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Abstract
Single-walled carbon nanotubes (SWCNTs) containing biomaterial with enhanced mechanical properties for the potential 
orthopedic application were synthesized and investigated. X-ray diffraction and X-ray fluorescence analysis were indications 
of the formation of calcium-deficient (Ca/P = 1.65) hydroxyapatite (HA) with a small carbonate content under influence of 
microwave irradiation. The investigated mechanical properties (maximal relative deformation, compressive strength and 
Young’s modulus) of SWCNT loaded HA–alginate composites confirm their dependence on SWCNTs content. The compres-
sive strength of HA–alginate–SWCNT and the HA–alginate control (202 and 159 MPa, respectively) lies within the values 
characteristic for the cortical bone. The addition of 0.5% SWCNT, in relation to the content of HA, increases the Young’s 
modulus of the HA–alginate–SWCNT (645 MPa) compared to the SWCNT-free HA–alginate sample (563 MPa), and 
enhances the material shape stability in simulated physiological conditions. Structural modeling of HA–alginate–SWCNT 
system showed, that physical adsorption of SWCNT into HA–alginate occurs by forming triple complexes stabilized by 
solvophobic/van der Waals interactions and H-bonds. The high-performance liquid chromatography demonstrated the influ-
ence of SWCNTs on the sustained anaesthesinum drug (used as a model drug) release (456 h against 408 h for SWCNT-
free sample). Cell culture assay confirmed biocompatibility and stimulation of osteoblast proliferation of 0.05% and 0.5% 
SWCNT-containing composites during a 3-day cultivation. All these facts may suggest the potential possibility of using the 
SWCNT-containing materials, based on HA and alginate, for bone tissue engineering.
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Introduction

Bone tissue defects and fractures due to vehicular accidents, 
cancer, bone tissue necrosis or rheumatic disease have now 
become a global and very important issue. The system, 
where hydroxyapatite (HA) nanocrystals orderly embedded 
in the collagen matrix with self-assembly of their compo-
nents, endows natural bone with a hierarchical architecture 

and excellent mechanical properties (Tang et al. 2013). 
Calcium phosphate (CaPO3) materials, including HA, are 
widely used for bone regeneration owing to their biocompat-
ibility and osteoconductivity. 3D CaPO3 porous forms have 
proven to be useful in bone tissue engineering by providing 
favorable construction for cell growth and differentiation 
(Sharma et al. 2014). However, the typical brittleness and 
low fracture toughness of HA have restricted its applications 
for high load-bearing implants (Khalid et al. 2013; Van Dijk 
et al. 1981). Since a bone is subjected to mechanical load, it 
is crucial that a material used for regeneration of hard tissues 
has appropriate strength properties to support the applied 
loads. Therefore, a hybrid material containing organic and 
inorganic constituents may be better suited for large varia-
tions of composites. Natural and synthetic polymers serve 
as a physical matrix for HA immobilization and are exten-
sively used for constructing biomaterials due to their high 
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biocompatibility and low toxicity (Sukhodub et al. 2018). 
Bone regenerative medicine often uses proteins such as col-
lagen, fibrin and polysaccharides such as alginate, chitosan, 
hyaluronic acid. Alginate is a binary copolymer containing 
(1–4)-linked β-d-mannuronate and α-L-guluronate residues 
in varying proportion and order. Alginates are abundant in 
nature and are known as structural components of marine 
brown algae and as capsular polysaccharides in some soil 
bacteria (Sakai and Kawakami 2007). They can undergo 
gelation with divalent cations under very mild conditions, 
suitable for biomacromolecules and living cells (Beyer et al. 
2010; Boontheekul et al. 2005; Lee and Mooney 2012; Li 
et al. 2005).

To improve the mechanical properties of biopolymer–HA 
composite, its structure may be reinforced with materials 
such as carbon nanotubes (CNTs), that belong to the group 
of the toughest materials ever discovered (Gopi et al. 2013; 
Iijima 1991; Li et al. 2007; Reich et al. 2008; Ritter et al. 
2012) and exhibit resistance to aggressive acid and alka-
line media without changing their structure (Li et al. 2015). 
CNTs consist of one or several graphitic shells, wrapped into 
a cylindrical tube, and are divided into two groups: multi-
walled (MWCNTs) and single-walled (SWCNTs) CNTs 
(Reich et al. 2008). Recently (Sukhodub et al. 2018), we 
investigated the mechanical properties of the HA–alginate 
composite containing 0.04% MWCNT + Fe and showed that 
the material is characterized by a high compressive strength 
(168 MPa) compared to a cortical bone.

