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Chitosan (CS) physical hydrogels without external cross-linkers are attractive materials for biomedi-
cal applications owing to their biodegradability and biocompatibility. In the present study, multilayered
self-crosslinking CS hydrogels with gradient structures were fabricated by a controlled freeze-
melting-neutralization method. The microstructure and properties of hydrogels can be adjusted by
changing the relationship between melting rate and neutralizing rate of frozen CS samples through
not only the freezing temperature and concentration of the CS solution but also the concentra-
tion and temperature of the NaOH neutralization solution. Using bovine serum albumin as a model
protein, in vitro drug release studies indicated that the release profile was influenced by the CS
hydrogel microstructure. These results suggest that multilayered self-crosslinking CS hydrogels can
be fabricated by a simple freeze-melting-neutralization method and can serve as effective scaffolds
for tissue engineering.

Keywords: Chitosan, Physical Hydrogels, Multilayered Gradient Structure, Freeze-Melting-

Journal of

Biomaterials and Tissue Engineering
Vol. 6, 232-238, 2016

Fabrication of a Multilayered Gradient Self-Crosslinking

Neutralization Method.

1. INTRODUCTION

Hydrogels are cross-linked three-dimensional polymer net-
works that are useful as biomaterials owing to their high
water content, which makes them compatible with most
living tissues'~ as tissue barriers*® and tissue engineering
scaffolds.”® Tissue-like structure/properties are key fea-
tures of gels in medical applications.'” For example, gra-
dient hydrogels with special spatial configurations can be
used to mimic the architecture of tissues such as skin and
bone.!! Hydrogels with excellent mechanical properties
have been fabricated using sliding crosslinking agents and
double network hydrogels.'> '3 In addition, injectable and
environmental stimulus-responsive hydrogels have been
developed for controlled, localized drug delivery.'*

The chitosan (CS) hydrogel is especially attractive
for biomedical applications due to its biocompatibility,
low toxicity, biodegradability, and sterility.'’>"'” CS is a
linear, semi-crystalline, naturally occurring polysaccha-
ride composed of randomly distributed B-(1-4)-linked
D-glucosamine and N-Acetyl-D-glucosamine units. The
primary aliphatic amines of CS can be protonated under

*Author to whom correspondence should be addressed.
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acidic conditions (pKa = 6.3), which renders the molecule
fully soluble.'®

CS can be induced to form a hydrogel in aqueous solu-
tions by increasing pH or extruding the solution into a
nonsolvent without adding other polymers or complexing
molecules.'”?* CS hydrogels are formed via crystallites,
hydrogen bonds, and hydrophobic interactions using the
freeze-gelation technique, in which a CS solution is intro-
duced into a mold and subjected to controlled freezing.?*
The frozen CS is then placed in a gelation solution of
ethanol and sodium hydroxide below the CS freezing tem-
perature to induce gelation.'? %

Multi-member hydrogels have been developed by
exploiting the pH-dependent solubility of CS under mild
conditions.”® A mixture of CS and 1,2-propanediol was
introduced into a mold and evaporated at 55 °C to form
an alcohol gel that was submerged in an NaOH solu-
tion to neutralize the CS amino groups and extrude
1,2-propanediol. The disruption of gelation led to the for-
mation of a multilayered hydrogel that could be used
to encapsulate molecules for the co-delivery of multiple
drugs, pulse-like delivery of a specific payload, or as chon-
drocytic cell bioreactors.?® Other multilayered hydrogels
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have also been fabricated either by sequential gel forma-
tion around pre-formed inner parts or by periodic precipi-
tation using single-opening and semi-permeable membrane
cylindrical molds.?”-28

Designing and fabricating scaffolds that mimic the
architecture of tissue are a major challenge in the field
of regenerative medicine.?” Most tissues, such as skin,
bone, and tooth are multilayered gradient structures. For
example, teeth comprise enamel, dentin, and cementum
surrounding the dental pulp, with each layer exhibiting a
different microstructure.*

In the present study, we fabricated a multi-layered gra-
dient CS hydrogel that mimics the gradient structure of
tissues by the physical gelation of pure CS without toxic
covalent linker molecules. The hydrogel was processed
based on the pH-dependent solubility of CS. Importantly,
freezing/melting was introduced during the neutralization-
gelation process of CS solution to adjust the microstruc-
tures of the different layers. The influence of the formation
conditions on the final hydrogel structure and properties
and on the release of protein is further discussed.

