the prepared
scaffolds is high enough (>80%) for usage in tissue
engineering.

For comparison we also performed experiments of
which the solvent was removed by freeze-drying.
Scaffolds were prepared by freezing the polymer
solutions at —20°C. The frozen solutions were then
freeze-dried to prevent the destruction of porous
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100 pm

Fig. 4. Morphology of the chitosan scaffold prepared by the freeze-
gelation method (SEM). (a) Surface and (b) cross-section.

structure during the removal of solvent. It should be
noted that, when a commercial freeze-dryer was used,
the obtained scaffolds possessed surface skin. The
results indicate that the temperature in the commercial
freeze-dryer was not low enough to make the polymer
matrix in the demixed solution rigid enough to resist the
interfacial tension caused by the evaporation of solvent.
To avoid the formation of surface skin, a freeze-drying
apparatus (Fig. 1) was set up in which liquid nitrogen
can be added constantly to keep the drying temperature
low. Then porous scaffolds without surface skin can
be obtained and their morphologies are shown in
Figs. 8-10. In comparison of Figs. 2—4 with Figs. 8-
10, it can be seen clearly that the scaffolds prepared with
the methods proposed in this study are as porous as
those with the freeze-drying method. On the basis of the
above results, it can be said that the freeze-drying

100 pm

Fig. 5. Morphology of the alginate scaffold prepared by the freeze-
gelation method (SEM) (a) Surface and (b) cross-section.

method, widely used for preparation of porous scaf-
folds, can be replaced with the freeze-extraction or the
freeze-gelation method proposed in the present work.

3.2. Formation of porous structure

The roles of freeze-extraction and freeze-gelation in
the formation of porous structure are discussed in this
section. During the freezing stage, porous structure is
generated after the phase separation of the homoge-
neous polymer solution. After the removal of the solvent
in the demixed solution, the remained space originally
occupied by the solvent, becomes pores in the scaffold.
During the solvent removal, the polymer surrounding
the solvent should be rigid enough to prevent pore
collapse and thus to retain the porous structure. The
reason of using freeze-drying to remove solvent is quite
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Fig. 6. Pore size distribution of PLLA scaffolds prepared by the
freeze-extraction method.
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Fig. 7. Porosity of the scaffolds prepared by the freeze-extraction and
freeze-gelation methods (values are the mean+SD, n = 8).

obvious: to keep the temperature low enough that the
polymer-rich region would not redissolve and possesses
enough mechanical strength to prevent pore collapse
during drying. The results shown in Figs. 2-5 suggest
that freeze-extraction and freeze-gelation can also
remove solvent without destruction of porous structure,
as freeze-drying does.

For the freeze-extraction method (PLLA and PLGA),
the idea was to remove the solvent by extraction with a
non-solvent. After the removal of solvent, the space
originally occupied by solvent was taken by non-solvent
and the polymer was then surrounded with the non-
solvent. Under this circumstance, even at room tem-
perature, the polymer would not dissolve. Hence, drying
at room temperature could be carried out to remove the
non-solvent, leaving space that became pores in the
scaffolds. It should be noted that the extraction was
performed at a temperature lower than the freezing
point of the polymer solution to assure that the polymer
would not redissolve during the extraction process.
Hence the non-solvent should have a freezing point
lower than that of the polymer solution, so that it could
be kept at a liquid state during extraction. The non-
solvent used in this study was ethanol aqueous solution
of which the freezing point can be changed by adjusting

10 um

Fig. 8. Morphology of the PLLA scaffold prepared by the freeze-
drying method (SEM). Solvent: dioxane. (a) Surface and (b) cross-
section.

its composition. With a suitable composition of ethanol
aqueous solution, the non-solvent bath (ethanol-water
solution) was in liquid state during the extraction of
dioxane out of the frozen PLLA and PLGA solutions.

For chitosan it is not easy to extract out the solvent
(aqueous solution of acetic acid) with a non-solvent.
Therefore, a different method was used instead of the
freeze-extraction method. The idea was not to remove
the solvent but to adjust the solvent property to allow for
the gelation of chitosan. It is known that chitosan would
gel in an alkaline environment, on the basis of which a
method was developed: immersion of the frozen chitosan
solution in a solution of sodium hydroxide (NaOH) to
adjust the solution pH to bring about gelation. After the
gelation of chitosan, the polymer did not redissolve at
room temperature and was rigid enough to prevent pore
collapse during drying; hence, porous scaffolds could be
prepared without using freeze-drying. Similar to freeze-
extraction, the gelation process was carried out at a
temperature lower than the freezing point of the chitosan
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Fig. 9. Morphology of the PLGA scaffold prepared by the freeze-
drying method (SEM). Solvent: dioxane. (a) Surface and (b) cross-
section.

solution to prevent the redissolution of chitosan. The
alkaline solution used in this study contained NaOH,
water, and ethanol. The NaOH aqueous solution
provided the alkalinity for gelation and the addition of
ethanol was to lower the freezing point.

The procedures for preparation of alginate scaffolds
were similar to those for chitosan scaffolds: solution
freezing, freeze-gelation, and drying at room tempera-
ture. But, the gelation method was different. The
gelation of alginate was not introduced by adjustment
of pH but by addition of calcium ion. The solution used
to gel alginate consisted of calcium chloride, water, and
ethanol. The aqueous solution of calcium chloride
provided the calcium ion needed for alginate gelation,
and ethanol was added to lower the freezing point so
that freeze-gelation could be carried out.

