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Study of the physical and biological properties of
nanocomposite materials obtained with laser radiation

Uliana E. Kurilova™, Alexander Yu. Gerasimenko
National Research University of Electronic Technology
1, Shokin Square, Zelenograd, Moscow, 124498, Russia

Abstract

The new method of the formation of nanocomposite materials based on carbon nanotubes for the regeneration of connective
tissues has been developed.

Aim. Study of the structure, mechanical characteristics and biocompatibility of the obtained materials.

Materials and methods. The experimental samples of nanocomposite materials were based on multi-walled and single-
walled carbon nanotubes, the matrix was bovine serum albumin. A layer of liquid dispersion of the components on a silicon
substrate or in a container was irradiated with laser radiation to form the solid nanocomposite material. The microstructure
of the obtained samples was analyzed with X-ray microtomography, the tensile strength was investigated using a testing ma-
chine. Fibroblast cells were incubated with experimental samples for 3, 24, 48, and 72 h and then fixed with glutaraldehyde.
Cell growth during incubation with samples was studied using optical and atomic force microscopy.

Results. It was found that a slight decrease in tensile strength and increase in the degree of deformation were observed with
an increase in the concentration of carbon nanotubes. At the same time, the mechanical parameters of the samples correspond-
ed to the requirements for materials for the restoration of connective tissue defects. Microscopic studies indicate good adhesion
of cells to the nanocomposite material, no toxic effect of the samples on the cells was found. After 3 hours of incubation, the
cells had their original rounded shape, after 24 hours of incubation cells began to proliferate on the sample’s surface and were
spindle-shaped. After 48 and 72 hours, the cells practically formed a monolayer on the surface of the samples.

Conclusion. The results of the study show that the structural and mechanical parameters of the developed nanocompos-
ite materials meet the requirements of biomedicine. It was also shown that nanocomposite materials do not suppress cell
growth and can serve as a scaffold for the regeneration of damaged tissues.
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UccnepoBaHme cpusnueckmx m 6monornueckKkmx
CBOMCTB HAHOKOMMO3UTHbIX MaTepuanoB, NOJMTyYeHHbIX
C MCNOJIb30OBaHUEM Na3epHOro U3ny4yeHus

V.E. Kypuiosa™, A.10. T'epacumenko
DIAOY BO «Hayuonansuwiti ucciedo8amensckuil yHugepcumem
“Mockosckuti uHcmumym 31€eKmpOHHOU MeXHUKU " »
ni. lokuna, 0. 1, 2. 3enenoepad, e. Mockea, 124498, Poccus

AHHOTauus

PaspaboTaH HOBbIN MeTOA POPMMPOBAHINS HAHOKOMMO3UTHBIX MaTEPUANoB Ha OCHOBE YrNEpOAHbIX HAHOTPYBOK An1s pere-
Hepauun COeanHNTENbHbIX TKaHEN OpraHn3ma.

Llenb. /ccnepoBarue CTPYKTYpbl, MEXaHUYECKUX XapaKTEPUCTUK 1 BUOCOBMECTUMOCTH NOSTyYEHHbIX MaTEpPUanoB.
Matepuanbi n metogbl. OCHOBOW SKCNEPUMEHTabHBIX 06pa3LI0B ABNANNCL MHOMOCTEHHbIE 1 OQHOCTEHHbIE YrNepOoaHbIe
HaHOTPYOKW, B Ka4ecTBe MaTpuLbl UCMONb30BanCcs Oblunii CbIBOPOTOYHBIA anbbymuH. Crnoit kugkon aucnepcui Komno-
HEHTOB Ha KPEMHWEBOWN MOAMOXKE MM B EMKOCTW 0bpabaTbiBancsa nasepHbiM U3nyyeHnem ¢ obpasoBaHnemM 06bEMHOrO
HaHOKOMMO3WTHOrO MaTepuana B TBepaoi ase. MuKpocTpykTypa nonyyeHHbIx 06pasyos bbina nccnegoBaHa METOAOM
PEHTIEHOBCKOM MUKPOTOMOrpagum, NPOYHOCTb Ha Pa3pblB UCCREA0BaNnach C MOMOLLbIO CMbITaTENbHOM MallmMHbI. KneTtku
hmbpobnacTbl MHKYOMPOBaMMCh C SKCIEPUMEHTarbHEIMM 0Opasuamu B TeueHne 3, 24, 48 n 72 yacos, a 3aTeM UKCUPO-
BanuCb rryTapoBbIM anbaernaoM. POCT KNeTok BO Bpems uHkyGauum ¢ obpasuamu Bbin M3yyeH ¢ NOMOLLbIO ONTUYECKON
1 aTOMHO-CMIOBON MUKPOCKOMMMK.

