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The aim of this study was to develop a process to create highly porous three-dimensional (3D) chitosan
hydrogels suitable for tissue engineering applications. Chitosan was crosslinked by glutaraldehyde (0.5
vol %) under high pressure CO2 at 60 bar and 4 �C for a period of 90 min. A gradient-depressurisation
strategy was developed, which was efficient in increasing pore size and the overall porosity of resultant
hydrogels. The average pore diameter increased two fold (59 mm) compared with the sample that was
depressurised after complete crosslinking and hydrogel formation (32 mm). It was feasible to achieve
a pore diameter of 140 mm and the porosity of hydrogels to 87% by addition of Acacia gum (AG) as
a surfactant to the media. The enhancement in porosity resulted in an increased swelling ratio and
decreased mechanical strength. On hydrogels with large pores (>90 mm) and high porosities (>85%),
fibroblasts were able to penetrate up to 400 mm into the hydrogels with reasonable viabilities (w80%)
upon static seeding. MTS assays showed that fibroblasts proliferated over 14 days. Furthermore, aligned
microchannels were produced within porous hydrogels to further promote cell proliferation. The
developed process can be easily used to generate homogenous pores of controlled sizes in 3D chitosan
hydrogels and may be of use for a broad range of tissue engineering applications.

Crown Copyright � 2011 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Porosity plays a significant role in the overall function of tissue
engineering scaffolds [1e3]. In particular, pore characteristics such
as pore size and interconnectivity are critical in hydrogel properties
such as swelling, mechanical strength and cell adhesion [1].
Enhancing porosity and pore interconnectivity have been shown to
enhance nutrient diffusion and waste exchange [4], while
decreasing the mechanical properties of hydrogels [5]. Upon
implantation, porosity allows for local angiogenesis that is essential
for vascularisation [1].

Various methods such as freeze-drying, salt leaching and gas
foaming have been used to produce porous hydrogel scaffolds with
controlled pore size and interconnectivity [1]. In the freeze-drying
process the pore size and overall porosity can be controlled by
freezing temperature and polymer solution concentration [1,6].
However, the intensive time and energy consumption is undesir-
able, and the complete dehydration of materials remains a concern
. Dehghani).
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for the inclusion of cells and bioactive molecules during the process
[1,2]. In the salt leaching process, salt or sugar particles are used. An
advantage of this process is that the pore size can be controlled by
using different particle sizes. The drawbacks of this technique are
the use of organic solvents and the slow evaporation process
(hours-to-days) [1].

HighpressureCO2haspreviously beenused toproduceporosity in
hydrogels, such as poly (vinyl alcohol) (PVA) [7], dextran [8], elastin
[9,10] and chitosan [11,12]. Cooper and co-workers developed CO2-
water emulsion template technique to fabricate porous PVA hydro-
gels [7]. Thismethodeliminates theuseoforganic solvents andcanbe
carried out at moderate conditions (w25 �C and <120 bar for 12 h).
However, a PVA and poly ethylene glycol (PEG) based surfactant
(PVAc-b-PEG-b-PVAc,Mw¼ 2000e2000e2000Da)was used to form
stable CO2-water emulsion, which required extra synthesis and post-
removal steps. The pore sizes fabricated in PVAwere less than 12 mm,
whichwas undesirable for cell penetration and proliferation in tissue
engineering applications [7]. Barbetta and co-workers also used the
CO2 templating technique at 60 �C and 100 bar for 20 h to synthesise
a dextran-based porous biomaterial. A polymeric surfactant (per-
fluoropolyether, PFPE) was added in the system to form a CO2-water
high internal phase emulsion system [8]. The resulting pore size in
rights reserved.
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thismatrixwasbelow25mm[8].While theCO2 templating technique
eliminates the use of organic solvent during pore formation, the
issues of lengthy processing time and lack of large pores suitable for
cell proliferation still exist.

Previously we fabricated porous hydrogels of elastin and chi-
tosan by using high pressure CO2 [9e11]. In this method, an
aqueous polymer solution with a crosslinker was pressurised by
CO2 to saturate the solution. After crosslinking, the system was
depressurised to generate CO2 bubbles within the crosslinked
polymer to fabricate porous hydrogels. This method is faster
compared to conventional techniques and eradicates the use of
organic solvents [11,13]. The resulting hydrogels had an average
pore diameter of 30e40 mmwith only a limited numerical fraction
(<10%) of large pores (>80 mm). Despite this porosity, fibroblasts
were only able to penetrate into the three-dimensional (3D)
structure of these hydrogels to a limited depth [11,13].

