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Low mechanical strength and lack of osteoconductive cues are problems associated with chitosan-based scaffolds. This research
aimed to fabricate reinforced chitosan-titanium dioxide (TiO,) nanotubes (CTNTs) scaffolds attributed to the enhanced
biocompatibility and physical properties of TiO, nanotubes (TNTs). The incorporation of hydrothermally synthesized TNTs at
weight percent of 16 into chitosan was achieved via direct blending and lyophilization. CTNTs scaffolds were further subjected to
24-h adsorption in MgCl, solutions of 0.5 mM, 1 mM, 2.5 mM, and 5 mM at physiological pH. The adsorption affinity of CTNTs
towards Mg*" ions was high and mainly attributed to the macroporosity of scaffolds and nanocavities of TN'Ts. The maximum
monolayer adsorption capacity of CTN'Ts for Mg®" ions was 8.8 mg/g scaffolds. Its adsorption isotherm fitted well with Langmuir
isotherm by showing R* of 0.9995. Fluorescence-based staining, cell viability, and alkaline phosphatase assays indicated that the
adsorbed Mg** ions onto CTN'Ts scaffolds aided in promoting higher proliferation and early differentiation of MG63 cells than
scaffolds without Mg** ions in a concentration-dependent manner. Based on current results, CTN'Ts scaffolds with Mg”" ions may

be a potential biomaterial for bone regeneration.

1. Introduction

Degenerative bone diseases such as osteoporosis and
osteoarthritis, accidental bone fractures, resection of primary
tumors, and traumatic skeletal injuries that dramatically
affect patients’ functional status have a significant impact on
the world population particularly the elderly. Scaffold-aided
surgical intervention is therefore required to facilitate the
limited ability of bone tissues to repair and regenerate [1].
Bone scaffolds serve as a temporary support at bone
defective sites, which guide the bone formation in a con-
trolled manner and then degrade after the new bone forma-
tion. Types of materials determine the physiochemical prop-
erties of scaffolds such as mechanical strength, pore size, and
porosity. Synthetic or natural polymers have been extensively

studied for bone regeneration. They are fabricated as scaffolds
with high porosity and pore size which allow matching their
degradation rate with that of bone formation. The additional
functions of scaffolds are to promote cellular infiltration
and vascularization [2]. Chitosan has been reported as a
preferable material more than other synthetic ones due to
its high hydrophilicity [3], moldability [4], biodegradability
[5], and nontoxicity [6]. Yet pure chitosan scaffolds lack
mechanical strength and are also less osteoconductive [7].
Advantageous interactions between nanobiomaterials
and osteoblasts (bone-forming cells) were observed in many
studies [8-13]. This was attributed to the strong resem-
blance of nanomaterials to bone entities such as fibril
collagen and nanocrystal hydroxyapatite [14]. Particularly,
the hydrothermally synthesized titanium dioxide (TiO,)
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nanotubes (TNTs) inserted into rat femurs had shown a
good evidence on new bone formation starting on day 7
[13]. Besides, a more recent in vitro study also showed
that chitosan-TNTs scaffolds promoted the osteoblastic func-
tions, i.e., adhesion, proliferation, and early differentiation
[12].

The osteoconductive property of scaffolds can be greatly
improved via the immobilization of cell adhesive proteins
such as fibronectin, vitronectin, and tripeptide like Arg-Gly-
Asp (RGD). The manipulation of these proteins and peptide
on bone scaffolds with cell adhesive promoting conformation
has remained a great challenge. This is attributed to the
unpredictable conformational change in these biocues upon
their adsorption on the surface of bone scaffolds as well as
the questionable availability of RGD epitope in these proteins
[15]. In addition, the incorporation of these cell adhesive
proteins to the scaffolds has unlikely increased the overall cost
of treatment.

A study on the effect of magnesium (Mg**) ions on alu-
mina was performed and indicated that substrata with Mg**
ions promoted better osteoblast adhesion via an integrin-
mediated mechanism [16]. Besides that, higher osteoblastic
adhesion was also observed on apatite with Mg”* ions by
Yamasaki et al. [17] and composite containing Mg*" ions
by Okazaki et al. [18]. All these works suggested that the
immobilization of Mg** ions on chitosan scaffolds which lack
osteoconductive cues would increase their biocompatibility.
More importantly, the success of immobilization or function-
alization of Mg>* ions onto the chitosan scaffolds may replace
the use of abovementioned costly cell adhesive proteins which
possesses an economic importance for patients suffering bone
diseases.