Pe3ynbTatbl. YCTaHOBMEHO, YTO C YBENUYEHNEM KOHLEHTPALMK YrNepoaHbIX HaHOTpYBok HabnopaeTcs HebonbLLoe CHU-
KEHWE NPOYHOCTM U yBENNYEHNE CTeneHn gedopmaruv. [Mpu aToM MexaHuyeckue napameTpbl 06pasLioB COOTBETCTBOBAM
TpeboBaHuaM, NPEABbABNSEMbIM K MaTepuanam 4ns BOCCTaHOBNEHUS AeEKTOB COEAMHUTENbHbIX TkaHelk. Mukpockonuye-
CKIe MCccrefoBaHns ykas3blBaloT HA BbICOKYO CTeneHb afaresun B NpoLecce B3auMOAENCTBIS KNETOK C HAHOKOMMO3UTHbBIM
MaTepuanom, TOKCUYECKOro AeicTeusl 06pa3LoB Ha KNeTkM He Bbino obHapyxeHo. Yepes 3 yaca uHKybauum KneTku MMenu
nepeoHavanbHyto okpyrnyto dopmy. KneTkn Ha obpasuax nocne 24 4acoB WHKyDaLuy Hayanm pacnpoCcTpaHATLCs No Mo-
BEpPXHOCTM 06pa3LoB 1 MMenun BepeTeHoobpasHyto dhopmy. Yepes 48 1 72 yaca KneTku NpakTUieckn 0bpa3oBbiBanit MOHO-
CrOW Ha NOBEPXHOCTW 06pas3LioB.

3aknroyeHue. PesynbTaThbl UCCNef0BaHUS MOKA3bIBAKOT, YTO CTPYKTYPHbIE 1 MEXaHUYECKIe MapamMeTpbl paspaboTaHHbIX Ha-
HOKOMMO3WTHbIX MaTepuasnoB yaOBMETBOPAT TpeboBaHMAM GrnoMeamnumHbI. Takke Bbino nokasaHo, YTO HAHOKOMMO3UTHbIE
MaTepuarbl He NOAABNAKT POCT KNETOK 1 MOTYT CIY)KWUTb B KAYECTBE Kapkaca Ans pereHepaLyn NoBpeXaeHHbIX TKaHEN.

KnioueBble cnoBa: yrnepoaHble HaHOTPYOKM; CbIBOPOTOUHBIN anbbyMuH; Kapkac; nasepHoe CTPYKTypUpOBaHUE; aTOMHO-
CcUroBasi MUKPOCKONMS; TkaHeBas MHXeHepust; hrnbpobnacTbl; AedeKTbl COeANMHNTENBHON TKaHU
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Today one of the most rapidly developing areas of
biomedicine is biophotonics. Laser radiation is widely
used for theranostics of a wide range of diseases. A large
number of biocompatible materials, in particular, scaf-
folds for tissue engineering, can be obtained with the
technology of laser polymerization [1]. To increase the
similarity of such materials to the natural extracellular
matrix and thereby improve the proliferation of cells in
their volume, various nanoparticles can be embedded in
them [2].

Among the requirements for such materials, the most
important are biocompatibility, biodegradability, the
presence of the pore system, good mechanical properties
and acceptable surface structure [3]. The most widely
used materials which meet these requirements are natu-
ral or synthetic polymers and their combinations [4-6].
However, low mechanical strength and insufficient bio-
compatibility limit their use [7].

