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The aim of this paper is to increase a new biodegradable implant material’s biodegradability, biocompatibility, and osteoinductivity
in the long-term degradation process, as well as its antibacterial properties, novel carbon nanotubes (CNTs) with or without Cu
element were doped into calcium phosphate (CaP)—chitosan (CS) layers and then fabricated to obtain the magnesium (Mg) matrix
composites. In this paper, we investigated the influences of the CNTs-CaP-CS/Mg composites on proliferation and osteogenic
differentiation of human osteosarcoma cell (SaOS-2) and human bone marrow mesenchymal stem cells (1BMSCs). Furthermore,
the Cu/CNTs-CaP-CS/Mg was prepared to improve the bioactivity and antibacterial activity of the composites. The results
indicated that CNTs-CaP-CS/Mg composites were suitable for proliferation and differentiation of SaOS-2 cells. Stimulated by
the CNTs-CaP-CS/Mg extracts, the ALP expression of hiBMSCs increased in the first 16 days and the mineralization ability of
hBMSCs was highly expressed throughout the whole process which might be through the Erk1/2 signaling pathway. After CNTs-
loaded Cu element, the bioactivity of the coating was satisfactory. Moreover, this new implant exhibited excellent antibacterial
properties for Escherichia coli (E. coli) and Staphylococcus albus (S. albus). Collectively, these data suggest that the CNTs-CaP-CS/

Mg and Cu/CNTs-CaP-CS/Mg might be potentially applied as bone implants for future clinical use.

1. Introduction

Bone implants typically require both mechanical support and
osteogenesis to set up the right environment to stimulate new
bone tissue during bone healing [1]. As a new trend for the
repair, regeneration, and substitution of bone defects, biode-
gradable magnesium (Mg) alloys have attracted much atten-
tion due to their advantageous properties [2—5]. The corrosion
and degradation of Mg implants can be effectively metabolized
and excreted through urine [6]. The density of Mg alloys is
substantially equal to human bone mineral density [7], and the
mechanical strength and elastic modulus of Mg alloys are alike
cortical bone, which can reduce the stress shielding effect on
the surrounding bone and avoid the second surgery [8-10].

The biodegradable Mg implants have a long history of appli-
cation in biomedical field [11]. There are, however, a series of
questions that still need to be resolved before widespread clin-
ical application takes place, especially regarding the high cor-
rosion rate [8]. Complex biological and sensitive human body
system require implants with manifold characteristics. First, to
match cell/tissue growth, bone implants should have a con-
trollable degradation and bone resorption rate and to match
those of the tissues at the site of implantation, its mechanical
behavior needs to be sufficient. In addition, its degradation
products must be nonpoisonous, maintain cell vitality, suit-
able for cell differentiation, and possess the ability to induce
bone regeneration [12]. Currently, single-ingredient materials
in mechanical strength, degradation rate, biological activity,
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bone induction, and other aspects existed many problems.
In recent years, many scholars have made a variety of compo-
sites, especially nanocomposites to realize the complementary
advantages of the material, so that performance is greatly
improved [13].

To ameliorate the degradation rate and biocompatibility
of Mg and Mg alloys, ceramic coating with superior perfor-
mance was widely used. Hydroxyapatite (HA), which is the
main mineral composition in the hard tissue of human bones
systems and can induce the formation of bone-like apatite
layer in the body environment, is a bioceramic material often
used for clinical bone grafting and implantation [14-16].
Chitosan (CS) has good thermal stability and mechanical
strength which can make up for the inherent disadvantages of
HA with low tensile strength and fracture toughness [17, 18].
Carbon nanotubes (CNTs) also have excellent mechanical
properties which can further enhance the strength and tough-
ness of fragile HA ceramic coating, it possesses higher reac-
tivity for interactions involved in the cell attachment
mechanism and can offer a favorable condition to induce
cellular functions [19-21]. It has been proved that the incor-
poration of CNTs as an adjuvant ingredient into bioactive
coating can promote the attachment, proliferation, and
differentiation of osteoblast by providing the appropriate
nanostructured surface of the pore walls and then lead to
biodegradable nanocomposites with excellent comprehensive
properties [22-24]. In our previous studies, a novel CNTs-
CaP-CS magnesium matrix composites (CNTs-CaP-CS/Mg)
was designed as bone substitution material. Electrochemical
tests were conducted with those composites in different
immersion times, and the increase in corrosion resistance
was reported [25]; however, as biodegradable materials the
biocompatibility of those composites was not reported, which
was essential for further improvement and clinical application
of bone implants.

Bacterial infection after the implantation operation is con-
sidered as one of the biggest disastrous complications and the
major cause of implant failure, and thus the improvement of
antibacterial property of bone implant is of great significance
to prevent these bacterial infections. The antibacterial activity
can be generally improved through loading metal ions [26],
blending bactericides [27], modifying surface with antibacte-
rial properties such as copper, silver, etc. [28, 29]. Copper
(Cu) with the bactericidal capability which had effectively
inhibitory effects on the growth of bacteria, fungi, and algae
has been known for decades [30]. Moreover, Cu as an essential
element for living organisms does not develop bacterial resis-
tance and its price is relatively low in the market which would
prove to be very economical [31-33]; hence, it is more suitable
for biomedical application as bactericides. Previous researches
have shown that Cu-containing nanocomposites possessed
excellent antibacterial properties and favorable biocompatibil-
ity and its products might meet hospital requirements [34-36].

