
Introduction

Salivary gland is an important glandular organ in regulating sali-
va production and secretion, which is essential for keeping oral
and dental health, aiding digestion and nutrition and assisting
mucosal regeneration [1]. The destruction of salivary gland,
which frequently results from the disease or therapeutic treat-
ments, might lead to xerostomia, a common clinical problem
which largely deteriorates the quality of life. To date, the main-
stream of treating dysfunctional salivary gland is based on the
saliva substitutes [2]. Nonetheless, for the purpose of treating
dysfunctional salivary gland, the replacement with new function-
al tissues might be more ideal.

The salivary gland is formed by branching morphogenesis, a
ubiquitous developmental process resulted from the reciprocal

interaction between epithelium and mesenchyme. For example,
the murine submandibular gland (SMG), a major gland responsi-
ble for saliva secretion, is formed by branching morphogenesis
[3]. It is initiated from a condensation of oral epithelium and forms
a single epithelial bud with the appearance of clefts under the
instruction of mesenchyme. Subsequently, the successive deepen-
ing of the clefts leads to the formation of new buds. After repeat-
ing the process for numerous times, the epithelial buds finally
develop the ramified structures [3, 4].

Although the mesenchyme-free SMG epithelium is able to
undergo branching when embedded in the components of base-
ment membranes [5–7], the morphogenetic information originat-
ing from the mesenchyme is still critical to the developmental
process. During SMG development, mesenchyme might serve a
major role in the morphogenetic direction and growth support
[8–10]. For example, in the heterotypic tissue recombination of
salivary gland mesenchyme, the recombined epithelia from other
tissues take on the branching patterns mimicking the salivary
glands [11–14]. Therefore, the interaction between highly plastic
epithelium and surrounding mesenchyme is requisite for the
establishment of complete branching [3].
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Therefore, for the purpose of regenerating functional sali-
vary glands, the recapitulation of branching process, which cre-
ates adequate numbers of functional units in the organized
glandular structures, is required. Without the aid of branching
process, the numbers of cells and the space for regenerating a
functional salivary gland largely increase. Although the intrinsic
regulating mechanisms of salivary gland branching have been
well explored [3, 15], the biomaterial approaches, which aim to
reproduce the branching process for tissue regeneration, have
seldom been investigated. Therefore, for salivary gland regener-
ation, to find out the potential biomaterial which is capable of
enhancing the mesenchymal functions in regulating the epithe-
lial branching might be a promising approach. Previously, we
have shown that the chitosan membranes were competent to
promote salivary gland branching by providing an interactive
environment for cultured salivary tissues [16]. It was found that
chitosan membrane was a tissue-favoured substratum, in which
the salivary mesenchymal cells were prone to deposit essential
extracellular matrices [16]. In the current work, in agreement
with the dominant role of mesenchyme in instructing and sup-
porting the morphogenesis of salivary gland, we tried to inves-
tigate the effects of chitosan on the SMG mesenchyme, the piv-
otal component in modulating SMG epithelial morphogenesis.
The results demonstrated that, in the presence of chitosan,
SMG epithelial cells responded to the mesenchymal morpho-
genetic information more efficiently, and formed the specific tis-
sue phenotypes which were essential for the branch formation.
This study provides a novel insight into the role of chitosan in
facilitating SMG epithelial morphogenesis by regulating the cor-
responding mesenchyme. The results might be promising by
demonstrating the potential of chitosan to be used as a morpho-
genetic regulator in the salivary gland organogenesis and
regeneration.