Despite the fact that CNTs are used in biomedicine for 
cell visualization, drug delivery and bone tissue engineering, 
there are contradictory views on their toxicity (Kurantowicz 
et al. 2017; Minchenko et al. 2018; Prylutska et al. 2008; 
Singla et al. 2019). It has been shown that in blood stream, 
some types of CNTs do not cause negative effects, conse-
quently they are potentially suitable for delivery of drugs or 
biologically active compounds (Buchelnikov et al. 2014; Liu 
et al. 2009; Raphey et al. 2019). Low doses of CNTs doped 
HA nanocrystalline powders do not significantly decrease 
G-292 cell viability and do not induce oxidative stress after 
2 days of exposure (Constanda et al. 2016). High cytotoxic-
ity of CNTs, associated with low homogeneity in the solu-
tion, restricts their use in medicine (Andón and Fadeel 2013; 
Cataldo and Da Ros 2008; Li et al. 2017; Radchenko et al. 
2013; Tran et al. 2009). CNTs can be exploited to improve 
drug delivery due to their ability to interact with biomol-
ecules and to cross cell membranes (Kam et al. 2005; Maty-
shevska et al. 2001; Prylutska et al. 2012, 2013; Wilczewska 
et al. 2012). Several factors make it possible to use CNTs as 
a vehicle to transport drugs into cells, viz. surface properties, 
hydrophilicity, size and shapes (Cataldo and Da Ros 2008; 
Harik 2017).

The purpose of this work was to obtain biocomposite 
material with increased mechanical properties, based on HA, 

alginate and SWCNTs in the form of 3D beads for potential 
application in bone tissue engineering. To avoid bacterial 
contamination of the surgical bone areas, the material should 
contain drugs. Therefore, one of the tasks was to study prop-
erties of the composite as a drug carrier along with its drug 
release ability. Taking into account the possible toxicity of 
CNTs, the effect of the synthesized material on the survival 
of cells in the nutrient medium was also studied.

Materials and methods

Materials

Calcium nitrate tetrahydrate Ca(NO3)2∙4H2O, diammonium 
dihydrophosphate ((NH4)2HPO4), ammonium hydroxide 
NH4OH, calcium chloride CaCl2 and pharmaceutical Anaes-
thesinum (AnS) were purchased from Sinopharm Chemical 
Reagent Co., Ltd; Sodium Alginate (low viscosity, E407) 
was purchased from Sanpu Chemical CO., Ltd, Shanghai, 
China. All reagents were of analytical grade and used as 
purchased.

Preparation and characterization of HA–
alginate–SWCNT composite

Fabrication of SWCNTs

The fabrication of SWCNTs was carried out using graphite 
electrodes in He atmosphere (700 mbar) by means of arc-
discharge technique. For the synthesis process, a hollow in 
anode was drilled and filled afterwards with powder of cata-
lyst (graphite, 1% Y2O3, 4.2% NiO). The arc-discharge was 
performed with the current of 150 A. The fabricated SWC-
NTs were treated with hot concentrated hydrochloric acid 
(6 M) in reflux condenser to remove contaminants, such as 
amorphous carbon and metallic catalyst particles. The analy-
sis of fabricated SWCNTs was carried out by means of AAS 
and TG techniques for the estimation of metal nanoparticle 
impurities and overall content of impurities, respectively 
(Korolovych et al. 2014; Ritter et al. 2007). In the fabricated 
SWCNTs, only traces of nickel were detected by means of 
AAS, while TG experiments demonstrated that the residue 
of less than 0.3% remained unburned at about 1050 °C.

Preparation of HA hydrogel

HA hydrogel was obtained using a wet chemical co-
precipitation method under microwave (MW) influence 
(Stanislavov et al. 2018). Briefly, for HA synthesis 50 mL 
of Ca(NO3)2·4H2O (0.167 M) and 50 ml of (NH4)2HPO4 
(0.1 M) were used. Ammonium hydrophosphate was added 
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dropwise to the calcium nitrate tetrahydrate. The pH value 
of the mixture was adjusted to 10.5 by addition of ammo-
nia solution under stirring. 100 mL of the obtained suspen-
sion was transferred to the MW oven consumer (Samsung 
M1712NR) for its MW irradiation within 3 min. Then, the 
product was cooled at room temperature in the closed, but 
not sealed volume. After being washed, the solid fraction of 
the sample was separated by centrifugation. The moisture 
content of the resulting HA hydrogel was about 90%.