This paper describes the novel chitosan composite scaf-
folds incorporated with hydrothermally synthesized TNTs
(CTNTs) and functionalized with different concentrations
of Mg precursor solution through liquid-solid adsorption at
physiological pH whose combination has not been reported
previously. The concentrations of Mg precursor solution used
were 0.5 mM, 1 mM, 2.5 mM, 5 mM, 7.5 mM, and 10 mM
which fell within the biocompatible range. The adsorption
affinity of CTNTs was determined and fitted with Langmuir,
Freundlich, and Temkin models. Three preliminary in vitro
assays were then carried out on human osteosarcoma (MG63)
cell line to investigate the biocompatibility and osteoblastic
functions of the newly developed CTNTs scaffolds upon the
effects of adsorbed Mg*" ions.

2. Experimental

2.1. Materials. Titanium dioxide (TiO,) powder, sodium
hydroxide (NaOH) pellets, chitosan powder (middle vis-
cous, 80% deacetylation), magnesium chloride hexahydrate
(MgCl,.6H,0), fluorescein diacetate (FDA), sodium pyru-
vate, dimethyl sulfoxide (DMSO), and p-nitrophenyl phos-
phate (pNPP) were purchased from Sigma Aldrich, Germany.
HCI (37% fuming) was purchased from Merck, Germany,
while acetic acid and absolute alcohol (denatured) were
purchased from R&M Chemicals, UK. Minimum essential
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medium (MEM) powder, fetal bovine serum (FBS), peni-
cillin/streptomycin (Pen-Strep), and 3-(4, 5 dimethylthiazol-
2-yl)-2, 5-diphenyltetrazolium bromide (MTT) were pur-
chased from Gibco Laboratories, USA. PRO-PREP™ protein
extraction solution was purchased from iNtRON Biotech-
nology, South Korea. Salts used to prepare phosphate-
buffered saline (PBS) including sodium chloride (NaCl),
potassium chloride (KCI), disodium phosphate (Na,HPO,),
and monopotassium phosphate (KH,PO,) were purchased
from R&M Chemicals, UK. All chemicals were used as
received and all working solutions were prepared in distilled
water.

2.2. Hydrothermal Synthesis and Characterization of TiO,
Nanotubes (TNTs). The synthesis of TNTs was duly per-
formed by the following method of Chen et al. [19] and
Morgado et al. [20]. Prior to 72-h hydrothermal synthesis at
130°C, 2 g of TiO, was mixed with 40 mL of NaOH for 10
min and transferred to a Teflon lined stainless steel autoclave.
The molarity of NaOH used was 10 M. The hydrothermally
synthesized powder was then washed with 200 mL of 0.IM
HCI and deionized water until the filtrate pH of 7 was
achieved. The neutral powder was further calcined to 400°C
for 5 h.

The surface morphology of the resultant powder was
characterized by using Field Emission Scanning Electron
Microscope (FESEM, Quanta 400, USA) at an accelerating
voltage of 15 kV. The crystallinity of the hydrothermally syn-
thesized TNTs powder was examined by using X-ray Powder
Diffraction (XRD, Hiltonbrooks DG3 generator coupled with
Philips PW1050/25 goniometer) with CuKe radiation at 50
kV/30 mA and a scanning speed of 1°/min.

2.3. Fabrication and Functionalization of Chitosan-TiO, Nan-
otubes (CTNTs) Scaffolds with Mg’ Tons. Chitosan solution
(1% v/v) was prepared by stirring 1 g of chitosan powder in
100 mL of 0.2 M acetic acid for 3 h. Chitosan solution was
then mixed with 16 weight percent (wt%) of TNTs for 5 h.
After homogeneous mixing, each well of 24-well plate was
instantly filled with 1 mL of chitosan-TNTs (CTNTs) mixture.
This plate was firstly subjected to 24-h freezing at -20°C and
followed by freeze-drying at -40°C for 24 h. The rehydration
of freeze-dried CTNTs scaffolds was performed by immersing
them in 100%, 70%, and 50% of ethanol for 1 h, 30 min, and
30 min, respectively. Scaffolds were then dried in a desiccator.

