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a  b  s  t  r  a  c  t

The  development  of  scaffolds  to  mimic  the  gradient  structure  of  natural  tissue  is an  important  considera-
tion  for effective  tissue  engineering.  In the present  study,  a physical  cross-linking  chitosan  hydrogel  with
gradient  structures  was  fabricated  via  a  step-by-step  cross-linking  process  using  sodium  tripolyphos-
phate  and sodium  hydroxide  as  sequential  cross-linkers.  Chitosan  hydrogels  with  different  structures
(single,  double,  and  triple  layers)  were  prepared  by modifying  the gelling  process.  The  properties  of  the
eywords:
hitosan
ydrogel
radient structure
tep-by-step cross-linking

hydrogels  were  further  adjusted  by  varying  the gelling  conditions,  such  as gelling time,  pH, and  com-
position  of the  crosslinking  solution.  Slight  cytotoxicity  was  showed  in  MTT  assay  for  hydrogels  with
uncross-linking  chitosan  solution  and  non-cytotoxicity  was  showed  for other  hydrogels.  The results  sug-
gest  that  step-by-step  cross-linking  represents  a  practicable  method  to fabricate  scaffolds  with  gradient
structures.

© 2017  Published  by  Elsevier  Ltd.
. Introduction

The developing field of tissue engineering aims to regenerate
amaged tissues by combining cells from the body with highly
orous scaffold biomaterials, which act as templates for tissue
egeneration (O’Brien, 2011). One of the challenges in the devel-
pment of such scaffolds is to adequately mimic  the gradient
tructure of natural tissue such as bone, cartilage, tooth, skin,
nd vessels (Levingstone, Matsiko, Dickson, O’Brien, & Gleeson,
014). Systems with gradients in material composition, bioac-
ive signals, or substrate modulus have been widely explored
or different applications including protein delivery systems,
irecting neuronal growth, investigating cell-microenvironment
nteractions, enhancing cell proliferation, and for interfacial tissue
ngineering (Chatterjee, Sun, Chow, Young, & Simon, 2010; Mohan
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et al., 2011; Seidi, Ramalingam, Elloumi-Hannachi, Ostrovidov, &
Khademhosseini, 2011).

In particular, hydrogels, which comprise insoluble hydrophilic
polymer networks formed through the gelling of water-soluble
polymers, have found widespread application in tissue engineering
as their aqueous, structured environment may partially mimic  the
natural extracellular matrix (Geckil, Xu, Zhang, Moon, & Demirci,
2010; Slaughter, Khurshid, Fisher, Khademhosseini, & Peppas,
2009). Hydrogels also represent attractive scaffolds for controlling
cell function, as a variety of technologies and chemistries have been
developed for tailoring their biochemical and physical properties
(Burdick, Chung, & Jia, 2005). Generally, the methods used to mod-
ulate hydrogel properties typically result in isotropic properties
because the gels are created from homogeneously mixed solutions.
Alternatively, hydrogels with gradients in biosignals, composition,
and structure have been fabricated in recent years by freezing-
thawing (Kim et al., 2015), gradient polymerization (Karpiak, Ner, &
Almutairi, 2012; Tan et al., 2015), 3D printing (Sobral, Caridade, Rui,
Mano, & Rui, 2011), and microfluidics (Mahadik, Wheeler, Skertich,
Kenis, & Harley, 2014; Pedron, Becka, & Harley, 2015) methodolo-
gies. However, these systems often employ long and sophisticated

fabrication procedures that necessitate expertise and expensive
equipment (Jeon, Alt, Linderman, & Alsberg, 2013; Karpiak et al.,
2012).
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Fig. 1. Digital images showing the chitosan hydrogel formed in the first gelling
solution (3 M NaCl + 0.5% TPP, pH = 5.0) at different times (1, 2, 4, 8, and 24 h). a) Cylin-
drical hydrogel; b) Hydrogels after being cut in half; c) hydrogels following through
washing with de-ionized water after being halved. Bromothymol blue (pH = 6.0–7.6,
96 Y. Xu et al. / Carbohydrate