Microchannels have been created within hydrogel structures to
further control and improve porosity and thus diffusion and mass
transfer properties [1,14,15]. For example, a rapid micromolding
method was developed to fabricate single and dual-channel
(400e1600 mm diameter) in agarose. These results demonstrated
that larger channels and greater inter-channel distances led to
further diffusion of nutrients through the hydrogels [16]. In addition,
porous agarose hydrogels with a single microchannel were fabri-
cated by using the sucrose leaching and micromolding technique
[17]. The pore diameter (w200 mm) and porosity (0e40%) was
controlled by crystal size and concentration of sucrose, respectively.
The presence of porosity and the microchannel enhanced the
diffusion of biomolecules [17]. These microfludic devices have been
used to build cell-laden hydrogel systems [16,17].

The aim of this study was to assess the feasibility of controlling
the pore size in chitosan hydrogels by modifying the hydrogel
fabrication technique using high pressure CO2. Chitosan has been
widely used in biomedical engineering [12,18]. A gradient-
depressurisation step was designed to enhance the pore size and
porosity of chitosan hydrogels. Acacia gum (AG), a commercialised
biopolymer, was used to increase CO2 bubble formation and subse-
quently enhance porosity. AG has been approved by the United
States Food and Drug Administration (FDA) in the food industry [19].
The effects of operating parameters on pore characteristics, that is,
size and porosity were investigated. In turn, the corresponding
effects of pore characteristics on hydrogel performances such as
swelling ratio, mechanical strength and in vitro cell behaviours were
Fig. 1. Schematic diagram of the fabrication steps involved in generating poro
observed. Finally, the microchannel structure was incorporated in
the porous chitosan hydrogels, and its effects on cell proliferation
were evaluated.

2. Materials and methods

2.1. Materials

Chitosan (medium molecular weight), fluorescein diacetate (FDA), propidium
iodide (PI), Dulbecco’s modified eagle medium (DMEM), and glutaraldehyde (25 vol
%) were purchased from Sigma. MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-
crboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium], Fetal bovine serum
(FBS) and penicillin-streptomycin solution (pen-strep) were purchased from Invi-
trogen. A 0.2 M acetic acid solution was prepared using glacial acetic acid (Ajax Fine
Chem) in MilliQ water. Chitosan solution (1.5 wt %) was prepared by dissolving
chitosan powder in 0.2 M acetic acid solution. Phosphate buffered saline (PBS, pH
7.2e7.4) was prepared by dissolving PBS tablets (Sigma) in MilliQ water. Tris
((hydroxymethyl)-aminomethane) buffer (0.1 M, pH 7.2e7.4) was prepared by dis-
solving Tris in PBS; pH was adjusted by adding 1 M HCl. A. gum (AG) was supplied
from Vic Cherrikoff Food Services Pty Ltd. Food grade CO2 (99.99%) was supplied
from BOC.

2.2. Rheological behaviour of crosslinking chitosan

The rheological behaviour of chitosan crosslinking was measured by using
a Rheometer (New Physica MCR 301, Anton Paar). In summary, glutaraldehyde was
added into pre-cooled (4 �C) chitosan solution (1.5 wt %) with different weight ratios
of AG (0e5 wt %) to commence crosslinking. The volume ratio of glutaraldehyde in
chitosan solution used in this study was 0.5 vol %, that is, below the toxic level and
adequate for crosslinking [11]. The mixture was stirred using a magnetic stirrer for
1 min and subsequently loaded on a metal sample plate (D-PP25). The system was
maintained at 4 �C by using a built-in thermal controller. The storage modulus (G0)
and loss modulus (G00), as a function of crosslinking time, were determined from
oscillating measurements at a frequency of 1 Hz and strain rate of 1%. Data were
recorded by built-in software every 30 s within a total measuring range of 3 h. The
gelation point was determined as the time when G0 began to be larger than G00

[20,21].