2. MATERIALS AND METHODS

2.1. Materials

Chitosan (CS, 116 cp) with a deacetylation degree of 95%
was purchased from Golden-Shell Pharmaceutical Co.
Ltd. (Zhejiang, China). Acetic acid, sodium hydroxide
(NaOH), Bromothymol Blue, and bovine serum albumin
(BSA) were purchased from Sinopharm Chemical Reagent
Beijing Co., Ltd. (Beijing, China). All other reagents and
solvents were of analytical grade and used without further
purification.

2.2. Preparation of the CS Physical Hydrogel

2.2.1. CS Purification

CS was dissolved at 0.05% (w/v) in a stoichiometrically
equivalent amount of aqueous acetic acid. After com-
plete dissolution, the mixture was sequentially filtered
through membranes with pore sizes of 3, 0.8, and 0.45 um
(Millipore, Billerica, MA, USA). The filtrate was precipi-
tated with dilute ammonia (up to pH = 9) and centrifuged,
then repeatedly rinsed with distilled, de-ionized water and
centrifuged until a neutral pH was achieved before disper-
sion in water and freeze drying.

2.2.2. CS Hydrogel Formation

CS was dispersed in de-ionized water at different concen-
trations (Crg) and a stoichiometrically equivalent amount
of acetic acid was added. After complete dissolution, the
solution was left to stand overnight without stirring for
degassing at 4 °C. The solution was injected into a cylin-
drical mold (¢ 9.0 x 9.0 mm) and frozen at different tem-
peratures (Tg) for 24 h. The frozen CS solution was
immediately immersed in 4 ml NaOH solution at dif-
ferent concentrations (Cy,oy) and temperatures (7y,on)

J. Biomater. Tissue Eng. 6, 232-238, 2016

Fabrication of a Multilayered Gradient Self-Crosslinking Chitosan Hydrogel

then gently shaken for 2 h to fully regenerate the free
amine form of polymer chains. The hydrogel was removed
from the NaOH solution and washed with 20 ml of 1x
phosphate-buffered saline (PBS; pH 7.4) until a neutral pH
was achieved.

2.3. Gelation of the CS Hydrogel

To clearly observe the gelation process, Bromothymol
Blue was added to the CS solution. After freezing, the
CS solution with indicator was fully immersed in NaOH
solution in a cuboid quartz cuvette at room temperature.
Images were captured from the side of the cuvette.

2.4. Characterization of CS Hydrogel Structure

The hydrogel was cut in half laterally and longitudinally.
Images were captured before and after lyophilization. The
microstructure of the cut sample was further characterized
by scanning electron microscopy (EVO 18; Zeiss, Wetzlar,
Germany).

2.5. Physico-Mechanical Characterization of the

CS Hydrogel
2.5.1. Water Content (W,)
CS hydrogel weight (W,) was measured using an elec-
tronic balance after rapidly drying the surface with a filter
paper. The dry weight (W,) of the hydrogel was measured
after lyophilization. W,, was calculated with the following
formula.

Wo=W,—W,

2.5.2. Mechanical Properties

Mechanical properties of CS hydrogels were determined
by compression tests at a strain rate of 5 mm/min at room
temperature using a universal material testing machine
(model 5543A; Instron, Norwood, MA, USA).

2.5.3. Rheological Measurements

Rheological measurements were carried out at 37 °C with
a rheometer (Physica MCR301; Anton Paar, Graz, Austria)
operating with a plate—plate geometry (diameter: 25 mm).
Rheological properties were investigated with dynamic
mechanical experiments. Strain amplitude values were ver-
ified to ensure that all measurements were performed

Freezing Neutralization
e
and Melting
‘ Chitosan Solution ‘ | Frozen Chitosan Solution ‘ ‘ Multilayered Chitosan Hydrogel |

Scheme 1. Schematic illustration of multilayered gradient CS hydro-
gel fabrication. The CS solution was first frozen, and then immersed in
NaOH solution. Neutralization and melting of CS began at that time. The
hydrogel was then removed from the NaOH solution and washed with
PBS (pH = 7.4) until a neutral pH was achieved.
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Fig. 1. Digital images of the gelation process of frozen CS solution at
different time points (Cpg =20 mg/ml, Ty = —20 °C, Cy,on = 1.0 M, and
Taaon = 23 °C). Bromothymol Blue was added for visualization. Accord-
ing to the pH range, the blue color corresponded to hydrogel that was
formed while the yellow color corresponded to ungelled parts. (1) Inter-
face I: hydrogel-frozen CS solution boundary; (2) interface II: frozen-
melted CS solution boundary; and (3) interface III: hydrogel-melted CS
solution boundary.

within the linear viscoelastic range to obtain storage mod-
ulus (G’) and a loss modulus (G”) independent of strain
amplitude. Samples with a thickness of 1.5 mm were intro-
duced between the plates.

