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The results of the study of composites based on bovine serum albumin (BSA) and single-walled carbon
nanotubes (SWCNT) are presented. Nanocomposites were created by evaporation of the water-albumin
dispersion with nanotubes using diode laser with temperature control. Two types of nanotubes were
used. SWCNT I were synthesized using the electric arc method, SWCNT II were synthesized using the gas
phase method. SWCNT I had a diameter and length less than SWCNT II. The mechanism of interaction
between BSA and SWCNT in solid nanocomposites is considered. An experimental and theoretical studies
of the interaction between aspartic (Asp) and glutamic (Glu) amino acids located on the outer surface of
BSA and nanotubes using of vibrational spectroscopy (Fourier-transform infrared (FTIR) and Raman
spectroscopy) was carried out. The possibility of nanotubes functionalization by oxygen atoms of negative
amino acid residues Asp and Glu, which are on the outer surface of BSA, is shown by molecular modeling.
The formation of covalent bonds between BSA and SWCNT in nanocomposites with different concentra-
tions of nanotubes (0.01, 0.1 and 1g/l) was confirmed by vibrational spectra. The covalent interaction
between BSA with SWCNT under the laser irradiation leads to the conformational changes in the secondary
and tertiary structures of albumin. This is confirmed by a significant decrease in the intensity of the ab-
sorption bands in the high-frequency region. The calculation of the vibrational spectra of the three Gly-
cine:Glycine, Glutamic acid:Threonine and Aspartic acid:Lysine complexes, which take into account
hydrogen, ion-dipole and ion-ion bonds, showed that a disturbance in the intermolecular interaction
between amino acid residues led to significant decrease in the intensity of absorption bands in the region
of stretching vibrations bonds OH and NH. From the Raman spectra, it was found that a significant number
of defects in SWCNT is caused by the covalent attachment of oxygen atoms to the graphene surface of
nanotubes. An increase in the diameter of nanotubes (4 nm) has practically no effect on the absorption
spectrum of nanocomposite, while measuring the concentration of SWCNT affects the FTIR spectra. This
confirmed the hydrophobic interaction between BSA and SWCNT. Thus, it was shown that BSA solid
nanocomposites with CNTs can interact either with the help of hydrophobic forces or with the formation of
covalent bonds, which depends on the diameter of the used nanotubes. The viability of connective
fibroblast tissue cells on nanocomposites with both types of SWCNT was demonstrated. It was found that
nanocomposites based on SWCNT I provide slightly better compatibility of their structure with fibroblasts.
It allows to achieve better cell adhesion to the nanocomposite surface. These criteria make extensive use of
scaffold nanocomposites in biomedicine, depending on the requirements for their quality and application.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Nanobiomedicine is currently one of the most actively and
successfully developing areas of nanotechnology. Developments in
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this area allow us to move to a new level of diagnosis and treatment
of many diseases. Carbon nanotubes (CNT) are widely used in this
area. Due to their unique properties, it becomes possible to create
nanomaterials based on CNT. The basic properties (mechanical,
electrical, optical, and thermal) of CNT are well studied and can be
purposefully changed as a result of various topological modifica-
tions of nanotubes. CNT have dimensions close to those of the main
components of the natural cellular matrix; their mechanical
properties are similar to those of protein structures [1-3].

The creation of new bio-nanomaterials requires a clarification of
the nature and details of the interaction between the biological and
nano components. Currently, the processes of binding molecules of
biopolymers and synthetic carbon nanomaterials for creating im-
plants (especially for cardiac surgery), biosensors, drug carriers and
visualization are being actively studied [4—6].

There are a number of works where the non-specific nature of
the adsorption of proteins on the surface of nanotube is noted, a
brief overview of which is presented in Ref. [7]. This is due to the
large variety of protein structures and their properties. The study of
the interaction between CNT and the main biological polymers
(DNA, poly (A), ribonuclease A, collagen, albumin) using Raman
method and electron spectroscopy allowed to conclude about the
nature of non-covalent interactions in the nanotube-biomolecule
system. As a result of the conformational analysis, the formation
of sufficiently stable DNA-nanotube complexes with the van der
Wiaals interaction is observed.

The study of the characteristics of the interaction between CNT
and proteins is an urgent task. Bovine serum albumin (BSA) plays
the role of a biocompatible dispersant for single-walled carbon
nanotubes (SWCNT) [8]. It allows to evenly distribute SWCNT with
a concentration of 0.3 g/l over the entire volume of various types of
human cells, while retaining the unique properties inherent in
SWCNT. In order to improve the dispersion of SWCNT in plasma, it
is advisable to functionalize them with carboxyl groups [9]. At the
same time, a decrease in BSA fluorescence intensity is observed.
This confirms the hydrophobic interaction between amino acid
residues and nanotubes. To determine the conformational changes
of BSA molecules, the spectrum of circular dichroism was used. It
showed a decrease in a-helical albumin structure by 14.06%.