2.3. Hydrogel fabrication by using a gradient-depressurisation process

The schematic diagram of apparatus used for the porous chitosan hydrogels
formation using high pressure CO2 is shown in Fig. 1. Briefly, chitosan (1.5 wt %) and
AG (0e5 wt %) were dissolved in 0.2 M acetic acid solution to form a homogenous
mixture, glutaraldehyde was then added into the solution to achieve glutaraldehyde
volume ratio of 0.5 vol %, as previously described [11]. Themixturewas then injected
into a custom made high pressure vessel possessing a frit (50 mm pore size) at the
bottom, which prevented solution purging from the vessel. The vessel was sealed
and the systemwas maintained at a constant temperature (4 �C) by submerging the
vessel in an ice-water bath. The systemwas pressurised to a predetermined pressure
(60e150 bar) from the bottom of the vessel using a high pressure pump (Model P-
50A, Thar Technologies). The system was then isolated and maintained at the
us chitosan hydrogels without (upper) and with (lower) microchannels.



Fig. 2. Rheological behaviour of chitosan crosslinking using glutaraldehyde (0.5 vol %) at 4 �C; Inset shows the determination of gelation point.
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desired pressure for a set period of time. Subsequently it was depressurised using
a gradient-depressurisation process and the resultant hydrogel was collected and
immersed in 0.1 M Tris buffer solution for 1 h to inhibit further crosslinking and
stored in PBS for characterisations.

The volume expansion of solution was monitored using a view cell (Jerguson
sight gauge, series 13 No.32). The volume of the high pressure vessel was calibrated
prior to measuring volume expansion of each solution [22].

2.4. Fabrication of microchannels in porous chitosan hydrogel

A custom-made needle array (500 mm diameter and 25 mm length) was placed
on the top of chitosan solution in the high pressure vessel to create microchannels
within the chitosan hydrogel. The custommade needle array was designed to ensure
no obstacle was formed for the solution expansion during the hydrogel formation.
After the process, the needle array was carefully removed from the vessel and the
resultant hydrogel with microchannels was collected and post-treated as previously
described.

2.5. In vitro cell culture

In vitro cell culturing was performed for different chitosan samples: porous
hydrogels fabricated using1 wt % and 5 wt % AG (AG1 and AG5); the ones with small
pores (LP) and non-porous chitosan hydrogels (NP) were produced in previous
studies [11]. The hydrogels (w8mmdiameter and 3mm thickness) were transferred
into a 48-well plate and washed with ethanol at least twice for sterilisation. Each
hydrogel was then rinsed with culture media (DMEM, 10% FBS, 1% pen-strep) to
remove the residual ethanol and immersed in this media at 37 �C overnight. The
cells (human skin fibroblast cells GM3348) were then seeded (pipetted) onto the
hydrogel at a concentration of 1 � 105 cells/sample. (For MTS assay, a cell concen-
tration of 1 � 104 cells/sample was used). The cell-seeded hydrogels were kept in
a CO2 incubator (Thermo Fisher HERAcell 150i) at 37 �C for further characterisations.
The media was refreshed every two days.

2.6. Characterisations

2.6.1. Scanning electron microscopy analysis
The surface morphologies of the resultant hydrogels were analysed using

scanning electronmicroscopy (SEM Philip XL30). In this study, a cryo-SEM technique
was used without any dehydration or coating treatment [11,23]. In brief, the fresh
sample was mounted on a brass block. The block was then immersed in liquid
nitrogen for 45 s, and immediately transferred into vacuum chamber
(<1.3 � 10�4 mbar) for viewing at 15 kV. The snap freezing of the hydrogel ensured
that the images acquired represented a snap shot of the actual hydrogel structure
[23]. Equivalent circle diameter (ECD) of the pores was calculated by using Image J
software. At least 300 pores were analysed at each condition.

2.6.2. X-ray micro-computed (CT) tomography
The 3D structures of resultant hydrogels were investigated using Skyscan high-

resolution desktop X-ray CT scanner (Skyscan, 1072, Belgium). X-ray tube current
100 mA and voltage 40 kV was used to obtain 3D reconstructed images. Each sample
was mounted vertically on a plastic support and rotated 360� around the z-axis of
the sample. 3D reconstruction of the sample was carried out using axial bitmap
images and analysed by VG Studio Max software (Volume Graphics GmbH, Hei-
delberg, Germany). The overall porosity of each sample was obtained based on 3D
reconstruction images (>150 images) using a built-in software (CT-An) [24].