Preparation of HA-alginate and HA–alginate–SWCNT 
beads. 0.75 g of sodium alginate was dissolved in 50 mL of 
deionized water at 37 °C for 5 h to form 1.5% (w/v) solu-
tion. 0.0025 g of SWCNTs in the form of a fine powder 
was added to the alginate solution to obtain the concentra-
tion of SWCNTs in alginate solution of 0.05 mg/mL. The 
mixture was sonicated at low (90 W) power for 20 min. As 
a result, a homogeneous and stable alginate–SWCNT col-
loidal suspension was formed. After that, HA hydrogel (in 
Sect. "Preparation of HA hydrogel") was gradually added 
to alginate–SWCNT suspensions at 1:1 weight ratio and 
sonicated for 5 min. Mixtures were dripped into 0.25 M 
calcium chloride solution for a period of 24 h. The formed 
beads were separated from the solution by filtration, thor-
oughly washed with deionized water and dried at room 
temperature. Finally, the HA-alginate-SWCNT products 
contained 0.05% and 0.5% (w/w) of SWCNTs in relation 
to the HA powder. Subsequently, samples were denoted as 
HA–alginate–0.05SWCNT and HA–alginate–0.5SWCNT, 
respectively. SWCNT-free sample was synthesized by the 
above technology and used as a control. It was denoted as 
HA–alginate.

Analytical methods and computer 
calculation

TEM analysis

The structure of the fabricated SWCNTs was examined 
using a transmission electron microscope (TEM, FEI Titan) 
operating at 80–300 kV.

SEM analysis

Experiments were carried out using a scanning electron 
microscope (SEM, REMMA-102), produced by SELMI 
(Ukraine). Microphotographs of the surface of the samples 
were made in the secondary electron mode with an accel-
erating voltage Uac = 20 kV and a beam current of 1–10 A. 
The preparation consisted in spraying the conducting layer 
of silver onto the surface of the sample with a vacuum post 
VUP-5M (SELMI).

XRD analysis

The X-ray diffraction (XRD) studies of the prepared sam-
ples were performed using the automatized diffractometer 
Shimadzu XRD-6000 with Cu-Kα radiation. The scanning 
data were collected in the continuous registration mode into 
2θ range (5.0–60.0°) with step of 0.02° and counting time of 
2 s. Identification of the crystal phases was performed using 
the JCPDS (Joint Committee on Powder Diffraction Stand-
ards) card catalog. The average crystallite sizes (L, in nm) 
along (002) directions were estimated by the Scherrer equa-
tion. Calculation of the hexagonal lattice parameters, a and 
c, was held by the corresponding formulas, using the Miller 
indexes. Microstrain level ε was measured as the change 
in interplane distances of the crystals. Physical extension 
of diffraction lines occurs only through the crystal lattice 
microstrain, hence, ε level is determined as

where βn is the integral width of the diffraction profile, in 
which physical extension occurs only through the crystal 
lattice microstrain (Klug and Alexander 1974; Kuznetsov 
et al. 2014).

FTIR analysis

Fourier-transform infrared spectra (FTIR) were obtained 
with a Perkin&Elmer Spectrum BX spectrometer. Sam-
ples were prepared in the form of KBr discs. Spectra were 
recorded over the range 4000–400 cm−1 at 1 cm−1 resolution.

Structural modeling

The spatial structure of the elementary cell of HA was 
reported in (Wilson et al. 1999) from X-ray analysis of the 
synthetic H6L sample, and was taken by us from the Ameri-
can Mineralogist Crystal Structure Database in the form of 
AMC-file (code 0002297). This cell was further used to con-
struct flat crystal structure comprising four 2 × 2 cells which 
well match the shape and dimensions of the corresponding 
rhomboid HA molecule, using the VESTA program (version 
3.4.4) (Momma and Izumi 2011).

The structure of SWCNT with the length of 5 nm and 
diameter of ≈ 2 nm (1222 carbon atoms) was built using 
Nanotube Modeler 1.8.

The structure of alginate was built using HyperChem 8.0 
software (the Sugar Builder module) by alternating hyalu-
ronic (HYL) and mannuronic (MAN) units, linked by α-1,4 
glycosidic bonds. The length of the oligosugar was set in 
a way to cover the perimeter of the interface between HA 

(1)� =
�
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and SWCNT and comprised 17 units: (HYL-MAN)8-HYL. 
The hydrogen atoms of sugar carboxyls were substituted by 
sodium atoms.

The structure of the HA–alginate–SWCNT system was 
built using HyperChem 8.0 software and energy minimized 
using the molecular mechanics method MM+ .

Ca/P molar ratio

The Ca/P ratio was determined using the energy-dispersive 
X-ray fluorescence spectrometer ElvaX Light SDD. The 
voltage of the Rh anode X-ray tube was 12 kV. Samples 
were placed in a powder form inside small hollow cylindri-
cal containers covered from one side with a special X-ray 
transparent film. The container was placed with its covered 
side on the top of the tube-detector window, and was blown 
by helium gas for more accurate measurements of the con-
centrations of light elements. Calcium and phosphorous 
concentrations were estimated only for HA samples by the 
regression analysis method.

Swelling (water uptake) and retention ability

The swelling was quantified by measuring the sample 
weight changes as a function of immersion time in the 
phosphate buffered saline (PBS). This was a water-based 
salt solution containing disodium hydrogen phosphate 
(10 mmol/L), sodium chloride (137 mmol/L), potassium 
chloride (2.7 mmol/L) and potassium dihydrogen phosphate 
(1.8 mmol/L) (Sukhodub et al. 2018; Palasz et al. 2008). The 
appropriate quantity of each component was dissolved in 1 
L of distilled water to obtain the needed concentration. The 
osmolarity and ion concentrations of these solutions match 
those of the human saline.