Materials and methods

Medium and reagents

The SMG medium was composed of Dulbecco’s modified eagle medium:
nutrient mixture F-12 (DMEM/F12) medium supplemented with 100 U/ml
penicillin, 100 �g/ml streptomycin, 150 �g/ml vitamin C and 50 �g/ml
transferrin as previously described [15]. In the following assays, the SMG
medium was used and presented as the negative control SMG medium.
Chitosan (448869, Mr: 612 kD) was purchased from Sigma-Aldrich
Chemical Co. (St. Louis, MO, USA). A 2 wt.% (W/ V) chitosan solution was
prepared by dissolving chitosan in 1 M acetic acid. To prepare the chi-
tosan-containing SMG medium (Chi-M), chitosan solution was mixed with
SMG culture medium (0.3 mg/ml) and neutralized with NaOH [17, 18]. The
Chi-M without additives was prepared in the same way, but by mixing with
the SMG medium without the supplement of transferrin and vitamin C. On
the other hand, the mock control SMG medium (M) was prepared as that
of the Chi-M having same amount of acetic acid and NaOH added but with-

out chitosan. The mock control medium with serum was prepared by
adding 10% fetal calf serum (Gibco, Gaithersburg, MD, USA) in the mock
control medium.

Submandibular glands ex vivo organ culture

SMG explants were dissected from E13 ICR mice. Animal protocols were
approved by the National Taiwan University Animal Care and Use
Committee. The explants were cultured on the membranes (Nuclepore®,
Whatman, Clifton, NJ, USA) in a submerged fashion of culture medium
with an air/medium interface [19, 20]. All explants were cultured at 37�C in
a humidified 5% CO2/95% air atmosphere. Explants were photographed
and the branching numbers were measured at the indicated time. SMG
branching numbers were presented for each explant as the fold change of
bud, which was obtained from dividing the buds measured at each time-
point by the buds measured at 0 hour. In the coculture assay, the dissect-
ed SMG explants were cultured in mock control and Chi-M, respectively.
The mesenchymal rudiments dissected from the peripheral tissue adjacent
to SMG were evenly placed in both mock control and Chi-M [15]. Each
experimental set was repeated at least three times. The statistic analysis of
the SMG budding numbers were counted and evaluated by t-test, paired 
t-test and ANOVA, where appropriate.

Culture of SMG epithelium

SMG explants were isolated from E13 embryos of ICR mice. After isolation,
the explants were placed in Hanks’ balanced salt solution (Roche Molecular
Biochemicals, Indianapolis, IN, USA). After treatment with 1.6 U/ml dis-
pase (BD Bioscience, San Jose, CA, USA) at 37�C for 20 min epithelia were
mechanically separated from mesenchyme with fine forceps in Hanks’
solution containing 10% bovine serum albumin. The epithelial rudiments
were placed upon the culture dish, covered with growth factor-reduced
Matrigel (BD Bioscience, diluted in 1:1 with mock control medium) [5, 20].
Explants were cultured in the medium at 37�C in 5% CO2/air. In the exper-
iments with exogenous growth factors, one lobule of mesenchyme-free
SMG epithelium dissected from E13 SMG explants was prepared as men-
tioned above. The recombinant fibroblast growth factor 7 (FGF7), fibrob-
last growth factor 10 (FGF10) (R&D Systems, Minneapolis, MN, USA) and
hepatocyte growth factor (HGF) (Sigma-Aldrich) were supplemented with
indicated concentrations, respectively. A range of dose was examined
 preliminarily for individual exogenous growth factor, but only the lowest
concentration sufficient to induce the formation of distinct morphogenesis
was presented and analysed.

Mesenchyme recombination assay

In the tissue recombination assays, the procedure was performed as
described previously with some modifications [21]. In brief, dissected E13
SMG rudiments were treated with dispase (1.6 U/ml, BD Bioscience) at 37�C
for 20 min. After incubation, the tissue fragments were thoroughly washed
and carefully separated mechanically to isolate the epithelial and mesenchy-
mal parts. Next, an isolated SMG epithelial explant was recombined with SMG
mesenchymal rudiments. Subsequently, the recombinants were cultured on
the membranes with mock control, mock control with serum and chitosan-
containing medium in the same manner as that of the whole explant culture.
Photographs were taken by using microscopy in a time-lapse manner.
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Cell proliferation assay