2.6.3. Equilibrium swelling ratio (ESR)
The swelling behaviours of the porous hydrogels were evaluated at 37 �C, in PBS

(pH 7.2e7.4). After immersion in excessive PBS at 37 �C overnight (at least 12 h), the
swollen chitosan hydrogels were weighted (Wt). The hydrogels were subsequently
lyophilised overnight, and the dry weights were recorded (W0). The ESR was
subsequently calculated as (Wt-W0)/W0.

2.6.4. Compressive properties
Uniaxial compression tests were performed in an unconfined state by using an

Instron (Model 5543) with a 500 N load cell in the hydrated state (PBS) at 37 �C. Prior
to mechanical testing, the hydrogels were immersed for at least 2 h in PBS; the
thickness (w3 mm) and diameter (w8 mm) of each sample were measured using
a digital calliper (J.B.S). The compression (mm) and load (N) were collected at
a crosshead speed of 30 mm/s and 40% of final strain level. The compressive moduli
were then calculated as the tangent slope of the stress-strain curves within linear
regions.

2.6.5. Live/dead staining
Cell penetration and proliferation in the fabricated hydrogels were examined by

live/dead staining. The cell-seeded hydrogels were sliced gently by a razor blade
(Sterling) into w2 mm thick sections and stained with fluorescein diacetate (FDA)
and propidium iodide (PI) (both 1 mg/ml in PBS) for 5 min. The stained samples were
assessed using confocal laser scanning microscopy (CLSM, Nikon Limo). Live cells
were stained fluorescent green due to intracellular esterase activity that de-
acetylated FDA to a green florescent product. Dead cells were stained fluorescent
red as their compromised membranes were permeable to nucleic acid stain (PI).
Percent cell viability values were calculated by counting the number of live (green)
cells and the number of dead (red) cells on CLSM images (10� magnification). The
values were obtained by dividing the number of live cells by the number of total cells
(live cells þ dead cells). The values for AG1 and AG5 according to distance from the
top surface were obtained in a similar manner; the data was binned into 3 vertical



Fig. 3. Design of a gradient-depressurisation process and corresponding volume expansion rate.

Fig. 4. SEM images of porous chitosan hydrogels with different initial AG weight ratios from (a) 0 wt % to (f) 5 wt %.
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Fig. 5. Micro-CT images of porous chitosan hydrogels with different initial AG weight ratios from (a) 0 wt % to (f) 5 wt %; scale bars show 1 mm.
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zones of 1000 mm � 200 mm each. A statistical significance level of 99.5% (p < 0.005)
was considered to avoid potential human error in cell counting (n ¼ 9).

2.6.6. In vitro proliferation assay
In vitro cell proliferation was examined by using MTS assay. The cell-seeded

hydrogels (1 � 104 cells/sample) were immersed in culture medium within 48
well-plates (n ¼ 15). At different time intervals (3 h, 1 day, 7 and 14 days), the
samples were rinsed by PBS three times; 250 mL fresh medium and 50 mL MTS was
subsequently added into eachwell. The samples were then kept in a CO2 (5% CO2 and
95% humidity) incubator at 37 �C for 1 h; allowing MTS to react with metabolically
active cells and subsequently result in water-soluble formazan product quantifiable
by the optical density (O.D.) at 490 nm by using a microplate reader (Bio Rad 680).

2.7. Statistical analysis

Each test was repeated three times. The statistical significance was determined
at each condition (except elsewhere mentioned) by an independent Student’s t-test
for two groups of data using SPSS statistical software (PASW Statistics 18). Data are
represented as mean � standard deviation (SD). Confidence level of 95% (p < 0.05)
was considered as statistically significant except elsewhere mentioned.

