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ABSTRACT: Bulk nanocomposites prepared from aqueous albumin dispersion
with carbon nanotubes by removing the liquid component from the dispersion
have been investigated. The composites were obtained by thermostating and
exposure to LED and IR diode laser radiation. The nanocomposites obtained
under laser irradiation retain their shape and properties for several years, in
contrast to the composites fabricated in different ways (which decompose into
small fragments immediately after preparation). The low density of the
composites under study (~1200 kg/m3), which is close to the density of water, is
due to their high porosity. The hardness of stable nanocomposites (~300 MPa)
was found to be at the same level as the hardness of polymethylmethacrylate,
aluminium, and iron and close to the hardness of human bone tissue. The cluster
quasi ordering of the inner structure of nanocomposites revealed by atomic force
microscopy indicates the possibility of forming a bulk nanotube framework in
them, which can be caused by the effect of the electric field of laser radiation
and ensure their stability and hardness. The presence of a framework in
nanocomposites provides conditions for self-assembly of biological tissues and
makes it possible to apply laser-prepared nanocomposites as a component of
surgical implants.

INTRODUCTION: Among the modern methods
of bioengineering and medicine, which are aimed at
protecting health and improving the quality of life
of millions of people, increasing attention is paid to
various ways of regenerating organs and tissues. A
new interdisciplinary branch-tissue bioengineeringis an alternative to conventional transplantation of
human organs. It aims at restoring the vital
functions of the human organism through
substitution of pathologically changed biological
tissues, conservation of the substituent’s, and
provision of their functioning.
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One of the main areas in tissue bioengineering is
searching for methods for designing new imitative
3D structures - synthetic implants, which should
stimulate growth and differentiation of cells during
tissue formation 1.
The characteristics of artificial implants
(biocompatibility, biodegradability, porosity, size
and connectivity of pores, immune response, etc.)
must be no worse than those of the natural
intercellular matrix. At the same time, wide
application of high-strength metal (for example,
titanium and its alloys) implants in tissue
bioengineering is hindered by their low
biodegradability and insufficiently high biocompatibility. Hydroxyapatite, calcium phosphate,
and composites based on them, which have a
developed porous structure and are good bone
substituents are often used. However, these
materials are low - tech and brittle 2.
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Surgical application of carbon implants, which can
withstand higher mechanical loads than bone
transplants, accelerating synosteosis and preventing
resorption and bone fracture, was described in 3.
The use of highly porous cellular implants provides
their direct, strong connection without a tissue
interlayer. A drawback of carbon implants is their
tendency to cause physical and biological changes
in tissues 4. To date, their application has been
limited by inflammatory backbone diseases.
For the aforementioned reasons, interest has been
shown in the fabrication and application of polymer
based bulk structures; their advantage is the
possibility of varying properties in wide limits by
changing the material composition 5. However,
they have also a number of drawbacks. The widely
used linear aliphatic polymers (polylactide,
polyglycolic acid, and copolymers of milky and
glycolic acids) have relatively low mechanical
characteristics. Hydrogels (for example, polyethylene glycol) have strength similar to that of
cartilaginous tissues; however, their biodegradability is rather low. On the whole, the
properties of all these compounds are much inferior
to the biological matrix parameters 6.
All these factors are drawing researchers attention
to the possibility of applying nanocomposites in
surgical implantation; due to their novel properties,
these materials are widely used in modern
technologies, including biological applications 7. A
new potential in this field, which is traditionally
oriented toward two - dimensional nanostructures,
is related to the technology of bulk nanocomposites
(BNCs) with functional properties similar to those
of an intercellular matrix.
It was shown that the electric field of laser
radiation may facilitate formation of the frame
work of carbon nanotubes (CNTs) in the BNC
composition 8. The presence of this framework
forms conditions for self-organization (self
assembly) of biological tissues, which occurs
without human interference, being supported by
weak non-covalent (hydrogen, ion) bonds upon
hydrophobic interaction of tissues. A similar
organization of biological macro molecules in
nature occurs, for example, in phospholipids, which
are the main components of plasma cellular
membranes 9.
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Biological experiments on laboratory animals
showed the absence of allergic reactions when laser
prepared BNC samples were introduced into rabbit
perichondrium. Replacement of a cartilaginous
tissue segment with an implanted nanocomposite
sample caused its regeneration upon stimulation of
active division of cartilaginous cells (chondrocytes),
which are generally passive 10. Thus, using the
aforementioned BNCs, one can implement
conditions for growing functional biological
tissues, similar to those provided by biological
matrix. The purpose of this study was to justify the
advantages of the medium of laser preparation
(laser nanoformation) of bulk composites based on
albumin aqueous dispersion (AAD) with CNTs
(AAD - CNT) over alternative methods of
fabrication for these nanocomposites 11. In the
experiments, the properties of the laser-fabricated
BNCs were compared with the characteristics of
the composites formed using thermal methods and
LED irradiation 11.
Experimental
Technique:
We
performed
experiments with an AAD based on bovine serum
albumin (BSA) (Amresco, United States) and
distilled water. Liquids were dispersed by stirring