It is known that the insertion of nanotubes into the blood
plasma leads to an effective sorption of proteins, including BSA, on
the nanotubes surface. Thus, the obtained composite was coated
with antibodies. As the result, the immuno-CNT capable to recog-
nize pathogenic E. coli were formatted [10].

The interaction between nanotubes and BSA, inside as well as on
the nanotube surface, was studied theoretically and experimentally
[11,12]. This arrangement of the protein allows to determine the
most optimal conditions for using nanotubes for the targeted de-
livery of drugs and proteins. Three possible model of protein
structures (a cylinder, an elongated ellipsoid, three related spheres)
were considered to determine the critical size of nanotube that
would allow to immobilizate the enzymes through non-covalent
and covalent interactions. Knowledge of critical size is crucial in
the design of nanomaterials to obtain maximum filling of nano-
tubes by drugs and protein molecules. Although the covalent
interaction provides a long-term attachment of the delivered drug,
the structure of the enzyme may be impaired. The conditions under
which the creation of stable addition of enzymes is observed, while
the activity and function of their native state are maximally pre-
served [11]. The adhesion of human serum albumin to nano-
materials based on multi-walled carbon nanotubes to create a
cardiovascular sensor with the use of Raman spectroscopy was
demonstrated [4].

Analysis of the fluorescence and circular dichroism spectra
showed that hydrophobic interactions (hydrogen bonds, van der
Wiaals forces, electrostatic forces and hydrophobic interactions) and

m-stacking are the main mechanisms that determine the interac-
tion between SWCNT and BSA and their binding in the IB sub-
domain [13,14]. For the first time, it was shown that the interaction
between SWCNT with chirality (5; 5) and proteins leads to the
disruption of the secondary and tertiary structure of BSA. Therefore,
an adverse effect on the human body may occur upon a contact of
nanotubes with proteins [15]. At the same time, the number of
experimental works and theoretical calculations that consider the
implantation SWCNT into the biological environment is limited,
and the interaction processes are not well understood [1,16,17].

The urgent task of modern nanotechnology is the creation of
matrix nanocomposites with nanotubes to form tissue-engineering
structures for various applications [18—22]. The principal possi-
bility of obtaining nanocomposites by the laser method was shown
in Refs. [3,23—25]. The essence of the method lies in the emergence
of a nanotube scaffold as a result of the evaporation of the water-
albumin dispersion of carbon nanotubes. The formation of C—C
bonds occurs in the site of defects of neighboring carbon nano-
tubes in the scaffold under the laser heating [26,27]. The presence
of such scaffold creates the conditions for self-organization of the
cellular material of biological tissues, supported by non-covalent
bonds in the hydrophobic interaction of tissues. A similar organi-
zation of biological macromolecules in nature, for example, is
realized in phospholipids, the main components of plasma in cell
membranes.

The applied field of research results in this area is the devel-
opment of cellular and tissue-engineering matrixes for restoring
connective (including cartilage) and bone tissue, as well as laser
welding of biological tissues with the use of water-protein disper-
sions of nanoparticles as a solder applied to the welded tissue
[28,29]. Earlier, we demonstrated the proliferation of connective
tissue cells (fibroblasts) on nanocomposites from BSA and SWCNT,
created by pulsed femtosecond laser radiation without a temper-
ature control system [26].

One of the reasons hindering the widespread inculcation of
scaffold composite materials in biomedicine, is the lack of clear
requirements for the quality of their manufacture. It is obvious that
such requirements can be developed if the interaction mechanism
between albumin and nanotubes is known.

It was shown earlier that the graphene surface of SWCNT in
water solution can interact with BSA only by means of hydrophobic
forces. While creating solid scaffold nanocomposites, it is possible
to form covalent bonds between BSA and SWCNT, which can be
formed as a result of laser exposure to water-albumin dispersion of
nanotubes.

The aim of this work was to study the nature of the interaction
between single-walled carbon nanotubes and BSA based on the
analysis of vibrational (Fourier-transform infrared (FTIR) and
Raman spectroscopy) spectra of solid nanocomposites. For this, the
vibrational spectra of nanocomposites based on BSA and SWCNT
were interpreted depending on the concentration and diameter of
nanotubes, and the mechanism of interaction of BSA with SWCNT
was also determined. A quantum chemical calculation was per-
formed to optimize the structure of SWCNT complex with the
amino acid residues Lys (Lysine) and Glu (Glutamic) of albumin.

