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Preparation of chitosan microcarriers by high voltage electrostatic field and freeze
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In this paper, a biocompatible, non-toxic porous chitosan microcarrier was prepared by high voltage electrostatic field
and freeze drying technology. The chitosan solution was pushed from the syringe drop into the sodium polyphosphate
solution using a booster pump. The droplet diameter of the chitosan solution was adjusted by the voltage of the
electrostatic field formed between the syringe and the sodium polyphosphate solution. The droplets were dropped into
a sodium polyphosphate solution to form microspheres. The microspheres were subsequently immersed in 25% (v/v)
glutaraldehyde for crosslinking to enhance the mechanical strength of the microspheres. These microspheres were then
frozen and lyophilized to form a microcarrier. By performance characterization, these microcarriers had a particle size
of 400e500 mm, a pore size of 15e20 mm, and a porosity of 90%. Under simulated human environmental conditions, the
21-day degradation rate was about 30%, indicating that the microcarriers have potential clinical value.
� 2019, The Society for Biotechnology, Japan. All rights reserved.
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Bio-hybrid artificial livers made from isolated hepatocytes and
polymer microcarriers are of great significance for the treatment
of liver failure. However, one of the key issues to use it in tissue
engineering or cell therapy is to obtain a sufficient number of cells
by amplifying small biopsy samples. Monolayer cell culture pro-
vides a convenient and efficient method for amplifying the num-
ber of cells, but during cell culture, most of the cell phenotype is
lost, and the biochemical characteristics of the extracellular matrix
are altered (1). A few studies (2,3) tested two-dimensional models
under static conditions, but did not mimic the physiological con-
ditions of cells in vivo. Therefore, microcarriers with biocompati-
bility, biodegradability, uniform interconnection and highly open
porous structure are expected to be ideal scaffold carriers. The
microcarriers not only achieve sufficient cell seeding density on
the surface and inside, but also allow nutrient and oxygen to enter
and exit, which contributes to subsequent cell proliferation and
differentiation. Furthermore, cell microcarriers can be cultured in
suspension.

Hepatocytes have been cultured in artificial liver using a variety
of synthetic microcarriers, including the poly lactic-co-glycolic
acid (PLGA) family (4,5). They not only provide a large surface
area for cell attachment, but also make suspension culture
possible. However, these microcarriers are not biocompatible and
therefore are not suitable for clinical use. Chitosan is a partially
deacetylated derivative of chitin, which is biodegradable,
biocompatible and non-toxic (6). It is a linear polysaccharide
consisting of b1/4 linked D-glucosamine residues with a variable
number of randomly located N-acetyl-glucosamines. Studies have
ing author. Tel./fax: þ86 21 55270702.
ress: blliuk@163.com (B. Liu).

e see front matter � 2019, The Society for Biotechnology, Japan.
g/10.1016/j.jbiosc.2019.03.020
shown that porous chitosan scaffolds enhance several liver-
specific functions in hepatocytes cultured in vitro, such as albu-
min secretion and urea synthesis (7e9).

Several methods have previously been developed to prepare
three-dimensional porous microcarriers, including emulsions,
suspensions, homogenization and freeze drying (10,11). Emulsion
polymerization is one of the most commonly used methods.
However, it does not control the diameter and homogenization of
the microcarriers. In addition, some special solvents or com-
pounds such as hexafluoroisopropanol, hexafluoroacetone or
chlorohydrin need to be added to the emulsion. Thus, it would
result in potential toxicity. In order to solve these problems, a
new method for preparing chitosan microcarriers is proposed in
this study, which employs high voltage electrostatic field tech-
nology and freeze drying. The chitosan microcarrier prepared by
this method has uniform shape, good mechanical stability,
excellent hydrophilicity and biodegradability, and has potential
clinical application value.
MATERIALS AND METHODS

Strategy of experimentation Both artificial liver and liver transplantation
require a large amount of hepatocyte source. Compared with traditional single-
layer plates, microcarriers have good mass transfer ability and mechanical
stability, and can provide a larger specific surface area for hepatocyte culture.
In addition, the microcarriers provides a three-dimensional growth space for
the cells, which are more conducive to protecting the normal function of the
cells and facilitating high-quality, high-density culture of the hepatocytes.
Currently common microcarrier materials are not biocompatible, therefore not
suitable for clinical use. Moreover, the preparation methods of the common
porous microcarriers often fail to control the size of the microcarriers, and
some methods require addition of some chemical substances, resulting in
All rights reserved.
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potential toxicity. This paper aims to prepare a three-dimensional porous
microcarrier which can precisely control the size and morphology of
microcarriers by using chitosan as the raw material by combining high-voltage
electrostatic technology with freeze-drying technology.

