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ARTICLE INFO ABSTRACT

The primary amine along the chitosan backbone plays a key role in biomedical applications. Although chitosan-
based porous scaffolds have been widely used in tissue engineering, it remains very challenging to regulate
uncross-linking primary amine content (Cy) in scaffolds in order to realize particular mechanical and biological
properties. In the present study, chitosan/tripolyphosphate (TPP) scaffolds with controlled Cy (i.e., degree of
cross-linking) were prepared based on the ionic-dependent solubility of chitosan together with the freezing
process. The effects of the concentration of TPP (Crpp) and NaCl (Cyqcy) in the cross-linking solution on Cy were
studied by infrared spectroscopy, ninhydrin assays and elemental analysis. The results showed that Cy decreased
with increasing Crpp and decreasing Cnqcr- Cn affected physicomechanical properties such as swelling behavior
and the mechanical strength of the chitosan/TPP scaffolds. The uncross-linking primary amine in scaffolds can
be used for chemical and biological modifications. The protein loading of the scaffolds demonstrated that the pH-
responsive adsorption and release behavior was influenced by Cy. Cell experiments also illustrated that Cy
affected the proliferation of bone marrow mesenchymal stem cells (BM-MSCs). All of these results indicate that
these porous chitosan/TPP scaffolds containing uncross-linking primary amines are potentially useful for ap-
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plications in regenerative bone medicine.

1. Introduction

Scaffolds are a platform upon which desired cells proliferate; they
play a significant role in tissue engineering by preserving tissue volume,
providing temporary mechanical function, and delivering biofactors
[1]. A successful scaffold should balance mechanical function with
biological properties, including biofactor delivery. Mechanical function
has been improved by different cross-linking methods and compositions
[2,3]. The delivery of biofactors has been enhanced by changing the
junction methods of biofactors; this has included changing physical and
chemical junction methods [4]. In addition to improving biocompat-
ibility and biodegradability, research in tissue engineering has focused
on improving the mechanical properties and biofactor delivery ability
of scaffolds. Polymers, inorganic materials and hybrid materials are
widely used for biofactor delivery [5-10].

Chitosan-based scaffolds are widely used in tissue regeneration be-
cause chitosan is very similar to naturally occurring glycosaminoglycan
and has excellent biocompatibility and biodegradability [11]. Scaffolds
made with chitosan alone or a composite have been used to regenerate
bone, cartilage, and skin; in addition, scaffolds have been used as drug

and protein delivery platforms [12-15]. Three important considerations
for a chitosan scaffold include its fabrication, modification and bio-
factor loading, which are all dependent upon the primary amines of the
scaffold. Such structure imparts to chitosan highly valuable physico-
chemical properties and particular interactions with proteins, cells and
living organisms [16]. Bulk chitosan scaffolds have been frequently
fabricated via phase separation, lyophilization and neutralization
techniques. In addition to these techniques, porogen leaching, micro-
templating, and 3D-printing have been used to prepare pore bulk
chitosan scaffolds [17]. In all of these methods, the primary amine
groups of chitosan were first protonated in dilute acid to dissolve the
scaffold, which was then molded into the desired shape. Finally, the
protonated amines were neutralized by strong bases, e.g., ammonia and
NaOH, to retain the morphology and structure of the bulk scaffold [18].
Hydrogel scaffolds of chitosan were also prepared via physical and
chemical cross-linking of the primary amines [19].

Protein adsorption improves the bioactivity of the chitosan scaffold.
The primary amines of chitosan can be utilized directly to physically
entrap or chemically conjugate growth factors. Peptide/protein-con-
jugated scaffolds have been prepared by coupling with the primary
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amine groups of chitosan; this further enhanced the functions of the
chitosan scaffolds [20-22]. A heparinized chitosan scaffold was fabri-
cated to effectively load biofactors [23,24]. These results suggested that
chitosan could be utilized as a base material for scaffold devices as well
as delivery vehicles of growth factors for bone healing [25].

It is important to control the uncross-linking primary amine content
(Cn) in chitosan scaffolds [26]. The Cy of chitosan/tripolyphosphate
(TPP) micro/nano particles can be controlled by the pH of the TPP
solution [27]. The advantage of the ionic gelation method using TPP as
a crosslinking agent is that it requires only mild conditions that do not
damage sensitive proteins or drugs. However, this method is not sui-
table to prepare bulk scaffolds; when the chitosan solutions are mixed
directly with TPP solutions, an instantaneous interaction produces a
white precipitate. To date, all of these methods failed to effectively
control the Cy of a bulk chitosan scaffold and hindered the modification
of the scaffold's properties.