In this paper, we primarily investigate the influences of the
CNTs-CaP-CS/Mg degradation products on human osteosar-
coma cell line (SaOS-2) and human bone marrow mesenchy-
mal stem cells (h1BMSCs) during the nearly 4-month
degradation process. Furthermore, the CNTs-CaP-CS coating
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incorporated with Cu element was prepared and its bonding
strength, biological activity, and antibacterial activity were
investigated.

2. Materials and Methods

2.1. Preparation of CNTs-CaP-CS/Mg Composites

2.1.1. Fabrication of CNTs-CaP-CS/Mg and Cu-CNTs-CaP-CS
Coating. The microarc oxidized (MAO) process, wet chemi-
cal precipitation technology for nanohydroxyapatite (nHA),
and electrophoresis deposition (EPD) were prepared as in the
previous work [37, 38]. The aqueous solutions required
for EPD were performed as described follows: 0.25g CS,
1.0g nHA, 0.2g CNTs, and 0.05g (or without) Cu(NOs3),
particles were sequentially added into a 200 ml aqueous solu-
tion containing 9 ml of acetic acid under stirring, respectively,
and 1.5g nHA particles were added to 300 ml absolute etha-
nol to obtain a second solution.

2.1.2. Immersion into m-SBF. After immersion in the PBS,
four of each of the CNTs-CaP-CS/Mg and Cu/CNTs-CaP-
CS/Mg samples were put into the m-SBF and immersed for
6, 12hr, 1, 2, 8, 16, 24, 34, 44, 60, 90, and 120 days at 37°C,
respectively [39]. The ratio of the sample surface area (cm?)
to the m-SBF volume (ml) was 1:250. The samples at differ-
ent time points were removed from the m-SBF and the
extraction solutions were prepared for further research.

2.2. In Vitro Biocompatibility Studies

2.2.1. Cell Viability Assay. The CCK assay was employed to
measure the cytotoxicity of the CNTs-CaP-CS/Mg extracts to
Sa0S-2 (ScienCell, USA) cells during the long-term degra-
dation process [40]. First, 5 x 10 cell/100 z cells were cultured
in McCoy’s 5A medium (Sigma) on 96-well plates at 37°C in
an atmosphere of 5% CO, and 95% air for 1 day and then those
old culture mediums were replaced with 100yl new culture
medium containing 50% CNTs-CaP-CS/Mg extracts. After
3 days, the absorbance of cells cultured in different extracts
at 450 nm was measured with CCKS8 solution (Dojindo, Japan)
in Elx-800 (Bio-Tek Instruments) and the cell viability was
worked out as reported by the instructions.

2.2.2. Cytoskeleton Staining Experiments. The cytoskeleton
staining was used to analyze the cell morphology after
Sa0S-2 cells (1 x 10° per well) cultured in 50% CNTs-CaP-
CS/Mg extracts for 3 days. After being washed with PBS, the
cells were fixed in a fixative solution which was synthesized
by 4% paraformaldehyde for 10 min and permeabilized with
0.1% Triton X-100 for 5 min. Using the fluorescent microscope
(Nikon, Japan), the samples were observed and recorded after
double staining with rhodamine-phalloidin (200l 100 nM;
Cytoskeleton, USA) and 4’,6-diamidino-2-phenylindole (DAPI)
(200 gl 100 nM; Beyotime, Shanghai, China).

2.2.3. Apoptosis Detection. The Annexin V—fluorescein iso-
thiocyanate (FITC) apoptosis detection kit (BD Biosciences,
San Diego, USA) was used to measure apoptosis after SaOS-2
(3x10°per well) cultured in the 50% CNTs-CaP-CS/Mg
extracts for 3 days. Both suspension and adherent cells
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were gathered by centrifugation, washed with cold PBS,
resuspended with 1 X cold binding buffer, and then stained
with Annexin V and propidium iodide (PI) for 15min.
Finally, flow cytometry (BD, USA) was used to detect apo-
ptosis, and Cell Quest software (BD, USA) was employed to
evaluate the information.

2.3. In Vitro Osteogenic Differentiation Studies

2.3.1. Alkaline Phosphatase (ALP) Activity Assay. The ALP
Assay Kit (Beyotime, Shanghai, China) was used to test the
ALP activity of SaOS-2 cells (1 X 10* per well) which were
treated with 50% CNTs-CaP-CS/Mg extracts for 3 days.
After 12hr incubation in 0.1% Triton X-100 (Sigma) at
4°C, the reaction was stopped and the ALP activity was
measured and presented as nmol p-nitrophenol (PNP) man-
ufactured per minute.

2.3.2. ALP and Alizarin Red S Staining Assay. The hBMSCs
(ScienCell, 7500, USA) were cultured for 14 days in CNTs-
CaP-CS/Mg mixed mediums which were replaced every
2 days and then fixed with 4% paraformaldehyde. The
obtained cells were stained with BCIP/NBT ALP kit (Beyo-
time, Shanghai, China) and 2% Alizarin Red S Stain Solution
(ScienCell, USA), respectively [40]. The colorimetric end-
point assay was used to determine the quantitative ALP
activity, and after eluted by cetylpyridinium chloride at
590nm the quantitative estimation of calcium deposition
was assayed.