Experimental design Chitosanmicrocarriers were prepared by high-voltage
electrostatic technology, and themicrocarriers weremade into a porous structure by
freeze-drying technique, and the size, surface structure and internal structure of the
porous microcarriers were measured. Next, the water absorption and porosity of the
porousmicrocarriers were measured and calculated respectively. Finally, hepatocyte
culture experiments and in vitro degradation experiments of microcarriers were
carried out.

Preparation of chitosan microspheres Microspheres were prepared by a
high-voltage pulse microcarriers molding instrument (University of Shanghai for
Science and Technology, Shanghai, China). The schematic of the device is shown
in Fig. 1.

Two grams, two and a half grams and three grams of chitosanwere weighed and
dissolved in 100 ml of 1% acetic acid solution to prepare chitosan solution with
concentration of 2% (w/v), 2.5% (w/v), and 3% (w/v). Then, the chitosan solution was
placed in a water bath thermostat (Shanghai Hualian Medical Instrument Co., Ltd.,
Shanghai, China) at 37�C for 24 h, and then kept at room temperature without any
treatment until the bubbles disappeared. Sodium polyphosphate solutions of pH 4, 7,
and 10 were prepared by dissolving different amounts of sodium polyphosphate
(MW 367.86, Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) in distilled
water. A blunt end needle with a diameter of 0.7 mm was used. As shown in Fig. 1,
the negative lead of the high voltage generator (Huate Electric Co., Ltd., Wuhan,
China) was connected to the syringe needle and the positive lead was connected to
the copper ring placed at the bottom of the beaker. The high voltage generator and
the syringe pumpwere turned on to form a high voltage pulse electric field between
the needle and the bead copper ring. Under the dual action of the electric field force
and the driving force of the syringe pump, the chitosan acid solution overcomes the
viscous force and surface tension, and drops into the sodium polyphosphate solution
in the beaker at a certain particle size. The chitosan acid solution reacts with the
sodium polyphosphate solution and solidifies to form chitosan/sodium poly-
phosphate microspheres.

These microspheres were washed in distilled water and immersed in 25% (v/v)
glutaraldehyde for 90 min to stabilize. The obtained microcarriers were washed
three times with distilled water, and the microcarriers were collected by centrifu-
gation at 4000 rpm for 10 min at 4�C. The microcarriers were stored in a 4�C
refrigerator until used in further experiments.

Preparation of porous chitosan microcarriers Through the above opera-
tion, the most suitable microspheres are selected for lyophilization to prepare
porous chitosan microcarriers.

Different cooling rates and final temperatures will result in microcarriers with
different properties. After the experiment, the pre-cooling temperature and the
cooling rates were determined. The microcarriers were frozen in a programmable
freezer (University of Shanghai for Science and Technology) to �20�C or �40�C and
then held for 2 h. The remaining microcarriers were placed in a low temperature
refrigerator (Sanyo, Osaka, Japan) at�80�C. And set the cooling rate constant at 1�C/
min.

We transfer the pre-frozen chitosan microcarriers to a pre-cooled lyophilizer
and set the shelf temperature for initial drying. Based on the measured eutectic
temperature of the chitosan microcarriers, the shelf temperature was set at �20�C
and the vacuumwas controlled at 10e30 Pa. After several tests, the average value of
the initial drying time was calculated to be 10 h.

Based on multiple tests, the shelf temperature during the secondary drying
process was set at 10�C. The water vapor pressure in the system decreases as the
moisture of the microcarriers escapes, which weakens the heat transfer process. In
FIG. 1. The schematic representation of high-voltage pulse microcarriers molding in-
strument. 1, iron stand; 2, injection pump; 3, chitosan solution; 4, injector; 5, sodium
polyphosphate solution; 6, negative line; 7, positive line; 8, high voltage generator.
order to shorten the secondary drying time and bring the carrier to the highest
allowable temperature as quickly as possible, the pressure of secondary drying was
increased to 15e30 Pa. When the temperature of the microcarrier reaches 10�C, the
degree of vacuum is restored, allowing residual moisture to escape. After the test,
the secondary drying time was determined to be about 2 h.