2. Experimental
2.1. Materials and preparation of composites

For the manufacture of water-protein dispersion with carbon
nanotubes the most photo-resistant type of protein - bovine serum
albumin (BSA) - was used. Albumin is widely used as a laser solder,
which is put on laser-welded biological tissue [30—37]. The laser
welding procedure is similar to the method of obtaining a nano-
composite in our work. For albumin, a typical conformation is a
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secondary or tertiary one with a negligible protein burdening with
toxic products. The picture of a dried drop of freshly prepared
water-albumin dispersion is characterized by the presence of a
significant number of radial cracks forming arches along the edge of
the drop. It is well studied at the atomic-structural level: the al-
bumin molecule has two modifications (isomers), representing an
ellipsoid of rotation and an irregular triangular prism [38]. A bulk
material was obtained from a water suspension of BSA with a
concentration of ~25 wt% under laser irradiation. BSA was used as a
bonding element for nanoparticles - carbon nanotubes.

Two types of single-walled carbon nanotubes (SWCNT) were
used as fillers for the albumin matrix. The main difference between
the types of nanotubes was their geometrical dimensions. Nano-
tubes of the first type (SWCNT I) were synthesized by the electric
arc method on a Ni/Y catalyst, purified in a dispersion of HNO3/
H,S04, with rinsing until neutral reaction after that. The average
diameter of nanotubes is about 1.4—1.8 nm, length - 0.3—0.8 um,
specific surface area was ~400 m?/g. The purity of the SWCNT was
98%. The nanotubes of the second type (SWCNT II) were obtained
by gas-phase synthesis and purified with the use of a similar
method as the first type of SWCNT L. The average diameter was
3.2—4 nm, their length was about 5 pm, and the specific surface
area was 420 m?/g. The degree of purity of SWCNT Il was 91%.

SWCNT transmission electron microscopy images are shown in
Fig. 1a and b. Nanotubes are in the form of single nanotubes and
their bundles sizes up to 30 nm. It is known that their properties
depend on the chirality. To determine the chirality of nanotubes,
the method proposed by the authors of [39—41] was used. The
performed RBM analysis of the Raman spectra and optical ab-
sorption spectra of SWCNT of both types [42,43] showed that the
used SWCNTs are a mixture of chiral nanotubes. For SWCNT I, ~62%
of such type had chirality (11.9), ~24% - (12.8) and ~14% - (11.10).
SWCNT II had a wider range of chirality indices, main among them:
(36.12), (33.16) and (28.19).

SWCNTs have the ability to stick together in bundles under the
influence of van der Waals forces. For this, we use the technique of
preparing a homogeneous water dispersion of SWCNT. To prepare the
dispersion, nanotubes were dispersed in water using a powerful ul-
trasonic homogenizer (power about 40 W). Next, BSA (concentration
about 25 wt%) was added to the water dispersion of nanotubes in a
form of a powder and mixed using a magnetic stirrer, and then were
placed in an ultrasonic bath with a power not more than 7 W. The
interaction between SWCNT and albumin and the functionalization
of nanotubes by BSA atoms leads to their maximum possible sepa-
ration and homogeneous distribution of the tubes in the dispersion.
BSA is a surfactant for SWCNT and inhibits the effect of “sticking”
nanotubes. However, combining several SWCNTs in a bundle does
not reduce the strength characteristics of composites [44].

The method of producing nanocomposites was as follows. First,
the water-albumin dispersion was deposited on a silicon substrate,
then it was irradiated with laser radiation (Fig. 2). To obtain a bulk
sample, dispersion layers are applied and irradiated one after
another. An alternative method for producing a bulk nano-
composite is to irradiate water-albumin dispersion in a bulk vessel,
such as a Petri dish.

A diode laser with a generation wavelength of 810 nm was used
for irradiation. The laser power was up to 3 W. In order to prevent a
strong heating and denaturation of the protein during the prepa-
ration of nanocomposites, the temperature of the irradiated
dispersion was controlled and maintained in the range of 60—80 °C.
For this, a calibrated IR temperature sensor and a feedback system
connecting the laser and the sensor were used. The denaturation
temperature of the BSA was determined by differential scanning
calorimetry and was about 85.7 °C. The laser irradiation was carried
out until the water component of the dispersion was evaporated. As
a result of irradiation, a nanocomposite was formed in the solid

phase state (Fig. 1c). The concentration of nanotubes in the com-
posite was about 0.01, 0.1 and 1 g/1. The specific surface area of the
pores in the nanocomposites was about 280 m?/g with their vol-
ume ~50%. Methods for preparing samples and studying their
physicochemical properties of water dispersions and nano-
composites are described in detail in works [3,23—-25].