.
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2.6. Protein Release by the CS Hydrogel

The release of protein by the CS hydrogel was examined
using BSA as a model molecule. BSA-loaded CS hydro-
gels were fabricated by freezing and neutralization using
a cylindrical mold (¢ 9.0 x 9.0 mm). The release ratio
of BSA in NaOH solution (R;) and PBS solution (R))
was recorded. Drug-loading efficiency (R,) was calculated
using the weight of BSA trapped by the hydrogel as a
percentage of the total drug added, as follows.

R,=(100—R,—R,)%

The BSA-loaded CS hydrogel was immersed in 5 ml
of 1 x PBS (pH 7.4) at 37 °C with continuous shaking
(60 rpm). At specific time intervals, a 1-ml aliquot of
the medium was sampled and replaced with an equal vol-
ume of fresh PBS. BSA concentration was measured on
a Microplate Reader (Model 680; Bio-Rad, Hercules, CA,
USA) at 570 nm, and the cumulative amount of BSA
released from the hydrogel was calculated from the stan-
dard curve of BSA. All experiments were repeated three
times.

3. RESULTS AND DISCUSSION

3.1. Gelation of the CS Hydrogel

The formation of the multilayered gradient CS hydrogel is
shown in Scheme 1.

Fig. 2. Multi-layered hydrogel formation at Cog =20 mg/ml, Tg = —20 °C, Cy,oq = 1.0 M, Ty,on =4 °C, excepting: (a) Cos =5, 10, 15, 20, and
25 mg/ml; (b) T.g = —20 °C, —80 °C, and —196 °C; (c) Cy,onq = 0.5, 1.0, 4.0 and 8.0 M; (d) Ty,oq =4, 23 °C, 37 °C, and 70 °C. From top to bottom:
hydrogels and lyophilizated hydrogels cut in half (top and cross-sectional views).
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Fig. 3. Scanning electron micrographs of a CS hydrogel after lyophilization (Ces = 20 mg/ml, Ty = —20 °C, Cy,op = 1.0 M, and T,y =4 °C).
The hydrogel included three parts: the surface was composed of highly connected pores with diameters of 20-50 wm; the middle had multiple layers
consisting of nanofibers with radially oriented micro pores; and the core was a nanofiber structure.

The neutralization of CS NH; sites to NH, caused the
loss of ionic repulsion between CS chains and induced
crystallite formation, hydrogen bonding, and hydrophobic
interactions. As a result, physical crosslinks were formed
in the CS hydrogel.'? Images of the gelation process are
shown in Figure 1. After immersion in NaOH solution,
neutralization and melting began synchronously at the sur-
face of contact with the frozen CS solution. The contact
area became a hydrogel layer (color change of the CS
sample from yellow to blue in Fig. 1(a)) and served as
interface I between the hydrogel and frozen CS solution.
Almost simultaneously, interface II formed between the
melting and frozen CS solutions and advanced to the inside
of the sample (color change from dark yellow to light yel-
low in Fig. 1(b)).

Melting rate (R,,) and neutralization rate (R,,) of frozen
CS solution were the two main factors affecting the struc-
ture of the CS hydrogel. The R,, is controlled by heat
conduction and is mainly affected by Ty and Ty,on.
while the R, is related to OH™ concentration and diffu-
sion and is influenced by Cqg and Cy,on. As shown in
Figure 1, R,, was higher than R, under these conditions
(Ces =20 mg/ml, Ty = —20 °C, Cyon = 1.0 M, and
Tv.on = 23 °C). Consequently, interface I disappeared and
interface III simultaneously appeared between the hydro-
gel and CS solution (Figs. 1(b) and (c)). The frozen CS
solution eventually melted completely and interface II dis-
appeared (Fig. 1(d)). Interface III formed gradually as
OH™ diffused continuously into the CS solution (Fig. 1(e)),
until all of the CS solution had gelled and the color turned
from yellow to blue (Fig. 1(f)).
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3.2. Multi-Layered Structures of CS Hydrogel