In the present study, bulk chitosan/TPP scaffolds were fabricated
with the assistance of NaCl to control the Cy of scaffolds. The effects of
preparation conditions on the composition and properties of the scaf-
folds were studied, and the mechanism was investigated. In addition,
the absorption and release of proteins were studied to elucidate the role
of uncross-linking primary amine on the pH-responsive delivery of
bioactive factors. Furthermore, the effect of the Cy on the cell behavior
of rat bone marrow mesenchymal stem cells (BM-MSCs) was also stu-
died.

2. Materials and methods
2.1. Materials

Chitosan (1\7,7 = 187 kDa, de-acetylation = 89.8%) was purchased
from Beijing HWRK Chem Co., Ltd. and purified before use. Acetic acid,
phosphate buffer saline (PBS), sodium chloride (NaCl), bovine serum
albumin (BSA), dimethyl sulfoxide (DMSO) and other agents were
purchased from Sinopharm Chemical Reagent Beijing Co., Ltd. Sodium
tripolyphosphate (TPP), ninhydrin and glycine were purchased from
Sigma-Aldrich Co. A BCA assay kit was obtained from Thermo
Scientific. All chemicals were analytical grade and used without further
purification. Rat bone marrow mesenchymal stem cells (BM-MSCs)
were purchased from Cyagen Bioscience, Guangzhou, China.

2.2. Preparation of chitosan scaffolds

Chitosan was dispersed in deionized water and a stoichiometrically
equivalent amount of acetic acid was added. After complete dissolution,
the pH of the solution (20 mg/ml) was adjusted to 5.0 by 0.5 M NaOH
and it was left to stand for 24 h without stirring for degassing at 4 °C.
The solution was injected into a mold and frozen at — 20 °C for 24 h.
The frozen chitosan was immersed in a saturated NaCl solution at
— 20 °C for 48 h and then stored at 23 °C. After that, the sample was
immersed in a crosslinking solution with different concentrations of
TPP (Crpp) and NaCl (Cnqc) at pH = 5.0 for 24 h to prepare chitosan
scaffolds. Different Cyoq values (0.05/0.5/1.5/3/4.5/6 M) with the
same Crpp (1% [w/w]) were studied, as were different Crpp values
(0.25/0.5/2.0/4.0/6.0% ([w/w]) with the same Cy,c; (3 M). Finally, all
the samples were washed thoroughly with de-ionized water to remove
residual TPP and NaCl.

2.3. Composition and structure

2.3.1. Infrared spectroscopy

The compositions of scaffolds were first characterized by an atte-
nuated total reflectance-Fourier transform infrared (ATR-FTIR) spec-
trometer (Nicolet iN10 Spectrometer, MA, USA). The spectra in the
range of 600-4000 cm™ ' were collected in 32 scans at 4cm™ ! re-
solution.
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2.3.2. Ninhydrin assays

The Cy of scaffolds was determined by ninhydrin assays [19]. The
test samples were lyophilized for 24 h and weighed. Subsequently, the
test samples were heated with 2% (w/v) ninhydrin solution for 20 min
at 100 °C. The Cy in the test samples were determined by the optical
absorbance of the solution at 570 nm recorded with a microplate reader
(SpectraMax Plus 384, Molecular Devices LLC, USA) using glycine as
the standard. Each determination was performed in triplicate. The Cy
was calculated as follows:

Cn (%) = WN—I/WN—O X 100%

The amount of uncross-linking primary amine was represented as
“Wy — 1” for the cross-linked samples and “Wy _ ¢” for the original
chitosan sample (non-cross-linked).

2.3.3. Morphology and elemental composition

The liquid-nitrogen fracture surfaces of the scaffolds were char-
acterized using a scanning electron microscope (SEM, EVO 18, Zeiss,
Oberkochen, Germany) after lyophilization. The elemental analysis was
performed using an attachment EDS (INCA X-Act; Oxford Instruments
PLC, Abingdon, UK) of SEM. The phosphorus content (Cp), which re-
presents the content of cross-linking primary amine in scaffolds, was
calculated as follows:

Cp (%) = Wo/ We + Wiy + W + Wh) X 100%

Herein, the terms “W¢”, “Wy”, “W,” and “Wp”, represent the weight
fractions of C, N, O and P elements, respectively.