The functionalization of CTNTs scaffolds with MgCl, was
carried via liquid-solid adsorption. CTNTs scaffolds were
firstly immersed in 100-mL Schott bottles filled with 20 mL of
MgCl, solution (0.5 mM, 1 mM, 2.5 mM, 5 mM, 7.5 mM, and
10 mM corresponding to 12.15 mg/L, 24.3 mg/L, 60.76 mg/L,
121.53 mg/L, 182.28 mg/L, and 243.05 mg/L of Mg as CaCO;,
respectively). The Schott bottles were closed and placed in
an orbital shaker (Unimax 1010, Germany) and shaken at
100 rpm for 24 h. The Schott bottles were taken after 24 h
and the final concentration of Mg”" ions was analyzed by
using a preprogrammed spectrophotometer (HACH, USA)
and Ca/Mg hardness kit (HACH, USA). Each experiment was
conducted in triplicate under identical operating conditions.
The amount of adsorbed Mg®" ions onto CTNTs scaffolds
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was then determined by using (1). The Mg**-functionalized
scaffolds were washed with deionized water and dried prior
conducting the in vitro tests.

_ (Co _Ce)V
M

e @

where g, is the amount of Mg®" ions adsorbed by per
gram scaffold (mg/g), C, and C, are the concentrations of
MgCl, solutions before and after functionalization (mg/L),
respectively, V is the volume of MgCl, solution (L), and M
is the mass of dried CTNTs scaffold (g).

The adsorption of Mg®" ions onto CTNTSs scaffolds was
also analyzed by using Langmuir, Freundlich, and Temkin
isotherm models. Langmuir isotherm assumes monolayer
adsorption on homogenous surface with a finite number of
adsorption sites. The mathematical representation of Lang-
muir isotherm is shown in

e

1 C,
et 2)
94 by am

where ¢,, is the maximum adsorption capacity per unit
weight of scaffold for Mg®* ions (mg/g) and b is the Langmuir
isotherm constant (L/mg).

Freundlich isotherm is generally applied to express multi-
layer adsorption on heterogeneous surface of adsorbents. The
Freundlich isotherm is represented in

Ing, =InKp + llnCe (3)
n

where Ky 1is the adsorption capacity of scaffolds
[mg/g(L/ mg)l/ "] and 1/n represents the adsorption intensity
or surface heterogeneity [21].

Temkin isotherm model assumes the interactions
between Mg** ions. The heat of adsorption of all molecules
in the layer would decrease linearly with the coverage caused
by adsorbate/adsorbate interactions [22]. The mathematical
representation of Temkin model is shown in

qg.=BInK, +BInC, (4)

where K, is an equilibrium binding constant (L/mg) corre-
sponding to the maximum binding energy and B is related to
the heat of adsorption.

2.4. In Vitro Cell Culture. The biocompatibility of CTNTs
scaffolds with and without Mg*" ions was evaluated by using
human osteosarcoma (MG63) cell line (ATCC, USA). MG63
cells were maintained using MEM supplemented with 10%
(v/v) FBS, 1% (v/v) Pen-Strep, and 1% (v/v) 1 mM sodium
pyruvate at 37°C in a humidified 5% CO, atmosphere. For
subculture, cells were detached by 0.25% trypsin and plated
in 75-mL flask every 3-4 days. For all in vitro assays, cells
were detached via trypsinization after the cell confluence of
90-100% was achieved. Prior to cell seeding, cell count was
performed using Haemacytometer (Hirschmann Laborger-
ate, Germany). CTNTs scaffolds with different amounts of
adsorbed Mg*" ions (treatment group) and scaffolds without

Mg*" ions (negative control group) were placed into 24-well
plates and sterilized with UV radiation for 15 min. Each
scaffold and polystyrene surface of 24-well plates was seeded
with 3 x 10* of MG63 cells. Cells grown on polystyrene well
without scaffolds were served as a positive control. The cells
were then incubated at 37°C for predetermined incubation
periods as specified in the respective assays. The media were
changed every 3 days.

2.5. Vital Fluorescein Diacetate (FDA) Staining Assay. Vital
staining was performed with 3 ug/mL of FDA in PBS. The
conversion of FDA to fluorescein form by esterase of living
cells is used to determine the cellular survival histologi-
cally. The treatment (scaffolds with Mg®"), negative control
(scaffolds without Mg>*), and positive control (polystyrene
well) groups were seeded with 3 x 10* of MG63 cells and
incubated for 3, 5, and 7 days. After each incubation period,
cells grown on CTNTs scaffolds and polystyrene well were
washed in PBS and stained with 3 pug/mL of FDA in PBS
for 5 min. Staining solution was then removed and following
a washing step with PBS, the samples were viewed under a
fluorescence microscope (Nikon AZ100, Japan). FDA images
were analyzed via Image]™ software. The percentages of FDA-
stained cells based on three independent experiments were
calculated by the ratio of the number of pixels showing FDA
stain to the total number of pixels in the image.