Dried beads with a mass of 0.1 g (Wo) were immersed in 
PBS for 48 h. Samples were then carefully removed from the 
solution and placed on a filter paper for 5 min, followed by 
weighing (Wt) to determine the absorption of liquid (swell-
ing; Sw) (Han et al. 2013) as

where W0 is the initial sample weight, and Wt is the final 
weight of the swollen sample.

To measure the water retention ability, the wet beads were 
transferred to centrifuge tubes with filter paper at the bot-
tom, centrifuged at 600 rpm for 5 m and weighed immedi-
ately ( W ′

t
 ). Percentages of water retention (Er) of beads at 

equilibrium were calculated using the following equation 
(Venkatesan et al. 2011):

(2)S
w
=

(W
t
−W0)

W0

× 100%,

Compressive strength

HA-based composites were prepared in the form of tablets 
with diameter 5 mm and a thickness 2.25–2.35 mm by cold 
pressing method using the hydraulic press (at ~ 100 MPa). 
Measurement of the strength under a uniaxial compression 
was done in dry condition using the original automated 
equipment (Vovchenko et al. 2014).

Drug release kinetics

The material composition influence on the drug release was 
investigated in this experiment. The pharmaceutical AnS 
solution with concentration 11.00 mg/mL was used as a 
model drug. The experimental beads were saturated with 
AnS solution for 2 days followed by drying at 37 °C. For 
the drug release test, the 0.15 g of each sample, namely 
HA-alginate, HA–alginate–0.05SWCNT and HA–algi-
nate–0.5SWCNT, saturated with AnS, was placed into 
6.0 mL of PBS (pH 7.4) and incubated at 37 °C with contin-
uing shaking at 80 rpm. The rate of drug release from com-
posites was determined by taking 600 μL aliquots of PBS 
from each experimental tube daily for 20 days. An equal 
volume of the fresh medium was added back to maintain a 
constant initial volume in tubes. To determine the maximum 
amount of drug released, 0.15 g of each AnS-saturated sam-
ple was placed in separate PBS control tubes. Throughout 
the study period, the tubes were under the same conditions 
as the experimental tubes, but without the addition of fresh 
PBS. After 480 h, PBS was separated by centrifugation and 
the released AnS was determined by the high-performance 
liquid chromatography (HPLC; Agilent Technologies 1200, 
detector with UV–Vis Abs, detection at λ = 280 nm, col-
umn C18 (Zorbax SB-C18 4.6 × 150 mm, 5 µm)). The data 
acquisition and processing was done with Empower 2 soft-
ware. The following mobile phase was used: methanol and 
10% v/v glacial acetic acid (10:90). Isocratic treatment was 
applied at a rate of elution 2 mL/min with the temperature 
of analytical column 40 °C. The method of eluent compo-
nents pre-mixing followed by 30 min sonication was applied 
to reduce errors in measuring of the substance with small 
component concentrations.

Cell viability assay

Primary human osteoblast cell culture was cultured in Dul-
becco’s Modified Eagle Medium/Nutrient Mixture F-12 
(DMEM/F-12) with L-glutamine used, containing 100 units/

(3)E
r
=

(W
�

t
−W0)

W0

× 100%.
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mL penicillin, 100 µg/mL streptomycin, 2.5 µg/mL ampho-
tericin B, 10% Fetal Bovine Serum (FBS) and 1.0 ng/mL 
bFGF. Cells were maintained at 37  °C in a humidified 
incubator with 5% CO2 for 24 h, until a monolayer, with 
greater than 80% confluence, was obtained. Osteoblasts were 
seeded in each well at a cell density of (4 × 104 cells per 
well). After 24 h cell cultivation, cdHA–alginate–SWCNT 
and cdHA–alginate were added into wells weighing 
0.026–0.028 g.

Cell viability was analyzed by the colorimetric Alamar 
blue assay in which resazurin is a blue dye reduced to the 
pink-colored resorufin only by viable mitochondria. Alamar 
blue (Invitrogen) was added in an amount equal to 10% of 
the volume to each well. As negative control, Alamar Blue 
solution was added to the medium without cells. As a posi-
tive control, Alamar blue solution was added to the medium 
for which wells contained only cells without samples (tis-
sue culture plastic control). Plates were incubated for 4 h at 
37 °C in the dark. The medium was transferred to another 
96-well plate and absorbance was measured using a Mul-
tiscan FC (Thermo Fisher Scientific) plate reader at wave-
lengths of 570 and 600 nm. The cell viability was measured 
on the 1st and 3rd days of cells cultivation. All experiments 
were repeated three times. The calculation of the percentage 
of Alamar blue reduction was performed according to the 
manufacturer’s protocol (Mansour and Bickle 2010). Cell 
growth and proliferation controlled using EVOS XL Core 
cell imaging system (ThermoFisher Scientific, USA) on day 
3 after co-cultivation.