Chitosan, a compound derived from the partial deacetylation
f natural chitin, consists of a linear, semi-crystalline polysac-
haride that exhibits many desirable intrinsic properties such as
iocompatibility, biodegradability, and sterilization, which make it
n outstanding candidate for biomedical applications (Bhattarai,
unn, & Zhang, 2010; Domard, 2011; Sashiwa & Aiba, 2004;
ilva, Juenet, Meddahi-Pellé, & Letourneur, 2015; Zhang et al.,
012). Accordingly, chitosan hydrogels including thermosensitive
ydrogels and micro/nanogels, represent the most widely used
iomaterials for drug delivery, gene delivery, and tissue engineer-

ng (Abd-Allah, Kamel, & Sammour, 2016; Hui, Ling, Pei, Li, & Xi,
015). Notably, the primary aliphatic amines (pKa = 6.3) of chi-
osan may  be protonated under acidic conditions, which renders
he molecule fully soluble (Bhattarai et al., 2010). Consequently, the
hitosan solution forms entangle physical gels via secondary inter-
ctions (Van der Waals interactions and hydrogen bonds) resulting
rom the increase in pH (Berger, Reist, Mayer, Felt, & Gurny, 2004;
omard, 2011; Ho et al., 2004; Hsieh et al., 2007; Silva et al., 2015).
ultilayered bulk hydrogels are fabricated by exploiting the pH-

ependent solubility of chitosan through periodic neutralization
f the chitosan solution with NaOH (Dash, Chiellini, Ottenbrite,

 Chiellini, 2011; Ladet, David, & Domard, 2008; Montembault,
iton, & Domard, 2005). Furthermore, tripolyphosphate (TPP) has
ften been used as an ionic gelling agent to prepare chitosan beads,
els, nanoparticles, and films owing to its non-toxic properties and
elling ability and stability in acid environments (Anitha et al.,
011; Jin, Zeng, Liu, & He, 2013; Rampino, Borgogna, Blasi, Bellich

 Cesàro, 2013). Together, for example, these techniques have
llowed the successful preparation of biomimetic multi-layered
ollow chitosan-TPP hydrogel rods in NaOH solution by semiper-
eable membrane (Nie, Wang, Zhang, & Hu, 2015).
As a result, fabrication of physical chitosan hydrogels with the

ame gradient structure as human tissues was one of important
esearch topic. By now, more literatures focused on the preparation
ethods on nano/micro gels, fibers and films of chitosan (Agnihotri,
allikarjuna, & Aminabhavi, 2004). The methods for bulk chitosan

ydrogels such as lyophilization and neutralization were difficult
o control the gradient structure (Levengood & Zhang, 2014). The
urrent study aimed to fabricate a chitosan-based physical gradient
ydrogel via a step-by-step gelation by TPP and NaOH in sequence
ith assistant of NaCl. The influence of the preparation conditions

n hydrogel structure and properties were further examined.

. Material and methods

.1. Materials

Chitosan (Mw = 187 kDa, degree of de-acetylation = 89.8%) was
urchased from Beijing HWRK Chem Co., Ltd., China and purified
efore use. Acetic acid (CH3COOH), NH4OH, bromothymol blue,
hosphate buffer saline (1 × PBS), sodium acetate (CH3COONa),
odium chloride (NaCl), and sodium hydroxide (NaOH) were pur-
hased from Sinopharm Chemical Reagent Beijing Co., Ltd., China.
PP was purchased from Sigma-Aldrich Co., Germany. All chemicals
ere analytical grade and used without further purification.

.2. Purification and characterization of chitosan

Briefly, a chitosan solution was prepared in CH3COOH aqueous
olution and sequentially filtered through membranes. The filtrate
as precipitated with dilute NH4OH and centrifuged, then repeat-
dly rinsed with de-ionized water and centrifuged until a neutral
H was achieved before dispersion in water and freeze-drying.