3. Results and discussions

3.1. Design of a gradient-depressurisation process to enhance
porosity in chitosan

In a previous study we were able to create porosity in chitosan
hydrogel using high pressure CO2. Chitosan was dissolved in an
aqueous phase that contained 0.5 vol % glutaraldehyde and the
systemwas pressurised by CO2 at 60 bar and 4 �C. After a period of
90 min the system was depressurised. In these hydrogels, the
proportion of large pores (>80 mm) that are desirable for cell
penetration was less than 2% [11]. We anticipated that the
depressurisation stage, particularly prior to complete crosslinking
of hydrogels can have a significant impact on the creation of
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a polymer-lean phase (bubbles) and consequently porosity. The
addition of surfactant can also increase the size of these bubbles by
decreasing the interfacial tension between aqueous solution and
CO2 gas during depressurisation. A gradient-depressurisation
profile was then developed to increase the pore size. The process
involved a two-stage depressurisation profile. The initial depres-
surisation was commenced prior to complete crosslinking and the
systemwas maintained at a certain pressure, which resulted in the
creation of larger bubbles due to lower viscosity of the chitosan
solution. The system was eventually depressurised to atmospheric
pressure after crosslinking, and the resultant chitosan hydrogels
were collected. The key parameters in this process were optimised.
These parameters included an initial saturation pressure, the set
point for the first stage depressurisation, final saturation pressure
and total processing time.

Prior to performing the high pressure process, the rheological
behaviour of chitosan crosslinked with GA was assessed at atmo-
spheric pressure. As shown in Fig. 2, at 4 �C when using 0.5 vol %
glutaraldehyde, the storage modulus (G0) of chitosan was increased
over time dramatically due to crosslinking. The gelation point was
51.8 � 0.4 min, indicating that chitosan solution behaved as a solid
rather than liquid after this period (i.e. viscosity was increased
dramatically). This result is consistent with our previous visual
observation of chitosan crosslinking at the same conditions,
underlining that at least 1 h was required to form partial-gelled
chitosan [11]. The addition of AG within 0.1 wt %e5 wt % concen-
trations had no significant impact on the gelation point of chitosan
solution. The solid-like behaviour impeded the volume expansion
of chitosan system during depressurisation, which subsequently
resulted in small pore size and limited porosity.

Our previous data demonstrated a volume expansion of less than
50% for the system that the hydrogels were formed by
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depressurisation after crosslinking (90 min) [11]. In this study, we
depressurised the solution before gelation point (at 50 min) to ach-
ievemaximumvolume expansionprior to complete crosslinking. The
chitosan solutionwas expandedwhen the pressure of the systemwas
decreased from initial saturation pressures (60e150 bar) to 35 bar
due to the bubble formation and evaporation of CO2 in aqueous
solutionat this pressure. Continuousdepressurisation toatmospheric
pressure at this stage resulted in a viscous liquid due to inadequate
crosslinking. Therefore, the pressurewas kept at 35 bar for a period of
time, to induce volume expansion during chitosan crosslinking.
Depressurisation during crosslinking significantly enhanced the
volume expansion of chitosan system. The volume expansion was
increased to over 150% when the system was depressurised and
maintained at 35 bar after 50min. The total processing timewas kept
at 90 min, which was adequate to produce a rigid chitosan hydrogel
using glutaraldehyde at 4 �C [11]. Depressurisation at earlier than
50 min was not efficient in maintaining the bubbles in the aqueous
phase. This effect may be due to the low viscosity of solution. The
optimised gradient-depressurisation profile was illustrated in Fig. 3.

Visual observations show that resultant chitosan hydrogels were
rigid and kept the original shape of the high pressure vessel, and the
porous structurewas depicted in Fig. 4(a) and Fig. 5(a). The pore size
of the fabricated hydrogels using a gradient-depressurisation
process was 59 � 10 mm and the overall porosity was 59% (Fig. 6).
The gradient-depressurisation process that was optimised resulted
in a two-fold increase in pore size compared with the system that
depressurisation was performed after crosslinking (32 mm in
average) [11]. This enhancement was due to bubble formation and
volume expansion of solution during the depressurisation at 35 bar
and 50 min (before gelation point); these bubbles integrated and
formed large size bubbles (CO2 phase) in the solution, which led to
the formation of large pores after complete crosslinking.
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As depicted in Fig. 7(a), increasing the initial pressure of the high
pressure process from 60 bar to 150 bar had a negligible effect on
the volume expansion of solution at the stage of depressurisation.
This effect was attributed to the negligible increase in CO2 solubility
in the aqueous systemwithin the pressure range examined [11,25].
Therefore, the initial saturation pressure of 60 bar was used for the
rest of study.