2.4. Physico-mechanical properties

2.4.1. Swelling behavior

The water sorption capacity of chitosan scaffolds was determined by
swelling the lyophilized scaffold in de-ionized water for 24 h. The
images of scaffolds were captured by a digital camera (EOS 5D Mark II,
Canon, Tokyo, Japan). An electronic balance was used to determine the
weight of lyophilized scaffolds (W) and swelling scaffolds (W;). The
percent swelling ratio (R) of scaffolds at equilibrium was calculated
according to the following equation:

Ry (%) = (Wi — W)/ Wy X 100%

2.4.2. Mechanical properties

The Young's modulus (E) of the chitosan scaffolds was determined
by compression testing at a rate of 5.0 mm/min at a temperature of
23°C using a universal material testing machine (model 5543A,
Instron, Norwood, MA, USA). 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).
Strain amplitude values were verified to ensure that all measurements
were performed within the linear viscoelastic range to obtain storage
modulus (G") and loss modulus (G”) independent of strain amplitude.
Samples with a thickness of 3.0 mm were introduced between the
plates. All experiments were repeated three times.

2.5. Cytotoxicity assays

The cytotoxicity of the scaffolds was evaluated using extracts and
1929 fibroblast cells (ATCC, Manassas, VA, USA) following ISO 10993-
5:2009 standards. The test scaffold extract was prepared with 0.5, 1.0,
and 1.5 mg of chitosan in 1 mL of minimum essential medium at 37°C
for 24 h. The blank culture medium and 10% DMSO were used as ne-
gative and positive controls, respectively. The optical intensity was
measured at a wavelength of 570 nm using the microplate reader. The
cytotoxicity of the hydrogel was expressed as % cell viability, which
was calculated from the ratio between the number of cells treated with
the polymer solutions and that of non-treated cells (control).
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2.6. Protein adsorption and release

2.6.1. BSA adsorption

Adsorbing growth factors into dehydrated hydrophilic polymer
networks has been the most commonly used approach to incorporate
growth factors into scaffolds in the clinic. For the loading of bioactivity
factors, BSA was used as the model protein. Each lyophilized scaffold of
5mg was immersed in 1 mL PBS solution (pH = 3.0/6.0/7.4) con-
taining BSA (Cp = 0.5 mg/ml) at room temperature to access the pro-
tein's adsorption behavior. After 24 h with shaking, the supernatant was
collected and its concentration (C;) was assayed with a BCA assay kit on
the microplate reader at 570 nm. Three replicate samples were tested
for all experiments. BSA-loading efficiency (R.) was calculated using
the weight of BSA trapped by the scaffold as a percentage of the total
protein added, as follows:

R, (%) = (Cy — C1)/Cy X 100%

2.6.2. BSA release

The BSA-loading scaffolds formed from the cross-linking solution
(3 M NaCl + 1% (w/w) TPP) was further used to examine the release
behavior. Each sample with 5 mg was immersed in 5 mL PBS solution
(pH = 3.0/6.0/7.4) while shaking. At predetermined time points (0.5,
1.0, 2.0, 4.0, 8.0, 12.0, 16.0h and 1, 2, 3, 4, 5, 6, 7 days), 0.5 ml su-
pernatant was sampled and replaced with an equal volume of fresh PBS.
The BSA concentration was also assayed with a BCA assay kit, and the
cumulative amount of BSA released from the scaffold was calculated
from the standard curve of BSA. Three replicate samples were tested for
all experiments.

2.7. Proliferation and adhesion of immobilized cells

Rat BM-MSCs were cultured in Dulbecco's modified eagle medium
supplemented with 10% fetal bovine serum and 100 IU/mL penicillin-
streptomycin. The medium was changed every 2 days. At 80-90%
confluence, BM-MSCs were detached with 0.25% trypsin/ethylenedia-
minetetraacetic acid. The cells from 3 to 5 passages were used in the
following studies.