Bulk hydrogels were formed by simply freezing a CS
solution in a suitable vessel and subsequently neutraliz-
ing the frozen samples. The multilayered architecture of
CS hydrogels formed under different conditions before
and after lyophilization at —20 °C is shown in Figure 2.
Since the hydrogel will collapse when water is extracted
by freeze-drying, the inter-layer space was larger in the
dry than in the wet state. Some layers were destroyed dur-
ing the cutting process. The hydrogels had an open pore
microstructure with a high degree of interconnectivity after
lyophilization.

Hydrogel volume increased slightly with increasing Ccg.
No multilayered structure was observed at low Cgg
(5 mg/ml) and no distinct layer was formed at high Cgq
(25 mg/ml). Hydrogel volume increased with decreas-
ing T¢g. Increasing Cy,on favored a decrease in volume,
with the multilayered structure eventually disappearing at

lcm

Fig. 4. Digital photographs of CS hydrogels with different shapes.
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high concentrations (Cy,oyq = 8.0 M) due to high physical
cross-linking density.

CS hydrogel structure was affected by both the freezing
and gelling processes. Pore size and orientation can be
controlled by the geometry of thermal gradients during
freezing.”® We therefore investigated the effects of R, and
R, on the gelling process under different conditions (Cgg,
Tes» Caons and Tygon)-

Xu et al.

The surface hydrogel was composed of highly con-
nected pores with diameters of 20-50 wm (Fig. 3). At
surface of the frozen CS solution, R,, was slightly higher
than R,. However, the solubility of CS was prevented by
the closing of the inner frozen CS prior to gelling. As a
result, a structure was formed that was similar to the CS
hydrogel formed from CS solution.?! The thickness of the
outer layer increased with increasing Tg and 7y,oy and

. 60 100
a) T
—-— W
45 4 F 98
g g
2 30 o6 %
Q =
15 4 F 94
0 92
3 6 9 12
Chuoy (mg/ml)
b) 32 100
—a—E
—— W
24 99
3 =
S16 9 3
o £
§{ "—— g 97
0 96
-10 10 30 20 0 9
Tusou(C)
40 100
0 YT
—-a—\Wwv L 99
30
- F 98 ;;
Q 20 ';
L] Lor =
10 4
F 96
0 T v T T 98
0 s 10 15 20 28 30
Cs(mg/ml)
24 100
d)* ¢
-
18 4 F 99
s -
£ s 5
s £
6 . —a | 0°
0 + - - - 92
-250 -200 -150 -100 -850 0
Tes(C)

1200 12000
—-.-G‘
——G"
900 A ’.“—/ - 9000
o 600 - .‘.*_/./"‘" 6000 G
300 - 3000
0 . . . — 0
0 3 6 9 12
Chson (Mg/ml)
1200 12000
—.—G
-G~
900 9000
© 600 /x 6000
N /\/. 3000
0 0
10 10 30 0 0 9%
Thaow ()
1200 12000
—.—G
——G"
900 1 L 9000
> 600 4 - 6000 :g
300 L 3000
0 . —— 0
0 5 10 15 20 28 30
C¢ (mg/ml)
1200 12000
—— G’
-—G"
900 L 9000
o 600 / L 6000 b
300 4 ’__________——-/ "™
0 0
2250 -200 150  -100  -%0 0
Tes(T)

Fig. 5. Effect of fabrication conditions on W,, E, G’, and G” of CS hydrogels. (a) Cog = 10, 15, 20, and 25 mg/ml; (b) T.q = —196 °C, —80 °C,

w?

and —20 °C; (c) Cyop = 10, 15, 20, and 25 mg/ml; (d) Ty, =4 °C. 23 °C, 37 °C, and 70 °C.
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decreasing of Cy,ony- The rough surface of the hydrogel
favored cell adhesion and proliferation.

The middle part of the hydrogel consisting of multi-
ple layers was composed of nanofibers with radially ori-
ented micropores (Fig. 3(b)). Melting and neutralization of
frozen CS were nearly synchronous in this part (R,, = R,
and the hydrogel almost maintained the structure of frozen
CS solution. These micropores were derived from ice crys-
tals formed during the freezing process. The multilayered
architecture arose from stress at the interface of the hydro-
gel and frozen solution.

