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For the first time, the growth mechanism of biominerals formed on plate-like nanohydroxyapatite 
(nHAp) electrodeposited on superhydrophilic vertically aligned multi-walled carbon nanotubes 
(VAMWCNT-O

2
) is presented and a model for the specific growth preference is discussed. 

VAMWCNT-O
2 
films were obtained by microwave-assisted chemical vapor deposition method and 

funcionalized by oxygen plasma. nHAp/VAMWCNT-O
2
 nanocomposites were fabricated with a 

direct electrodeposition of the thin nHAp films onto the VAMWCNT-O
2
 films. The biomineralized 

“scaffolds” were obtained by soaking nHAp/VAMWCNT-O
2
 in simulated body fluid for 7, 14 and 

21 days. Results show that the carboxyl functional groups directly attached onto VAMWCNT tips after 
oxygen plasma treatment were essential for the acceleration of the OH- formation and the deposition 
of plate-like nHAp crystals.

Keywords: biomineralization, carbon nanotubes, vertically aligned, superhydrophilic, 
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1.	 Introduction
Multi-walled carbon nanotubes (MWCNT) are stable 

structures that can be associated to other molecules to be 
used in many applications. Due to its physical‑chemical 
properties, these nanostructures can biomimic the 
nanocharacteristics of living tissues. This mimetic process 
can favor cell adhesion and proliferation over its surface, 
and making MWCNT a promising alternative to bone 
regeneration1-4. Its properties and biocompatibility are 
improved when MWCNT becomes vertically aligned 
(VAMWCNT) and superhydrophilicity (VAMWCNT-O

2
)5.

VAMWCNTs-O
2
 are of particular interest for 

regenerative medicine due to their biocompatibility. Coating 
VAMWCNTs-O

2
 with nanohydroxyapatite (nHAp) through 

electrodeposition process permits extensive cell adhesion, 
spreading, and growth. nHAp can establish chemical bonds 
between the material and the bone tissue due to its similarity 
to bone mineralized matrix6. nHAp/VAMWCNT-O

2
 has 

been shown to support the growth of osteoblast cells by 
stimulating ECM production in bone tissue formation and 
growth of nHAp crystals7.

The mechanism of osteointegration can be divided in 
three phases. First, osteoinduction based on cells adhesion. 
The capacity of the cells to adhere to the implant’s surface 
depends on this matrix. Only after adhered, cells can start 
the second stage, where their attachment and spreading 

processes take place. Finally, migration and differentiation 
over implant’s surface that results in a mineralized matrix. 
The remodelation creates the bone-implant interface that 
consists on the formation of a new bone tissue. The implant’s 
characteristics and patient’s metabolism interfere on bone 
regeneration process8,9.

In addition to the application of nHAp/VAMWCNT-O
2
 

as “scaffolds”, the process of biomineralization by incubating 
the samples in SBF (5×) (ion concentrations similar to human 
extracellular fluid) assists the development of biological 
apatites on the surface of nHAp/VAMWCNT-O

2
[10].

The present study showed, for the first time, the results 
of biomimetized mineralization on nHAp deposited over 
functionalized VAMWCNT-O

2
 using SBF (5×) a pH 6.10 

for 7, 14 and 21 days, seeking for different crystals 
morphologies and designs.

2.	 Material and Method

2.1.	 Synthesis of vertically aligned multi-walled 
carbon nanotubes (VAMWCNT)

The VAMWCNT were produced as thin films using 
a microwave plasma chamber equipped with a 2.45 GHz 
microwave generator (MWCVD). The substrates were 
10 mm titanium (Ti) squares covered by a thin Fe layer 
(10 nm) deposited by an e-beam evaporator. The Fe layers 
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were pre-treated to promote nanocluster formation, which 
forms the catalyst for VAMWCNT films growth. The 
pre‑treatment was carried out for 5 minutes in plasma 
atmosphere of N

2
/H

2
 (10/90 sccm) with a substrate 

temperature of around 760 °C. After pre-treatment, CH
4
 

(14 sccm) was inserted into the chamber at a substrate 
temperature of 800 °C for 2 minutes. The reactor was kept 
at a pressure of 30 Torr during the entire process6.

2.2.	 VAMWCNT functionalized by polar groups

Functionalization of the VAMWCNT tips by the 
incorporation of oxygen-containing groups was performed 
in a pulsed-direct current plasma reactor with an oxygen 
flow rate of 1 sccm, at a pressure of 85 mTorr, –700 V, and 
with a frequency of 20 kHz. The total time of the plasma 
etching was 120 seconds. Detailed descriptions of the 
superhydrophilic properties to produced VAMWCNT-O

2
 

are given elsewhere6.