using a magnetic agitator at a temperature of 20 23 °C until albumin was completely dissolved (for
1 - 2 h). The transparent composition obtained after
filtering was investigated by absorption spectroscopy in the BSA absorption range (λ = 200 – 300
nm). AADs were generally kept in a refrigerator at
5 - 10 °C (to exclude the effect of bacterial flora)
for 3 or 4 weeks and under room conditions for 1 or
more operating days (depending on the temperature
in the room).
Further experiments were performed using an AAD
with 25 wt. % BSA, into which multiwall carbon
nanotubes (MWCNT’s) or single-wall carbon
nanotubes
(SWCNT’s)
were
incorporated.
Multiwall tubes of the Taunit type with a
concentration CMWCNT = 0.1 - 0.3 wt. % were
grown on metal catalysts by catalytic pyrolysis
(CVD process) from a vapour phase: propanebutane mixture heated to 600 - 680 °C 12. SWCNT
I nanotubes were prepared by the HiPCO method
from ethanol vapor at a temperature of ~800 °C,
with a catalyst (cobalt nanoparticles) located on
bulk silicon and quartz substrates.
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SWCNT II nanotubes were fabricated in a similar
way, with disproportionation on iron clusters
obtained with the aid of catalyst Fe(CO)5 in a
carbon oxide flow transmitted through a heated
reactor under high pressure. The catalyst impurity
was then removed from nanotubes using
fluorination 12.
When preparing CNT containing AADs (AADCNT compositions), the most appropriate technique
was found to be ultrasonic dispersion. Exposure to
sound at a frequency of 35 kHz in a 2.8-L tank with
heater power N ~0.3 kW at a temperature below
30°C lasted ~1 h. After compositions were filtered,
their quality was estimated from the transparency
of the liquid and the shape of the absorption
spectrum of the dispersion obtained.
The thermal stability of the AAD-CNT
composition (CMWCNT = 0.3 wt. %) positioned in
glass test tube with diameter of 10 mm (equipped
with a hydraulic lock) ~15 cm3 in volume was
investigated by keeping in a thermostat at ~40 °C
for ~85 h. Closed test tubes with the same AADCNT mixture were kept at room temperature for
~940 h. The changes observed in the absorption
spectra of the liquid in the range from 350 to 1000
nm are related to the partial sedimentation of the
solid phase of the dispersion during tests, which
does not hinder much the formation of a stable
composite Fig. 1a.
To determine the photostability of AAD-MWCMT
with CMWCNT = 0.1 wt %, we illuminated the
compositions by AFS LEDs (Solaris phototherapeutic apparatus), emitting in three different
(UV, red, and near IR) spectral ranges. To this end,
~20 mL of liquid were placed in closed cylindrical
glass vessels (measuring glasses) with a cross
section of ~4 cm2 and illuminated from above; the
light sources were located at a distance of ~50 mm
from the liquid surface and light spot area Sls was
~55 cm2. Peaks in the emission spectrum were
observed at 365 (UV LED, power N = 30 mW),
630 (red LED, N = 65 mW), and 810 (IR LED, N =
80 mW) nm.
The absorption spectra of irradiated AADMWCMT were recorded on an SF-26 spectrophotometer for 50 - 60 h, with a time interval of
~10 h. The data obtained with a red LED are
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presented in Fig. 1b. One can see that irradiation of
the liquid to a surface dose of ~0.3 kJ/cm2 leads to
a monotonic increase in its optical density. A
similar change in the optical density of AADMWCMT was observed under irradiation with UV
and IR LEDs.
In the first series of experiments on preparation of
nanocomposites, AAD - MWCMT weights with
CMWCNT = 0.1 wt % and a mass of ~1 g were
placed in closed test tube diameter of 10 mm
(liquid column height ~4 cm) and kept in a
thermostat at a temperature of ~50 °C for 50 - 60 h.
At the end of this procedure, solidified composite
samples were formed on the bottom of test tubes
for a time of 1 - 2 h.
After removing BNC samples from the test tubes
and cooling in air, they decomposed into individual
small fragments for a short time (from several tens
of minutes to several hours). This process was
similar to “flaky decay” of dried AAD,
accompanied by a conformational change in the
protein molecule (wedge shaped dehydration) 13.
In the second series of experiments, similar AADMWCMT samples with a mass of ~20 g were
placed in an open measuring glass with S ~4 cm2
and illuminated from above by three LEDs (see
above) located at a distance of ~50 mm from the
liquid surface (Sls ≈ 55 cm2). After irradiating
dispersions for 50 - 60 h and solidifying composite
samples, the latter were extracted from the vessels
and placed in air. The final result of the second
series of experiments fragmentation of composites
a short time after cooling was similar to their
decomposition observed in the first series of
experiments. The nanocomposites obtained from
AAD-MWCMT under similar conditions as a result
of illumination by a DRUF 125-3 Hg lamp for ~50
h behaved similarly.
In the third series of experiments, an AAD-CNT
mixture was illuminated using a system based on
IR-laser sources: cw diode lasers (λgen = 810 and
970 nm) with a fiber output and power up to 20 W.
A measuring glass (S ~4 cm2) with illuminated
liquid was placed in a support on a special table.
The laser beam was directed to the liquid surface
using the beam of an additional low-power green
solid-state laser (second harmonic, λgen = 530 nm)
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transmitted through the same fiber as the main laser
beam. Pointing was performed so as to make the
laser-spot diameter approximately coincide with
the inner diameter of the liquid containing vessel.
The dispersion temperature was measured by a
thermocouple or a pyrometer.
Laser radiation directed from above along the
measuring glass axis was used to evaporate the
aqueous component of the dispersion and form a
black BNC sample on the bottom of the measuring
glass. The quality of the BNC obtained
(homogeneous coloring and absence of whitish
regions of denatured albumin, as well as their
hardness) depended on the illumination intensity
and duration; the consistency of the material could
be varied from rubberlike (at a lower illumination
dose) to glassy. The product mass was generally 50
- 70% smaller than the initial liquid mass.