2.6. 3-(4, 5 Dimethylthiazol-2-yl)-2, 5-Diphenyltetrazolium
Bromide (MTT) Assay. The proliferation rates of MG63 cells
on the treatment (scaffolds with Mg**), negative control
(scaffolds without Mg**), and positive control (polystyrene
well) groups were evaluated by using MTT (Invitrogen, USA)
which is a common cell viability assay [23]. Similar to FDA
staining assay, 3 x 10* of MG63 cells were seeded on the
treatment, negative control, and positive control groups and
incubated for 3, 5, and 7 days. After each incubation period,
100 uL of MTT solution was added to each well and left
for 4 h. The initial color of MTT solution was reduced
to purple crystals, when MG63 cells had responded to the
MTT solution. This was followed by the addition of 1 mL
of DMSO to dissolve the purple crystals. Absorbance on the
wells indicating the extent of osteoblastic proliferation was
measured as optical density (OD) values in six times by using
Varioskan™ Flash Multimode Reader (Thermo Scientific,
USA) at the wavelength of 570 nm.

2.7. Alkaline Phosphatase (ALP) Assay. The early differen-
tiation marker, ALP, was used to evaluate the osteoblastic
differentiation of MG63 cells on CTNTs scaffolds with and
without Mg** ions in comparison to the positive control
cells grown on polystyrene well. Complete growth medium
was supplemented with 50 pg/mL ascorbic acid and 10
mM B-glycerophosphate. Similarly, the treatment (scaffolds
with Mg®"), negative control (scaffolds without Mg®"), and
positive control (polystyrene well) groups were seeded with 3
x 10* of MG63 cells and incubated for 7, 14, and 21 days. Then,
the culture medium was removed from each well and then



washed with PBS twice. Subsequently, CTNTs scaffolds with
cells (treatment and negative control groups) and cells grown
on polystyrene well (positive control group) were scraped
and incubated with 500 uL of PRO-PREP solution on ice
to obtain the protein lysates. The cellular ALP activity was
calculated as the rate of p-nitrophenyl phosphate (pNPP)
being hydrolyzed by ALP into p-nitrophenol. In a 96-well
plate, 100 uL of pNPP was added to 100 uL of cell lysates
and incubated for 2 h at 37°C. The absorbance (OD) was then
measured at 405 nm by using Varioskan™ Flash Multimode
Reader (Thermo Scientific, USA) to detect the p-nitrophenol
level. Six independent experiments were conducted for each
incubation period.

2.8. Statistical Analysis. All quantitative data were presented
as the mean + standard error of the mean values from at least
three independent experiments. The collected quantitative
data of in vitro assays were analyzed and compared by using
Student’s t-test or ANOVA with Bonferroni as a post hoc
test depending on the data distribution as suggested [24]. A
p value of less than 0.05 was considered to be statistically
significant.

3. Results and Discussion

3.1. Characterization of TNTs. The crystallinity and dimen-
sion of TNTSs were reported to influence their biocompatibil-
ity. Among crystal phases, anatase is the most biocompatible
phase. TNTs with diameter ranging between 20-70 nm
promoted better osteoblastic proliferation and differentiation
[25]. Therefore, the characterization of TNTs was carried
out before the direct blending with chitosan solution to
ensure their biocompatible crystal phase and homogeneity
in the composite scaffolds. The surface morphology of TNTs
was examined by using FESEM and is shown in Figure 1.
These loose bundles of TNTs exhibited high degree of
agglomeration and aggregation due to their high surface
energy. The length of TNTs was observed ranging from a
few hundred nanometres to one micrometre. Notably, the
diameter of TNTs fell within the optimum range which
persuasively pushed forward the evaluation of their in vitro
biocompatibility.