Reinforcing components can be added to polymers in
order to make their mechanical characteristics better —
nanoparticles of metals, carbon (nanodiamonds, nano-
tubes, nanofibers, graphene and its derivatives) [8—10].
The addition of carbon nanotubes (CNT) to biocompat-
ible polymers, alongside increasing the strength, also
promotes the formation of surface unevennesses, which
improves the adhesion of cells to the material [11-13].
CNT are electrically conductive; thereby they can be lo-
cated in the volume of the material under the influence of
laser radiation in the required manner [14].

In this work, the characteristics of a nanocomposite
material produced by laser treating of water dispersions
of single-walled (SWCNT) and multi-walled (MWCNT)
carbon nanotubes with albumin were investigated. The
structure was analyzed with X-ray microtomography,
and the tensile strength was investigated using a testing
machine. Biocompatibility with fibroblasts was investi-
gated in vitro using microscopic methods. The resulting
nanocomposite materials can be used as scaffolds for the
regeneration of damaged tissues.

MATERIALS AND METHODS

The experimental samples were based on CNT
(Russia). The matrix material — bovine serum albumin
(Germany) — was chosen for its ability to bind tissues
well during laser welding using albumin as solder [15].

As the first operation, the aqueous dispersion of CNT
was created with a magnetic mixer ELMI MS-01 (ELMI,
Latvia). The concentration of CNT in the samples was

0.1 and 0.01 wt. %, the concentration of albumin was
25 wt. %. For obtaining more uniform dispersion, the
CNT were further processed by a submersible ultrasonic
homogenizer Sonicator Q700 (Qsonica, USA). At the
next stage, bovine serum albumin was dissolved in the
dispersion, after that dispersion was mixed completely
with a magnetic mixer and an ultrasonic bath Sapphire
(Sapphire, Russia). At the last stage, the dispersion was
sprayed over a silicon base or poured in a clean con-
tainer and irradiated with a laser until the solid film was
formed. It took a layer of dispersion several (5-10) sec-
onds to be completely dried. The dispersion in the con-
tainer was treated with a laser setup for several (7-8)
minutes until a rubbery state was achieved. Irradiation
was performed using a continuous-wave semiconductor
laser LSP (IPG Photonics Corporation, Russia) with a
wavelength of 810 nm. The radiation power was 5.5 W,
the beam profile was Gaussian and 10 mm in diameter.
After laser irradiation, the final sample had the form of a
scaffold of CNT inside the albumin matrix. The micro-
structure of the samples of nanocomposite material was
investigated by X-ray microtomography using Skyscan
1174 (Bruker, USA) X-ray tomography. The following
parameters were selected: voltage at the X-ray tube cath-
ode was 26 kV; current at the cathode of the X-ray tube
was 400 mA; rotation step was 0.15 (~ 4000 shadow pro-
jections); the spatial resolution was 12 microns.

To study the mechanical properties, the dumbbell-
shaped samples were prepared. The samples had dimen-
sions of 3.5%3.5%1.4 mm. The distance between the grips
was 2.5 mm, the loading rate was 1 mm/min, and the
maximum load was 50 N. The samples were tested on
Instron 3343 (Instron, USA) universal testing machine.

In vitro studies with the cell culture were performed
using fibroblasts. The cells were incubated with experi-
mental samples for 3, 24, 48, and 72 h and then fixed
with glutaraldehyde for microscopic studies. The chang-
es in cells spreading and morphology during incubation
of them with samples of nanocomposite material were
studied using optical and atomic force (AFM) micros-
copy. Optical microscope Biolam M-1 (LOMO, Russia)
was used for optical microscopy, and Bruker Dimension
Icon (Bruker, USA) was used for AFM.

RESULTS

3D visualization of the internal structure of nano-
composite material samples is shown in Fig. 1. The
results of the complex analysis of samples show that
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FIG. 1. 3D visualization of samples of nanocomposite material. a — sample with SWCNT (0.01 wt %), b — sample with SWCNT
(0.1 wt %), ¢ — sample with MWCNT (0.01 wt %), d — sample with MWCNT (0.1 wt %).