2.2. FTIR and Raman measurements

Absorption spectra of the samples were recorded with the use of
the Nicolet iS50 Thermo Scientific Fourier-transform spectrometer.
IR absorption spectra were measured in the range of
500—4000 cm~ ! at room temperature. Composite samples were
crushed into fragments and KBr pellets were made from them. The
thickness of the samples for IR spectroscopy was ~1 mm. The IR
absorption spectra were averaged over 256 scans for each sample,
and the spectral resolution was 1 cm™".

Raman spectra were obtained on the LabRAM HR Evolution
HORIBA Scientific spectrometer. The spectra were excited by a
semiconductor laser with a wavelength of 633 nm, power up to
0.5 W (depending on the signal-to-noise ratio) and a duration of
10 s. Spectra were measured at room temperature. The curves were
averaged over 150 scans, recorded with a resolution of 1 cm™ !, and
subjected to the inverse Fourier transform.

2.3. Quantum chemical study

Quantum chemical modeling and calculations were performed
with the use of the DFT method at the B3LYP/6-31 g (d, p) level in
the Gaussian-09 program. In order to stabilize the zwitterion in the
solid phase, the reactive field model (Polarized Continuum Model,
SCRF-PCM) was used. In this model, the cavity, in which the
molecule under the study was placed, is a combination of over-
lapping van der Waals spheres constructed along the lines of iso-
density.

2.4. In vitro investigation

For in vitro studies of nanocomposites, a human fibroblast cell
line (FH-T), which was acquired at the National Research Center for
Epidemiology and Microbiology of the Ministry of Health of the
Russian Federation, was used. Cells were cultured in DMEM — 90%
culture medium supplemented with 10% calf fetal serum in a 12
well plate. The FH-T cell concentration was approximately
~4 x 10 cells/ml. We studied samples of nanocomposites with two
compositions. They differed in the type of nanotubes (SWCNT I and
SWCNT II). The concentration of BSA in nanocomposites was ~25 wt
% and the concentration of nanotubes was ~0.01 wt%. Nano-
composites were formed on a coverslip by a laser method. This
nanocomposite coverslip was placed on the bottom of each well of
a 12 well plate. A clean coverslip without a nanocomposite was
used as a control. Next, a cell suspension was added to the each well
of the plate. Cell cultivation on nanocomposites and control was
carried out in a CO, incubator. A photocolorimetric MTT assay was
used to assess the viability of cells grown on samples for 24 and
48 h. The MTT assay was carried out by determining the optical
density with an Immunochem-2100 microplate photometer. The
optical density was proportional to the number of living cells. The
culture medium was removed from the plate wells after a cultiva-
tion period (24 or 48 h). 100 pl of pure culture medium with 20 pl of
MTT at an initial concentration of 5 mg/ml was added to the each
well. Then, MTT cells were kept for 2 h in a CO, thermostat. Next,
MTT culture medium was removed and dimethyl sulfoxide 100 pl
was added to the each well. It was necessary for the dissolution of
formazan which was restored by the cells. Then, the cell pellet was
resuspended for 10 min, and the absorbance was measured at a
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500 nm

Fig. 1. Transmission electron microscopy images of small SWCNT I (a) and large SWCNT II (b) and scanning electron microscopy image of cleaved nanocomposite based on BSA and

SWCNT I with a concentration 1 g/l on a silicon substrate (c).

L

Laser
y
(T

Temperature feedback

A

Nanocomposite

Fig. 2. The creation scheme of the SWCNT-based composites in BSA matrix.

wavelength of 492 nm. Cell viability was calculated as the per-
centage of grown cells on nanocomposites relative to the number of
cells grown on the control.

Scanning electron microscopy was used to study the
morphology of cells on nanocomposites. For this, nanocomposites
were formed on silicon substrates of the same shape as the cover
glass. Next, the cells were cultured as for the MTT assay. After in-
cubation of the cells on the samples, the culture medium was
removed. The cells were fixed in 2.5% glutaraldehyde for 30 min.
Then the samples were washed in phosphate buffer for 2 min. At
the end, the samples with cells in ethanol solutions with increasing
concentration (50, 70, and 96%) were kept for dehydration.