To label the proliferative cells after culture, the SMG epithelial explants cul-
tured in the indicated experimental conditions for 48 hrs were incubated
with 10 �M 5-bromo-2�-deoxy-uridine (BrdU) (BrdU Labeling and
Detection Kit 1, Roche Molecular Biochemicals, Mannheim, Germany) for
90 min. at 37�C. After incubation, the epithelial rudiments were washed
thoroughly in phosphate buffered saline (PBS) and were subsequently
fixed in 50 mM glycine in 70% ethanol, pH 2.0, for 20 min. at –20�C. After
fixation and washing, SMG epithelium was incubated with anti-BrdU anti-
body (1:10) for 2 hrs at 37�C. Finally, the fluorescence of labelled cells was
developed by incubation with secondary antibody. Immunofluorescent-
labelled cells were detected and photographed by a confocal microscope
(Leica SP-5), and the representative sections were shown. For quantifica-
tion of the proliferative activities, the BrdU staining was analysed by
MetaMorph software. The green fluorescent pixels were measured and
expressed as a ratio relative to nuclei-stained pixels per unit area from all
optical sections of the explants [20].

Chemotactic assay with HGF-soaked beads

To investigate the chemotactic properties of HGF, one lobule of mesenchyme-
free SMG epithelium dissected from E13 SMG explants was prepared. The
chemotactic assay was performed with some modifications [22]. In brief, the
acrylic beads (Sigma-Aldrich) were washed thoroughly with PBS first. Then
the beads with the similar diameters, around 150 �m, were selected for
chemotactic assays. The M and Chi-M beads were prepared by immersing the
beads in mock control and Chi-M for 24 hrs. Then the beads were soaked with
0.1 �g/ml purified recombinant HGF protein (Sigma-Aldrich) for another 24
hrs to prepare HGF M and HGF Chi-M beads. During chemotactic assays, the
isolated epithelium was placed at a distance of 500 �m away from the beads,
and the entire setting was embedded in Matrigel (BD Bioscience). After gela-
tion, the whole system was cultured in SMG medium, and the migration of
epithelium was photographed every 24 hrs.

Results

Chitosan promotes branching morphogenesis of
SMG explants

SMG explants were first cultured in medium for 24 hrs. In the
assays of Fig. 1, there were two control groups. The explants
cultured in the SMG medium was marked as the negative control
group while those cultured in the mock control SMG medium were
presented as the mock control group. Between the negative control
group and the mock control group, no significant difference of the
SMG branching number was noted (P � 0.05). When chitosan was
added in the culture, SMG branching was accelerated. The increase
of SMG branch number was statistically significant, compared to
that of the mock control group (P � 0.001). Furthermore, because
transferrin and vitamin C were routinely used in the SMG explants
culture medium [15], the branching morphogenesis of SMG
explants were also cultured in the Chi-M without any additive. In the
setting, the branching-promoting effects of chitosan were still
found, indicating that the result was not simply an enhancing effect
of the culture additives caused by chitosan.