A nanofiber structure without large pores was observed
in the core hydrogel. It was formed from the CS solu-
tion after the frozen solution had melted under the lim-
its of the outer layer hydrogel and no large pores were
observed, since all the ice had melted before gelling
occurred (Fig. 3(c)). Furthermore, the lower concentration
of OH™ in the core hydrogel as compared to the surface
resulted in a different structure between the two parts,
although both were gelled from the CS solution.

Using specific templates, multilayered gradient CS
hydrogels with different shapes were fabricated to mimic
human tissues, such as disks and teeth (Fig. 4). Just as
shown in Figure 3, the outer layer hydrogel could be used
to mimic the enamel of tooth and the inner layer with ori-
entated pores could be used to mimic the dentin of tooth.

Top: disks of different sizes; bottom: teeth.

3.3. Effect of Preparation Conditions on

CS Hydrogel Properties
The physico-mechanical properties of CS scaffolds depend
on their microstructure. The CS hydrogel was charac-
terized in terms of W,, compressive modulus (E), G’,
and G”.
W, is an important parameter that represents the effi-
ciency of oxygen and nutrient transfer within a scaffold.?’
As shown in Figure 5, the water content was >95% for
all samples and decreased with increasing Crg and Cy,on-
W,, was mostly unaffected by temperature (7 and Ty,o)-
Furthermore, the hydrogels exhibit macropores, so they
had significant water loss in the thawing process and under
compression.

To investigate whether CS hydrogels can sustain
mechanical loading, E was measured under different con-
ditions. E increased markedly with increasing C.g and
Cn.ons Teaching a maximum value at T,y = 37 °C.
The hydrogels—which showed predominantly gel-like
behavior—were also subjected to dynamic rheology mea-
surements. Both G’ and G” increased with increasing
Ccs and Cy,oy- Changes in mechanical properties (E, G,
and G”) were attributed to the solid content and crosslink
density of the hydrogels. That is, the higher Cy,oy resulted
from greater shrinkage and higher crosslink density, which
enhanced the mechanical properties of the hydrogel.
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Fig. 6. BSA release in NaOH solution (R,) and PBS solution (R,) and
payload BSA in CS hydrogels (R,).

3.4. Release of BSA from CS Hydrogels

BSA was used as a model protein in this study to study
the drug release of CS hydrogel via a physical entrap-
ment method. A burst release of up to 40% of total
BSA occurred during the gelling process; the amount of
drug released into NaOH solution was R, = 17.5%-32.2%
and increased with increasing Cy,oy (Fig. 6) due to the
acceleration of BSA diffusion and extrusion following
the collapse of the hydrogel. BSA was released there-
after (R, = 6.8%-20.1%) in PBS solution and release rates
decreased with increasing Cy,on (Fig. 6).

The release rate of BSA primarily depended on hydrogel
microstructure and the hydrodynamic kinetics of BSA. The
hydrodynamic diameter of BSA is 7.2 nm, which is much
less than the predicted mesh size of the CS hydrogel; as
such, BSA molecules presumably diffused freely within
the network. As shown in Figure 7, the higher crosslinking
density at higher Cy,oy reduced the diffusion rate of BSA;

——0.5M
—&—1.0M
—a—4.0M
——3.0M

100 A

80

60

40

Cumulativerelease (%)

20

0 20 40 60 80
Release time (hour)

Fig. 7. Release profile of BSA from various CS hydrogels (Ceq =
20 mg/ml, Ty = —20 °C, Ty,on =4 °C, Cyyon =0.5, 1.0, 4.0, and 8.0 M)
in 1 x PBS (pH 7.4) at 37 °C over 72 h.
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this could also explain the release profile of payload BSA
in the subsequent release (in PBS at 37 °C). Nearly all
payload BSA was released after 72 h.

4. CONCLUSIONS

A multilayered self-crosslinking gradient CS hydrogel
with different structures and properties was prepared
via a controlled freeze-melting-neutralization method at
different conditions (T¢g, Tnion» Ces» and Cyuon)- The
CS hydrogel had a multilayered structure composed
of nanofibers with interconnected pores, and showed
good mechanical properties and controlled BSA release.
These results highlight the potential of multilayered
self-crosslinking CS hydrogels as a scaffold for tissue
engineering.
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