2.3.3. Western Blot Analysis and Pathway Inhibition. The
hBMSCs were incubated with m-SBF, several selected
CNTs-CaP-CS/Mg extracts and CaP-CS/Mg extracts for
3 days and cell proteins were extracted as previously described
[40]. Briefly, the total proteins were extracted and separated
by SDS lysis buffer (Beyotime, Shanghai, China) containing
1 mM phenylmethylsulphonyl fluoride (PMSF, Beyotime,
China) and subsequently transferred onto polyvinylidene
fluoride (PVDF) membranes. The PVDF membrane was incu-
bated overnight at 4°C with p-Erk2/1, total-Erk2/1 (1:2,000,
rabbit monoclonal antibodies, CST, USA), phospho-Akt
(p-Akt), total-Akt (1:1,000, rabbit monoclonal antibodies,
CST, USA), and f-actin (1:1,000, mouse monoclonal antibo-
dies, CST, USA) and incubated with secondary antibodies for
1 hr. The PD98059 (Erk2/1 inhibitor, CST, USA) was used to
inhibit the pathway. To observe the influence of pathway inhi-
bition on the cell osteogenic differentiation more directly, the
ALP assay and Alizarin Red-S assay were examined after
hBMSCs were treated with 2 and 60 days extracts containing
inhibitors for 14 days, respectively.

2.4. Specimen Characterization. The strength comparison of
CNTs-CaP-CS/Mg and Cu/CNTs-CaP-CS/Mg was tested by
scarification condition. The element concentrations and the
pH values in the sample extracts at different time intervals
(0, 3,7, 14, 21, and 28 days) were detected. The X-ray diffractom-
eter (XRD, Rigaku D/max-yB), Fourier-transformed infrared
spectrophotometer (FTIR, AVATAR360, Nicolet Instruments),
Raman spectrometer (DXR, Thermo Scientific), and a thermo-
gravimetric (TG) analyzer and a differential thermal analyzer

(DTA, ZRY-2p, Shanghai Precision & Scientific Instrument
Co., China) were adopted to analyze deposit composition [38].

2.5. Antibacterial Activity Assay. The antibacterial activity of
the CNTs-CaP-CS and Cu/CNTs-CaP-CS coatings was tested
against Gram-negative bacteria (Escherichia coli (E. coli)) and
Gram-positive bacteria (Staphylococcus albus (S. albus)). The
coatings after disinfection were placed in the same agar
medium inoculated with E. coli and S. albus, and incubated
at 37°C for 24 hr. After measured the size of the bacterial
inhibition ring, the coatings were put into the new medium
E. coli and S. albus, and then the bacterial inhibition rings
were measured and the mediums were replaced every 3 days.
The size and duration of the two groups were recorded.

The E. coli and S. albus were added to the surface of the
coatings evenly and incubated at 37°C for 24 hr. Then the
bacteria in the coatings were eluted with 1.9 ml PBS solution
on the vortex oscillator for 5 min. Each of the 100 y elution
liquid was pushed into the flat plate and the colony-forming
unit was counted after incubation at 37°C for 3 days.

2.6. Statistics. All statistics are displayed as the means = standard
deviations from three independent experiments. The compar-
ison of different groups was analyzed using a one-way analysis
of variance (ANOVA) and the Tukey test. P<0.05 was
considered statistically significant.

3. Results and Discussion

The preparation and characteristics of CNTs-CaP-CS/Mg
were investigated in our previous study [25]; however, how
their degradation products affect cell proliferation and differ-
entiation at each specific time is crucial for further debugging
and application of materials. Meanwhile, the improvement of
the antibacterial activity of composites is essential to prevent
postoperative complications and ensure the success of the
operation.

3.1. Effects of CNTs-CaP-CS/Mg Extracts on SaOS-2 Cells

3.1.1. Proliferation of SaOS-2 Cultured in CNTs-CaP-CS/Mg
Extracts. Figure 1 shows the cell viability of SaOS-2 cultured
in the CNTs-CaP-CS/Mg and CaP-CS/Mg extracts. In the
6 hr extract, the two groups showed similar cell viability, and the
cell viability of the CNTs-CaP-CS/Mg group was slightly higher
than that of the CaP-CS/Mg group at all the other time points.
The osteoblasts cultured in CNTs-CaP-CS/Mg extracts per-
formed good tolerability with the cell viability ranging from
116.8% to 82.6% until 90 days. Before 90 days, there were no
significant differences among groups. The cell viability only
gradually increased when immersion time changed from 6 hr
to 24 days and then decreased slightly from 34 to 90 days.
It could be informed that our CNTs-CaP-CS/Mg composites
could maintain excellent biocompatibility for at least 90 days,
and the 24 days extract was the best. Our previous studies
showed that Mg concentration was prolonged with the pro-
longation of immersion time [25], and the Mg concentration
profile during this test was about the range between 0 and
800 ppm. When the immersion time was prolonged to
120 days, a significantly cytotoxic effect appeared and the
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FiGure 1: The cell viability of SaOS-2 cultured in 50% CNTs-CaP-
CS/Mg and CaP-CS/Mg extracts (6, 12 hr, 1, 2, 8, 16, 24, 34, 44, 60,
90, and 120 days). Cells cultured in McCoy’s 5A medium containing
50% m-SBF were set as control. *P<0.05 compared with the con-
trol group.

cell viability was only 62.2%. Similar research had shown that
the cell viability was significantly reduced when the Mg con-
centration was greater than 500 ppm [41]. Thus, we specu-
lated that one of the reasons for the obvious cytotoxicity in
120 days might be the high Mg concentration.