The branching-promoting effects of mesenchyme
were enhanced by chitosan

To further explore the effects of chitosan on the developing SMG,
the mesenchyme-free epithelia were cultured with chitosan. It has
been reported that mesenchyme-free SMG epithelium might
degrade without the supplement of mesenchyme-derived growth
factors [3]. In accordance with the previous study, in the culture
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Fig. 1 (A) Effects of chitosan on branching morphogenesis of SMG explants. SMG explants were cultured in negative control SMG medium (Cont), mock
control SMG medium (Mock), chitosan-containing SMG medium (Chi-M), and chitosan-containing SMG medium without additives (Chi(-A)), respec-
tively. Photographs were taken at 0 and 24 hours of culture. (B) Quantification was performed at 24 hours and was presented as the fold change of bud.
Asterisks (*) denote significant differences (P � 0.001) compared with the mock control. Scale bars � 100 �m. 
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without exogenous growth factors, the mesenchyme-free SMG
epithelial explants were unable to develop branching phenotypes,
even in the Chi-M (Fig. 2A). On the other hand, in the coculture
with the mesenchymal rudiments dissected from SMG peripheral
tissue, the SMG budding ratio increased [22]. The effects were
significantly greater in the Chi-M compared to those of the mock
control group (P � 0.01; Fig. 2B). During SMG epithelial morpho-
genesis, the SMG mesenchyme played dominant roles in guiding
the formation of branches [11]. It had also been found that the
adjacent mesenchymal tissue of SMG exerted positive effects on
the morphogenesis and the branch formation of the whole SMG
explants [22, 23]. Thus, the results suggested the branching-pro-
moting effects of chitosan on the SMG morphogenesis might
stem from its cooperation with the  surrounding mesenchyme. It
raised the possibility that, although chitosan alone could not
completely substitute the role of  mesenchyme, the branching-
promoting effects of mesenchyme for SMG morphogenesis could
be enhanced in the  presence of chitosan.

Chitosan effects on SMG epithelium 
morphogenesis with homotypic mesenchymal
recombination in serum-free culture

Because the branching-promoting effects of chitosan presumably
originated from the SMG mesenchyme, the dissected SMG mes-
enchyme was recombined with SMG epithelium in the presence of
chitosan. Previously, the recombination assay of SMG had been
routinely performed in the serum-containing medium [21, 24, 25].

In order to compare the effect of chitosan in the serum-free
 culture with that of the serum-containing culture, the serum-
 containing medium was also prepared and assayed (Fig. 3). In
the combination with SMG mesenchymal rudiments, SMG
epithelium demonstrated tissue plasticity in remodelling origi-
nal phenotypes. After culturing for 24 hrs, the epithelial cells
proceeded with shape remodelling and the whole epithelial cells
reorganized to form an epithelial spheroid in all groups (Fig. 3).
Meanwhile, the recombined mesenchymal rudiments were also
rearranged and organized into a mesenchymal mass surround-
ing the epithelium. In accordance with the previous studies 
[21, 24, 25], in the serum-containing group, the size of the
epithelial explants increased compared to the original size and
the epithelial budding initiated (Fig. 3). After 48 hrs, in the mock
control group, the epithelial explant remained the original mor-
phology but with a shrinkage in the epithelial size. Nonetheless,
somewhat surprisingly, the explants cultured in Chi-M not only
increased epithelial size, but also started to exhibit some dis-
tinct branches and clefts around the periphery of the explants,
inferring a possibility of the initiation of branches formation
(Fig. 3). After 72 hrs, in the mock control group, the sizes of the
recombinants were reduced without any morphogenetic alter-
ation. However, in the chitosan-containing group, the explants
demonstrated remarkable morphological changes with well-
developed branches. In our culture systems, the medium used
for cultivating SMG explants were serum-free. Thus, the
enhancing morphogenetic effects of chitosan were proposed to
originate from the combined mesenchyme. Thus, these results
provided evidence that, in the serum-free culture system, the
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tosan-containing SMG medium (Chi-M) for 24 hours. Quantification was performed at 24 hours and was presented as the fold change of bud. Asterisk
(*) denotes a significant difference (P � 0.01) compared with the mock control. Scale bars � 100 �m.

Fig. 2 (A) Effects of  chitosan
on the morphogenesis of SMG
epithelium. Representative
pictures of SMG epithelium
cultured in mock control (M)
and chitosan-containing SMG
medium (Chi-M) without
exogenous growth factors
were shown after 24 hours of
culture. Quantification was
performed at 24 hours and
was presented as the fold
change of bud. Scale bar �

100 �m. (B) Effects of chi-
tosan on the branching mor-
phogenesis of SMG explants
cocultured with the SMG adja-
cent mesenchymal tissue. The
SMG explants were cultured in
mock control (M) and chi-
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epithelial morphogenesis induced by mesenchyme could be
maintained and promoted by chitosan. In the presence of chi-
tosan, SMG epithelium was able to interact with recombined
mesenchyme, and proceeded morphological reorganization and
formed branches without serum.