2.3.	 nHAp/VAMWCNT-O
2 
nanocomposites 

fabrication

The electrodeposition of the nHAp crystals on the 
VAMWCNT-O

2
 films were performed using 0.042 mol L–1 

Ca(NO
3
)

2
.4H

2
O + 0.025 mol L–1 (NH

4
)

2
HPO

4
 electrolytes 

(pH 4.7). The electrochemical measurements were carried 
out using a three-electrode cell coupled to an Autolab 
PGSTAT128N instrument. VAMWCNT-O

2
 films were used 

as the working electrode and the geometric area in contact 
with electrolytic solution was 0.27  cm2. A platinum coil 
wire served as the auxiliary electrode and an Ag/AgCl 
electrode was used as the reference electrode. The nHAp 
films were produced by applying a constant potential of 
–2.0 V for 30 minutes while the solution temperature was 
maintained at 70 °C6.

2.4.	 Biomineralization of nHAp/VAMWCNT-O
2 

nanocomposites

The SBF (5×) solution was prepared by dissolving ions 
in distilled water at a stir plate. The SBF (5×) compositions 
used were proposed by Barrere et al.11,12 (Table 1), whose 
components concentration are five times higher than the 
original solution proposed by Kokubo13 and solution pH 6.10 
was adjusted by adding HCl using a pH meter (Metrohm). 

nHAp/VAMWCNT-O
2 
nanocomposites were immersed 

into a corning tube with 15 mL of each SBF (5×) pH solution 
adjusted to 6.10 for 7, 14 and 21 days, placed in refrigerated 
bench top incubator (Cientec CT-712-R), shaken at 75 rpm 
at a temperature around 36.5 °C. After the immersion period 
the samples were removed from the SBF (5×) solution, 
washed with hot distilled water and oven dried for 24 hours 

at 50 °C. The objective of this methodology was obtained 
different apatites formations on nHAp/VAMWCNT-O

2
 

nanocomposites.

2.5.	 Characterization of nHAp/VAMWCNT-O
2
 

nanocomposites

To carry out the morphological analysis of all types 
of samples analyzed in this study, a scanning electron 
microscope was used (SEM, model: JEOL-JSM 5610 VPI). 
Images were recorded at magnification of 1000-100,000×.

Semi-quantitative elemental analyses of calcium and 
phosphorus were carried out by micro energy-dispersive 
X-ray fluorescence (µ-EDXRF) (1300, Shimadzu, Kyoto, 
Japan), equipped with a rhodium X-ray tube and a Si (Li) 
detector cooled by liquid nitrogen (N

2
). The energy range 

of scans was from 0.0 to 40.0 eV. The voltage in the tube 
was set at 15 kV.

The structural analysis of apatites formed on the 
nHAp/VAMWCNT-O

2
 surface were performed at room 

temperature by X-ray diffractometry (XRD) with CuK-α 
radiation (α = 0.154056 nm) from 10 to 70° in 2-theta with 
the condition voltage of 40 kV, current of 30 mA, step size 
of 0.02°, and a counting time of 2 seconds per step (Model: 
X`Pert MRD, Philips).

3.	 Results and Discussion
SEM (Figure 1a) and TEM (Figure 1b) show examination 

structure of the VAMWCNT-O
2
 revealed no morphologic 

change in both samples. Samples functionalized with oxygen 
did not suffer any corrosion or decreasing of thickness after 
the plasma treatment. Figure 1a shows that oxygen plasma 
do not influenced in vertically aligned of the MWCNTs. 
After the treatment (Figure 1b) it was observed that there 
were no changes on VAMWCNT-O

2
 structure, no significant 

thickness reduction or abrupt corrosive processes, since they 

Table 1. SBF (5×) components and concentration.

Reagent Quantity (mM)

NaCl 733.5

MgCl
2
.6H

2
O 7.5

CaCl
2
.2H

2
O 12.5

Na
2
HPO

4
.2H

2
O 5.0

NaHCO
3

21.0

Figure  1. SEM (a) and TEM (b) showing the morphology and 
structure of VAMWCNT-O

2
; Optical microscopy images of the 

contact angle between deionized water and VAMWCNT before (c) 
and after (d) the oxygen plasma treatment (magnification 9200).
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retain the same dimensions of VAMWCNT-O
2
 (Figure 1a) 

and also not suffer from structural changes.
The potential biomedical application of the VAMWCNT 

is limited due to its hydrophobicity14. Several methods 
are used to control wettability of VAMWCNT, including 
forming oxygen-containing functional groups on its surfaces 
by oxidative treatment15 or acid treatment16. The wettability 
in polar liquids, such as water, improved significantly in this 
way, leading to more reactive VAMWCNT surfaces17. The 
oxygen plasma etching is the most efficient way to introduce 
polar groups (COH, OH, C=O, COOH) and roughness to 
VAMWCNT in order to obtain superhydrophilic behavior18.