The XRD analysis showed changes in crystal phase before
and after heating at 400°C. No distinct TiO, diffraction
peaks were observed in Figure 2 spectrum (a) which sug-
gests that 72-h synthesis and the subsequent washing step
completely converted the starting materials to amorphous
particles. However, the crystallinity of heated TNTs became
distinguished. All diffraction peaks of 25.4°, 37.8°, 48.0°,
and 54.5° in Figure 2 spectrum (b) corresponded to the
crystal phase of anatase. The heating at 400°C resulted in
slow dehydration and dehydroxylation of TNTs. This was
instantly accompanied by a decrease in interlayer spacing of
the nanotube walls which in turn increased their crystallinity
[26]. The heated TNTs were in anatase phase which matched
the formation principle of hydroxyapatite on TiO, surface
[27]. The XRD pattern of heated TNTs again confirmed that
heating at 400°C is necessary for the anatase conversion.
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FIGURE 1: FESEM image of TNTs prepared via 72-h hydrothermal
synthesis at 130°C and after heating at 400°C for 5 h.
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FIGURE 2: XRD spectra of hydrothermally synthesized powder (a)
before and (b) after heating at 400°C.

Again, this crystal phase would play a key role in the
immobilization of Mg** ions onto the scaffolds.

3.2. Functionalization of CTNTs Scaffolds with Mg’" Ions.
CTNTs scaffolds were functionalized with different concen-
trations of MgCl, via liquid-solid adsorption at pH 7.2. The
amount of Mg** ions adsorbed onto CTN'Ts scaffolds (q,) and
the concentration of MgCl, solution after functionalization
(C.) were measured and recorded in Figure 3. The amount of
Mg*" ions adsorbed by CTNTs scaffolds increased from 1.45
mg/g to 8.8 mg/g corresponding to the initial concentration
(C,) of MgCl, solution from 12.15 mg/L (0.5 mM MgCl,) to
243.05 mg/L (10 mM MgCl,), respectively. The adsorption
isotherm of Mg*" ions onto CTNTs scaffolds was indicative
of a favorable adsorption trend. There was a rapid increase
in the uptake of Mg>* ions at C, value of 12 mg/L, as the
resistance to the mass transfer of Mg2+ ions between aqueous
and solid phases was overcome by the gradual increase of
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MgCl, concentration. Eventually, this adsorption isotherm
ended with a plateau at the C, range from 50 to 180 mg/L. This
indicates the saturation of CTNTSs scaffolds with Mg** ions
in a monolayer manner and the highest amount of adsorbed
Mg®" ions was 8.8 mg/g. The CTNTs scaffolds showed a
high affinity towards Mg”" ions thus readily promoting the
monolayer formation of adsorbed Mg®* ions. As the q, values
for scaffolds functionalized with MgCl, at the initial concen-
trations of 121.53 mg/L and 243.05 mg/L solution were closely
to 8.8 mg/g, the in vitro tests were conducted on CTNTs
scaffolds functionalized at the initial concentrations between
12.15 mg/L (0.5 mM MgCl,) and 121.53 mg/L (5 mM MgCl,).
These effects of different amounts of Mg** ions adsorbed onto
CTNTs scaffolds in influencing the osteoblastic response were
then evaluated.

Besides, the adsorption isotherm of Mg*" ions onto
CTNTs scaffolds was also analyzed by using Langmuir,
Freundlich, and Temkin models. The correlation coefficient
(R?) derived from each model was compared to determine
the applicability of isotherm models and the nature of
adsorption. Graphs representing Langmuir, Freundlich, and
Temkin isotherms were plotted and shown in Figures 4(a),
4(b), and 4(c), respectively. The respective slope and intercept
for each graph were calculated and tabulated in Table 1.
Based on the fitting of three isotherms, Langmuir isotherm
model best fitted with the experimental data by showing
the highest R* value of 0.9995 as compared to the other
two models. This finding was also in a good agreement
with the plateau observed in Figure 3. It is confirmed that
the monolayer coverage of Mg** ions onto CTNTs scaffolds
and its adsorption involved were chemisorption. As a result,
desorption of Mg** ions from the surface of scaffolds is not
likely. These immobilized Mg>* ions are expected to have
direct interactions with bone scaffolds leading to subsequent
osteoblastic functions which include proliferation and differ-
entiation.