FIG. 1: ABSORPTION SPECTRA (WITH RESPECT TO
WATER) OF 25 wt % AQUEOUS DISPERSION OF
BOVINE SERUM ALBUMIN WITH TAUNIT MULTIWALL CARBON NANOTUBES (CONCENTRATION 0.1
wt %) OBTAINED AFTER (a) long-term storage and
thermostating and (b) irradiation of liquids by a red LED. (a)
Samples (1) in the initial state, (2) after storage for 938 h, and (3)
after thermostating at ~40 °C for 83 h and (b) (1-4) after
irradiation to doses of (1) 60, (2) 135, (3) 195, and (4) 315 J
/cm2. The liquid-layer thickness is 1 cm.

The stability of the BNC obtained under laser
irradiation in this series of experiments
significantly differed from the unstable behavior
(decomposition) of the nanocomposites formed as a
result of thermal drying and illumination of the
dispersion by LEDs under the above described
experimental conditions. This is confirmed by the
fact that these BNCs retained their appearance and
other properties for several years after preparation.
To study the density of the composite samples
obtained, we cleaved them into small fragments
with linear sizes of 3 - 4 mm (from 10 to 15 pieces
for each sample). The sample mass was measured
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using an analytical balance. These fragments were
then immersed in a measuring cylinder, filled with
high-purity gasoline by half. The sample volume
was calculated using a dimensional scale 14.
The experimental ρ-values for MWCMT and
SWCNT - based BNCs (the confidence interval for
which corresponds to confidence probability α =
0.9) are listed in the table in comparison with the
data for crystallized BSA hydrate, some
widespread structural materials (iron, aluminium,
and polymethylmethacrylate (PMMA), and human
cortical bone. As can be seen in the table, the ρ
values are similar for all nanocomposites under
study. They slightly exceed the albumin hydrate
density, are close to the PMMA density, smaller
than the aluminium and bone density by a factor of
2 and smaller than the iron density by a factor of
about 8. The composite density is approximately
the same as water 15. Composite Vickers hardness
Hv was determined on the above described
fragments, which were previously ground and
polished. Hardness measurements were performed
on a PMT-3 micro-hardness meter. The Hv values
were calculated by dividing the load applied by the
indenter impression surface area.
The experimental Hv values for the composites and
structural materials chosen for comparison are
listed in the table. The confidence intervals
correspond to α = 0.9. Despite the fact that all
BNCs studied had approximately the same density,
the hardness of the BNCs prepared by laser
irradiation (~300 MPa) significantly exceeded the
hardness of the unstable composites (~200 MPa)
obtained by other techniques. It was higher than
that of albumin hydrate by a factor of about 4;
comparable with that of PMMA, iron, and
aluminium; and close to the bone hardness Table
1.Fig. 2 shows atomic force microscopy (AFM)
topographs of the nanocomposite samples obtained
from (a-c) 25% AAD with SWCNT I and (d-f)
SWCNT II by laser irradiation, according to the
technique. When analyzing these images (their
scale increases from left to right), one must take
into account possible distortions in the plane
coordinates, whereas a more reliable size
characteristic of objects is their height, which is
depicted by color 15. As can be seen in Fig. 2,
cluster partial ordering is a characteristic feature of
the structural images of BNCs.
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TABLE 1: DENSITY AND HARDNESS OF MATERIALS