Figures 1c and 1d show the efficiency of the oxygen 
plasma treatment on converting VAMWCNT surfaces from 
superhydrophobic to superhydrophilic behavior, comparing 
contact angle between deionized water on VAMWCNT 
before (1c) and after (1d) the oxygen plasma treatment. 
The superhydrophilicity of the VAMWCNT films obtained 
after the oxygen plasma treatment (VAMWCNT-O

2
) 

was a requirement to obtain nHAp/VAMWCNT-O
2
 

nanocomposites by the electrodeposition method to achieve 
excellent bioactivity.

The –COOH groups formed on superhydrophilic 
VAMWCNT films after the oxygen plasma treatment 

(Figure  1b) constructed ordered ‘‘recognized sites’’ with 
high polarity and charged density, which could draw the 
direct electrodeposition of the nHAp on them.

Liao  et  al.19 suggested that dispersed VAMWCNTs 
provide abundant sites for nucleation of nHAp soaked in 
phosphate solution. They showed that the bamboo-like 
structure can be attributed to nucleation sites for nHAp 
formation. The electrodeposition of nHAp (data shown in 
Figure 3a) indicates that the growth only occurs on the top 
surface of the VAMWCNT-O

2
. This top surface is heavily 

attacked by oxygen plasma, which is responsible for the 
grafting of the oxygen groups onto VAMWCNT-O

2
 and a 

further roughening of the VAMWCNT-O
2
 surfaces. Clearly, 

the rapid and direct electrodeposition of plate-like nHAp 
crystals on VAMWCNT-O

2
 films is highly influenced by 

the COOH groups and VAMWCNT-O
2
 rough nanotopology 

surface18.
The mechanism for nHAp crystal formation on 

VAMWCNT-O
2
 films was already proposed and discussed 

in literature18. The schematic reaction ilustration of 
plate‑like nHAp crystals formation and dissolution during 
direct electrodeposition on VAMWCNT-O

2, 
to form nHAp/

VAMWCNT-O
2 
composite is shown in Figure 218.

Figure 2. Schematic illustration of plate-like nHAp crystals formation and dissolution during direct electrodeposition on VAMWCNT-O
2
s 

surfaces based on Lobo et al model18.
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Figure  3 shows SEM micrography of nHAp/
VAMWCNT-O

2
 surfaces before (Figure  3a) and after 

biomineralization process (Figure  3b-d). nHAp crystalls 
grown over VAMWCNT-O

2
 by electrodeposition are shown 

in Figure 3a. All crystals are plate-like and have thickness 
about few dozens of nanometers (data not shown).

All samples showed uniform plate-like nHAp crystal 
with distinct orientations over VAMWCNT-O

2
 film, 

identifying the electrodeposition processes homogeneity 
(Figure  3a). Biominiralization was successfully induced 
over nHAp/VAMWCNT-O

2
 by SBF (5×) as can be seen 

in Figure 3b-d.
After electrodeposition process, nHAp/VAMWCNT-O

2
 

surface is negatively charged and selectively combined 
with Ca ions positively charged, forming polycrystalline 
nanoapaties20. As Ca ions accumulate on the biomaterial 
surface, it becomes positively charged and these ions 
combine with phosphate ions negatively charged, forming 
calcium phosphates21. The calcium phosphate apatite 
spontaneously turns, simulating the many phases of the 
chemical calcium phosphate present in biological tissues 
such as bone, which justifies its use as nanobiomaterial22.

In the first 7 days there are only plate-like nanocrystals 
of nHAp, with no precipitation. However, it is possible to see 
that these crystals had started to change their morphology 

to a cluster shape (Figure 3b). After 14 days, it is possible 
to note a growth in the size and numbers of nHAp clusters 
forming a dense layer, as well as a second layer of nHAp 
over the plate-like nanocrystals (Figure 3c). In Figure 3d, it is 
possible to note that this second layer of nHAp precipitated 
from SBF (5×) is denser but not uniform or homogeneous 
due to the different sizes and location of nHAp crystals 
clusters and full of valleys, showing a good biomimetism. 
It is possible to conclude that these morphologic changes 
in layer and the presence of polycrystaline apatites are due 
to immersion time: as longer as the samples get immersed 
in SBF (5×), as thicker the layer will become due to 
Ca  ions preciptation and nucleation, followed by P ions, 
consequently.