In summary, the frozen microcarriers were rapidly transferred to a pre-cooled
freeze dryer (Virtis Corporation, Warminster, PA, USA) for lyophilization. About
90%e95% of the microcarrier solvent was removed during the preliminary drying
(10 h at�20�C), and almost all of the solvent was removed during the second drying
(2 h at 10�C). Fig. 2 shows the freeze-drying curve.

Size, surface morphology and internal structures of microcarriers In
order to observe the size, surface morphology and internal structure of the micro-
carriers by scanning electron microscopy (S50, FEI, Hillsboro, OR, USA), the dried
microcarriers were frozen in liquid nitrogen and cut into slices with a surgical knife.
These slices were mounted on a metal stub and coated with gold at a thickness of
20 nm using a sputter coater (12). The size distribution, diameter and pore size were
averaged from five different microcarriers.

The water uptake ratio (g) of microcarriers The dried microcarriers were
washed in 70% ethanol, then washed three times with cold deionized water, and
finally incubated in phosphate buffer for 12 h. The excess water was removed from
the surface using absorbent paper. The water uptake ratio was calculated by the
following equation:

gð%Þ ¼ ðWw �WdÞ=Wd � 100% (1)

where Ww and Wd are the wet weight and dry weight of the microcarriers,
respectively.

The porosity (ε) of microcarriers The porosity of the chitosan microcarriers
was measured by liquid displacement method (13). Pure ethanol was used as the
replacement liquid because it does not cause the matrix to expand or contract
when penetrating into the microcarrier. The microcarriers (dry weight, Ww) were
immersed in a known volume (V1) of pure ethanol in a graduated cylinder for
5 min. The total volume of pure ethanol and pure ethanol impregnated
microcarriers was recorded as V2. The pure ethanol-impregnated microcarriers
were then removed from the cylinder and the residual pure ethanol volume was
recorded as V3. The total volume of the microcarriers impregnated with pure
ethanol was

V ¼ ðV2 � V1Þ þ ðV2 � V3Þ ¼ V2 � V3 (2)

where V2 � V1 is the volume of the microcarriers and V1 � V3 is the volume of pure
ethanol within the microcarriers. The porosity (ε) of the microcarrier was obtained
by

εð%Þ ¼ ðV1 � V3Þ=ðV2 � V3Þ � 100% (3)

In vitro biodegradability (z) The microcarriers were incubated at 37�C in 6
well culture plates containing 1.5 mg ml�1 lysozyme in phosphate buffered saline
(PBS) (pH 7.4). Themicrocarriers were taken out from the culture medium after 7,14,
and 21 days, washed with distilled water, and lyophilized. The degradability ratio z
was calculated as follows:

z ¼ ðWo �WtÞ=Wo � 100% (4)

where Wo denotes the original weight and Wt is the weight at day t.
FIG. 2. The freeze-drying curve.



TABLE 1. Effect of chitosan concentration and pH of sodium polyphosphate on microcarriers characteristics.

Concentration of chitosan solution [% (w/v)] pH of sodium polyphosphate Characters of microcarriers Size (mm)

2 4 Hollow microcarriers, regular surface, bad rigidity 400e800
2 7 Solid microcarriers, regular surface, bad rigidity, 400e800
2 10 Solid microcarriers, regular surface, bad rigidity 400e800
2.5 4 Hollow microcarriers, regular surface, bad rigidity, 400e500
2.5 7 Solid microcarriers, regular surface, bad rigidity 400e500
2.5 10 Solid microcarriers, regular surface, good rigidity, homogeneous 400e500
3 4 Hollow microcarriers, irregular surface, bad rigidity, inhomogeneous �800 or �100
3 7 Solid microcarriers, irregular surface, bad rigidity, inhomogeneous �800 or �100
3 10 Solid microcarriers, irregular surface, good rigidity, inhomogeneous �800 or �100
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Culture of hepatocytes We inoculated human hepatocytes L-02 (Shanghai
Institute of Biochemistry and Cell Biology, CAS) on microcarriers for culture. The
main processes of inoculation include silicification of the culture dish, microcarrier
sterilization, and small volume inoculation of hepatocytes.