The average viscosimetric molecular weight (M̄�) of chitosan
as 187 kDa, as determined using an Ubbelohde viscometer with
yellow to blue) was  added as a pH indicator for visibility. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of  this article.)

the Mark-Houwink-Sakurada equation: [�] = 0.0843M̄0.78
� . The

degree of de-acetylation of the chitosan was 89.8%, as measured by
ATR-FTIR spectroscopy using a Nicolet iN10 spectrometer (Thermo
Scientific, Waltham, MA,  USA) (Brugnerotto et al., 2001).

2.3. Preparation of chitosan hydrogels

Chitosan was  dispersed in de-ionized water and a stoichiomet-
rically equivalent amount of acetic acid was  added. After complete
dissolution, the solution was left to stand for 24 h without stir-
ring for degassing at 4 ◦C. The solution was  then injected into a
cylindrical mold and frozen at −20 ◦C for 24 h. The frozen chitosan
was immersed in the first gelling solution (NaCl + TPP) at 4 ◦C for
various times. The hydrogel was then further treated by a second
gelling solution (NaOH). Finally, all the samples were washed three
times with de-ionized water (or 1 × PBS, pH = 7.4) and then stored
in it for 24 h before testing. As comparison, the hydrogels were also
prepared by TPP, NaCl + TPP, NaOH and NaCl + NaOH, separately.

2.4. Gelation of chitosan hydrogels

To examine the gelation process, bromothymol blue was added
to the chitosan solution as an indicator (pH = 6.0–7.6, yellow to
blue). Briefly, one sample was removed from the gelling solution
at each time point and then cut in half to observe the morphology
and color of the whole sample. The thickness of the gel layer (blue)
was measured after washing thoroughly with de-ionized water to
remove the inside uncross-linked chitosan solution (yellow). The
gelation rate was  determined as the ratio between the thickness of
the gel layer and the gelling time.

2.5. Structure of chitosan hydrogels

Images of hydrogels forming under various conditions were cap-

tured using a digital camera (EOS 5D Mark II, Canon, Tokyo, Japan).
Furthermore, the liquid-nitrogen fracture surfaces of the hydrogels
were characterized using a scanning electron microscope (SEM,
EVO 18, Zeiss, Oberkochen, Germany).
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S radient structure. The chitosan solution was frozen at −20 ◦C and then immersed in the
fi rther treated by a second gelling solution (NaOH) at 23 ◦C for a defined period.
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Fig. 2. Digital images showing the chitosan hydrogels formed in the second gelling
solution (1.0 M NaOH) at different times (0, 1.0, 2.5, 5.0, and 10.0 min) after gelling
1  h in the first gelling solution (3 M NaCl + 0.5% TPP, pH = 5.0): a) Cylindrical hydrogel;
b)  Hydrogels after being cut in half. The color of Bromothymol blue changed from
cheme 1. Schematic illustration of the fabrication of chitosan hydrogels with a g
rst  gelling solution (TPP + NaCl) at 4 ◦C for various times. Then, the hydrogel was  fu

.6. Physico-mechanical characterization of chitosan hydrogels

.6.1. Swelling ratio (R)
The swelling behavior (water uptake) of the chitosan hydrogel

ere conducted at 37 ◦C in 1 × PBS (pH = 7.4) for 24 h. The swelling
atio, R, was calculated using the following equation:

 = (WS − W0)/W0 × 100%

here, W0 is the weight of dry hydrogel after lyophilization and Ws

s the weight of swollen hydrogel.

.6.2. Young’s modulus (E)
The mechanical properties, i.e., E, of the chitosan hydrogel were

etermined by compression testing at a rate of 5.0 mm/min  and a
emperature of 23 ± 2 ◦C, using a universal material testing machine
model 5543A, Instron, Norwood, MA,  USA).