Chitosan effects on SMG epithelial morphogenesis
induced by FGF7, FGF10 and HGF

Because the morphogenetic effects of chitosan presumably
stemmed from the cooperation with the mesenchymal tissues, the
mesenchyme-derived morphogenetic factors, such as FGF7,
FGF10 and HGF, were examined, respectively [20, 22, 26]. In the
current assay, although chitosan was also effective in higher

amounts of growth factors (data not shown), only the lowest con-
centration which was sufficient to induce the morphogenesis of
SMG epithelium was presented and analysed. Thus, the morpho-
genetic effects of individual factors were not saturated and the dif-
ferences of the phenotypes between each group could be
observed more clearly. When 10 ng/ml FGF7 was added in the
mock control medium, SMG epithelial explants were unable to
develop well-shaped lobes and only formed tiny epithelial protru-
sions (Fig. 4). On the contrary, with the same concentration of
FGF7, SMG epithelial explants developed well-organized lobes in
the Chi-M (Fig. 4). For FGF10, the effects of ductal elongation and
stalk formation were not remarkable in the mock control medium
with a concentration of 200 ng/ml. Nonetheless, in the presence of
chitosan, SMG epithelial explants showed duct elongation and
 formation (Fig. 5). Similarly, the Chi-M with 100 ng/ml HGF
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Fig. 3 Recombination assay of SMG
epithelium with homotypic mesenchyme.
Isolated SMG epithelial explants were
recombined with mesenchymal rudi-
ments. The recombinants were cultured
in mock control medium (M), chitosan-
containing medium (Chi-M), or mock
control medium added with serum
(Serum�M). The photographs were
taken in a time-lapse manner with a 
24-hour interval. Scale bars � 100 �m.
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 successfully promoted SMG epithelial explants to spread and to
enlarge explant size, which was not obviously discernible in mock
control medium with similar HGF concentrations (Fig. 6).
Together, the results indicated that, in the presence of chitosan,
the distinct morphogenetic processes induced by particular
branching growth factors were largely augmented by chitosan.
The results suggested a possible role of chitosan to serve as a
progression factor for mesenchyme-derived factors in conducting
morphogenesis of SMG epithelium.

Chitosan effects on SMG cell proliferation
induced by FGF7, FGF10 and HGF

Next, to further investigate the chitosan effects on SMG epitheli-
um in the cellular level, cell proliferation labelled by BrdU incor-
poration was analysed. FGF7, FGF10 and HGF had been well
explored for their capacities in inducing cell proliferation of SMG
epithelium [20, 22]. In our results, SMG epithelium showed a
proliferative feature with fluorescence-labelled cells located in
the emerging lobules with FGF7. In the Chi-M, the number of flu-
orescent-labelled cells increased. These cells were more concen-
trated and showed a localized pattern over the emerging epithe-
lium (Fig. 7). Similarly, in the SMG epithelium incubated with
FGF10, the proliferative cells were distributed in the epithelial
tips. Compared to those in the mock control group, more
labelled cells were concentrated in the protruding parts of the
epithelial explants in the chitosan-containing group (Fig. 7). In
HGF-treated SMG epithelium, the proliferative cells were located
in the periphery of explants in both groups. In the chitosan-con-
taining group, more fluorescence-positive cells were found with-
in the extending part of explants (Fig. 7). Quantitatively, with the
supplement of exogenous growth factors, the proliferation
increased significantly in the explants cultured in the Chi-M
 compared to those in the mock control medium in all groups,
indicating that the mitogenic capacities of the growth factors
were generally augmented (Fig. 7).