Morphology observation of hepatocytes The morphology of hepatocytes
was observed dynamically using an inverted light microscope (Nikon, Osaka, Japan)
and a laser confocal microscope (Nikon). The cell solution was added to a 24-well
FIG. 3. Images of chitosan microcarriers. (A) Chitosan solution with a concentration of 2.5% (w
a concentration of 3% (w/v) crosslinking with Na5P3O10 (pH ¼ 7). Scale bar: 2 mm. (C, D) Chi
and lyophilized at �40�C. Scale bars: 100 mm (C) and 50 mm (D). (E) Chitosan solution wit
at �20�C. Scale bar: 50 mm. (F) Chitosan solution with a concentration of 2.5% (w/v) crossl
plate and 100 ml of 10 mg/ml acridine orange was added to each well. The 24-well
plates were then placed under the laser confocal microscope. The excitation light
source had a wavelength of 488 nm and the received light wavelength was
530e550 nm.

Albumin secretion function assay of hepatocytes The supernatants of the
hepatocyte culture solutions of days 1, 2, 3, 4 and 5 and the supernatant of the
control group were collected. Each sample was placed in a sample tube containing
/v) crosslinking with Na5P3O10 (pH ¼ 10). Scale bar: 500 mm. (B) Chitosan solution with
tosan solution with a concentration of 2.5% (w/v) crosslinking with Na5P3O10 (pH ¼ 10)
h a concentration of 2.5% (w/v) crosslinking with Na5P3O10 (pH ¼ 10) and lyophilized
inking with Na5P3O10 (pH ¼ 7) and lyophilized at �40�C. Scale bar: 100 mm.



FIG. 4. Water uptake ratio of different concentrations of chitosan microcarriers.

FIG. 5. Degradation of chitosan microcarriers in lysozyme PBS solution.
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physiological saline and standard albumin (4 g/dl) at a ratio of 1:1:1. One and a half
milliliter of the succinic acid buffer solution (pH ¼ 4.2) containing bromocresol
green (0.15 mmol/L) and polyoxyethylene lauryl ether (30%) was added to the
sample tube, and after mixing, the reaction was carried out at 25�C for 5 min. Two
hundred microliters of the above solution was added to a 96-well microtiter plate.
The absorbance of the sample and the standard reagent at the wavelength of
630 nm is Asample and Astandard, respectively. The formula for calculating the
albumin concentration (C) in the sample is as follows:

C ¼
�
Asample

.
Astandard

�
� Cstandard (5)

where C is the albumin concentration (g/dl), Cstandard is the standard albumin con-
centration (g/dl), Asample and Astandard are the absorbance of the sample and the
standard reagent.

Statistical analysis The data was processed by the statistical software SSPS,
and the chart was produced using Origin V8.0. Data were expressed as
mean � standard deviation, and t-test was used for comparison between groups.
P < 0.05 was considered statistically significant.

RESULTS

Preparation of chitosan microcarriers Through experience
summarization and single factor experiments, the factors
affecting the preparation of microspheres are voltage, frequency,
propulsion speed, pulse, liquid-surface distance and solution
concentration. According to the experimental results, a voltage
of 55 kV, a frequency of 90 Hz, a propulsion speed of 90 mm/
h, a pulse width of 6 ms, and a liquid surface distance of
25 mm were selected for the preparation of microcarriers.
Orthogonal experiments were carried out on the solution
concentration.

The effects of chitosan concentration and pH of sodium poly-
phosphate on microcarriers properties are shown in Table 1. The
solid microcarriers with regular surface and good rigidity were
obtained when the concentration of chitosan solution was 2.5% (w/
v) and the pH of the sodium polyphosphats was adjusted to 10. The
size of this type solid microcarriers was between 400 and 500 mm
(Fig. 3A). However, if the pH of the sodium polyphosphate was less
than 7, the microcarriers remained hollow with poor rigidity, thus
easy to break (Fig. 3B). When the concentration of the chitosan
solution was 3% (w/v), the microcarriers were not easily ejected
from the needle. When the pH of the sodium polyphosphate was
adjusted to 10 and the freezing temperature was �40�C, the chi-
tosan microcarriers had a pore size of 15e20 mm and were evenly
distributed on the surface (Fig. 3C and D). When the freezing
temperature was �20�C, the pore size became too large and un-
even, and looked like a strip as shown in Fig. 3E. When the freezing
temperature was �80�C, the microcarriers were severely collapsed.
However, as shown in Fig. 3F, when the pH of the sodium poly-
phosphate was less than 7, the microcarriers had only internal
pores and the surface was smooth and free of pores. Therefore, we
believe that when the concentration of chitosan solution is 2.5% (w/
v) and the pH of sodium polyphosphate solution is 10, the prepared
microspheres can meet the requirements of this experiment.