.7. Cytotoxicity assays

The cytotoxicity of the hydrogels was evaluated using hydrogel
xtracts and L929 fibroblast cells (ATCC, Manassas, VA, USA) fol-
owing ISO 10993-5:2001 standards. The test hydrogel extract was
repared with amounts of 0.5, 1.0 and 1.5 mg  of chitosan in 1 mL
f MEM  at 37 ◦C for 24 h. The L-929 cells (ATCC) were cultured at a
ensity of 1 × 105 cells/well in MEM  with 10% FBS at 37 ◦C and 5%
O2 for 24 h. The culture medium was then removed and replaced
ith medium containing the extract. After 24 h, 50 �L of MTT  solu-

ion (1 mg/mL  in PBS) was added to each well, and the cells were
ncubated at 37 ◦C for 2 h. The optical intensity was then measured
t a wavelength of 570 nm using a microplate reader (Model 680,
io-Rad, USA).

The blank culture medium and 10% DMSO were used as negative
nd positive controls, respectively. The cytotoxicity of the hydro-
el was expressed as % cell viability, which was calculated from the
atio between the number of cells treated with the polymer solu-
ions and that of non-treated cells (control). Four samples formed in
he first gelling solution (3 M NaCl + 0.5% TPP, pH = 5.0 for 1 and 24 h)
nd the second gelling solution (1.0 M NaOH for 1.0 and 10.0 min)
fter gelling 1 h in the first gelling solution were tested.

. Results

.1. Gelation process of the chitosan hydrogel

The chitosan hydrogel was fabricated utilizing sequential
elling, as illustrated in Scheme 1. Chitosan was solubilized in acetic

cid solution and frozen to a desired shape. Subsequently, the chi-
osan hydrogel was formed in the first gelling solution (TPP + NaCl)
or a defined period of time and then again in the second gelling
olution (NaOH). The structure and properties of the hydrogel could
yellow to blue when pH >6.0–7.6. (For interpretation of the references to colour in
this  figure legend, the reader is referred to the web version of this article.)

be tuned by modifying the gelation including gelling time and com-
position of the two  gelling solutions.

Fig. 1a shows that chitosan hydrogels formed in the first gelling
solution (3 M NaCl + 0.5% TPP, pH 5.0) at different times: 1, 2, 4, 8,
and 24 h. After cutting in half, it could be observed that all the solu-
tion became gel after 1 h (Fig. 1b). However, the gel on the interior
of the sample resulted from the ionic strength-dependent solubil-
ity of chitosan. After washing thoroughly with de-ionized water to
remove NaCl, this part could be removed completely leaving only
the TPP-gelled layer, as shown in Fig. 1c.

Next, after gelling for 1 h in the first gelling solution, the sample
was then immersed in the second gelling solution for various times
(0, 1.0, 2.5, 5.0, and 10.0 min), as shown in Fig. 2. A color change of
the sample from yellow to blue represented that the pH was higher
than 6.0–7.6. As illustrated in Fig. 2, the gel layer was thin (blue) and
the main interior component was comprised of chitosan solution
(yellow) when the gelling time was 1.0 min. With increasing gelling
time, the gel layer become thicker and the ratio between solution
and gel became smaller. Finally, the solution disappeared and the
sample gelled completely at 10 min.

3.2. Gelation rate of the chitosan hydrogel

With the increasing gelling time, the thickness of hydrogel lay-
ers increased as shown in Figs. 1c and 2. The gelation rate initially
rapid but then slowed. The sample gelled fully in the first gelling

solution (3 M NaCl + 0.5% TPP, pH = 5.0) by 24 h, as illustrated in
Fig. 3a. In comparison, the second gelling in 1.0 M NaOH was  com-
pleted in 10 min  (Fig. 3b).
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Fig. 3. Change of gel thickness of the hydrogels with time. a) Gelling in the first gelling solution (3 M NaCl + 0.5% TPP, pH = 5.0); b) Further gelling in the second gelling solution
(1.0  M NaOH).
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ig. 4. SEM images (post-lyophilization) of the fracture surfaces of chitosan hydro
PP,  pH = 5.0) for 1 h; d), e) (surface) and f) (interior): Further gelling in the second 