The chemotactic capacity of HGF beads 
with chitosan

Despite the promoting effects on cell proliferation, HGF was also
shown to be chemotactic for SMG epithelium [22]. By using HGF-
soaked beads, SMG epithelium demonstrated migratory abilities
towards the source of HGF [22]. Therefore, in order to further elu-
cidate whether chitosan also affected the chemotactic properties
of HGF, the epithelium and bead were placed at a distance of 
500 �m for an analysis of epithelial chemotaxis. Because the dis-
tance between the bead and the SMG epithelial rudiments in our
study was farther than that previously described [22], the chemo-
tactic effect of HGF with the same concentration might be dimin-
ished and the migration of SMG explants towards the bead might
be limited. In the culture with HGF M bead, though with lesser
effects, SMG epithelial rudiments started to proliferate and
formed epithelial buds towards the bead, which was not found in
the group with M bead (Fig. 8). On the contrary, in the HGF Chi-
M beads, the size of the epithelial rudiment increased after 24 hrs
of culture, further confirming that the proliferation properties of
HGF were enhanced by chitosan. Moreover, apart from the
increasing size, SMG epithelial explants exhibited a greater
migratory ability towards the HGF Chi-M bead (Fig. 8). After 24
hrs incubation, the epithelial explant started to migrate towards
the HGF-bead and had already moved away from the original site
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Fig. 4 SMG epithelial explants cultured with 10 ng/ml FGF7. Paired
epithelial explants were cultured in mock control medium (M) and
 chitosan-containing medium (Chi-M) respectively. With the addition of
FGF7, remarkable lobular formation was found in the chitosan-containing
group. In the mock control group, no new lobes were formed, but only
with an epithelial protruding on the surface (arrow). Quantification was
performed by counting the number of buds per explant at 48 hours of
culture. Asterisk (*) denotes a significant difference compared with the
mock control group (P � 0.01). Scale bar � 100 �m.
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where it was initially located. Thereafter, the epithelial explant
migrated more closely to the beads, and finally completely sur-
rounded and engulfed the bead (Fig. 8). Thus, these results indi-
cated that, in the presence of chitosan, the mitogenic and moto-
genic properties of HGF were further enhanced, which increased
the size and promoted the chemotactic behaviours of SMG
epithelial explants.

Discussion
In the current work, the effect of chitosan on the morphogenesis
of salivary gland was investigated. It was shown that chitosan was
capable of stimulating salivary gland branching when it was sup-
plemented in the culture system. Chitosan accelerated epithelial
morphogenesis in the presence of mesenchymal tissues, even

Fig. 5 Effects of chitosan in FGF10-induced morphogenesis of SMG epithe-
lium. One lobule of paired SMG epithelial explants was cultured for 
48 hours in either mock control medium (M) or chitosan-containing medi-
um (Chi-M) containing 200 ng/ml FGF10. With FGF10, the formation and
elongation of duct-like structures were found in the chitosan-containing
group. In the mock control group, the elongation of duct-like structure was
found without new duct formation. The result of quantification was shown
in bar graphs by counting the number of duct-like structures per explants
at 48 hours of culture. Asterisk (*) denotes a significant difference com-
pared with the mock control group (P � 0.01). Scale bar � 100 �m.

Fig. 6 Effects of chitosan in HGF-induced SMG epithelial morphogenesis.
One lobule of paired SMG epithelial explant was cultured for 48 hours in
either mock control medium (M) or chitosan-containing medium (Chi-M)
with 100 ng/ml HGF. With HGF, the increased epithelial area and protru-
sions were found in the chitosan-containing group. In the mock control
group, the area of explants extended to a lesser extent. The relative area
was presented as the area ratio by counting explants areas of 48 hours
over 0 hour. Asterisk (*) denotes a significant difference compared with
the mock control group (P � 0.01). Scale bar � 100 �m.
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without serum in the culture. By incorporating with mesenchyme-
derived branching factors, chitosan stimulated SMG epithelium to
form distinct phenotypes more efficiently, suggesting that the
desired biological functions of the factors were reinforced for the
epithelial morphogenesis.