BM-MSCs (1.2 x 10° cells/well) were seeded onto an experimental
scaffold in 48-well plates and incubated at 37 °C in a humidified at-
mosphere with 5% CO,. After 24 h of culture, attached cells were fixed
with 4% paraformaldehyde, incubated with rhodamine-phalloidin
(100 nmol/L) for 1 h and then stained with 4/, 6-diamidino-2-pheny-
lindole (DAPI) for 1 min based on the manufacturer's directions.
Fluorescence images of stained constructs were obtained using a con-
focal laser scanning microscope (Carl Zeiss Microimaging, Oberkochen,
Germany).

3. Results and discussion
3.1. Fabricating process and mechanism

The freezing process and ionic strength-dependent solubility of
chitosan were combined to fabricate bulk chitosan/TPP scaffold. As
illustrated in Scheme 1, the fabricated mechanism is as follows. First,
the primary amines (pKa = 6.3) of chitosan are protonated in acetic
acid solution (—NH, to —NH3™"), which causes electrostatic repulsion
between the polymer chains, rendering the corresponding chitosan-
acetate soluble [28]. Second, ice crystals form in the chitosan solution
upon freezing and are phase-separated from the chitosan acetate salt
[29]. Third, the ice inside the frozen samples is gradually replaced by
the saturated NaCl solution at — 20 °C. The high ionic strength (C17)
electronically screens the —NH3;"* and induces screening of the elec-
trostatic repulsion between the polymer chains and prevents its dis-
solution; therefore, the scaffold retains the interconnected pore network
and original outside morphology at 23 °C [30]. Finally, in the cross-
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linking solution that includes both NaCl and TPP, Cl~ in the sample
diffuses out and the TPP diffuses into the cross-linking solution because
of the concentration gradient. Some of the —NH;" groups that are no
longer electronically screened by Cl~ are cross-linked by TPP and
scaffolds form with controlled uncross-linking primary amine content
[27].

3.2. Compositions

ATR-FTIR spectra were used to qualitatively characterize the
composition of the chitosan scaffolds, as shown in Fig. 1. In the IR
spectra of cross-linked chitosan, the peak at 1544 cm™ ' disappears
partly and two new peaks at 1620 cm™ ! and 1525 cm™ ! appear. A
characteristic band at 1544 cm ™! is attributed to the primary amine
groups of chitosan. The disappearance of the band was attributed to the
linkage between the phosphoric and ammonium ions [31]. The increase
in the intensity of the peaks at 1620 cm ™~ ! and 1525 cm ™~ ! indicates an
increase of bound TPP ions [32,33]. This result was attributed to the
increase of interchain linkages of —NH3;* groups in chitosan by TPP
ions. It demonstrated that the ionic reaction of chitosan/TPP scaffolds
was significantly influenced by the composition of the cross-linking
solution, and the ionic cross-linking degree increased with either in-
creasing Crpp or decreasing Cyqcr-

Ninhydrin assays were used to determine the extent of the various
types of cross-linking reactions by quantifying the Cy in the test sample,
expressed in terms of the glycine concentration [34,35]. Fig. 2 shows
the Cy of chitosan/TPP scaffolds made under different fabrication
conditions (Crpp and Cpgc).- The data reveal that the least amount
(Cny = 17%) of uncross-linking primary amine corresponded to the
scaffold that was ionically cross-linked with the most Cy,c;, probably
because of the great extent of ionic interaction. The addition of NaCl
drastically increases the quantity of uncross-linking primary amine and
tends to hinder ionic cross-linking, suggesting the effect of electronical
screening of NHs ™ by Cl™. The same results were observed with in-
creasing Crpp at the same Cy,c. This observation is in accord with the
results obtained from IR analyses.

The elemental compositions of scaffolds were used to determine the
quantity of TPP that reacted with the primary amine groups of chitosan
[36]. Fig. 3 indicates that the Cp in scaffolds increased with either in-
creasing Crpp or decreasing Cnqc- In addition to intermolecular and
intramolecular linkages between linear chitosan chains, a single linkage
formed between a chitosan chain and TPP. Only the intermolecular
linkages were attributed to the cross-linking degree of the chitosan/TPP
scaffold. As a result, the high phosphorus content was not necessarily
equal to a high degree of cross-linking. IR spectra, ninhydrin assays and
physico-mechanical properties were evaluated to determine the cross-
linking of chitosan/TPP scaffolds.