3. Results and discussion

3.1. The quantum-chemical study of the interaction between BSA
and SWCNT

It is known that the amino acid residues glutamic (Glu) and
aspartic (Asp) are polar and have a negative charge at physiological

pH values. In the radicals of acidic amino acids there is an additional
carboxyl group. This group can form a chemical bond not only with
the side chains of other amino acids, forming the tertiary structure
of proteins. The carboxyl group can chemically bind to external
molecular structures. The carboxyl groups of the amino acid resi-
dues Glu and Asp, most of which are located on the outer surface of
the protein molecule, are distinguished on the structure. In Fig. 3
the molecular structure of one of the BSA domains is showed. In
the figure, the red and blue colors denote the atoms of oxygen and
nitrogen, respectively. It is known that carbon nanotubes can be
functionalized by oxygen atoms [45—47]. The amino acids Glu and
Asp, which have a negative charge: 0,CCH,—, —0,CCH,CH,—, are
the only amino acid residues, which are capable of functionalizing
SWCNT. Other amino acids which have positively charged or
neutral amino acid residues do not participate in the functionali-
zation of nanotubes. This is due to the features of the m-electronic
structure of SWCNT.

To determine the nature of the interaction between BSA and
SWCNT, the calculation was done. The structural fragment of the
amino acid residues Asp and Glu was chosen as a molecular model
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Fig. 3. The structure of BSA domain with the designation of carboxyl groups in Glu and
Asp (red color - oxygen, blue color — nitrogen).

which interacts with SWCNT (Fig. 4a—c). The fragment had a
negative charge. According to the results of the calculation, this
structural fragment of amino acid residues Asp and Glu forms a
covalent bond CswentO (Fig. 4 d). The energy of this covalent bond
was 580 kJ/mol, and the bond length was 1.42 A (nanotube diam-
eter is 1.7 nm).

Laser irradiation of the water-albumin dispersion of SWCNT can
lead to the initiation of a chemical reaction between the negatively
charged amino acid residues Asp and Glu and nanotubes and,
respectively, the formation of covalent bonds between them. This is
due to the peculiarity of the formation of a composite structure in
the solid phase state by laser radiation during temperature control.

3.2. Analysis of the vibrational spectra of nanocomposites

The vibrational spectra of BSA have been the subject of a number
of experimental and theoretical studies [38,48—53]. The works

o@ ,;‘ o4 < :N
OF ",‘JJ -
03 o -Of
a b
°

Fig. 4. Molecular fragment (a) entering into the side chain of Asp (b) and Glu (c) and
forming a covalent bond with the SWCNT (d).

demonstrated that in the spectrum of albumin, as well as other
proteins, it is possible to distinguish the characteristic vibrations of
the amide group of polypeptides. These are vibrations with a fre-
quency near 1650 cm ™! and 1540 cm™~ . The shape of the oscillation
near 1650 cm~! is mainly determined by the change in the length of
the C=0 peptide bond. For vibrations with a frequency near
1540 cm™ ), the shape is mixed and determined by changes in the
angle of CNN and the bond length of CN. These oscillations are
commonly called oscillations Amide I and Amide II, respectively.

Analysis of the frequencies and intensities of the absorption
bands and lines of the Raman vibrations of the amide group is
widely used to establish the conformational structure of the poly-
peptide chain. For example, a comparative analysis of the vibra-
tional spectra of ovalbumin and S-ovalbumin in the region of
800—1850 cm™ ! was performed in work [38]. The difference be-
tween the spectra made it possible to establish quantitative char-
acteristics of the relative abundance of the p-folded and a-spiral
structure of these two albumin analogs similar in structure.

Determining the formation of a covalent bond between SWCNT
and Asp and Glu amino acid residues requires a more detailed
interpretation of the vibrational spectra of BSA. For this, experi-
mental measurements of the FTIR and Raman spectra of BSA were
performed and the vibrational spectra of the zwitterionic forms of
20 amino acids and their dipeptides were calculated [54]. It has
been established that the vibrational forms of the side amino acid
residues forming the polypeptide do not mix with the vibrational
forms of the amide moiety (Amide I, Amide Il and Amide III). This
allows them to be used to interpret the vibrational FTIR and Raman
spectra of BSA. A comparison between experimental and calculated
[54] BSA spectra showed that each experimental albumin absorp-
tion band is a superposition of several absorption bands of side
amino acid residues. At the same time, the effect of intermolecular
interactions between amino acid residues leads to a shift of the
maximum and a change in the intensity of the absorption bands
corresponding to the vibrations of Amide I, Amide Il and Amide III.
The overlapping of the absorption bands of amino acid residues
with the absorption band of Amide I makes it very sensitive to the
structural changes. In particular, the absorption band Amide I is
sensitive to the manifestation of intermolecular interactions, as a
result of which a shift in the frequency and intensity of this band
makes it possible to determine the structural changes in the pro-
tein. An analysis of the intensity of the vibrational spectra of amino
acid residues in the region of 1540 cm~! showed that intermolec-
ular interactions lead to a more significant change in the intensity
of the absorption band of the Amide II in the FTIR spectrum
compared to the Raman spectrum. In the region of the Amide III
oscillation (about 1300—1200 cm™!), the deformated & (OH) and
d (NH) vibrations of the side chains of a number of amino acids,
which are involved in intermolecular interaction, appeared. As a
result, the values of the corresponding frequencies of the defor-
mation oscillations of Amide III can shift. In addition, a broad ab-
sorption band of average intensity appeared in the experimental
FTIR spectrum of BSA in the region of ~660 cm™ . According to the
calculation, in this spectral range, the deformation oscillations of
the angles v (CCO), vy (COC) and y (OCO-) amino acid residues Glu
and Asp appeared. The participation of Glu and Asp in the inter-
molecular interaction with other amino acid residues led to a shift
in the oscillation frequency of a given deformation vibration and
the broadening of the corresponding absorption band.

