Optical Engineering

OpticalEngineering.SPIEDigitalLibrary.org

Effects of pulsed and continuous-wave
laser radiation on the fabrication of
tissue-engineered composite structures

Mikhail S. Savelyev
Natalia O. Agafonova
Pavel N. Vasilevsky

Dmitry I. Ryabkin

Dmitry V. Telyshev

Peter S. Timashev
Alexander Yu. Gerasimenko

Mikhail S. Savelyev, Natalia O. Agafonova, Pavel N. Vasilevsky, Dmitry I. Ryabkin,
Dmitry V. Telyshev, Peter S. Timashev, Alexander Yu. Gerasimenko, “Effects of pulsed and
SPIE continuous-wave laser radiation on the fabrication of tissue-engineered composite structures,”
] Opt. Eng. 59(6), 061623 (2020), doi: 10.1117/1.0E.59.6.061623



Effects of pulsed and continuous-wave laser radiation
on the fabrication of tissue-engineered composite
structures

Mikhail S. Savelyev,*™* Natalia O. Agafonova,” Pavel N. Vasilevsky,?
Dmitry I. Ryabkin,” Dmitry V. Telyshev, Peter S. Timashev,”? and

Alexander Yu. Gerasimenko®"
INational Research University of Electronic Technology MIET, Zelenograd, Moscow, Russia
"I M. Sechenov First Moscow State Medical University, Moscow, Russia
°N.N. Semenov Institute of Chemical Physics, Moscow, Russia
dResearch Center “Crystallography and Photonics,” Troitsk, Moscow, Russia

Abstract. We studied the formation of a composite from an aqueous dispersed medium with
albumin and carbon nanotubes under the action of laser radiation in continuous wave (CW)
mode and pulsed mode with a repetition rate of 10 Hz and pulse duration of 16 ns. During the
experiments, the temperature was monitored at the site of exposure, as well as its distribution in
the liquid. Pulsed solid-state Nd:YAG laser and CW diode laser with an irradiation power of
~500 mW were used as radiation sources. However, a three-dimensional composite was formed
only with constant exposure. The effect of pulsed laser radiation with an intensity corresponding
to nonlinear interaction with water dispersion led only to its enlightenment. Thus, it is important
not only the energy parameters of radiation but also the frequency of energy portions exposure
for the fabrication of tissue-engineered structures (composites). As a result, it was found that the
curing of the dispersion and the composite formation occurs under the action of continuous or
pulsed (with a high pulse repetition rate) laser radiation at a temperature in the range from 45°C
to 50°C; in case the pulse repetition rate is insufficient, composite formation is not observed even
under the action of high intensity radiation and heating occurs only to a temperature of ~40°C.
This formation process can be generated both in the visible 532 nm and in the infrared 810-nm
wavelength ranges. In this case, one of the main conditions is the absence of albumin or cells
absorption at these wavelengths so that absorption occurs mainly with single-walled carbon
nanotubes. Studies of the surface and internal structure of the composite made it possible to
demonstrate the binding of nanotubes to each other. This happened under the influence of laser
radiation. This led to high hardness values of the composites. The average value of hardness was
0.26 £+ 0.02 GPa. © 2020 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1
.OE.59.6.061623]
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1 Introduction

The main task of tissue engineering is the creation of implantable tissues and organs with suf-
ficient mechanical strength, which are also biocompatible. To achieve this goal, it is necessary to
select the initial components, then form and deliver supporting structures and living cells to the
damage zone.' Such tissue-engineered structures should ultimately lead to the restoration of the
necessary functional ability.** Therefore, supporting structures called “scaffolds” should provide
the necessary conditions for cell fixing and proliferation.> For these reasons, albumin’ is prom-
ising material as a matrix supporter, but additional components must be used to increase its
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mechanical characteristics.>’ To achieve these requirements, single-walled carbon nanotubes
(SWCNTSs), which are capable of biodegradation during tissue regeneration,'®!* can be intro-
duced into the composition of the hydrogel. However, it is impossible to make a broad coverage
when classifying carbon nanotubes as “nontoxic” and “toxic” since their effect on cells depends
on their application.'*!* In general, as in case of other molecules and materials, their effective-
ness and side effects depend on the following factors: dose, route of administration, and type of
exposure.'>!® Various research groups also attempted to develop SWCNTs with specific forms
and properties.!”!® It has been shown that carbon nanotubes have high hemocompatibility
values, the hemolysis level is 5% upon contact with blood.'® In addition, their use in a solution
of proteins, such as serum albumin, reduces the activity of nanotubes to the platelet
aggregation.”’?! The treatment process of SWCNTSs with albumin occurs due to conformational
changes in protein structure. In previous research, it was determined that composite films with
bovine serum albumin (BSA) and SWCNTs show the absence of hemolysis while contacting
with blood.”