Water uptake ratio and porosity of chitosan
microcarriers The hydrophilicity of microcarriers is one of the
key features for evaluating artificial liver biomaterials. Thus, hy-
drophilicity is important for humoral absorption and cellular
metabolite transfer.

As shown in Fig. 4, the water absorption of the chitosan
microcarriers increased with increasing chitosan concentration and
time, indicating that the chitosan microcarriers have excellent hy-
drophilicity. By calculating the porosity of the chitosanmicrocarrier
by Eq. 3, it can be inferred that the porosity increases as the water
absorption increases. It can be seen that the porosity of the chitosan
microcarrier increases as the pre-cooling temperature decreases,
and increases as the concentration of the chitosan solution
increases. The optimal porosity of chitosan microcarriers was close
to 90%. Therefore, based on SEM images and data analysis, it can be
concluded that the optimal preparation method of chitosan
microcarriers is to crosslink sodium polyphosphate (pH ¼ 10) with
2.5% (w/v) chitosan and freeze at �40�C.

Biodegradability The biodegradability of the chitosan
microcarriers prepared by the above optimal protocol in lysozyme
PBS solution is shown in Fig. 5. It can be seen that the chitosan
microcarriers have an almost 30% weight loss on day 21.

Morphology observation of hepatocytes Fig. 6A shows that
hepatocyte L-02 adheres and spreads on the surface of the chitosan
microcarrier. When the surface of the microcarrier is overgrown
with cells, part of the microcarriers were observed to be in
clusters. The combination of fluorescein acridine orange with
intracellular DNA and RNA allows the DNA to be bright green and
the RNA to be orange-red. As can be seen from Fig. 6B, the cells
on the surface of the microcarriers showed a bright green and
orange-red plaque distribution, indicating that L-02 cells grew
well on the surface of the microcarriers and that DNA and RNA
synthesis was active.



FIG. 6. Fluorescent microscope images of microcarriers. (A) Growth morphology of cells on the microcarriers. Scale bar: 500 mm. (B) Fluorescent labeling of hepatocytes on the
microcarriers. Scale bar: 300 mm.
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Albumin secretion function assay of hepatocytes Fig. 7
shows that albumin content continued to rise on days 1, 2 and 3,
and reached the highest on day 4 and gradually decreased on day
5, which may be related to maximum cell proliferation density.
There was no significant difference in albumin concentration
values between the experimental groups (P > 0.05). Therefore,
we believe that chitosan microcarriers have good
cytocompatibility with hepatocyte L-02, and hepatocytes L-02 can
grow well on the surface of microcarriers with good cell function.

DISCUSSION

Liver is a highly organized structure. Once the primary hepato-
cytes are removed from an organism, tissue-specific functions are
rapidly lost. Artificial liver is important for the treatment of fulmi-
nant hepatic failure. High-density culture of hepatocytes is vital for
the development of artificial liver. The emergence of various
microcarriers has made it possible to culture large numbers of he-
patocytes. Piskin et al. (14) prepared poly-hydroxymethylsiloxanes
(PDMS-OH) microcarriers by suspension polymerization, and the
prepared microcarriers with a diameter of about 200 mm. Gabler
et al. (15) used emulsification method to prepare PLGA micro-
carriers. The size of the resulting microcarriers was between 40 and
330 mm by controlling the polymer concentration and stirring speed.