3.3. Microstructure

Fig. 4 presents SEM micrographs of the internal structure of chit-
osan/TPP scaffolds prepared under different conditions. An open net-
work structure is observed in all the samples that appears to be highly
porous with interconnected macrodomains [37]. These pores possessed
similar shapes with a polygonal cross section. The pore sizes of scaffolds
ranged from 50 to 150 pm and increased with either increasing Cyqc; or
decreasing Crpp.

3.4. Swelling behavior

To ascertain the potential use of ionically cross-linked hydrogels as
biomaterials for biomedical applications, their swelling capacities must
be evaluated. Swelling is primarily influenced by ionic interactions
between chitosan chains, which depends in turn on the degree of cross-
linking [38]. In de-ionized water, the ionic-crosslinked chain of a
chitosan-TPP complex didn't dissociate; therefore, the swelling of the
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Scheme 1. Schematic illustration of the process and mechanism for fabrication of bulk chitosan/TPP scaffolds with uncross-linking primary amine.

Fig. 1. ATR-FTIR spectra of chitosan/TPP scaffolds.
(A) The reaction of chitosan and TPP: (1) 0.5M NaCl
+ 1% (w/w) TPP, (2) 3 M NaCl + 1% (w/w) TPP, (3)
3 M NaCl + 4% (w/w) TPP, (4) chitosan without TPP
(control).
Section of spectra showing an enlargement of a section
in the region 650-1800 cm ™ *: (B) From top to bottom,
0.05/0.5/1.5/3/4.5/6 M NaCl + 1% (w/w) TPP and
(C) from top to bottom, 3 M NaCl + 0.25/0.5/2/4/6%
(w/w) TPP.
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scaffold was attributable to the hydration or ionization of uncross- that have a strong affinity for water molecules. As illustrated in Fig. 5,
linking primary amines in chitosan. Chitosan scaffolds swell easily in the lyophilized samples are the white scaffolds and semi-transparent
aqueous solution due to the high density of protonated amine groups samples are observed after swelling in water. Furthermore, the
100 100 Fig. 2. The uncross-linking primary amine content (Cy) of chit-
(a) (b) osan/TPP scaffolds with different fabrication conditions: (a) Effect
of Cnacy On the scaffolds prepared with 1% (w/w) TPP; (b) effect of
80 r 80 Crpp on the scaffolds prepared with 3 M NaCl.
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Fig. 3. The phosphorus content (Cp) of chitosan/TPP scaffolds with

20 20
(©)) (b)

C, % (w/'w)

different fabrication conditions: (a) Effect of Cy,c on the scaffolds
prepared with 1% (w/w) TPP; (b) effect of Crpp on the scaffolds
prepared with 3 M NaCl.

Cract (M)

transparent intensity and the size of the samples increased with either
decreasing Crpp or increasing Cyqcr because of the change of Cy and the
densities of the samples. This observation is compatible with the data of
R;. That is, R, increased with either decreasing Crpp or increasing Cyqci-
Higher R; values, larger size and higher Cy. This contradicts the results
given in Figs. 1 & 2 that revealed that the sample contained different
CN.

3.5. Mechanical properties

Appropriate mechanical properties are required for scaffolds that
are used for tissue engineering and regenerative medicine. The me-
chanical properties (E, G’ and G”) of scaffolds are illustrated in Fig. 6. As
Cnact increased from 0 to 6 M, E decreased from 38 kPa to 2.4 kPa. As
Cypp increased from 0.25% (w/w) to 6% (w/w), E increased from
0.85 kPa to 12.6 kPa. The Cyq; and Crpp have the same effects on the
rheological properties (G’ & G”) as E. The increasing mechanical
properties indicated an increasing degree of cross-linking (decreasing

P L TS

‘)
et

Crpp (% (W/W))

Cy), which contradicts the above results about the composition of the
scaffolds.