SMG morphogenesis results form the interaction between
epithelium and mesenchyme [10]. It has been shown that, in the

absence of mesenchyme, SMG epithelium alone is unable to grow
and form branches [19]. On the other hand, with mesenchyme, no
matter prepared from a recombination or separated from a filter,
the epithelium grows and demonstrates prolific branching [19,
21]. Even in the completely dissociated SMG epithelial cells, they
develop a more organized structure and elicit more robust branch-
ing in the presence of mesenchyme [27]. It is evident that during

© 2008 The Authors
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Fig. 7 Chitosan effects on SMG epithelial proliferation induced by FGF7, FGF10, and HGF after 48 hours culture. FGF7 (10 ng/ml), FGF10 (200 ng/ml),
and HGF (100 ng/ml) were added respectively in either mock control medium (M) or chitosan-containing medium (Chi-M). Each growth factor stimu-
lated the epithelial proliferation, which is shown by BrdU labeling (green). The green fluorescent pixels were measured and expressed as a ratio relative
to nuclei-stained pixels per unit area from all optical sections of the explants. Asterisks (*) denote significant differences (P � 0.01) compared to the
explants cultured in the mock control medium of each group. Scale bars � 100 �m.
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the ectodermal organogenesis, such as salivary glands, the mor-
phogenesis is directed by mesenchyme [28]. In a heterotypic
recombination of mesenchyme and epithelium, the heterotypic
epithelium develops phenotypes which are seemingly reminiscent
of the native epithelium belonging to the original mesenchymal tis-
sue [21]. Therefore, although SMG epithelium plays a pivotal role
in the morphogenesis, the growth support and the morphogenet-
ic instructions from the mesenchyme are also critical to the estab-
lishment of salivary gland structures.

During branching morphogenesis, the mesenchyme-derived fac-
tors might act through autocrine or paracrine signalling, which appear
as diffusible growth factors or extracellular matrix components. In the
salivary glands, numerous growth factors have been implicated in the
developmental processes, such as FGF7, FGF10 and HGF [6, 20, 22].
When they are added in the mesenchyme-free SMG explants, they are
competent to facilitate the formation of specific epithelial phenotypes,
which are altogether advantageous to the accomplishment of salivary
epithelial morphogenesis. In addition to the diffusible growth factors,
It is evident that glycosaminoglycan (GAG), a major component of
SMG extracellular matrices, are essential in the salivary morphogene-
sis [29, 30]. During development, GAG accumulates at the epithelium
with active branching [31], and serves as a reservoir of required

growth factors [3, 24]. With GAG, growth factors are presented in an
appropriate temporal and spatial manner, which is beneficial to the
precisely controlled morphogenesis of SMG.

Because GAG plays a major role in the endogenous morpho-
genetic process of salivary tissues, to use the biomaterial which
mimics GAG in structure and function might be a logical approach
for salivary tissue regeneration. Accordingly, chitosan, a widely
used biocompatible substrate sharing the similar structures with
GAG, might be an appropriate candidate [32, 33]. Chitosan is a
polymer composed of N-acetyl-glucosamine and glucosamine
groups, and thereby largely resembles GAG in structure and
serves as an analogue for related functions [34]. Therefore, it is
likely that the branching-promoting effects of chitosan stem from
its interaction with GAG, or like GAG, to recruit numerous essen-
tial branching growth factors for desired biological responses.
Actually, chitosan is able to interact with GAG directly. They can
easily form a complex ionically or covalently [35, 36]. On the other
hand, it is evident that chitosan is competent to recruit and bind
growth factors from surrounding environments by forming poly-
electrolyte complexes [37, 38]. When bound to chitosan, these
growth factors could be protected from degradation [39].
Therefore, by retaining and concentrating the essential factors, the