Fig. 5 shows the experimental IR spectra of BSA and solid
nanocomposites with different SWCNT I concentrations 0.01, 0.1
and 1g/l.

The interaction between the negatively charged oxygen group
COO - protein residues Asp and Glu and carbon atoms (Ccnr) led to
the formation of covalent bonds Cswent-O and bond angles
CswentOO. This affected the values of the oscillation frequencies
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and the intensities of the absorption bands in the range of oscilla-
tions Amide I, Amide II, and also in the range of 650 cm™!, which is
observed in the spectra of solid nanocomposites with different
SWCNT concentrations (Fig. 6).

Comparing the FTIR spectra of nanocomposites at different
concentrations of nanotubes demonstrated that each spectrum is a
superposition of two spectra — with and without the formation of
covalent bonds (Fig. 5b — d). It is obvious that an increase of the
nanotubes concentration led to the saturation of the functionali-
zation of SWCNT with oxygen atoms of amino acid residues Asp and
Glu. In the total spectrum, at the concentration of nanotubes 1 g/I,
the spectrum of BSA prevails.

An increase in the tubes diameter (from 1.7 to 4nm) in the
nanocomposite did not led to a significant change in the FTIR
spectrum, as it was in comparison with the BSA spectrum and in
comparison with the spectra of nanocomposites with different
concentrations of nanotubes. This is due to the steric factor that
complicates the interaction of albumin with nanotubes through the
formation of covalent bonds. Small changes observed in the spectra
of nanocomposites with an increase in the nanotubes concentra-
tion from 0.01 to 1 g/l demonstrated that isolated cases of covalent
attachment of albumin to nanotubes of larger diameter are not
excluded (Fig. 6).

An important spectral range for studying the interaction of BSA
with SWCNT is the high-frequency range (2700-3600cm™!). To
determine the effect of intermolecular interactions on the vibra-
tional spectra of proteins, we calculated the structure and vibra-
tional spectra of the Gly:Gly (Glycine:Glycine), Glu:Thr (Glutamic
acid:Threonine) and Asp:Lys (Aspartic acid:Lysine)complexes. This
made it possible to take into account three types of intermolecular
interactions — hydrogen, ion—dipole, and ion—ion bonds (Fig. 7).
These types of bonds can be used to qualitatively evaluation of the
intermolecular interactions between the neutral and charged side
chain groups Rm—OH ... COO (—)-Rn and between the charged side
chain groups inside the protein molecule Rm—NH3 + ... COO
(=)-Rn.

According to the calculation, the energy of the intermolecular
interaction varied in a wide range - from 8 to 315 kJ/mol (Table 1).
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Fig. 5. FTIR spectra of BSA (a) and BSA solid nanocomposites with SWCNT I with a
concentration of 0.01 (b), 0.1 (c), 1 (d) g/l
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Fig. 6. FTIR spectra of BSA nanocomposites with SWCNT Il with a concentration of 0.01
(a) and 0.1 (b) g/l

The magnitude of the oscillation frequency shifted when the
intermolecular bond was broken also varied widely from 50 to
~400cm™!, and the intensity of the IR absorption bands and the
Raman bands of the spectrum could decrease by 100 times. In
Table 1, the frequencies of valence vibrations of NH and N*H before
and after breaking of intermolecular bonds are denoted by v; and
Vo, respectively. In parentheses are the intensities of the IR (km/
mol) and Raman (A%*/AMU) bands.

A significant decrease in the intensities of the experimental
absorption bands of nanocomposites for different concentrations of
nanotubes (Fig. 5), as well as a shift in the frequencies of stretching
vibrations in the high-frequency region, showed that conforma-
tional changes occur under the influence of laser radiation on the
water-albumin dispersion with SWCNT I (with a small diameter
1.7 nm) in the secondary and tertiary structures of BSA. For SWCNT
II (with a large diameter 4 nm), such characteristic changes were
not observed.