PUC. 1. 3D-Busyanu3anus 06pasioB HAHOKOMIIO3UTHOTO MaTepHaia. a — 00pasel] ¢ OJHOCTEHHBIMH YIIIEPOIHBIMH HAHOTPYO-
kamu (0,01 mac.%), b — obpaser] ¢ OJHOCTEHHBIMH yIIIepoAHbIMU HaHOTpyOKamu (0,1 mMac.%), ¢ — oOpaser; ¢ MHOTOCTEHHBIMU

yreponHbsiME HaHOTpyOKamu (0,01 mac.%), d — oOpaser] ¢ MHOTOCTEHHBIME yIiIepogHbIMU HaHOTpyOKkamu (0,1 mac.%).

24 hours

48 hours 72 hours

FIG. 2. Optical microscopy images of the nanocomposite material based on MWCNT with fibroblasts. Magnification: x10.
PUC. 2. U306paxeHusi HAHOKOMIIO3UTHOTO MaTepHala Ha OCHOBE MHOTOCTEHHBIX YIIEPOAHBIX HAHOTPYOOK ¢ (pubpobiacTamu,
TI0JIy4EHHBIE METOZIOM ONTHYECKONH MUKpPOCKONUH. YBenuueHue: x 10.

with an increase in concentration from 0.01 to 0.1%,
porosity increases. All samples had the same amount of
open pores. The sample with a lower concentration of
SWCNT (0.01 wt. %) had a homogeneous structure with
anumber of small pores with a diameter of about 0.4 mm
and micropores with a diameter of 65 pm. Sample with
0.1 wt. % SWCNT had a homogeneous structure with
micropores 43 um in diameter. Sample with 0.01 wt. %
MWCNT had a series of micropores with an average di-
ameter of 37 um. Sample with 0.1 wt. % MWCNT con-
tained micropores with an average diameter of 49 um.
Table summarizes the results of studies of tensile
strength and elongation. It was found that with the

increase in CNT concentration, there was a slight
decrease in tensile strength (3% for samples with
SWCNT and 5% for samples with MWCNT) and
an increase in the degree of deformation (12% for
samples with SWCNT and 15% for samples with
MWCNT).

Optical microscopy made it possible to obtain images
of the distribution of the cells along the surface after in-
cubation with experimental samples (Fig. 2).

After 3 hours of incubation, the cells had their origi-
nal rounded shape and were practically not distributed
over the surface of the samples (Fig. 2a). The cells were
up to 50 um in size with short processes up to 10 pm

Table. Mechanical characteristics of samples of nanocomposite materials
Ta6nuua. Mexanunueckue XapPaKTepUCTUKn 06pa3u03 HAHOKOMMNO3UTHbIX MaTepuanoB

Sample / Obpasen

Average tensile strength, MPa /
CpefHaAa NpoYHOCTb Ha pa3spbis, MMa

Average relative extension, % /
CpepnHee oTHOCUTENBHOE YANMHEHHe, %

SWCNT (0.01 wt %)
OpHocTeHHble yrnepoaHble HaHoTpy6km (0,01 mac.%)

SWCNT (0.1 wt %)
OpHocTeHHble yrnepoaHble HaHoTpy6km (0,1 mac.%)

MWCNT (0.01 wt %)
MHorocTeHHble yrnepoaHble HaHoTpy6ky (0,01 mac.%)

MWCNT (0.1 wt %)
MHorocTeHHble yrnepoaHble HaHoTpy6ku (0,1 mac.%)

3.7 12.2
3.6 13.7
3.8 1.7
3.6 13.5

Note / Mpumeyanne. SWCNT - single-walled carbon nanotubes; MWCNT — multi-walled carbon nanotubes.
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48 hours

72 (_)urs

FIG. 3. Atomic force microscopy images of the nanocomposite material based on SWCNT with fibroblasts.
PUC. 3. 1300paxeHnss HAHOKOMITO3UTHOTO MaTepHania Ha OCHOBE OJHOCTECHHBIX YIICPOIHBIX HAHOTPYOOK ¢ (pubpodmacTamu,

IMOJTY4YCHHBIC C ITIOMOIIBIO aTOMHO-CUJIOBOM MHUKPOCKOIIUH.

in length, more actively occupied more inhomogeneous
areas of the samples.