Statistical analysis

Swelling degree, water retention, drug release, mechanical 
characteristics of the samples, and the cell viability test were 
performed in triplicate. Error bars for experimental values 
represent the range of obtained values. Student t test was 
used to analyze whether there were any statistical differences 
in the ranges of the data at a 95% confidence level.

Results and discussion

Few goals were followed when preparing composite by com-
bining HA, alginate and SWCNTs: (a) to create a homogene-
ous dispersion of SWCNTs in natural alginate polymer under 
ultrasonic treatment, ensuring uniform dispersion of SWC-
NTs throughout the composite and decreasing cytotoxicity 
of SWCNT, associated with their low homogeneity in the 
solution; (b) to induce interaction between HA and SWCNTs 
and enhance mechanical properties of the composite mate-
rial; (c) to evaluate the composites as a drug carrier system 
with prolonged drug release ability.

According to the obtained electron microscopic micro-
graphs (TEM; Fig.  1), the diameter and the length of 
fabricated SWCNTs appear to be 1–2 nm and 1–5 µm, 
respectively.

The microstructure of the composite beads was observed 
by SEM (Fig. 2). These images demonstrate a variety of 
bead surfaces. HA–alginate–0.05SWCNT and HA–algi-
nate–0.5SWCNT beads are a 3D matrix consisting of algi-
nate macromolecules cross-linked by calcium chloride, with 
HA immobilized in its structure, as well as 0.05% and 0.5% 
SWCNT particles. Figures show that increase of SWCNTs 
content leads to a denser structure. SEM images also rep-
resent a rusty surface with macro- (few μm) and micropo-
res (< 1 μm), which is one of requirements for bioactive 
materials.

XRD investigations were carried out for the HA–alginate, 
HA–alginate–0.05SWCNT and HA–alginate–0.5SWCNT 
samples. As was mentioned above, the basis of the com-
posite materials is the pre-synthesized HA hydrogel. The 
addition of carbon nanotubes did not affect the formation 
of HA crystallites. According to XRD patterns (not shown), 
HA contains nanoscale particles, as evidenced by the 
extension of reflexes from this sample. After its sintering 
at 900 °C, only single phase of HA with increasing crystal-
linity presents.

The average crystal size (LSherrer), calculated accord-
ing to the Scherer’s formula for diffraction peaks (002), as 
well as the lattice parameters, a and c, calculated in planes 
(002) and (211), are collected in Table 1. The calculation 
of crystal cell structure parameters showed slight deviation 
of the parameter a compared with the corresponding one 
for the stoichiometric HA (a = 0.9421 nm; c = 0.6881 nm). 
X-Ray fluorescence measurements have shown, that the Ca/P 

Fig. 1   TEM image of fabricated SWCNTs



6	 Progress in Biomaterials (2020) 9:1–14

1 3

atomic ratio in the obtained product is 1.65 ± 0.01, while 
for the stoichiometric HA, this ratio is 1.67. The obtained 
data indicate the formation of calcium deficient HA with 
small carbonate content. This fact is confirmed by further 

FTIR studies that demonstrate the presence of the carbon-
ate absorption bands at 870, 1420, and 1490 cm−1. It could 
be assumed that carbonate ions from reactive solution were 
adsorbed by HA during the synthesis process. It is known 

Fig. 2   SEM images of the samples surface: HA-alginate (a), HA-alginate-0.05SWCNT (b) and HA-alginate-0.5SWCNT (c) at different magnifi-
cations
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(Elliot 1994) that B-type carbonate apatite is characterized 
by the decrease of the lattice parameter a. The previous fact 
of the B-type carbonate apatite formation is confirmed by 
the FTIR spectra of the samples, where the vibrational mode 
of OH– groups in HA at 630 cm−1 is not intensive and is 
overlapped by other vibrations. The value of microstrain (ε) 
is higher in the dried sample at 37 °C probably due to the 
presence of an organic component.