3.1.2. Cell Morphology and Apoptosis Analysis of SaOS-2
Cultured in CNTs-CaP-CS/Mg Extracts. After cultured with
different CNTs-CaP-CS/Mg extracts, the immunofluores-
cence staining method was used. As shown in Figure 2, the
cells cultured in 6 and 12hr extracts manifested as evenly
stained cells with well-stretched actin stress fibers. The
appearance of the cells cultured with 1-8 days extracts exhib-
ited a slight difference compared with 6 hr, with the extensi-
bility of stress fibers slightly reduced. When immersion time
increased from 16 to 90 days, partial cells exhibited spindle-
like shapes and cells increasingly appeared damaged and
necrosis. It was observed that SaOS-2 cells in the 120 days
extract exhibited an irregular shape, their stress fibers were
not as well stretched as in the other groups, and their number
decreased significantly compared with the 6 hr extract group.
The nuclei of each group were clearly visible and had good
morphology.

Annexin V-FITC and PI staining on SaOS-2 cells by flow
cytometry were used to analyze the cytotoxicity of the
extracts on SaOS-2 cells, and to observe the effect of different
extracts on the apoptosis of SaOS-2 cells after 3 days of
culture. Annexin V-FITC-stained cells without PI were con-
sidered as early apoptotic, while only PI-stained cells were
considered as necrotic. Both Annexin V-FITC and PI stain-
ing showed late apoptosis. As shown in Figure 3, there is
almost no cytotoxic effect when SaOS-2 cultured in the
6hr to 90 days CNTs-CaP-CS/Mg extracts, the viable cell
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rate changed from 82.5% to 87.4% and the early apoptosis
rate ranged from 5.2% to 11.5%. Similar studies showed that
rapid corrosion of Mg alloy would cause obvious alkaline
environment and exorbitant Mg concentration and it might
promote cell apoptotic [42]. The 120 days extract resulted in
a greater degree of apoptotic cell death and its viable cell rate
was about 55.8% and early apoptosis rate was 29.8%. Our
results indicated that the Mg concentration could be main-
tained at an appropriate concentration from 6 hr to 90 days,
which is advantageous to cell proliferation.

3.1.3. Osteogenic Differentiation of SaOS-2 Cultured in CNTs-
CaP-CS/Mg Extracts. To analyze the influence of CNTs-CaP-
CS/Mg extracts on the differentiation of SaOS-2, we conducted
ALP activity which is an early marker of early differentiation.
Those factors that affect ALP expression may further affect the
osteogenic mineralization ability of the cell. Figure 4 indicates
that the ALP activity of SaOS-2 cells cultured in the 50%
CNTs-CaP-CS/Mg extracts for 3 days. It can be seen that
SaOS-2 cultured in all CNTs-CaP-CS/Mg experimental groups
displayed significantly higher ALP activity than the control
(P<0.05). Our previous experiments showed that during the
entire immersion time the concentrations of Ca and P ele-
ments in the extracts roughly decreased, while Mg concentra-
tion and pH values increased [25]. It could be seen that the
ALP activity of SaOS-2 reduced when immersion time
increased from 6hr to 2 days, which indicated that the
decreased ALP activity might be due to the reduction of
Ca and P elements. An elevated concentration of calcium
and phosphate is crucial for in vitro osteogenic differentia-
tion and cell mineralization [43, 44]. With the gradual
release of degradation products especially CNTs, an increas-
ing trend appeared and a peak followed at 24 days and then
decreased. Furthermore, another increase was observed
from 34 to 60 days and then decreased again, which might
be related to the increased concentration of Mg. In the long-
term degradation process, the promoting effect of CNTs-
CaP-CS/Mg composites on osteogenic differentiation could
be maintained for at least 90 days, in which the 24 days
extract possessed the strongest osteoinductive.

3.2. Effects of CNTs-CaP-CS/Mg Extracts on hBMSCs

3.2.1. Osteogenic Differentiation of hBMSCs Cultured in
CNTs-CaP-CS/Mg Extracts. In order to further explore and
visually demonstrate the osteogenic differentiation of CNTs-
CaP-CS/Mg, ALP staining was performed on hBMSCs after
being treated with different extracts for 14 days. As shown in
Figure 5, the degree of ALP staining gradually deepened from
6 hr to 2 days, peaked at 2 days, and then gradually decreased
with time, the staining degree of ALP in the 6, 12hr, 1, 2, 8,
and 16 days groups were substantially higher than that in the
control group, and the difference has statistical significance
(P<0.05). Calcium deposition analysis was performed by
Alizarin Red S staining to evaluate the influence of CNTs-
CaP-CS/Mg on cell mineralization during the whole degra-
dation process. As shown in Figure 6, the staining degree
of all experimental groups was higher than that of the
control group, the formation of calcium nodules could be
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6 hr

FIGURE 2: SaOS-2 cell morphology and fluorescence staining of F-action and nuclei after incubation with 50% CNTs-CaP-CS/Mg extracts for
3 days.

shown at 16, 24, and 60 days, and the strongest dyeing group
was 60 days. Most of the research materials facilitate the
osteogenic differentiation of stem cells based on the stimula-
tion of osteogenic inducers, so the staining expression of ALP
and calcium deposition is more obvious than in this study