3.6. Mechanism analysis

The presence of non-gelling ions (i.e. Na* and Cl~) played a key
role in the crosslinking process between chitosan and TPP. At pH = 5.0,
TPP dissociates to form HzP3010>~ and 2H*. Typically, HsP30;0> ~
anions quickly cross-link the protonated amine group of chitosan,
leading to the formation of nanoparticles or aggregates as soon as TPP
solution is added to chitosan solutions [38]. However, in the present
study, the presence of large amounts of Na™ and Cl~ partly prevented
the gelation process by screening the strong electrostatic interactions
between the polymer and crosslinker. When the Cyqc in the cross-
linking solution was lower than the saturated concentration, the Na™
and Cl™ in the chitosan sample diffused into the crosslinking solution
because of the concentration gradient. Simultaneously, the HzP30;4 ~
diffused into the chitosan sample. Then, the —NH; " that had not been

Fig. 4. SEM images ( x 200) of scaffolds prepared in different cross-linking solutions: (A) 1% (w/w) TPP, (B) 3 M NaCl + 1% (w/w) TPP, (C) 6 M NaCl + 1 (w/w) % TPP, (D) 3 M NaCl

+ 0.25 (w/w) % TPP, (E) 3 M NaCl + 2% (w/w) TPP, (F) 3 M NaCl + 6 (w/w) % TPP.
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Fig. 5. Swelling behavior of chitosan scaffolds. Top: Morphologies
of chitosan scaffolds before and after swelling: (A) 1% (w/w) TPP,
(B) 3M NaCl + 1% (w/w) TPP, (C) 6 M NaCl + 1 (w/w) % TPP,
(D) 3 M NaCl + 0.25 (w/w) % TPP, (E) 3 M NaCl + 2% (w/w) TPP,
(F) 3M NaCl + 6 (w/w) % TPP. Bottom: The effect of preparation
conditions on the swelling ratio (R;) of scaffolds: (a) Effect of Cqa
on the scaffolds prepared with 1% (w/w) TPP; (b) effect of Crpp on
the scaffolds prepared with 3 M NaCl.
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g;4000 : < 4000 |
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Cract (M) Crep (% (W/W))
screened by Cl~ was ionically-crosslinked by H3P3010> ~. The complex
that formed between —NH; " and H3P30;,2 ~ was irreversible and more 100 A P s il B R ﬁ
stable than the complex that formed between —NH;* and Cl~. How- / \‘E; §EE 5/
ever, the quantity of C1~ was higher than that of H3P30;02 ~ and some ’2 SE 2 S E? §E 3’
—NH;" was always screened by Cl™. As a result, the crosslinking be- ;\? 80 1 2 §§2 §§2 SE?
tween —NH3 " and H3P50,,2 ~ varied based upon the Crpp and Cyqg in = g §E 4 R Eé §E é
the cross-linking solution. The degree of cross-linking increased with g‘ 60 - Z $§£ §§g Sgé
increasing Crpp and decreasing Cyqcr- :.g g §§ ? § Eé §§ 7
Z 40 Y1 N N
3.7. Invitro cytotoxicity 8 §E é § Eg §E é
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The cytotoxicity of the chitosan hydrogel was determined using a 3- 20 § E ,é, § E % § E ;
(4,5)-dimethylthiahiazo(-z-y1)-3,5-di-phenytetrazoliumromide (MTT) $ H g S H f S H ;
assay. As illustrated in Fig. 7, all the samples demonstrated cyto- 0 A R NEA

compatibility for fibroblast cells. These findings are consistent with
previous research results [39,40].

3.8. Protein adsorption and release

Protein adsorption is known to influence cell adhesion by adsorp-
tion of key adhesion molecules like fibronectin or vitronectin. The
protein loading in a scaffold depends upon the physical and chemical
properties of the scaffold as well as the structural features of the dif-
ferent proteins [41]. In this research, BSA was used as the model

ct- (A) (B) (C) (D) Ctl+

Fig. 7. Viability of 1L929 fibroblasts exposed to extracts during incubation with various
scaffolds at different concentrations (0.5, 1.0 and 1.5 mg/ml). (A) 0.05 M NaCl + 1% (w/
w) TPP; (B) 6 M NaCl + 1% (w/w) TPP; (C) 3 M NaCl + 0.25% (w/w) TPP; (D) 3 M NaCl
+ 6% (w/w) TPP. Ctl —, 10% DMSO; Ctl +, medium culture.

protein and its isoelectric point is 4.7. In solutions with pH < 4.7, the
net charge of BSA is expected to be positive (BSA™), whereas the net
charge of BSA is expected to be negative (BSA™) for pH > 4.7 [42].