.3. Microstructure of the chitosan hydrogel

The fracture surface of the hydrogel was observed using SEM
fter thorough washing of the sample with de-ionized water and
yophilizing (Annabi et al., 2010). As illustrated in Fig. 4, the
ydrogels were mainly composed of three layers. The outer layer
omprised a lamellar structure with highly connected pores of
0–50 �m (Fig. 4). At the surface of the frozen chitosan solution,
he gelling rate was nearly equal to the melting rate. The chitosan
ydrogel formed from the frozen chitosan solution (Fig. 4a). Fur-
her internally, the melting rate became gradually higher than the

elling rate. The inside layer gelled from the chitosan solution. The
iddle layer represented the transition zone (Fig. 4b). When the

ime was not sufficient for the samples to gel completely, the inside
f the sample remained in solution. Fig. 4c shows the internal gel
), b) (surface) and c) (interior): Gelling in the first gelling solution (3 M NaCl + 0.5%
 solution (1.0 M NaOH) for 10 min.

morphology resulting from the lyophilized chitosan solution when
the gelling time was 1 h.

After the sample was  immersed in 1.0 M NaOH, the inside chi-
tosan solution further gelled because of the increasing pH. At this
time, the morphology inside of the sample appeared as a porous
structure composed of nano-fibers (Fig. 4f), whereas the morphol-
ogy at the sample surface changed only slightly (Fig. 4d and e).

3.4. Effect of preparation conditions on the properties of the
chitosan hydrogel
As shown in Fig. 5, the properties of the chitosan hydrogel
were affected by the first gelation (gelling time, pH, and compo-
sition). In particular, the post-treatment methods influenced the
properties of the sample. Either de-ionized water or 1 × PBS (pH
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F ulus (E) of chitosan hydrogels in the first gelling solution (3 M NaCl + 0.5% TPP). a) and b)
G  in the gelling solution (CTPP ). a), c), and e): samples in de-ionized water; b), d), and f):
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ig. 5. Effects of the preparation conditions on Swelling ratio (R) and Young’s mod
elling  time (Time); c) & d) pH of the gelling solution; e) & f) concentration of TPP
amples in 1 × PBS (pH 7.4).

.4) was used to treat the sample after gelling in order to mimic
seudo-physiological conditions. It was considered that 1 × PBS
ould further neutralize the uncross-linked chitosan. As shown in

ig. 5, both E and R were lower in samples treated with 1× PBS than
n de-ionized water.

With increasing gelling time, E initially increased and then grad-
ally decreased, eventually remaining constant. In comparison, R
ecreased with increasing gelling time and then also remained con-
tant (Fig. 5a & b). In addition, the compression stress-strain curve
howed that the sample would eventually rupture when the gelling
ime was lower than 24 h (Fig. 6).

As shown in Fig. 5c & d, E was higher and R was  lower when
he pH of the gelling solution was higher than 6.3. The concentra-
ion of the cross-linker (CTPP) also influenced E and R values. With
ncreasing CTPP , E increased and R decreased because of increas-
ng cross-linking density and thickness of the cross-linking layer
Fig. 5e & f).

The second gelation exerted a further influence on the proper-

ies of the chitosan hydrogel. After treatment in the first gelling
olution for 1 h, the sample was then further treated by NaOH with
ifferent times and concentrations. We  found that E increased and R

Fig. 6. Compressive stress-strain curves of hydrogels prepared in the first gelling
solution (3 M NaCl + 0.5% TPP) at 2 and 24 h.
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F E) of chitosan hydrogels in the second gelling solution after 1 h in the first gelling solution.
a ution (CNaOH). a) and c): gelling directly; b) & d): gelling after treatment with de-ionized
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Fig. 8. Young’s modulus (E) and Swelling ratio (R) of chitosan hydrogels at different
ig. 7. Effects of preparation conditions on Swelling ratio (R) and Young’s modulus (
)  and b): Gelling time (Time) in 1.0 M NaOH; c) and d): concentration of NaOH sol
ater.

ecreased substantively consequent to the second gelling (Fig. 7).
n comparison, R and E exhibited only minimal change with the
ncreasing gelling time and NaOH concentration (Fig. 7c). Under
hese conditions, the inner gel resulted from the NaCl-chitosan
elation.