3.2. The effect of surfactant on porosity generation in chitosan

A preliminary test was conducted to assess the feasibility of
creating porosity in chitosan using CO2 gas flow (w10 bar) as
a foaming agent. Chitosanwas dissolved in solution containing 5wt
% AG and 0.5 vol % glutaraldehyde and CO2 was added via a frit to
this solution for a period of 90 min. The average pore diameter
produced was 150 mm and the porosity was below 30%. These
results indicate that the addition of AG has negligible effect on CO2
absorption in chitosan, and a CO2 saturation stage (under high
pressure) is essential to produce interconnected pores in chitosan.

The addition of AG on the pore characteristics of chitosan
hydrogels fabricated by the gradient-depressurisation process was
investigated. Chitosan solution contained 0.1e5 wt % AG was
maintained transparent upon pressurisation up to 60 bar, under-
lining that no phase separation occurred and both chitosan and AG
were soluble in aqueous system at the conditions examined. Our
results show that the increasing AG weight ratio in chitosan led to
higher volume expansion. As shown in Fig. 7(b), the volume
Fig. 8. Compressive stress/strain curves of fabricated hydrogels with
expansion (DV/V) was increased slightly from 157% to 179% when
AG weight ratio was raised from 0 to 1 wt %. A remarkable volume
expansion of 256% and 336% was observed when chitosan solution
containing 2 wt % and 5 wt % AG was used, respectively. These
results indicate that the addition of 2 wt % and 5 wt % AG signifi-
cantly decreased the interfacial tension between CO2 and chitosan
solution during depressurisation.

The addition of AG in the chitosan solution had a beneficial
impact on the desired pore size and overall porosity (Figs. 4 and 5).
As shown in Fig. 6, the average pore diameter of resultant hydrogels
ranged from63 mmto140 mm. Thepore diameterswere a function of
the initial AG weight ratio in chitosan. Increasing the initial AG
weight ratio resulted in enhanced pore diameter. As the AG weight
ratio was increased from 0.1 to 1 wt %; the pore diameter was
enhanced from 63.1 � 12 mm to 140.6 � 24 mm. This enhancement
was attributed to the foaming effect of AG, which decreased the
interfacial tension of system (between CO2 and chitosan during
depressurisation) compared with that of pure chitosan solution.
Upon depressurisation, lower interfacial tension allowed for larger
pore formation [8,26]. The use of higher AG weight ratio (ie. 2 wt %
and 5 wt %) in chitosan did not enhance the pore size. The average
pore diameterwas 107.9�17 mmand91.6�12 mm, respectively. The
significant decrease in average pore diameter may be attributed to
the formation of higher number of gas bubble nuclei during the
depressurisation stage, which resulted in smaller pores [27e31].

The optimal pore diameter for the regeneration of adult
mammalian skin, osteoid ingrowth, and bone regeneration are
different initial AG weight ratios from (a) 0 wt % to (f) 5 wt %.



Fig. 9. CLSM images of cell-seeded chitosan hydrogels on cross section. (a and e) NP: non-porous chitosan hydrogels produced at atmospheric condition; (b and f) LP: porous
chitosan produced as described in previous studies [11] with small pore size of 32 mm in average; (c, d, g and h) AG1 and AG5: chitosan hydrogels produced using a gradient-
depressurisation process with (c and g) 1 wt % AG, and (d and h) 5 wt % AG, respectively (same codes are used below). Left panel shows the images on day 1 and right on day 7.
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20e125 mm [32]; 40e100 mm and 100e350 mm [33], respectively.
The process developed in this study allows greater control over the
pore size of chitosan hydrogel by varying the depressurisation
profile and surfactant concentration. Therefore, the porosity of
hydrogels can be more finely tuned to a desired level for different
tissue engineering applications [34,35].

The overall porosity of resultant hydrogels was increased
monotonically from 59% to 87% when the concentration of AG was
elevated from 0 wt % to 5 wt % (Fig. 6). Increasing AG weight ratio
enhanced the degree of foaming and the volume expansion of
aqueous solution leading to creation of higher porosity. The effect
of pore characteristics acquired on the swelling, mechanical and
biological properties of the hydrogels were investigated.