Surprisingly, none of the available methods precisely control the
size of microcarriers, which hampers the practical applications. In
order to mimic in vivo microenvironment for hepatocytes cultured
FIG. 7. Albumin secretion from hepatocytes.
in vitro, various manufacturing techniques have been developed to
produce highly porous (>90%) microcarriers for use in artificial
livers. Shastri et al. (16) utilized solid hydrocarbon compounds as
porogens. Kim et al. (17) prepared ammonium PLGA microspheres
by double emulsion technique using ammonium bicarbonate as a
porogen. Saska et al. (18) used a combination of 3D printing and
selective laser sintering (SLS) to prepare poly-3-hydroxybutyrate
microcarriers with a pore size of 500e700 mm. In addition, there
are methods such as freeze drying, solvent evaporation, salt
impregnation, and gas foaming (13,19e22). Micromachining tech-
niques have also been commonly used to construct two- or three-
dimensional stents (23e25). However, most of these methods are
still limited by their need for random microgeometry or synthetic
polymers, which makes it difficult to prepare microcarriers with
good tissue properties from natural materials. In this paper, chito-
san porous microcarriers with a size between 400 and 500 mm and
a pore size between 15 and 20 mmwere prepared by a combination
of high-voltage electrostatic technology and freeze-drying tech-
nique. By adjusting various parameters of the high pressure pulsed
microcarrier molding apparatus, the fabrication of the micro-
carriers was precisely controlled in a high pressure field. Therefore,
the diameter, uniformity and surface morphology of the micro-
carriers could be controlled within the desired range. The con-
centration of the chitosan solution and the pH of the sodium
polyphosphate are two important factors affecting the appearance,
rigidity and size of the microcarrier. By adjusting these two
important factors, the microcarriers had a good shape. The ice
crystals formed during the preparation of the microcarriers were
removed by controlling various parameters in the freeze drying
technique, such as freezing temperature, primary drying temper-
ature, and secondary drying temperature. In addition, the pore
structure and porosity of the porous microcarrier can be controlled
by changing the above parameters. Moreover, this method does not
require additional organic materials to reduce toxicity.

Our single factor experiment showed that when the voltage was
lower than 50 kV, the particle size of the microspheres slowly
decreased with increasing voltage. In contrast, after the voltage was
higher than 50 kV, the particle size of the microspheres rapidly
decreased with increasing voltage. However, if the voltage was too
high, despite the smaller particle size, the particle size distribution
of the microspheres was not uniform. These results point to the
possibility that a voltage range between 50 and 60 kV is optimal for
preparation of the microcarriers.

The pulse width affects the particle size and uniformity of the
microspheres. As the pulse width is greater than 10 ms, the particle
size of the microspheres is significantly increased, but the unifor-
mity of the microspheres is poor. The pulse width is controlled in
the range of 5e10 ms, and the average particle diameter of the
microspheres is small and the distribution is relatively uniform.
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After the pulse width is less than 5 ms, although the particle size
can be optimally selected and the uniformity is good, microsphere
adhesion occurs.

The particle size of the microspheres also decreased as the
propulsion speed decreased. A small propulsion speed ensures
good uniformity of the microcarriers. As the propulsion speed in-
creases, the average particle size of the microspheres is still within
a reasonable range, but significant tailing and sticking occur. In
addition, the size of the frequency also affects the uniformity of the
microspheres. The higher the frequency, the better the uniformity
of the microspheres. Therefore, the experimental conditions were
determined to be: a voltage of 55 kV, a pulse width of 6 ms, a
propulsion speed of 90 mm/h, a frequency of 90 Hz, and a liquid
surface distance of 25 mm.

In lyophilization process, in addition to the initial drying and
secondary drying, the pre-freezing section is also important. The
pre-freezing temperature will affect whether the material forms a
glass state, affecting the lyophilization rate and lyophilization
quality of the material. Therefore, the pre-freezing temperature
should be lower than the glass transition temperature. In addition,
the rate of the pre-freezing determines the appearance and struc-
ture of the material after lyophilization. The slower pre-freezing
rate results in a larger crystal lattice that contributes to an in-
crease in lyophilization efficiency. As the pre-freezing rate is
increased, a smaller crystal lattice is formed, which causes cross-
resistance during ice crystal sublimation, which is not conducive
to lyophilization. Then the pre-freezing temperature was set
at �40�C and performed pre-freezing experiments at a rate of
0.1�C/min, 1�C/min and 10�C/min. After the experiment, the pre-
freezing speed was selected at 1�C/min.

In conclusion, we have developed a simple method for pre-
paring three-dimensional porous microcarriers by combining
high-voltage electrostatic field technology with a freeze-drying
method. The microcarrier prepared by the method has a parti-
cle diameter of 400e500 mm, a pore diameter of 15e20 mm, a
porosity of 90% and a water absorption rate of more than 300%.
Under simulated human environmental conditions, the 21-day
degradation rate was approximately 30%. The chitosan micro-
carrier prepared by the novel method has excellent performance
and can be used as a potential scaffold for further development of
artificial liver.
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