3.3. Cell Vitality Observation. The ability of scaffolds in pro-
moting proliferation is very crucial to bone regeneration, as
enhanced cellular proliferation ultimately leads to new bone
tissues formation. In order to determine the effects of Mg*"
ions on the proliferation of MG63 cells histologically, living
cells cultured on the CTNTS scaffolds with and without Mg**
ions for 3, 5, and 7 days were stained with FDA and subjected
to fluorescence microscopic observation. These FDA-stained
cells on scaffolds were compared to cells directly cultured on
polystyrene well (positive control). The percentages of FDA-
stained cells on scaffolds and polystyrene well are presented
in Figure 5. Representative images of FDA-stained MG63 cells
cultured on CTNTS scaffolds with and without Mg®" ions at
different time intervals are shown in Figure 6.

MG63 cells did not spread nicely on scaffolds without
MgZJr ions [Figures 6(a) and 6(g)] and scaffolds functional-
ized with 0.5 mM MgCl, even after 5-day culture [Figures
6(b) and 6(h)]. Direct interaction between MG63 cells and
CTNTs scaffolds without Mg** ions was found to be an
inhibitory effect even when the crystal phase of TNTs was
converted to anatase. This could be due to the slightly acidic

q. (mg/g)

T T T T T T T T 1
0 50 100 150 200
C. (mg/L)

FIGURE 3: Adsorption isotherm of Mg”" ions onto CTN'Ts scaffolds
as measured at pH 7.2 after 24 h.

TABLE 1: Isotherm parameters for adsorption of Mg** ions onto
CTNTs scaffolds.

Isotherms Constants R?
Langmuir q, (mg/g) = 8.88 0.9995
b (L/mg) = 0.3283
Freundlich 1/n =3.396 0.8830
Ky = 2.3715
Temkin K, =8.913 0.9514
B =1.2847

nature of chitosan-based scaffolds. The low survival of MG63
cells on CTNTs scaffolds functionalized with 0.5 mM MgCl,
after 5 days of culture suggests that the amount of adsorbed
Mg** ions was not sufficient to promote a rapid osteoblastic
proliferation. However, the percentage of FDA-stained cells
cultured on CTNTs scaffolds functionalized with 0.5 mM
MgCl, was increased on 7-day culture, i.e., 2 days later.
Unlike on scaffolds without Mg** ions, MG63 cells were
found scattered on CTNTs scaffolds functionalized with 1
mM, 2.5 mM, and 5 mM MgCl, as shown in Figure 6. Their
proliferation on these materials took place in a progressive
manner by showing a gradual increase in the percentage of
FDA-stained cells over time (Figure 6). Overall, the highest
abundance of FDA-stained cells was observed in cells cul-
tured on polystyrene well (positive control) after 5 and 7 days
of incubation (p<0.001). Cells also showed a higher vitality
on CTNTs scaffolds functionalized with 1 mM, 2.5 mM, and
5mM MgCl, on 5 and 7 days. This indicates that high adapta-
tion of MG63 cells on the scaffolds functionalized with MgCl,
at the concentration more than 1 mM has occurred and this
higher concentration is necessary to overcome the inhibitory
effect of sole scaffolds by increasing their pH to reach the
physiological state. This also verified that no desorption of
Mg** ions has occurred under this physiological condition.
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FIGURE 4: (a) Langmuir, (b) Freundlich, and (c) Temkin isotherms for the adsorption of Mg“ ions onto CTNTs scaffolds as measured at pH
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FIGURE 5: Percentages of FDA-stained cells cultured on polystyrene well (positive control), CTNTs scaffolds only and CTNTs scaffolds with
different amounts of Mg ions adsorbed at different initial concentrations (0.5-5 mM) of MgCl, for 3, 5, and 7 days (*p<0.05, **p<0.01,

# % %p<0.001, n = 3).

Meanwhile, there is a challenge seen in the quantification of
FDA-stained cells on scaffolds, as some cells infiltrated into
CTNTs scaffolds with Mg”* ions instead of attaching on the
surface of three-dimensional construct. This observation is in
accordance with the similar chitosan composite scaffolds as
constructed by Goh et al. [1] and Lim et al. [12], as MG63 cells
possess a tendency of infiltration which could prepare them
to enter into the following stage, i.e., early differentiation.
Notably, immobilization of Mg*" ions onto porous CTNTs
scaffolds through liquid-solid adsorption also aids to provide
a higher surface area for bone regeneration as compared to
any two-dimensional constructs.