3.3. Equilibrium swelling ratio (ESR)

The swelling plays a significant role in regulating nutrients and
wastes exchange in hydrogel. In this study, porous chitosan hydro-
gels exhibited ESR from 27.4 � 1 to 53.9 � 6 as AG weight ratio was
increased from 0wt % to 5 wt % as depicted in Fig. 7(c). As expected,
higher AG weight ratio in the system caused higher porosity, which
provided larger contact surface area between the hydrogel and



Fig. 10. Precent cell viability in chitosan hydrogels produced at different conditions at different times post-seeding (n ¼ 9). Student’s t-tests were performed to demonstrate
difference between two groups (**p < 0.005). D: data not determined due to absence of cells at these regions.
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media, and resulted in higher ESR. These results were in agreement
with previous studies that porous glutaraldehyde-crosslinked chi-
tosan hydrogels exhibited more than two fold higher ESR than non-
porous equivalents [9,11,36e38]. Wu et al. also demonstrated the
swelling ratio of freeze-dried collagen/chitosan scaffolds was
increased from 20 to 44 due to the enhancement of contact surface
area [36]. The resultant chitosan hydrogels show high potential due
to its similar swelling properties comparedwith other hydrogels for
various tissue engineering applications [39e43].
Fig. 11. MTS analysis on chitosan hydrogels produced at different conditions at
different times post-seeding (n ¼ 15).
3.4. Mechanical characterisations

Adequatemechanical strength is required for hydrogels in tissue
engineering. The compressive stress-strain curves of the fabricated
hydrogelswere shown in Fig. 8.Most of the samples exhibited linear
stress-strain curves with up to 40% strain rate. The compressive
moduli were thus calculated within linear regions. As shown in
Fig. 7(d), pure chitosan porous hydrogels exhibited a compressive
modulus of 44.6 � 1 kPa. No significant difference was found when
a 0.1 wt % AG weight ratio was used (42.4 � 1 kPa). However, the
compressivemoduluswas decreased significantly from 34.8� 3 kPa
to 14.3� 2 kPa, as the AGweight ratiowas increased from0.5wt % to
5 wt % (Fig. 7(d)). These results can be explained by the enhanced
porosity due to the increase of AGweight ratio. Previous studies also
demonstrate the negative impact of porosity on compressive
modulus [11,44e46]. Glutaraldehyde-crosslinked porous chitosan
hydrogels possessed a compressive modulus of 41.6 kPa, and the
non-porous equivalents exhibited a compressive modulus of
135.1 kPa, due to the absence of porosity [11]. Lin et al. demonstrated
that the compressive moduli of porous poly (L-lactide-co-D,L-lac-
tide) scaffolds were decreased from 168 to 44 MPa as the porosity
increased from 58% to 80% [46]. The correlation between porosity
and compressivemodulus confirm that themechanical properties of
resultant porous chitosan hydrogels are tunable by controlling the
porosity. The compressive moduli of fabricated porous chitosan
hydrogels are within the range of various natural tissues, such as
human contracted smooth muscle (10 kPa), and human thyroid
(w10 kPa) [47e49]. The resultant hydrogels can be used for the
preparation of organs that require low mechanical strength before
the cell growth or for the in vitro tissue engineering applications
with low pressure load.

3.5. In vitro cell culture

In vitro cell culture studies were conducted to demonstrate the
effect of enhanced pore size and porosity in chitosan hydrogel on