[45, 46]. Despite this, our materials showed a good ability to
promote osteogenic differentiation without osteogenic sup-
plements. Stimulated by the CNTs-CaP-CS/Mg extracts, the
ALP expression of hBMSCs increased in the first 16 days,
which is also a critical period of bone fiber growth, and the
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FiGure 3: Flow cytometric analysis of SaOS-2 cells stained with Annexin V-FITC and PI after incubation with 50% CNTs-CaP-CS/Mg
extracts for 3 days: (a) unchanged viable cells located in Q3, early apoptotic cells in Q4 (Annexin V-FITC positive), nonviable or late
apoptotic/necrotic cells in Q2 (Annexin V-FITC/PI double positive) and nonviable necrotic cells/nuclear fragments in Q1 (PI single positive);
(b) corresponding ratio of apoptosis in different CNTs-CaP-CS/Mg extracts.
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mineralization ability of hnBMSCs is highly expressed
throughout the process.

3.2.2. Effects of Erk/MAPK Pathway Activation by CNTs-
CaP-CS/Mg Extracts. Except for the osteoinductive effect,
we also preliminarily explored the molecular mechanism of
CNTs-CaP-CS/Mg nanocomposites promoting osteogenic
differentiation of hBMSCs. Western blot analyses revealed
that CNTs-CaP-CS/Mg extracts (12 hr, 2, 16, 34, and 60 days)
facilitated the phosphorylation of Erk1/2 (Figure 7(al)). Further-
more, we compared the expression of p-Erk in extracts of two
composites (Figure 7(b)), the effects of CaP-CS/Mg 12hr and
2 days groups were higher than those of CNTs-CaP-CS/Mg
and the effects of CaP-CS/Mg 16 and 34 days groups were lower
than those of CNTs-CaP-CS/Mg, while, the expression of p-Erk
in 34 days of CaP-CS/Mg was low, even slightly lower than that in
the control group. We suspected that the reason for this phenom-
enon might be due to the early degradation of the CaP-CS/Mg
composites was fast. The generated calcium might be beneficial to
the expression of p-Erk within an appropriate range, while the
increased magnesium and pH values might inhibit the expression
of p-Erk along with further degradation. The CNTs-CaP-CS/Mg
nanocomposites showed a greater and longer osteogenesis effect
than the CaP-CS/Mg, which further proved that the addition of
CNTs might improve the corrosion resistance and osteoinductiv-
ity of materials. In this research, we also used Erk1/2-specific
inhibitor PD98059 to verify whether CNTs-CaP-CS/Mg-activated
p-Erk and the subsequent upregulation of ALP activity and
osteogenic mineralization via the Erkl1/2 signaling pathway
(Figures 7(c) and 8). As shown in Figure 7(c), the expression
of p-Erk induced by CaP-CS/Mg and CNTs-CaP-CS/Mg
16 days was significantly depressed in the presence of
PD98059. The ALP activity and the extracellular calcium
deposition of the ABMSC:s after cultured with 2 and 60 days
extracts were significantly inhibited after the inhibition of

Erk1/2 phosphorylation. The above results further supported
our hypothesis that CNTs-CaP-CS/Mg promoted the osteo-
genic differentiation and mineralization of stem cells via the
Erk1/2 signaling pathway.

Both CNTs and CaP could enhance the osteogenic differ-
entiation of osteoblast and BMSC and their combinations
might be good substrates for bone regeneration. In almost
the whole degradation process, our CNTs-CaP-CS/Mg com-
posites demonstrated good biological behaviors of BMSCs in
vitro, including cell morphology, apoptosis analysis, prolifer-
ation, and osteogenic differentiation. Cell morphology and
viability played important roles in the expression of cell func-
tions [47]. During the 120-day degradation process, which
was also the critical period of bone growth, the cells cultured
in CNTs-CaP-CS/Mg extracts were elongated and slender
shaped and connected to the neighboring cells by filopodia
and their viability was almost unaffected, which was beneficial
to the expression of the cell phenotype. As we know, Ca plays
an important role in the expression of osteogenic differentia-
tion and could stimulate the Erk pathway [40]. Compared
with CaP-CS/Mg, the 2 days and later CNTs-CaP-CS/Mg
extracts were demonstrated to enhance the expression of
Erk1/2 signaling pathway of BMSCs. Moreover, the CNTs-
CaP-CS/Mg extracts showed good promotion of cell differen-
tiation and mineralization and were proved to be related to
the Erk1/2 pathway which might attribute to the addition of
CNTs. It was also reported that MAPK pathways participated
in the activation of osteogenic differentiation in #BMSCs on
random nanofibers mechanotransduction without osteogenic
supplement [48]. These results provided useful information
for the research and improvement of nanocomposites and
also provided dynamic information for the performance of
materials in the long-term degradation process.

Overall, CNTs-CaP-CS/Mg composites exhibited good
biocompatibility in the long-term degradation process. The
addition of Cu might increase the antibacterial properties of
the material, making Cu/CNTs-CaP-CS a very promising
composites for clinical applications of bone implants, in par-
ticular for bone repair and regeneration. So, the following part
mainly investigated the Cu/CNTs-CaP-CS/Mg composites.