Some influential factors are considered in ions of Ca 
and P dissolution, being a key for microstructural features, 
like grain size and pore distribution. It is known that a high 
porosity and small grain size increases the dissolution rate. 
Nanosized pores can also act as sites for early nucleation 
and growth of apatite crystals23.

Figure 4 shows μEDX mapping made on biomineralized 
samples. The first column (Figure  4a,  d,  g) shows the 
delimited area for the analysis, the second column 
(Figure 4b, e, h) the mapping related to Ca distribution and 
the third column (Figure 4c, f, i) the mapping related to P. 

Figure 3. SEM images of nHAp/VAMWCNT-O
2
 nanocomposites before (a) and after SBF (5×) immersion for 7 (b), 14 (c) and 21 (d) days.
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Figure 4. µEDX mapping of Ca and P for 7days (a, b, c), 14 days (d, e, f) and 21 days (g, h, i).

The lines are related to the SBF (5×) soaking period, first for 
7 days (Figure 4a, b, c), second for 14 days (Figure 4d, e, f) 
and third for 21 days (Figure 4g, h, i).

It is possible to note that Ca is more homogeneously 
and well distributed over the surface (Figure 4b, e, h) than P 
that shows heterogeneities points with higher concentration 
(Figure 4c, f, i). Despite Figure 4 do not show any significant 
differences between the biomineralized samples, the Ca/P 
ratio from the semi-quantitative analysis provided by the 
μEDX (Table 2) shows a discrete increasing proportional 
to the SBF (5×) immersion time.

The μEDX analyses show a Ca/P ratio increasing from 
1.743 to 1.776 in biomineralized samples, near to bone 
nHAp Ca/P ratio of 1.7124, proving the biomineralized 
nHAp/VAMWCNT-O

2
 bioactivity and Ca ions precipitation 

earlier than P ions.
Calcium is one of the most present elements in SBF 

(5×) and bioactive materials, whose participation is very 
effective in the process of dissolution/precipitation. The 
release of this ion is responsible for the biologically active 
layer formation and works as stimulus for bone growth25.

X-ray diffractogram (Figure 5) shows typical nHAp and 
Ti peaks at: 25.9° (002); 32.2 (112) e 32.9 (300) reflections.

Comparing nHAp/VAMWCNT-O
2
 nanocomposites 

before and after SBF (5×) immersion, the reflections at 25.9° 
attributed to the presence of nHAp crystals, are narrower and 
more intense according to SBF (5×) incubation time. It can 
be noted that with at 14 and 21 days of Ti peaks are no longer 
so intense. This finding refers to the increase of nHAp layer 

Table 2. Weight percentages of Ca and P in the biomineralized layer. 

Sample Calcium (Ca) Phosphor (P) Ca/P ratio

7 days 63.55 36.450 1.743

14 days 63.94 36.062 1.773

21 days 63.98 36.015 1.776
#Ca/P of as grown nHAp is 1.145.

Figure  5. X-Ray Diffraction of nHAp/VAMWCNT-O
2 

nanocomposites.

thickness proportional to the incubation time in SBF (5×) 
solution (Figure 3c, d). It is proposed that the larger the time 
in soaking SBF (5×), the greater Ca precipitation (Table 2).
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for plate-like crystal and clusters with pores and valleys 
on nHAp/VAMWCNT-O

2
 nanocomposites surface have 

characteristics and properties that may collaborate with 
regenerative processes to formation of bone tissue because 
its similarities with natural cortical bone what can provide 
a adhesion and proliferation of humans osteoblasts cells.
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Considering the results of μEDX mapping, the 
broadening of nHAp crystals peaks in the XRD and the 
Ca/P, it is possible to affirm that the biomineralization 
produce a layer of nHAp crystals in a matrix of amorphous 
calcium phosphate.

4.	 Conclusion
The results presented are innovative since this 

biomineralization process hadn’t been performed on 
nHAp/VAMWCNT-O

2
 nanocomposites yet. Different 

morphologic nanocrystals were obtained according to the 
SBF (5×) immersion time. Best results were obtained when 
nHAp/VAMWCNT-O

2
 nanocomposites were immersed 

in SBF (5×) for 21 days, which certainly facilitates the 
incorporation of Ca ions, accelerating precipitation of 
P ions. It can be stated that the denser layer composed 
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