Fig. 12. Micro-CT images of a chitosan porous hydrogel with 5 wt % initial AG weight ratio with microchannels; (a) shows a panoramatic view and (b) a bird’s-eye view; scale bars
show 500 mm.
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cell penetration and proliferation. Classic static cell seeding onto 3D
scaffold relies on large pore size, allowing for cell penetration
throughout the 3D structure and high overall porosity, facilitating
nutrients and wastes exchange for cell proliferation [50]. Fibroblast
cells were only able to adhere on the top surface of non-porous
chitosan hydrogels (NP) (Fig. 9(a and e)). The presence of pores
allowed cells to penetrate into porous hydrogels. However, the
penetration distance was only 50e100 mm from top surface due to
the small pore size (32mminaverage) in chitosanhydrogels (LP) that
were previously produced (Fig. 9(b and f)) [11]. Increasing pore size
had a beneficial effect on cell penetration depth. As shown in
Fig. 9(ced and geh), fibroblast cells were uniformly distributed in
a region of 600 mm from top surface within porous chitosan with 1
wt % and 5 wt % initial AG weight ratio (average pore diameter of
140 mm and 92 mm, respectively) with reasonable cell viabilities
(w80%). Negligible numbers of cells were found in further regions
from top surface (i.e.>600 mm). For this reasonwe primarily studied
cell viabilities within 600 mm region from the top surface (i.e.
0e200 mm, 200e400 mm and 400e600 mm). Cells exhibited similar
viabilities in the region of 0e200 mm from top surface in all the
samples on day 1 upon seeding (Fig. 10). No significant drop in cell
viability was found in this region on day 7. However, cells lost
viabilities over timedue to limited nutrients andwastes exchange in
the deeper region. In particular, in the region of 200e400 mm, the
cell viability in AG1 (porosity of 73%) was decreased to 73.0� 2% on
day 7 compared with viability on day 1 (85.7 � 4%). There was no
significant difference in viability between day 1 and day 7 in AG5
Fig. 13. MTS analysis on porous chitosan hydrogels without and with microchannels
(n ¼ 15) different times post-seeding. Student’s t-tests were performed to demonstrate
difference between two groups (*p < 0.05).
(porosity of 87%). These results may be attributed to the increased
porosity that resulted in enhanced mass transfer properties. In
addition, in the region of 400e600 mm, both samples (i.e. AG1 and
AG5) showed lower cell viabilities on day 7 (51.2�7% and 64.4� 3%,
respectively) in comparison to day 1 (85.0 � 7% and 88.6 � 4%,
respectively). The data indicates that the enhanced pore size and
porosity improved cell penetration. The optimised porous chitosan
hydrogels with average pore diameter of 92 mmand overall porosity
of 87% (AG5) could support cell penetration up to a 400 mmdistance
from top surface with reasonable cell viability (w80%).

MTS data further demonstrates the cell proliferation rate during
in vitro culture within a period of 14 days. As shown in Fig. 11, the
O.D. values were increased dramatically at day 7 and 14 for all the
samples, corroborating cell proliferation. The overall cell prolifer-
ation rate was a function of porosity in hydrogels. AG5 exhibited
remarkably higher proliferation rate than the others at day 7 and
14. This can be explained by the increased overall porosity within
hydrogel which provided enhanced nutrients and wastes exchange.

3.6. The effect of microchannel

In this study, we further produced porous chitosan hydrogels
(AG5) with aligned microchannels (500 mm diameter) as shown in
Fig. 12, using a micromolding technique. MTS data indicates that
the cell proliferation rate of chitosan hydrogels with aligned
microchannels was similar to those without microchannels on day
7. However, as shown in Fig. 13, the results on day 14 demonstrate
a significant increase in O.D. for the samples contained micro-
channels compared with those without such structure. These
results may be attributed to the formation of fibroblasts confluent
monolayer on the top surface of porous chitosan due to prolifera-
tion; this layer may impede nutrients and oxygen transfer to the
deeper layer. Nonetheless, for samples with microchannels, the top
layer was not completely covered with cells due to the large size of
the microchannels, which facilitate nutrients and oxygen transfer
for longer periods of time.

4. Conclusions

A rapid process was developed for the creation of porosity in
chitosan hydrogel that involves dissolving high pressure CO2 into
an aqueous solution and using CO2 gas as a foaming agent. The
results demonstrate that the depressurisation profile had a signifi-
cant impact on the pore characteristics of chitosan hydrogels. The
addition of a non-toxic surfactant such as A. gum (AG) substantially
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increased the pore size and porosity. Process variables can be
controlled to generate chitosan hydrogels with a maximum average
pore diameter of 140 mmand porosity of 87%, respectively. This new
process eliminates the use of toxic solvent for pore formation in
hydrogels. The presence of porosity improved the swelling ratio of
chitosan hydrogels and subsequently enhanced cell proliferation
rate. The cell proliferation rate was further improved by the fabri-
cation of aligned microchannels within porous hydrogels that
enhanced nutrients and wastes exchange. The fabricated chitosan
hydrogels with controllable pore size and porosity have high
potential for tissue engineering applications.
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