3.3. Properties of Cu/CNTs-CaP-CS/Mg Composites

3.3.1. The Effect of the Addition of Cu on the Bonding Force
and Bioactivity of the CNTs-CaP-CS Coating. Figure 9 dis-
plays scratch metallographic photos of CNTs-CaP-CS/Mg
with or without the addition of Cu ion. Our previous
research showed that CNTs-CaP-CS/Mg possessed satisfac-
tory bonding force [25]. As shown in Figure 9(b), the scratch
of Cu/CNTs-CaP-CS/Mg was very smooth and was better
than CNTs-CaP-CS/Mg. It could be concluded that the
CNTs-CaP-CS coating after Cu deposition will slightly
enhance the bonding strength between the coating and the
substrate.

Figure 10 shows the release curve of Cu ion after
Cu/CNTs-CaP-CS/Mg soaked in m-SBF for 0, 3, 7, 14, 21,
and 28 days. As shown in Figure 10, the Cu ion gradually
released from the coating before 14 days, peaked at 14 days,
and reached a maximum concentration of about 0.025 mg/L.
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FiGure 7: Western blot assays were conducted to detect the molecular mechanism of CNTs-CaP-CS/Mg nanocomposites promoting
osteogenesis: (al) immunoblots displaying the p-Erk1/2 in hBMSCs after treatment with the CNTs-CaP-CS/Mg extracts (12 hr, 2, 16, 34,
and 60 days) for 3 days exposed to the negative control (0 day); (a2) relative expression of p-Erkl1/2 to total Erkl/2 protein based on the
intensity of bands on the Western blot images. Cells cultured in MSCM containing 50% m-SBF (0 day) were set as the control group
(*P<0.05, **P<0.01); (b) the ratio of protein levels after hBMSCs cultured in CNTs-CaP-CS/Mg extracts compared with cultured in
CaP-CS/Mg extracts ((bl) 12 hr, (b2) 2 days, (b3) 16 days, (b4) 34 days); (c) immunoblots showing the inhibition effects of Erk1/2-specific
inhibitor PD98059 (PD) on the activation of p-Erk1/2 in h"BMSCs induced by CNTs-CaP-CS/Mg and CaP-CS/Mg 16 days extracts.

and CNTs-CaP-CS/Mg in the m-SBF with the immersion time
increased from 0 to 28 days, respectively. It could be seen that
Mg concentration and pH values increased with the elongation
of immersion time which indicated that the CNTs-CaP-CS

After that, the concentration of Cu ions changed little which

indicated that the release of Cu ions lasted about 14 days.
Figure 11(a) and 11(b) show that the changing trends of Mg

element concentration and pH values of Cu/CNTs-CaP-CS/Mg
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FiGure 8: The inhibition of MAPK/Erk on the osteogenic differentiation and mineralization of ABBMSCs. ALP staining assay after the ZBBMSCs
was cultured in CNTs-CaP-CS/Mg 2 days extracts with (a2) or without (al) 20 mM PD98059 (PD) for 14 days. Alizarin Red S staining assay
after the hBMSCs was cultured in the CNTs-CaP-CS/Mg 60 days extracts with (b2) or without (bl) 20 mM PD for 14 days.
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FIGURE 9: Scratch metallographic photos of (a)

coating with or without Cu element could not totally prevent
Mg alloy from the corrosion in m-SBF but slowed down the
corrosion rate of magnesium alloy. On the whole, Mg concen-
tration and pH values of Cu/CNTs-CaP-CS/Mg were slightly
reduced in comparison with CNTs-CaP-CS/Mg, which indi-
cated that the adhesion between the coating and substrate
is slightly enhanced after the inclusion of Cu element and it
was consistent with the above scratch experimental results.
Figure 11(c) and 11(d) show that Ca and P elements concen-
trations of Cu/CNTs-CaP-CS/Mg and CNTs-CaP-CS/Mg in
the m-SBF with the immersion time increased. It could be
clearly seen that Ca and P concentrations in the m-SBF roughly

400.00pum

(b)

CNTs-CaP-CS/Mg (b) and Cu/CNTs-CaP-CS/Mg.

decreased within the whole incubation phase, which indicated
that the phosphate grew on the coatings. After the inclusion of
the Cu element, the difference in Ca concentration was not
obvious and the concentration of P was relatively higher when
compared with CNTs-CaP-CS/Mg. The results showed that the
bioactivity of the coating was not significantly reduced after the
inclusion of the Cu element.

Figure 12(a) shows the XRD pattern of the Cu/CNTs-
CaP-CS/Mg that is soaked in the m-SBF for 0, 3, 7, 14, 21, and
28 days. As shown in Figure 12(a), the diffraction peaks of HCA
and HA were found in the XRD pattern, indicating that HCA
and HA rose on the coating after the Cu/CNTs-CaP-CS/Mg
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FiGure 12: XRD (a), FTIR (b), and Raman spectra (c) of the Cu/CNTs-CaP-CS coating immersed in the m-SBF for different times.

were soaked in m-SBF. While the soaking time transferred
from 0 to 28 days the diffraction peaks of HCA and HA
became stronger, this indicated that the amount of amor-
phous HA was increased. Besides, no CNT's peaks are discov-
ered in Figure 12(a), one cause might be that the CNTs were
entirely covered by the HA and CS throughout the procedure
of EPD and the other cause might be that CNTs’ small volume
fraction was hard to be observed within XRD’s sensitivity
limit.