Crpp (% (W/w))

40 80 40 Fig. 6. The mechanical properties, compressive elastic modulus (E),
(b) storage modulus (G") and loss modulus (G”), of chitosan/TPP scaf-
folds prepared in different fabrication conditions: (a) Effect of Cnaci
30 60 1 30 on the scaffolds prepared with 1% (w/w) TPP; (b) effect of Cypp on
= the scaffolds prepared with 3 M NaCl.
5 S 5
<
20 8 =40t 1208
m 2 @
©
10 20 4 10
0 0 —_ : 0
0 1 2 3 4 6 7
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100 100 Fig. 8. BSA-loading efficiency (R.) in BSA solu-
pH=6.0 (b) tion at different pH values (3.0/6.0/7.4) of chit-
90 90 | osan/TPP scaffolds, with different fabrication
conditions: (a) Effect of Cyuq on the scaffolds
pH=7.4 prepared with 1% (w/w) TPP; (b) effect of Crpp
80 80 on the scaffolds prepared with 3 M NaCl.
SR £ 70 I pH=30
-4 o
60 60
50 s0 | : —3
x o 4
40 L 1 ! 1 1 40 1 L L L 1 1
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H>47 H<47 pH>6.3 attraction). The R, was lowest at pH = 3.0 (electrostatic repulsion).
BSA — BSA P — BSA* CS-NH;* =——— CS-NH, ) ¢ P o s (. : P )
OH H pH<6.3 Furthermore, the minimum R, was 46% which indicated that there was
another type of short-range adsorption, beside the electrostatic inter-
AT action.
< b S . -
47<pH<6.3 9"\/’09-"[\“'13+ +BSA” The pharmacokinetics of growth factor delivery has been a critical
CS-NH;* + BSA* ——— CS-NH;" BSA- regulator of scaffolds' clinical success. As shown in Fig. 10, BSA release

PHI 53 CS-NH, + BSA

Fig. 9. The mechanism of BSA adsorption and release in chitosan/TPP scaffolds with
uncross-linking primary amine.

The R, of chitosan scaffolds was affected by the fabricating condi-
tions and was pH-responsive. BSA was dissolved in PBS at different pH's
(3.0, 6.0 and 7.4) to maintain the pH of the solution in the adsorption
process. Fig. 8 shows that R, = 45-95% and was significantly affected
by the properties of the scaffolds and the pH of BSA solution. The R,
increased with increasing Cyquc; and decreasing Crpp. Furthermore, the
R, was higher in the BSA solution with pH = 6.0/7.4 than pH = 3.0.

Fig. 9 illustrates the mechanism of BSA adsorption and release in
chitosan/TPP scaffolds. When the lyophilized scaffolds were immersed
into the BSA solution while stirring, BSA diffused into the scaffold
through the porosity created by the concentration gradients. BSA in-
teracted with the scaffolds via a combination of long-range (e.g., elec-
trostatic) and short-range noncovalent (van der Waals, hydrophobic,
hydrogen bonding) interactions [43]. At pH = 3.0 (< 4.7), BSA™ has
an electrostatic repulsion with the —NH3™ groups of the scaffolds. At
pH = 6.0 (> 4.7 and < 6.3), BSA™ has an electrostatic attraction with
the —NH;* groups of the scaffolds. At a pH value of 7.4 (> 4.7
and > 6.3), the —NH3* groups of the scaffolds were neutralized to
—NH, by both OH™ and BSA ™. Different fabrication conditions (Cnqc
and Crpp) resulted in different concentrations of —NH3 ™ (cross-linking
degree) and different R, values. The R, was highest (electrostatic at-
traction) at pH = 6.0, followed by the R, at pH = 7.4 (part electrostatic

in PBS with different pH values (3.0/6.0/7.4) from chitosan scaffolds
proceeded in two distinct phases: 1) an initial burst release (1 day)
which was followed by, 2) a period of sustained release (1-7 days). The
initial burst phase of protein release could be attributed to protein that
was electrostatically repulsed from the scaffold and surface-bound
protein that rapidly diffused away. After that, the complexes formed
between BSA™ and —NH3;" dissociated and BSA was released con-
tinuously.