Conversely, neither R nor E demonstrated marked change as
ompared with samples not subjected to a second gelling proce-
ure when the samples were first treated with de-ionized water
rior to the second gelling (Fig. 7b & d). The morphology illustrated
hat separated layers formed under this preparation condition. The
nner layer gelled from the chitosan solution directly; in contrast
o the values obtained from direct gelling, R was higher and E was
ower (Fig. 7a & b, c & d).

.5. Comparison of the chitosan hydrogel with other preparation
onditions

The chitosan hydrogels that fabricated by other conditions as
PP, NaCl + TPP, NaOH and NaCl + NaOH was also prepared as a con-
rol. Although the bulk chitosan hydrogel could be fabricated in
hese conditions, the properties were different, as shown in Fig. 8.
urthermore, the hydrogels from 0.5% TPP and 1.0 M NaOH had a
ollow structure. The hydrogel that prepared by 1.0 M NaOH and

 M NaCl + 1.0 M NaOH would change to liquid in acid environment
nd limited its application.

.6. In vitro cytotoxicity of chitosan hydrogel

The cytotoxicity of the chitosan hydrogel was determined using
n MTT  assay. As illustrated in Fig. 9, the hydrogel formed in the

rst gelling solution (3 M NaCl + 0.5% TPP, pH = 5.0) for 1 h showed
nly slight cytotoxicity because of the weak acid of uncross-linking
hitosan solution inside the sample. The other three samples
emonstrate cytocompatible for fibroblast cells.
gelling solution. a): 0.5% TPP; b): 3 M NaCl + 0.5% TPP; c): 3 M NaCl + 0.5% TPP and
1.0  M NaOH; d): 1.0 M NaOH; e): 3 M NaCl + 1.0 M NaOH.

4. Discussion

Polysaccharide-based hydrogels are useful for numerous appli-
cations from food and cosmetic processing to drug delivery and
tissue engineering (Drury & Mooney, 2003). Of these, gradient
hydrogels have attracted considerable attention because of their
potential to mimic  the gradient structure of natural tissue.

In this study, chitosan hydrogels with gradient structure were
designed and fabricated via a step-by-step gelation. In the first
step, the chitosan solution was frozen to an expected shape and
then gelled with TPP and NaCl from the surface of the sample. The
cross-linking conditions could be tuned to control the structure and

morphology of the outer gelled layers. Conversely, the interior of
the sample remained in a state of solution at some gelling condi-
tions. In the second step, the inner chitosan solution was further
gelled using NaOH by increasing the pH of the chitosan solution.
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Fig. 9. Viability of L929 fibroblasts exposed to extracts during incubation with var-
ious chitosan hydrogels at different concentrations (0.5, 1.0 and 1.5 mg/mL). Ctl−,
10%  DMSO; Ctl+, medium culture; a) & b): Hydrogels formed in the first gelling
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olution (3 M NaCl + 0.5% TPP, pH = 5.0 for 1 and 24 h; c) & d): Hydrogels formed the
econd gelling solution (1.0 M NaOH) for 1.0 and 10.0 min  after gelling 1 h in the first
elling solution.

uring this process, the gel structure could also be tuned by the
elling time and the concentration of NaOH. Finally, these processes
esulted in the fabrication of a hydrogel with three layers. The
uter layer was formed by TPP-gelling, the middle layer was from
aOH-gelling, and the inner layer represented chitosan solution.
he hydrogel could also be controlled to generate a double-layered
TPP-gelling/chitosan solution or TPP-gelling/NaOH-gelling) or a
ingle layer (TPP-gelling) structure by varying the different gela-
iones. The high ionic strength from NaCl played a key role in the
abrication process.