Figure 12(b) shows FTIR spectra of the Cu/CNTs-CaP-
CS/Mg after being soaked in the m-SBF for 0, 3, 7, 14, 21, and
28 days. The peaks at 566 and 603 cm™" were attributed to v,
P-O bending in the phosphate group. An intense absorption
at 1,039 cm ™" which refers to v; asymmetrical of P-O that
stretched was detected. The bands at 3,430 and 1,645 cm™"
were ascribed to stretching and bending vibrations of the
hydroxyl (—OH) group. The typical bands at 1,480 (vs)
and 873cm™" (v,) suggested that the apatite was B-type
CO5>~ substitution. With the increase of immersion time,
the absorption peaks of 873 cm ™" gradually became obvious
from 1 to 21 days, which indicated that the amorphous HA
on the coating was increased.

Figure 12(c) shows Raman spectra of the Cu/CNTs-CaP-
CS/Mg after being soaked in the m-SBF for 0, 3, 7, 14, 21, and
28 days. There were two characteristic peaks at 1,342 and
1,598 cm™' which indicated that CNTs were present in
Cu/CNTs-CaP-CS/Mg. The most obvious change was that
the characteristic peaks of HA in PO3~ appeared to be very
sharp at 957 cm™" which indicated that the addition of CNTs
was favorable for the increment of HA. The 957 cm ™" peak
was not observed in day 7 extracts, we speculated that the
amount of PO3™~ in the extract may be more deposited on
the sample surface on the day 7 extracts, so the detected
content in the extract is relatively small the 957 cm™" peak
not observed. With the extension of the impregnation time,
the dissolved amount will increase continuously and the
957 cm™" peak reappeared. Moreover, the peak of 957 cm™
gradually became blunt indicating that the dissolution process
of HA is accompanied at the beginning of the growth period.
With time increased, the growth of amorphous HA increased.
All the XRD, FTIR, and Raman tests showed the Cu/CNTs-
CaP-CS/Mg possessed good bioactivity which suggested that
the addition of Cu had no reduced influence on the bioactivity
of the composites.
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Figure 13: TG and DTA curves of the Cu/CNTs-CaP-CS coating immersed in the m-SBF for different times.: (a) 0 days, (b) 7 days,

(c) 14 days, (d) 21 days, and (e) 28 days.
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FIGURE 14: Representative images of agar plates containing CNTs-CaP-CS/Mg and Cu/CNTs-CaP-CS/Mg impregnated film and bacterial
inhibition ring for (a) E. coli and (b) S. albus. Antimicrobial activity of soluble Cu?* against E. coli and S. albus after 24 hr contact with

Cu/CNTs-CaP-CS/Mg (c).

Figure 13 shows that the TG and DTA curves of the
Cu/CNTs-CaP-CS/Mg immersed in the m-SBF at different
times. The consequences of TG analysis after submersion
for 0, 7, 14, 21, and 28 days exhibited a total weight loss of
approximate 21.84%, 20.72%, 17.62%, 14.97%, and 13.99%
at ~800°C, respectively, which involved the water that was
absorbed on the samples and the chitosan in the coating.
The composites curves displayed exothermic peaks lower
than 500°C, which might be ascribed to the burning out
of CS.

3.3.2. Antibacterial Properties of Cu/CNTs-CaP-CS Coating.
Figure 14(a) and 14(b) show that the results of the bacterial
inhibition ring test and the size of the bacterial inhibition
ring around the composite can directly indicate its antibac-
terial properties. The results showed that the maximum
diameter of the bacterial inhibition ring of Cu/CNTs-CaP-
CS coating was about 20.6 and 23.4 mm with E. coli group
and S. albus group, respectively, while there was no bacterial
inhibition ring when the CNTs-CaP-CS coating in two kinds
of bacteria. With immersion time increased, the bacterial
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inhibition ring diameter of Cu/CNTs-CaP-CS coating was
gradually reduced, E. coli group disappeared at 13 days,
and S. albus group disappeared at 16 days; however, in the
two groups, the medium contacted with the coating still had
no bacterial growth. The results showed that the Cu/CNTs-
CaP-CS coating displayed brilliant antibacterial properties
by contrast with CNTs-CaP-CS coating which suggested
that Cu on the coating surface plays a key role in killing
the bacteria.

Figure 14(c) shows the experimental results of colony-
forming units and also E. coli and S. albus continue to grow
after contact with CNTs-CaP-CS coating, while the growth
of E. coli and S. albus on the culture medium was signifi-
cantly reduced after contact with Cu/CNTs-CaP-CS coating.
The antibacterial rate of Cu/CNTs-CaP-CS coating against
E. coli was 85.84% and the S. albus was 92.27%.

At pHs below the pKa, most amino groups are proton-
ated and turn into a cationic polyelectrolyte (Equation (1)).
When nHA, CS, CNTs and Cu(NO3), (or without) particles
sequentially added into the acetic acid aqueous solution,
nHA were dissolved and then Ca** ions would be released
(Equation (2)) [25]:

CHIT - NH, + H;0" — CHIT - NH; + H,0, (1)

Ca;o(PO,)s(OH), + 2H" — 10Ca*" + 6PO3~ + 2H,0.
(2)

The above cations like Cu?*, Ca?*, and H' as well as
CHIT — NHj adsorbed on the nHA and CNTs surfaces pro-
vided the electrostatic stabilization and charging of the nHA
(Equation (3)) and CNTs particles (Equation (4)).