A dissolution-diffusion model with pH-responsive release behavior
could be used to describe the BSA release from scaffolds [44]. For the
BSA-scaffold that formed at pH = 3.0, the releasing rate of BSA in PBS
was (pH = 3.0) > (pH = 6.0) > (pH = 7.4). When the scaffolds
were immersed in PBS at pH = 3.0, all of the BSA™ that had been
adsorbed as a result of the concentration gradient would then be re-
leased because of the concentration gradient; the electrostatic repulsion
would accelerate this process. When in PBS with pH = 6.0/7.4, some of
the BSA™ changed to BSA~, which was then electrostatically attracted
to the —NH3* groups of the scaffolds; this decelerated the releasing
rate. More BSA™ formed at pH = 7.4 than at pH = 6.0, resulting in a
diminished release of BSA. For the BSA-scaffold that formed at
pH = 6.0, the releasing rate of BSA in PBS was (pH = 3.0) > (
pH = 7.4) > (pH = 6.0). In PBS with pH = 3.0, the complexes of
—NH;3*-BSA™ dissociated and BSA* was released by concentration
gradient and electrostatic repulsion. Some of the —NH3* groups were
neutralized by OH™ and BSA™ at pH = 7.4; this reduced the electro-
static repulsion. Only the BSA that was not adsorbed by electrostatic
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Fig. 10. Cumulative BSA release (%) in PBS with different pH values (3.0/6.0/7.4) from the BSA-loaded scaffolds (3 M NaCl + 1% (w/w) TPP) which adsorbed BSA from different BSA

solutions: (A) pH = 3.0, (B) pH = 6.0, (C) pH = 7.4.
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Fig. 11. Confocal micrographs of rat BM-MSCs on chitosan scaffolds formed in different conditions: (A) 1% (w/w) TPP, (B) 3 M NaCl + 1% (w/w) TPP, (C) 6 M NaCl + 1 (w/w) % TPP,
(D) 3M NaCl + 0.25 (w/w) % TPP, (E) 3 M NaCl + 2% (w/w) TPP, (F) 3 M NaCl + 6 (w/w) % TPP. Actin network is shown in red with rhodamine-phalloidin and nuclei are shown in
blue with DAPI after 24 h of culture. The chitosan fibres are also shown in green, due to the autofluorescence signal of chitosan. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

attraction was released into PBS at pH = 6.0. For the BSA-scaffold that
formed at pH = 7.4, the releasing rate of BSA in PBS was
(pH =7.4) > (pH = 3.0) > (pH = 6.0); this trend also resulted from
the change in charges in the environment. In summary, BSA joins
chitosan in chitosan scaffolds by electrostatic attraction and by other
interactions. When the BSA-loading scaffolds at 1 pH value were im-
mersed in the releasing medium with another pH value, the BSA would
change to BSA™ or BSA~ and NH, would change to NH3;". Further
electrostatic attractions or repulsions would form in the releasing
medium which accelerated or decelerated the releasing rate of BSA.

3.9. Cell behavior of rat BM-MSCs

The adhesion of BM-MSCs onto the scaffolds was assessed by con-
focal microscopy (Fig. 11). The images indicated that cells could adhere
to the fibres of the chitosan scaffolds after 24 h of culture. The results
showed that the number of BM-MSCs increased with either increasing
Cnact Or decreasing Crpp. As shown in Fig. 4, the pore sizes of the
scaffolds increased with either increasing Cyq,c or decreasing Crpp.
Normally, the number of cells increased with decreasing pore size, in-
creasing the density of the chitosan fibres. The opposite tendency ob-
served in the present study indicates that the Cy of the chitosan/TPP
scaffold played a significant role for the adhesion and proliferation of
BM-MSCs. A higher Cy resulted in a higher number of cells.

4. Conclusions

This work demonstrates that it is possible to prepare bulk chitosan/
TPP scaffolds with different uncross-linking primary amine content. For
this, the ionic strength-dependent solubility of chitosan was used to
control the extent of reaction between chitosan and TPP in the presence
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of NaCl. The un-crosslinking primary amine in the scaffolds affected the
mechanical properties, protein adsorption and cell behavior. This study
provided an innovative and well-suited strategy for controlling the
uncross-linking primary amine content in chitosan/TPP scaffolds for
bone regenerative therapies; this study also provided a foundation for
further modifications of scaffolds, pH-responsive adsorption and the
release of drugs or proteins from the scaffolds.
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