Materials

Preparation conditions
First series: thermostating
Second series: irradiation by
LEDs (wavelength, nm)

Density, kg/m3
~ 1250
~ 1300

Nanocomposites based on singlelayer carbon nanotubes
Nanocomposites based on singlelayer carbon nanotubes
Albumin hydrate
Annealed iron
Aluminium
PMMA
Native cortical bone

Third series: laser irradiation
(λgen = 0.97 μm)

1250 ± 60

Hardness, MPa
200 ± 20
180 ± 10 (365 nm)
190 ± 20 (630 nm)
220 ± 10 (810 nm)
~ 200 (Hg lamp)
320 ± 60

1220 ± 80

270 ± 60

~1000
~ 9700
~ 2800
~ 1200
~ 2000

~ 70
~ 250
~ 200
~ 200
~ 500

Solidification after drying

A

D

B

C

E

F

FIG. 2: AFM TOPOGRAPHS OF NANOCOMPOSITE SAMPLES OBTAINED FROM AAD WITH SWCNT I (A-C)
AND SWCNT II (D-F) UNDER LASER IRRADIATION. ALL SIZES ARE IN NANOMETERS

RESULTS AND DISCUSSION: Our experimental
data indicate the advantages of laser-based
preparation (laser nanoformation) of bulk
nanocomposites. The mechanical strength of these
nanocomposites exceeds the strength of the
composites obtained by removing the liquid
component of the dispersion upon long term
heating and after illuminating the liquid by LEDs
emitting in different spectral ranges or by a
mercury lamp. According to our observations, the
nanocomposites fabricated by laser nanoformation
from AAD with carbon nanotubes remain stable for
5 years.

The denaturation temperature for pure BSA is 60 70 °C, whereas the laser-fabricated bulk nanocomposites remain stable at much higher
temperatures (≤ 200 °C).

The hardness of the BNCs under study (~300 MPa)
is combined with their rather low density (1200 1300 kg/m3, a value close to the water density),
which is due to their high porosity. According to
the data of 16, the relative volume of nanopores in
such BNCs is 30-55% with their diameters ranging
from 25 to 65 nm. The presence of nanopores in the
nanocomposites makes them more attractive for
medical applications, providing favorable conditions
for fusion, migration, and proliferation of cells and
channels for blood vessels, as in porous bone tissue
17
. The high strength and durability of BNCs
obtained by laser irradiation may be due to the
formation of a nanotube framework in their bulk by
an electric field of directed laser radiation; this
mechanism correlates well with the structural data
on these nanocomposites.
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According to 17, CNTs can be oriented
(perpendicular to the substrate surface) by the
electric field of СO2 - laser radiation with a power
of 30 W at a field strength El = 10 - 20 kV/m. At a
power density of the diode lasers used in this study
(10 - 20 W/cm2), El = 5 - 10 kV/m. Under these
conditions, CNTs are likely to be oriented and,
correspondingly, provide conditions for nanoframework formation in BNCs.
In addition, the effect of the laser-radiation electric
field on the CNT orientation can be enhanced by
the end of nanotubes, depending on the CNT sizes
and the character of structurization of the CNT
ensemble. Near the CNT end, the light field
strength exceeds El by a factor of ma +b, where
aspect ratio a = 1/d (l and d are, respectively, the
CNT length and diameter) and b ≈ 30. Factor m is
approximately 0.7 for isolated nanotubes and
decreases with a decrease in the distance between
CNTs 30. For the SWCNTs and MWCMTs used in
our study, the a values are, respectively, ~1000 and
≤50 18, 19.

E-ISSN: 0975-8232; P-ISSN: 2320-5148

filling materials for surgical implants of wide
application.
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