CNTs + CHIT - NHf — CNTs — CHIT — NH{,

Journal of Nanomaterials

nHA + CHIT — NH; — nHA — CHIT — NH; . (4)

The performances of the particle dispersion, high sus-
pension stability, as well as, the sediment layers, and the
EPD process are affected through the suspension perfor-
mances, like stability, conductivity, transmittance particle
size, and {-potential, as well as the quantity of dispersants
[49]. The movement speed of nHA and CNTs particles
depended on the Smoluchowski equation [50], with the addi-
tion of CS-acetic acid aqueous solution, the ionic conductiv-
ity and {-potential grew. The local higher {-potential would
advance the charging nHA and CNTs particles transferred
speedily and the large quantity of free ions like Cu**, Ca®*,
and H* might become principal current carriers and hence
the addition of Cu®* might increase the particles moved
rapidly. With the extension of current loading time, more
and more H, released, and rapid diffusion of OH™ in the
electrolyte would cause the pH change around the metal/
solution interface (Equation (5)).

2H,0 + 2e~ — H,1 + 20H". (5)

As pH is higher than 6.5, amino groups in CS tended to
be deprotonated (Equation (6)) and then deposited on the
cathode’s surface, which was accompanied by insoluble Ca
(OH), layers (Equation (7)) and the complexation reaction
between CS and Cu®" (Equation (8)), as well as the hetero-
coagulation of nHA and CNTs. With deposit time increase,
more and more Ca(OH), deposited in the layers, which
would advance the formation of CS, complexation reaction
between CS and Cu’", and nHA particles and CNTs was
tightly entrapped into CS and Cu complexation layers.

CHIT - NHj + OH™ — CHIT - NH, + H,0, (6)

Ca*" +20H™ — Ca(OH),|, (7)
(3)
|
CH,OH CH,OH
H A 0 H A o
0 6]
OH H OH "
CH,OH H NH, H _NH,
0 S -7
H - _
H 2+ — Cu2+ (8)
OH u 0 +Cu?t —» - ~o
H NH, H NH, H
H NH, 5 u u
H OH H OH
o H o H
(€] H o) H
CH,OH CH,OH

The experimental results indicated that both E. coli and
S. albus activities were suppressed after contact with the
Cu/CNTs-CaP-CS coating, in which released Cu ion in the
bacterial solution plays a key role. Research has shown that

Cu nanoparticles—organism interface showed a significant
interaction and the bactericidal mechanism may be related
to contact killing [36]. Cu exhibits excellent antibacterial
properties and its released amount is very little, it makes
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such substances extremely safe as one kind of long-lasting
biocide [51]. The antibacterial property of Cu was ascribed
chiefly to adhesion with bacteria which led to the reduction
reaction on the cell wall of bacteria due to their opposite
electrical charges [35]. The bactericidal mechanism of
Cu/CNTs-CaP-CS/Mg coating might be related to the release
and contact killing of Cu ions into the bacterial solution. The
molecular structure of CS contains hydroxyl, amino, and
other active groups, which have strong coordination ability
with metal ions. In the crosslinking reaction of CS with Cu,
the hydroxyl and amino groups of chitosan take part in the
reaction, especially for the amino reaction. In addition, the
formation of physical network by complexation reaction
between CS and Cu®* and nHA particles might promote
antibacterial properties of materials. The Cu/CNTs-CaP-CS
coating showed excellent antibacterial properties which might
be due to the physical network. It suggests that the Cu/CNTs-
CaP-CS/Mg composites can be considered potential bone
implants as a biocide in the field of medicine. Overall,
CNTs-CaP-CS/Mg composites exhibited good biocompatibil-
ity in the long-term degradation process which possessed the
potential to become a bone implant material. The addition of
Cu increased the antibacterial properties of the material, mak-
ing Cu/CNTs-CaP-CS a very promising composites for clini-
cal applications of bone implants, in particular for bone repair
and regeneration. Further work is needed to investigate the
specific experiment, mechanism, and biocompatibility of the
Cu/CNTs-CaP-CS/Mg composites.

4. Conclusion

In this paper, the CNTs-CaP-CS/Mg extracts, especially the
24 days extract was suitable for SaOS-2 cells proliferation and
differentiation when the immersion time changed from 6 hr
to 90 days which indicated that the degradation product of the
composites would not result in cell toxicity. Stimulated by the
CNTs-CaP-CS/Mg extracts, the ALP expression of hBMSCs
increased in the first 16 days and the mineralization ability of
hBMSC:s is highly kept throughout the whole process through
the Erk1/2 signaling pathway. After the CNTs-loaded Cu ele-
ment, the bonding strength between the substrate and the
coating was slightly enhanced and the bioactivity of the coat-
ing was satisfactory. The studies of antimicrobial activity
showed that Cu/CNTs-CaP-CS/Mg had efficient antibacterial
activity against E. coli and S. albus. For this reason, the
Cu/CNTs-CaP-CS/Mg can be applied as a bactericidal coat-
ing, whose antibacterial effect might be due to the formation
of the physical network by complexation reaction between CS
and Cu”* and nHA particles. CNTs-CaP-CS/Mg composites
exhibited good biocompatibility in the long-term degradation
process. The addition of Cu increased the antibacterial prop-
erties of the material, making Cu/CNTs-CaP-CS a very prom-
ising composites for clinical applications of bone implants.
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XRD: X-ray diffractometer
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