3.4. Cellular Proliferation Effect. Following the viable cells
adhered on the scaffolds, proliferation of cells is expected.
Figure 7 shows the proliferation effect of MG63 cells cultured

on polystyrene well (positive control), CTNTSs scaffolds with-
out Mg®" ions, and CTNTs scaffolds functionalized with
different concentrations of MgCl, on the culture periods of
3,5, and 7 days as evaluated by using MTT assay.
Consistently, CTNTs scaffolds without Mg** ions showed
the lowest proliferation level regardless of incubation period
where MG63 cells did not significantly grow even after
7 days as shown in Figure 7. This finding confirmed the
inhibitory nature of CTNTs scaffolds and corroborated well
with the histological results in the previous section. Such low
biocompatible feature of CTNTs scaffolds was similar to pure
chitosan membrane prepared by Amaral et al. [28] showing
poor cellular proliferation after 7 days of culture too. Clearly,
CTNTs scaffolds without Mg*" ions lack of osteoconductive
cues to facilitate osteoblastic growth. More importantly, the
roughness of CTNTs scaffolds was encountered to be a great
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FIGURE 6: FDA-stained MG63 cells cultured on CTNTSs scaffolds only and with Mg®* ions adsorbed at different initial concentrations of
MgCl, for 3 (a-f), 5 (g-1), and 7 (m-r) days. Scaffolds and polystyrene well (positive control) were seeded with approximately 30,000 cells/well

in 24-well plates. Scale bar corresponds to 100 ym.
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FIGURE 7: Proliferation effect of MG63 cells grown on CTNTs
scaffolds only, CTNTs scaffolds functionalized with different con-
centrations of MgCl, and polystyrene well (positive control) as
evaluated by MTT assay on the culture periods of 3, 5, and 7 days
(* p<0.05, #* p<0.01, * * *p<0.001, n = 6).

challenge in accommodating focal contact formation for
MG63 cells. MG63 as osteoblast-like cells can discriminate
between surfaces with comparable roughness. The growth

and phenotypic maturation of MG63 cells were performed
better on smoother TiO,-coated surfaces than on rougher
uncoated substrates [29]. This hence clarified the impaired
proliferation of MG63 cells on CTN'Ts scaffolds without Mg**
ions which exhibited a certain degree of roughness.

The degree of proliferation of MG63 cells on CTNTs scaf-
folds with and without Mg** ions was different in spite of sim-
ilarity in the microstructure of both types of scaffolds. Higher
proliferation of MG63 cells on CTNTs scaffolds with Mg*"
ions was detected during 3-7 days (p<0.001). The proliferation
of MG63 cells augmented with increasing amount of Mg*"
ions at each incubation period has demonstrated that cells
responded to the amount of Mg”" ions in a concentration-
dependent manner. Among all CTN'Ts scaffolds with Mg**
ions, the highest proliferation of MG63 cells was observed
in scaffolds functionalized with 5 mM MgCl,. Noticeably,
extracellular Mg** ions on CTNTs scaffolds overcame the
inhibitory effect of the scaffolds by elevating their prolif-
eration level. It is suggested that the adsorbed Mg** ions
act as osteoconductive cues which triggered the adhesion of
MG63 cells on scaffolds via integrin-mediated mechanism
[16, 30]. Integrin is an adhesion protein in cells responsible
for mediating the cellular adhesion on biomaterials and its
function is regulated by divalent cations like Mg** ions
[30]. Adsorbed Mg2+ ions facilitate the interactions between
scaffolds and MG63 cells which in turn promote the ability
of cells to proliferate better. Of course, the proliferation of
MG63 cells was still the highest on polystyrene well (positive
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FIGURE 8: ALP activity of MG63 cells grown on CTNTs scaffolds only, CTNTs scaffolds functionalized with different amounts of Mg** ions
and polystyrene well (positive control) on culture periods of 7, 14, and 21 days (* * #*p<0.001, n = 6).

control) throughout the assay as the poly-D-lysine coating on
the commercial 24-well plates was deliberately fabricated to
facilitate cell attachment and proliferation.