The characteristic IR bands of test samples are shown in 
Fig. 3. As it is evident, FTIR spectrum of the obtained HA-
alginate composite shows characteristic vibration bands of 
the phosphate group PO4 in HA in ranges of 1170–960 cm−1 
(ν3) and 610–550  cm−1 (ν4). Bands at 3570  cm−1 and 
630 cm−1 are assigned to stretching and vibrational modes 
of the hydroxyl group in apatite-type structure, respectively. 
A broad band in the range 3100–3500 cm−1 that covered 
the mode at 3570 cm−1 is associated with the absorbed 
water molecules. The presence of band at 1490, 1420 and 
870 cm−1 of CO3

2− modes indicates the partial substitution 
of phosphate by carbonate group and formation of B-type 
carbonated apatite. It should be noted that the band at 
1420 cm−1 is due to overlapping of CO3

2− modes with the 

symmetric stretching vibration of the COO− groups of the 
alginate. The characteristic peak of alginate is also located 
at 1629 cm−1 and corresponding to asymmetric stretching 
vibration of carbonyl (C=O). Finally, it was found that an 
addition of SWCNT to HA–alginate composite does not 
affect the general pattern of FTIR spectrum. This result 
confirms the absence of chemical interaction between the 
SWCNT and HA–alginate molecular structure. Hence, one 
can assume the effect of physical adsorption between them 
in the form of binding the HA–alginate structure onto the 
SWCNT surface due to weak non-covalent stacking and van 
der Waals interactions.

The possibility of complexation between the studied com-
pounds, SWCNT, HA and alginate, in aqueous mixture was 
testified by means of molecular mechanic calculations. The 
nearly flat shape of SWCNT and HA molecules suggests 
that in a mixture they likely form stacking-like complexes, 
whereas the triple HA–alginate–SWCNT complex features 
compact and stable structure if the alginate molecule encases 
the periphery of HA–SWCNT stack (Fig. 4). Modeling of 
such structure is an evidence of its stability in solution 
favored by solvophobic/van der Waals interactions between 

Table 1   Crystal structure 
parameters of HA-alginate-
0.5SWCNT composite

a LCSR is the average mean of crystallite size for different planes

Sample LSherrer (nm) LCSR
a (nm) Micro-

strain ε, 
103

a (nm) c (nm)

(002) (211) (112) (300) (202) (401) (213)

37 °C 25.5 – – – – – – 23.0 1.839 0.938 0.6881
900 °C 37.4 28.7 25.9 26.3 37.4 29.7 35.2 33.8 0.497 0.940 0.6865

Fig. 3   FTIR spectra of the 
prepared samples
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the SWCNT and HA surfaces, and additionally stabilized by 
the hydrogen bonds between the OH-groups of alginate and 
oxygen atoms of HA (≈3 bonds). It thus may be concluded 
that the physical adsorption of SWCNT into HA–alginate 
system is possible by means of forming triple complexes 
stabilized by stacking interactions, H-bonds and solvophobic 
interactions.

Since the prepared nanocomposites are aimed for bone 
tissue engineering, the water uptake (swelling; Sw) and water 
retention (Er) ability of the experimental beads are important 
factors. As it is evident from the obtained results (Fig. 5), 
the addition of SWCNTs to samples leads to lower degree of 
water absorption in proportion to the increase in the SWC-
NTs content. Furthermore, the SWCNT-containing compos-
ites have significantly higher shape stability after agitation 
in the shaker (rpm 80) at 37 °C for 15 days. Herewith, water 
retention ability of all samples is comparable. This might be 
partially due to the hydrophobic character of SWCNTs. The 
shape stability and low value of swelling degree of SWCNT-
containing samples suggest the potential use of this material 
for bone tissue engineering.

Results of the study of compressive strength for differ-
ent types of HA-based composites are presented in Table 2, 
Fig. 6.

As it is observed in Fig. 6a, the addition of small con-
tent of SWCNT (0.05%) into HA–alginate composite 
slightly increases the compressive strength of the HA–alg-
inate–0.05SWCNT sample compared to the HA–alginate 
control. The increase of SWCNT content by ten times (0.5%) 
in HA–alginate–0.5SWCNT sample leads to sufficient 

Fig. 4   Calculated spatial structures of HA-alginate-SWCNT triple complex (a, b—different views)

Fig. 5   Water uptake (swelling; Sw) and water retention (Er) ability of 
HA-alginate, HA-alginate-0.05SWCNT and HA-alginate-0.5SWCNT 
composites after 24 h (p ≤ 0.05)

Table 2   Strength properties of 
experimental composites

*p ≤ 0.05

Sample Density (g/cm3) Maximal relative 
deformation, εdestr

Strength σc (Mpa) Young’s 
modulus E 
(GPa)

HA-alginate 2.03 ± 0.03 0.17 ± 0.01 159 ± 7 0.563 ± 0.020
HA-alginate-0.05SWCNT 2.02 ± 0.03 0.19 ± 0.01 166 ± 7 0.570 ± 0.020
HA-alginate-0.5SWCNT 2.04 ± 0.04 0.28 ± 0.01 202 ± 9 0.645 ± 0.028
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enhancement of its mechanical strength under compression 
up to 202 MPa. The maximal relative deformation, εdestr, 
before destruction lies within the range of 0.17–0.19 for 
the HA–alginate and HA–alginate–0.05SWCNT samples. 
For the HA–alginate–0.5 SWCNT composite with highest 
SWCNT content the maximal relative deformations εdestr 
increased up to 0.28.