Fig. 7. Molecular structures forming hydrogen Gly: Gly (a), ion-dipole Glu: Thr (b) and
ion-ion Asp: Lys (c) intermolecular bonds in albumin.
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Table 1

The energy of intermolecular interaction (E) and frequency (v, cm™*) of valence vibrational bonds.

Structure Bond E, (kJ/mol) Oscillation frequency and intensity
v1, cm~! (km/mol; A*/AMU) v, em~ L, (km/mol; A%/AMU) Ratio
Gly:Gly 0...HN 8 3412 (361; 36) 3462 (321; 17) q(NH) Gly
Glu:Thr (COOY) ... (OH) 133 3420 (282; 1287) 3831 (89; 163) q(OH) Thr
Asp-Lys (COOY ... (N*H3) 315 3126(1964; 59) 3428 (54; 147) q(N*Hs) Lys
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Fig. 8. Raman spectra for BSA (a), SWCNT I (b) and BSA nanocomposites with SWCNT I with a concentration of 0.01 (c¢) and 1 (d) g/L.

Obviously, the formation of covalent bonds should also appear
in the Raman spectra of SWCNT. It should be noticed that for an
ideal (defect-free) nanotube in the Raman spectrum, radial-
breathing (low-frequency region~200cm~!) and tangential
(high-frequency region ~1600cm™") vibrations appeare. In the
range of 1300 cm™~! (D-band) there is a line induced by the presence
of various types of defects caused by the imperfection of the
nanotube lattice and the presence of impurities [55]. Other modes
have very low intensity and are practically not observed in the
Raman spectrum.

Defects can be caused by imperfections in the lattice as a result
of the synthesis of nanotubes or exposure by external fields (for
example, exposure by laser radiation), as well as the presence of
impurities, which also include the formation of covalent bonds
with oxygen atoms. The G + D or G’ + D bands are also very sen-
sitive to defects in SWCNT. By their displacement relative to the G
or G’ bands, one can judge the manifestation of the semiconductor
or metallic properties of nanotubes. The 2D band, which appears in
the range of 2700 cm~, also allows one to judge defects that arise
in nanotubes. The ratio of G and D bands helps to find out what is
the magnitude of the defect. For more advanced nanotubes, the D
band is several times of magnitude smaller than the G band. If the
intensities of these bands are proportional, this indicates a rather
large number of defects in nanotubes. Therefore, if in the spectrum
of SWCNT while interacting with a biological object in the vibration
region of the G, D bands, their overtones and composite fre-
quencies, frequency shifts and a change in intensity are observed,
this is a sign of the formation of SWCNT defects, including those
caused by functionalization.

In Fig. 8 the Raman spectra of pure BSA, SWCNT I and solid
nanocomposite with SWCNT I, the concentration of which was 0.01
and 1 g/l, are showed.

In the experimental spectrum of the single-walled carbon
nanotubes, the intensity of the Raman band in the range of
~1330cm™! is substantially less than the intensity of the band of
1600 cm™ !, which indicates the high purity of the used nanotubes.

In the Raman spectrum of the nanocomposite with a low con-
centration of nanotubes (0.01 g/1), a significant increase in the band

intensity was observed in the range of ~1330 cm™. Thus, the in-
tensity of the band in the range of ~1330 cm~! becomes comparable
with the intensity of the band in the range of ~1600 cm™~! (Fig. 8c).
This confirms the presence of a significant number of defects in the
SWCNT as a part of the composite. The defects were caused by a
covalent addition of oxygen to the graphene surface of nanotubes.
Raman spectra of the nanocomposites at different concentrations of
nanotubes were a superposition of two spectra - with the formation
and without the formation of covalent bonds (Fig. 8). An increase in
the concentration of nanotubes led to the saturation of the func-
tionalization of SWCNT with oxygen atoms of the amino acid res-
idues Asp and Glu. This is confirmed by the fact that in the total
spectrum of the nanocomposite with a high concentration of
nanotubes 1 g/l, the Raman spectrum of SWCNT prevails.