Fig. 8 HGF induced chemotaxis and prolifer-
ation of SMG epithelium. One lobule of SMG
epithelial explant and a bead were placed at a
distance of 500 µm. The asterisks marked
the original location of the epithelial explant.
No proliferation or migration was found in
the beads soaked with mock control medium
(M bead) or chitosan-containing medium
(Chi-M bead). The bead soaked with mock
control medium and HGF (HGF M bead)
demonstrated a weak chemotactic capacity
toward epithelial explants. In the bead
soaked with chitosan-containing medium
and HGF (HGF Chi-M bead), the epithelial
explant increased in size, migrated, and final-
ly surrounded and engulfed the bead after
48-hour culture. Scale bar � 100 �m.
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desired biological functions are augmented by chitosan [40]. In
the current work, the specific functions of the morphogenetic
factors towards the SMG epithelium, such as FGF7, FGF10 and
HGF, were specifically reinforced by chitosan (Figs 4–6), providing
further evidence that chitosan serves as a progression factor in
promoting SMG epithelial morphogenesis.

Based on the potential of chitosan in promoting the functions
of mesenchymal-related growth factors, the current result indi-
cates a promising application of chitosan in the culture system
composed of the epithelial and mesenchymal components, which
has been widely used in the tissue regeneration in which the
desired biological functions are believed to be induced in a more
native manner [41, 42]. During the endogenous development, 
the organogenesis of the exocrine tissue is regulated precisely by
the surrounding mesenchyme [28]. Likewise, in the regeneration
of salivary glands, the presence of mesenchyme is advantageous
to the formation of epithelial structure [27]. With chitosan, the
functions of mesenchyme and its derived factors could be aug-
mented, which might accelerate the morphogenetic process more
efficaciously and innately. Accordingly, chitosan not only serves as
a constituting ingredient of the salivary-tissue favourable scaffold
[16], but also regulates the functions of growth factors required
for salivary epithelial morphogenesis, which are another important
components of tissue regeneration [43]. Therefore, with the inten-
sified morphogenetic instruction from mesenchyme promoted by
chitosan, it is likely that the regenerative salivary tissue might be
developed resembling the native structures.

In the previous reports of salivary tissue morphogenesis,
most of the recombined salivary epithelium and mesenchyme
were cultured in the medium with serum [21, 24, 25]. It is evident
that the serum added in the culture system is beneficial to the
morphogenesis of salivary epithelium by providing some essen-
tial components for the functions of diffusible growth factors
[44]. Nonetheless, for the purpose of salivary tissue regeneration,
the supplemented serum might be costly and raises the possibil-

ity of bioincompatibility. In the current study, in the presence of
chitosan, we showed that the recombined SMG epithelium was
able to sprout branches in a serum-free culture system. Although
chitosan is not parallel with serum in the effectiveness, it is com-
petent to facilitate SMG epithelial morphogenesis independently.
Therefore, by using chitosan, a natural biodegradable and bio-
compatible substrate [45], the need of serum in the culture sys-
tem of salivary tissues could be partly substituted, which possi-
bly infers an important progress for the purpose of salivary tissue
regeneration.

Conclusions

Chitosan is a biomaterial competent to intensify the morphogenet-
ic capacity of mesenchyme and enhances the biological functions
of mesenchyme-derived factors in regulating SMG epithelial mor-
phogenesis. By promoting specific cellular functions induced by
growth factors, it is likely that chitosan is capable of regulating the
morphogenesis of SMG epithelium more efficaciously and compre-
hensively. Therefore, this study showed an encouraging result
which revealed a novel role of chitosan in regulating salivary glands
morphogenesis. The branching-promoting effects of chitosan on
SMG epithelium might be applied with great potential in the future
investigation and regeneration of salivary glands.
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