Figure 6b, d represents the ‘loading–unloading’ dia-
grams of the investigated samples: HA-based composites 
were measured at uniaxial compression during the three 
loading cycles. Young’s modulus is a measure of the stiff-
ness of an elastic material and is a quantity used to charac-
terize materials (Siddique and Mehta 2014). The Young’s 

modulus (E) estimation has shown that experimental com-
posites have a comparatively high Young’s modulus, namely 
E ~ 0.563–0.645 GPa (Table 2). For comparison, Table 3 
shows the mechanical properties of cortical bone, synthetic 
HA and CNTs-containing composites.

In general, the increase of strength for HA–alginate sam-
ples with different contents of SWCNT is related to high 
aspect ratio (ranging from 1000 to 10 000) and excellent 
mechanical properties of SWCNT (a modulus of elasticity 
of 1 TPa or greater and a high tensile strength of up to 30 
GPa) (Salvetat et al. 1999). A small change in compres-
sive strength for the HA–alginate–0.05 SWCNT sample is 
explained by the small volume of interfacial areas of the 

Fig. 6   Strength (σc) of the experimental composites (a); ‘loading–unloading’ diagrams during three loading cycles (b, c, d), measured at uni-
axial compression

Table 3   Mechanical properties of cortical bone, synthetic HA and CNTs-containing composites

Mechanical characteristic Cortical bone (Beladi and 
Saber-Samandari 2017; 
White et al. 2007)

Dense HA (Costa et al. 
2012; Dorozhkin 2017; 
Ghomi et al. 2012; Roest 
et al. 2011)

Our data

HA-alginate HA-alginate-
MWCNT + Fe (Sukhodub 
et al. 2018)

HA-
alginate-
SWCNTs

Compressive strength (MPa) 100–230 100–215 159 168 202
Young’s modulus (GPa) 10–25 0.25–10 0.563 0.74 0.645
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HA–alginate–0.05SWCNT and ineffective process of load-
ing transfer between HA–alginate and SWCNT. At the same 
time, the increase of SWCNT content (0.5%) provides a large 
volume of interfacial areas in HA–alginate–0.5SWCNT and 
increases compressive strength as a result of good interfa-
cial adhesion between the composite components and effi-
cient transferring the load from the HA–alginate matrix to 
the SWCNT, leading to the improvement of the mechani-
cal properties (Gholami et al. 2014; Skwarek et al. 2017). 
On the other hand, it is known that the further increase of 
SWCNT content above certain concentration (> 1 wt%) 
(Khanal et al. 2016) may lead to SWCNT agglomeration 
that weakens the bonding between SWCNT and HA–algi-
nate matrix and deteriorates the mechanical properties of 
HA–alginate–SWCNT composites.

The pharmaceutical Anaesthesinum (AnS) was intro-
duced into composites by the method of saturation. AnS has 
an anesthetic effect, low toxicity, no side effects. It is eas-
ily soluble in alcohol, ether, chloroform, fats and fatty oils, 
very slightly soluble in water (1:2500). To evaluate the AnS 
release kinetics, 0.155 g of each drug containing experimen-
tal sample namely, HA–alginate, HA–alginate–0.05SWCNT 
and HA–alginate–0.5SWCNT, was placed into 6.0 mL of 
PBS (pH 7.4) and incubated at 37 °C with continuous agita-
tion at 80 rpm for 480 h.

Figure 7a shows the chromatogram for the HA–algi-
nate–0.5SWCNT sample with AnS peak, which reflects 
the retention time for AnS (8.9 min) and its concentration 
in PBS after 48 h exposure of test sample. This spectrum 
is typical, so the spectra of other samples are not shown. 
Another peak (1.6 min) on the chromatogram reflects the 
output of the partial degradation products that occurred over 

48 h. The degree of sample degradation can be estimated by 
the area under the peak. Figure 7b shows the degradation 
ratio of all three samples under 408 h of exposure. It is seen 
that the greatest degradation is observed in the case of the 
HA–alginate control sample (15 mAU), and the smallest for 
HA–alginate–0.5SWCNT (2.38 mAU), which has the high-
est content of SWCNTs. It is noteworthy that after 48 h of 
exposure, the degradation ratio of all SWCNT-containing 
samples was unchanged—2.2 mAU.

The quantity of released AnS was plotted against the 
incubation time (Fig. 8). As noted above, the maximum 
possible AnS release is about 1.0 mg/mL. Therefore, the 
obtained concentration value in mg/mL can be easily con-
verted into percentage, while the course of the curve will 
not change. The exception is the last period (408–480 h), 
where the percentage release of the drug is represented by 
a horizontal line.