3.3. Cell viability on nanocomposites

To determine the possibility of using nanocomposites to create
scaffolds and tissue-engineering matrices, a series of in vitro ex-
periments was performed. We have studied the viability of fibro-
blast connective tissue cells (FH-T) on nanocomposites formed on a
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Fig. 9. Cell viability on nanocomposites based on BSA and SWCNT I (a) or SWCNT II (b)
relative to the control sample in 24 and 48 h after the start of cultivation.
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Fig. 10. SEM image of fibroblasts on nanocomposites based on BSA and SWCNT I (a) or SWCNT II (b) in 3, 24, 48 and 72 h after the start of cultivation.

coverslip in comparison with a control (clean coverslip). The results
of the MTT assay after cell culture are shown in Fig. 9. 24 h after the
start of cultivation, the best cell survival was demonstrated on a
nanocomposite with SWCNT I (4.5% higher than in the control). Cell
survival on the nanocomposite of SWCNT II was slightly lower than
the control (3%). After 48 h, the cell survival trend for the nano-
composite based on SWCNT I continued. The value exceeded the
control by more than 7%. Cell growth on a nanocomposite of
SWCNT II slightly exceeded the control value after 48 h (2%).

The study of the fibroblasts morphology on nanocomposites at
various time intervals was carried out with the use of scanning
electron microscopy (SEM) (Fig. 10). The SEM image demonstrated
the growth, extension, and spreading of cells on the surface of
samples over time. 3h after the start of cultivation, the cells
partially retain a rounded shape, which indicates the incomplete-
ness of the process of attachment of cells to the surface of the
samples. After 24 h, the cells are elongated, they became oblong,
and their area was significantly increased. Cell nuclei and pseudo-
podia were visible in the images, with the help of which the cells
were attached to the surface of the nanocomposite. After 72 h of
incubation, the cells completely filled the nanocomposite surface.
However, after 72 h, the better effect of the nanocomposite based
on SWCNT I on cell growth was noticeable. Fibroblasts lined up to
form a monolayer. This may be due to the best compatibility of the
nanocomposite structure with the fibroblasts, which led to better
adhesion of cells to the surface of the nanocomposite based on
SWCNT L.

4. Conclusions

In this work, the mechanism of the interaction between BSA
with SWCNT in solid nanocomposites obtained by evaporating the
water-albumin dispersion with nanotubes by a diode laser with
temperature control was investigated. Such nanocomposites can be
used for creating cellular and tissue-engineering matrixes and laser
welding of biological tissues with the use of water-protein disper-
sions with nanoparticles as a solder.

The possibility of nanotubes functionalization by oxygen atoms
of negative amino acid residues Asp and Glu, which are on the outer
surface of BSA, was shown by molecular modeling. The formation of
covalent bonds between BSA and SWCNT was confirmed by FTIR
and Raman spectra, which were recorded for nanotubes of small
diameter (1.7 nm) with different concentrations (0.01, 0.1 and 1 g/1).
The comparison of the IR spectra of the nanocomposites of different
nanotubes concentrations showed that each spectrum is a super-
position of two spectra — with and without the formation of co-
valent bonds. An increase in the concentration of nanotubes led to
the saturation of the functionalization of SWCNT with oxygen

atoms of the amino acid residues Asp and Glu. In the total spectrum
of the nanocomposite with a SWCNT concentration 1 g/I, the BSA
spectrum prevails.

The covalent interaction between BSA with SWCNT led to the
disruption of the secondary and tertiary structures of albumin, as
evidenced by a significant decrease in the intensity of the absorp-
tion bands in the high-frequency range. According to the calcula-
tion of the vibrational spectra of the three Gly: Gly, Glu: Thr and
Asp: Lys complexes, which allow to take into account hydrogen,
ion-dipole and ion-ion bonds, a significant decrease in the intensity
of absorption bands in the region of stretching bond oscillations in
the intermolecular interaction OH and NH was observed.

The formation of a covalent bond between BSA and SWCNT in
the nanocomposite led to an increase in the intensity of the band in
the range of ~1330 cm™! on the Raman spectrum compared to the
spectrum of the original nanotubes. This confirms the presence of
significant defects in SWCNT caused by covalent addition of oxygen
to the graphene surface of nanotubes.

It was found that an increase in the diameter of nanotubes and
their concentration in the nanocomposite have practically no effect
on the vibrational spectra, which confirms the hydrophobic inter-
action between BSA and SWCNT.

In this way, two types of interactions in the solid BSA-based
nanocomposites with SWCNT — hydrophobic and with the forma-
tion of covalent bonds — depend on the diameter of the nanotubes
used. The viability of fibroblast connective tissue cells on nano-
composites with both types of SWCNT was demonstrated. It was
found that nanocomposites based on SWCNT I provided slightly
better compatibility of their structure with fibroblasts. It allows
achieving better cell adhesion to the nanocomposite surface. Thus,
laser-formed nanocomposites from BSA and SWCNT can be used to
create cell scaffolds and tissue-engineering matrices.
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