In the first gelling step, NaCl was used to maintain the shape
f frozen samples and TPP was used to gelling the chitosan. The
tructure and properties of the hydrogels were affected by gelling
ime, pH, and composition of the first gelling solution. Chitosan
s solubilized by dilute acids by the protonation of amine groups
−NH2 to −NH3

+), which causes electrostatic repulsion between
he polymer chains, rendering the corresponding chitosan salt sol-
ble. Although TPP has often been used as an ionic gelling agent for
hitosan, a flocculent precipitate occurred when TPP was blended
irectly with the chitosan solution. To reduce the possibly of chi-
osan precipitate and fabricate a hydrogel scaffold with a defined
hape, we utilized a freezing process to prepare the sample prior
o TPP gelling. During the gelation, the frozen samples began to

elt in the gelling solution because of its high temperature, while
imultaneously TPP began to gel the chitosan solution. However,
f the TPP gelling rate was not fast enough to form a strong outer
ayer, which was important to maintain the shape of the sample,
he gel would deform and even break up into pieces of flocculent
recipitate. Therefore, high ionic strength (Cl−) was used to elec-
ronically screen the NH3

+ and prevent chitosan solubility because
f the high diffusion rate of Cl− into the chitosan solution. Finally,
l− was replaced by TPP and the ionic gelling layer could form.

Notably, the structure and properties of the hydrogel could be
uned by modifying the first gelling conditions. When the gelling
ime was lower than 24 h, a hydrogel with two  layers (TPP-gelling
ayer and chitosan solution layer) formed and the thickness of the
el layer increased with gelling time. E was affected by both the

uter gel layer and the inner chitosan solution, such that the elec-
rostatic repulsion of the inner chitosan solution enhanced the E
alue to a certain degree. The E value decreased immediately to
early zero when the outer layer ruptured. After 24 h, a hydrogel
ers 176 (2017) 195–202 201

with only a single layer (TPP-gelling) formed, for which the prop-
erties no longer changed with the increasing gelling time. When
the pH of the first gelling solution was  higher than 6.3, gelling from
OH− neutralization occurred in synchronization with TPP gelling
(Bhumkar & Pokharkar, 2006; Mi,  Shyu, Lee, & Wong, 2015; Pati,
Adhikari, & Dhara, 2011). The increasing TPP concentration also
resulted in an increase of thickness and gelling density of the outer
gel layer.

In the second gelling step, NaCl assisted NaOH to gel the inner
chitosan of the sample. Neutralization of NH3

+ of the chitosan
solution with OH− leads to the disappearance of ionic repulsion
between the polymer chains, which favors physical gelling cor-
responding to hydrogen bonding, hydrophobic interactions, and
crystallite formation (Ilmain, Tanaka, & Kokufuta, 1991). In the cur-
rent study, two  methods were used to gel the samples. In the first,
the samples were immersed in NaOH directly without any other
treatment. In this case, the inner chitosan solution of the sample
remained in the gel state because of the ionic screening of NaCl,
wherein OH− gradually replaced the Cl− from exterior to the inte-
rior of the sample and the gel remained with an uninterrupted
morphology. The other method involved immersing the samples
in NaOH after three washes with de-ionized water and followed
by storage in the rinse solution for 24 h. In this case, the inner chi-
tosan solution of the sample transitioned into the solution state
from the gel state because the NaCl was completely washed out by
water and a flocculent precipitate formed in NaOH. Consequently,
their mechanical properties were lower than those of the hydrogels
neutralized directly after the first gelling solution.

5. Conclusions

A step-by-step gelling method was developed to prepare gra-
dient chitosan hydrogel by TPP, NaOH and NaCl. Ionic-dependent
solubility of chitosan played a key role in the fabrication process.
The structure and properties of the resultant chitosan hydrogel
could be tuned by the gelling conditions. Hydrogels with single,
double, and triple layers were fabricated by using the different
gelling conditions. Cell viability experiments showed cytocompat-
ibility for fibroblast cells. They could be further used as scaffold to
mimic  the gradient structure of natural tissues
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