3.3. Advantages of freeze-extraction and freeze-gelation

Although freeze-drying is a widely used method
to prepare porous scaffolds, it is time and energy

100 pm

Fig. 10. Morphology of the chitosan scaffold prepared by the freeze-
drying method (SEM). (a) Surface and (b) cross-section.

consuming. As in our experiments, it took at least 4-
days to remove the solvent by freeze-drying. During this
4-day period, a lot of energy was consumed to keep
vacuum and to maintain the low temperature needed for
drying. By using the freeze-extraction and freeze-
gelation methods proposed in the present work, the
time and energy required for preparation of scaffolds
can be greatly saved. It took only one day or less for
solvent removal to prepare the scaffolds shown in Figs.
2-5. Obviously, the proposed methods have advantages
of being more efficient and economical. Another
problem in using freeze-drying to prepare scaffolds is
the formation of surface skin. Although it can be
resolved by keeping the drying temperature low enough,
the low drying temperature would make the process
more time and energy consuming. By using the method
presented in this work, the formation of surface skin can
be avoided in a more efficient way.
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Other advantages of freeze-extraction and freeze-
gelation are discussed in the following. The first one is
related to the limitation of choosing polymer solvent.
For the freeze-drying process, the solvent vapor pressure
at the drying temperature (usually very low) needs to be
high enough to allow its removal. Hence, the choice of
solvent is quiet limited. The limitation of choosing
solvent can be lifted when the scaffolds were prepared
by the freeze-extraction method. As an example, DMSO
cannot be used as the solvent for PLGA for the freeze-
drying process due to its low vapor pressure. But, for the
freeze-extraction process, because DMSO can be easily
extracted out by ethanol aqueous solution, it can be
used as the solvent for preparation of PLGA scaffolds.
The SEMs of the porous PLGA scaffolds prepared by
using DMSO as the solvent are shown in Fig. 11.
Another advantage of the freeze-extraction method is

about the problem of residual solvent. Due to the low
efficiency of freeze-drying, the solvent might not be able
to be completely removed and the residual solvent could
be a problem for the application of the scaffolds. For the
freeze-extraction process, the solvent is not removed by
volatilization but by extraction with non-solvent. Once
the amount of non-solvent is large enough, the solution
can be almost completely replaced with the non-solvent.
By using non-solvent which is safe for biomedical use,
such as ethanol aqueous solution in this work, the
problem of residual solvent can be resolved.

Moreover, compared to freeze-drying, freeze-extrac-
tion and freeze-gelation are more suitable for produc-
tion of scaffolds in large scale, because they require less
energy, time and space. In our experiments, scaffolds
with more than 20cm in diameter can be -easily
prepared.

— 10um

Fig. 11. Morphology of the PLGA scaffold prepared by the freeze-
extraction method (SEM). Solvent: DMSO. (a) Surface and (b) cross-
section.

Fig. 12. Morphological characterization of ROS cells within the pores
in the PLLA scaffolds prepared by the freeze-extraction method. (a)
Cultured for 2 weeks ( x 800) and (b) cultured for 2 weeks ( x 2000)
(SEM).
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10 pm

Fig. 13. Morphological characterization of ROS cells within the pores
in the chitosan scaffolds prepared by the freeze-gelation method. (a)
Cultured for 2 weeks ( x 500) and (b) cultured for 2 weeks ( x 3000)
(SEM).
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Fig. 14. ROS cell densities at different culture time intervals in the
chitosan scaffolds prepared by the freeze-gelation method.

3.4. Application of the prepared scaffolds to cell culture

Experiments of cell culture were carried out to test the
biocompatibility of scaffolds. ROS cells used in the
present work are osteoblast-like cells with the ability of
expressing of collagen I and osteocalcin and the ability
of mineralization [19-22]. These cells are widely used to
test in vitro biocompatibility of materials in vitro [23—
26]. The morphologies of the cultured cells within the
pores of scaffolds are shown in Figs. 12 and 13. The cell
density in the chitosan scaffolds at different culture time
intervals were also measured and the results are shown
in Fig. 14. The results indicate that the ROS cells
cultured in scaffolds can attach, spread, and prolifera-
tion, demonstrating the potential applicability to tissue
engineering of the scaffolds prepared by freeze-extrac-
tion and freeze-gelation.

4. Conclusion

It is demonstrated in the present work that porous
PLLA, PLGA, chitosan and alginate scaffolds can be
successfully prepared by the proposed freeze-extraction
and freeze-gelation methods. The prepared scaffolds are
highly porous, with porosity larger than 0.8, and have
interconnected pores ranging from 60 to 150 pm.
Compared with the freeze-drying method, the presented
methods are more time and energy efficient, with less
residual solvent, and easier to be scaled up. In addition,
the problem of formation of surface skin can be resolved
and the limitation of using solvent with low boiling
point can be lifted. The applicability to cell culture of the
prepared scaffolds has also been examined. It was
observed that the ROS cells cultured in scaffolds could
attach, spread, and proliferate well, indicating the
potential applicability to tissue engineering of the
scaffolds prepared by the proposed methods.
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