The cells on the samples after 24 hours of incubation
had a spindle-shaped shape with increased proliferation
over the surface of the samples (Fig. 2b). The cell layer
was denser than the cell layer after 3 hours of incubation.

After 48 and 72 hours, the cells practically formed a
monolayer on the surface of the samples (Fig. 2c, d), the
shape of the fibroblasts became more elongated in com-
parison with the previous periods.

The grown cell cells were seen in more detail using
an atomic force microscope (Fig. 3). Areas of size 90 um
were examined. AFM images made it possible to clearly
define changes in cell morphology.

AFM makes it possible to analyze the structure of the
surface and its microrelief with high resolution — down
to the nanometer scale. The samples were analyzed us-
ing the semi-contact method, often used for biological
samples. NanoScope Analysis software was used for
processing the resulting images. Cell nuclei and nucleoli
were observed in the centre of each cell, up to 3 in each
nucleus, as well as cell processes that attached to the
sample. It was seen more cells after 72 hours of incuba-
tion compared to the previous periods.

DISCUSSION

Damages of connective tissue are now extremely
common among people of both young and old age. At
the same time, the regenerative capacity of such tissues
is limited, so they, as a rule, are replaced by autografts
or artificial materials. Transplantation of an autograft
into the damaged tissue site leads to additional surgical
intervention, while artificial materials disintegrate over
time and can damage the surrounding healthy tissues.
Thus, the field of tissue engineering is extremely prom-
ising, since it allows one to overcome the mentioned
disadvantages.

Bioactive nanomaterials can also be used as coatings
for artificial structures, increasing their biocompatibility.
A key factor in successful tissue regeneration is an effec-
tive combination of scaffold materials and patient’s cells.

A number of requirements are imposed on the materials
of the scaffolds, one of them is porosity. The main task
of porosity in scaffolds is a fairly accurate mimicking of
the natural extracellular matrix, consisting of collagen,
elastin and other components. In this case, the inner sur-
face of the pores should facilitate the adhesion of cells
to it and the parts of the porous network should com-
municate with each other. The pores in the scaffolds are
also necessary for the transport of nutrients to the cells
and the disposal of their waste products. The porosity
of the developed samples of the nanocomposite material
estimated from the tomographic images is sufficient for
effective tissue growth on them.

To ensure the ability of tissues to withstand the load
during regeneration and to adequately support proliferat-
ing cells, it is necessary for tissue-engineered scaffolds
to have a certain strength. The tensile strength of the na-
tive soft connective tissues is about 3 MPa [16]. Thus,
the tensile strength of the obtained samples exceeds the
strength of native tissues. The tensile strength of the scaf-
fold is inversely related to the porosity, while the type
of nanotubes did not significantly affect the mechanical
properties of the nanocomposite material samples.

Cell proliferation is one of the main indicators of
the efficiency of the developed scaffold. The obtained
images of fibroblasts incubated with samples of nano-
composite material indicated good adhesion of cells to
the material. No toxic effect of the sample on the cells
was found at all the cultivation times, their morphology
corresponded to the morphology of cells in the control
samples, the cells in the process of growth had the cor-
rect size and shape.

CONCLUSION

Nanocomposite materials based on SWCNT and
MWCNT has been developed. Material can be ob-
tained in a form of a film on a base or in a form of vol-
ume samples in a container. The formation of nano-
composite materials is carried out by treating the wa-
ter dispersion of albumin and CNT with laser radiation
of the following parameters: wavelength of 810 nm, a
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laser beam diameter of 10 mm, a power of 5.5 W, ir-
radiation time of 5—10 seconds (for samples on a base)
or for 7-8 minutes (for samples made in a container).
The final sample had the scaffold of CNT structured
with a laser inside the albumin matrix. This scaffold
was electrically conductive and had high mechani-
cal strength. Biocompatibility in vitro was proven by
results of AFM and optical microscopy of fibroblasts
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