Results showed that the AnS release from all experimen-
tal samples occurs almost uniformly throughout the study 
period and lasts for 408 h. After 408 h, the concentration of 
AnS in the PBS, released from HA–alginate and HA–algi-
nate–0.05SWCNT, starts to decrease due to dilution, which 
occurs by adding the aliquots of fresh PBS solution after 
each sampling, while AnS is no longer released. At the 
same time, the AnS concentration in the tube with HA–alg-
inate–0.5SWCNT remains constant for further 48 h, and 
only after this time starts to decrease. The AnS release from 
the samples took place evenly throughout the study period. 
The graphic diagram (Fig. 8) shows that the drug release 
occurred at a lower average rate from the SWCNT-con-
taining samples (1.28 μg/h) compared to the HA–alginate 
control (1.33 μg/h). This can be explained by the additional 

Fig. 7   HPLC pattern from test samples: release of AnS from HA-alginate-0.5SWCNT (a); release of the degradation products in 408 h of sam-
ple exposure (b)
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binding of AnS to the surface of SWCNTs. The partial bio-
degradation of the polymer matrix leads to the instability 
of the scaffold shape that influences the release of the drug. 
The drug release rate in general depends on the solubility of 
the drug and degradation of the matrix, the possibility of a 
diffusion process, the rate of the drug diffusion through the 
matrix and the desorption of the surface-linked or adsorbed 
drug. Thus, the solubility, diffusion and biodegradation of 
the matrix particles regulate the drug release process. In 
the experimental samples, where the drug is distributed in 
whole scaffold bulk, the drug release may occur by both the 
diffusion process and erosion of the matrix. From the shape 
stability test, we can see, that the drug release is faster than 
the erosion of the matrix, so the mechanism of AnS release 
is mainly controlled by a diffusion process. In addition, the 
drug molecules are bound with SWCNTs by the van der 
Waals couplings or adsorbed on their surface. Therefore, 
SWCNTs can act as a certain barrier that regulates pro-
longed drug release.

Osteoblast cell culture assay showed no cell toxicity 
for both HA–alginate and HA–alginate–0.5SWCNT sam-
ples (Fig. 9). A 24-h cultivation showed satisfactory cell 
adhesion between 85.4 ± 3.7% and 92.5 ± 7.3% with no sig-
nificant difference with tissue culture plastic control group 
(89.6 ± 6.8%). A 3-day cultivation indicates better osteoblast 
proliferation with the experimental composites compared 
to the tissue culture plastic, that is, probably, due to specific 
stimuli from the HA and alginate present in composites. On 
the 3rd day, one can see complete cell confluence both on 
HA–alginate and HA–alginate–0.5SWCNT samples. Rem-
nants of the degradation products are visualized between 

osteoblasts and no penetrated cell membrane. Osteoblasts 
have typical morphology with intercellular communication 
that additionally suggests biocompatibility of both HA–algi-
nate and HA–alginate–0.5SWCNT composites.

Conclusion

SWCNTs containing biomaterial with enhanced mechani-
cal properties for the potential orthopedic application 
was synthesized and investigated. Composites were syn-
thesized in form of beads and present as 3D matrix con-
sisting of alginate macromolecules cross-linked by cal-
cium ions, with HA immobilized in its structure as well 
as 0.05% and 0.5% SWCNTs particles. XRD and X-ray 
fluorescence analysis indicate the formation of calcium-
deficient (Ca/P = 1.65 ± 0.01) HA with a small carbonate 
content under influence of MW irradiation. The inves-
tigated mechanical properties (maximal relative defor-
mation, compressive strength and Young’s modulus) of 
SWCNT loaded HA–alginate composites confirm their 
dependence on the SWCNTs content. The compressive 
strength of HA–alginate–SWCNT and HA–alginate con-
trol (202 and 159 MPa, respectively) lies within the val-
ues typical for the cortical bone. The addition of 0.5% of 
SWCNT in relation to the content of HA increases the 
Young’s modulus of the HA–alginate–SWCNT (645 MPa) 
compared to the SWCNT-free HA–alginate sample 
(563 MPa) and enhances the material shape stability in 
simulated physiologic conditions. Structural modeling 

Fig. 8   Concentration of AnS in PBS (µg/mL), released from the experimental samples for 480 h (p ≤ 0.05)
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of HA–alginate–SWCNT system showed that physical 
adsorption of SWCNT into HA–alginate occurs by form-
ing triple complexes stabilized by solvophobic/van der 
Waals interactions and H-bonds. The HPLC study dem-
onstrates the influence of SWCNTs on the prolonged AnS 
release (456 h against 408 h for SWCNT-free sample). Cell 
culture assay confirms biocompatibility and stimulation 
of osteoblast proliferation of 0.05% and 0.5% SWCNTs-
containing composites during the 3 day cultivation. These 
facts suggest the potential possibility of usage of SWCNT-
containing materials, based on HA and alginate, for bone 
tissue engineering.
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