3.5. Early Differentiation Activity. Alkaline phosphatase
(ALP) activity is an early differentiation marker for bone cells
[31]. To verify the osteogenic property of CTNTs scaffolds,
ALP activities of MG63 cells cultured on CTNTs scaffolds
with and without Mg®" ions for 7, 14, and 21 days were
evaluated and the results are presented in Figure 8. There
was no significant ALP activity difference between MG63
cells cultured on all types of scaffolds studied after 7 days
of culture. The inhibitory effect of CTNTs scaffolds without
Mg*" ions on the proliferation of MG63 cells was followed by
the impairment of early differentiation by showing low ALP
activity. However, cells grown on scaffolds with Mg”" ions
were still in the proliferation stage after 7 days of culture as
evidenced in Figure 7 which may not exhibit differentiation
characteristics and this explained well their low ALP activity
as observed (Figure 8).

On 14- and 21-day culture periods, MG63 cells grown
on CTNTs scaffolds with Mg** ions showed significant
upregulations of ALP activity in a concentration-dependent
manner over those scaffolds without Mg®* ions. The highest
ALP activity was observed in MG63 cells grown on scaffolds
functionalized with 5 mM MgCl, followed by 2.5 mM
MgCl, after 21-day culture period. The ALP activity induced
by CTNTs scaffolds functionalized with 5 mM MgCl, was
approximately 3-fold higher than that of CTNTs scaffolds
without Mg”* ions. Further support has been evidenced
by the cells cultured on polystyrene well without CTNTs
scaffolds which did not show any apparent increment in ALP
activity throughout the tested culture periods.

ALP is a vital element that is highly expressed in min-
eralized cells and hard tissue formation. Its overexpression

activity was suggested to associate with the increased concen-
trations of mineralization promoter and inorganic phosphate
and decreased concentration of the extracellular pyrophos-
phate, which is a mineral formation inhibitor [31]. The
regulation of osteoblastic lineage cell differentiation involves
complex transcription factors such as RUNX2 and osterix
(O8X) and signalling pathway [32]. The upregulated ALP
activity of MG63 cells cultured on scaffolds with Mg®" ions
is possibly induced by «5p1 integrin signalling in the pres-
ence of B-glycerol phosphate as soluble cues. The signalling
seems to be amplified more with the increased amount
of Mg** ions adsorbed on scaffolds, as the extracellular
domain of integrin contains areas which bind to divalent
cations. Our ALP finding is in fact conformed to the study
conducted by Zreiqat et al. [16] in which the bioceramic
substrata with Mg®* ions showed an increased integrin
expression.

Taken together, MG63 cells require a three-dimensional
support like CTNTs scaffolds in order to initiate differen-
tiation and the adsorbed Mg®" ions onto CTNTs scaffolds
have promoted the osteoblastic early differentiation more
effectively. It may be attributed to the direct interaction
between cell integrins and adsorbed Mg** ions [16, 30] which
do not involve any conformation changes on scaffolds. This
resulted in the activation of focal adhesion kinase (FAK)
signal transduction pathway which is a prerequisite for the
enhanced osteoblastic proliferation and early differentiation
of MG63 cells cultured on scaffolds with Mg** ions. Yet,
future investigations should involve more molecular stud-
ies to elucidate the effects of Mg**-functionalized CTNTs
scaffolds on the mechanism of osteogenesis and expression
of the later-stage osteodifferentiation and mineralization
markers such as osteocalcin and osteopontin [1] before
materializing the application of these scaffolds in bone
regeneration.
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4. Conclusions

The incorporation of TNTs into chitosan matrix at 16 wt%
was attempted via direct blending, freezing, and freeze-
drying. In functionalization, CTNTs scaffolds showed an
exceptionally high adsorption affinity towards Mg** ions
by uptaking 8.8 mg of Mg®" ions per gram of scaffolds
at 5 mM MgCl, concentration. Such isotherm fitted well
with Langmuir isotherm which was indicative of monolayer
adsorption. The chemisorption of Mg®" ions onto CTNTs
scaffolds was attributed to the nanocavities of TNTs. Different
biological responses of MG63 cells were observed on CTNTs
scaffolds with and without Mg** ions. The inherent low bio-
compatibility of CTNTs scaffolds was, however, overcome by
the adsorbed Mg*" ions. Scaffolds functionalized with more
Mg*" ions promoted better proliferation and early differenti-
ation of MG63 cells by which 5 mM MgCl, concentration had
accelerated these activities to the highest extent. This finding
highlighted the significance of Mg®" ions in influencing
osteoblastic activities on CTNTs scaffolds in a concentration-
dependent manner. In view of the said reinforced in vitro
biocompatibility, CTNTs scaffolds functionalized with Mg**
ions could be an alternative regenerative material for bone
tissue engineering in the future.
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