Another important issue concerns the preparation method itself since the properties of the
material strongly depend on the surface morphology and its structure as a whole.>** Promising
methods for the formation of tissue-engineered structures is three-dimensional (3-D) printing,
based on additive technology for accurate 3-D design.** The use of stereolithography makes
it possible to solidify hydrogels and create the necessary structure with high accuracy.
Nevertheless, the main disadvantage of this method is the use of ultraviolet radiation sources,
the effects of which are harmful to cells and can cause skin cancer.’** The possibility of curing a
liquid dispersed medium (hydrogel) in the infrared”® and the visible wavelength range®’ was
shown. Other authors are also investigating the possibility of using laser radiation that does not
lie in the ultraviolet range.”®%

In this work, we study the effect of laser radiation with the same wavelength, but with differ-
ent irradiation modes, namely, for the case of continuous wave (CW) and high-intensity pulsed
radiation. These types of effects are characterized by linear and nonlinear interaction of laser
radiation with the material, which can be divided by the threshold intensity value.*® The studies
were conducted with hydrogel based on BSA and SWCNTs.

2 Experimental Details

2.1 Fabrication of Dispersions of Carbon Nanotubes with Albumin

Hydrogels are an aqueous dispersed medium of BSA 20% (w/w) with SWCNTs 0.01% (w/w)
and without them.
The preparation of the hydrogel was carried out as follows:

¢ all the components used were weighed on an analytical balance, and in the case of
SWCNTs, the proportion of their content in the initial aqueous paste 2.5% (w/w) per
1 g was taken into account;

* BSA aqueous dispersion was prepared without the addition of SWCNTSs by mixing in
an ultrasonic bath at power of 40 W;

* aqueous dispersion with SWCNTs, which were initially in form of aqueous paste, was
mixed using a submersible homogenizer with a power of ~450 W in a graduated glass
with a capacity of 50 ml for 3600 s;

¢ the hydrogel was obtained by mixing both dispersions together in ultrasonic bath.

2.2 Measurement of Nonlinear Optical Properties

Before investigating the curing process, the nonlinear optical properties of the prepared hydro-
gels were measured to determine the nature of the interaction of laser radiation with matter. To do
this, we used the optical scheme and measurement procedure, which had previously been tested
in the measurement of SWCNTs conjugates.’! This description takes into account only the
absorption by the material; however, it can be applied in the case of the combined action of
absorption and scattering. A distinctive feature of the study of hydrogel by the fixed sample
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location method was the use of a laser beam without focusing, respectively, the spot diameter
was ~1.5 mm at a level of 1/e2. As the initial energy for Z-scanning with an open aperture, a
value was chosen at which nonlinear effects do not occur without beam focusing. These studies
were carried out only with the use of nanosecond Nd: YAG laser since the intensity of radiation
generated by CW laser was not enough to cause nonlinear processes without prolonged exposure
to the substance. In the case of hydrogel with SWCNTs, the attenuation of laser radiation is
mainly caused by the presence of nanotubes; the absorption of albumin is insignificant during
operation in the visible wavelength range.*” The described measurement procedure is used to
distinguish between linear and nonlinear interactions in order to select the initial conditions
under which the effect of prolonged exposure with temperature control would be studied.

2.3 Temperature and Transmittance Measurements during the Hydrogel
Curing

The optical scheme of the experiment for irradiating prepared BSA hydrogel with/without
SWCNTs is shown in Fig. 1. The study was conducted in the visible range with a wavelength
of laser radiation of 532 nm. The second harmonic of Nd: YAG laser with a single pulse duration
of 16 ns and frequency of 10 Hz was used; a solid-state laser with diode pumping was used as a
CW radiation source. The results comparison was carried out at the same power for 720 s. The
sample was placed in a 2-mm-thick quartz cuvette, which was mounted vertically. The laser
beam from the radiation source is incident on the cuvette perpendicularly and hit an Ophir
12 A-P sensor after passing through the hydrogel. The power was maintained constant through-
out the irradiation process and was recorded using a beam splitter plate and an Ophir PE9-C
sensor. The temperature of the sample at the irradiation site was recorded using an Optris Laser
Sight pyrometer operating in a noncontact mode.

The spot diameter of the pulsed solid-state Nd: YAG laser did not exceed 1.1 mm at a 1/e2
level. Figure 2 shows a beam profile that was registered by a CCD camera. Similar measurement
was performed for the CW diode laser. The diameter of such beam was 2 mm at a 1/e2
level.

3 Results

3.1 Characterization of Linear and Nonlinear Optical Properties

To determine the linear and nonlinear optical characteristics, fixed sample location experiment
and Z-scanning were performed. Irradiation was performed for 2 s, after which the incident and
transmitted powers were recorded. Figure 3(a) shows a graph of the output energy dependence
on the input energy, constructed according to the results of fixed sample location experiment.
The energy values were calculated taking into account the laser radiation frequency of 10 Hz.
To conduct a Z-scanning, a power corresponding to the linear region of the input—output

Pyrometer

Output energy
sensor

Beam splitter
Input energy sensor

Fig. 1 Experimental scheme.
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Fig. 2 Laser beam profile: (a) registered by a CCD camera and (b) the projection of this profile
along one of the axes, the dashed lines correspond to the attenuation of the peak value in 1/€?.
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Fig. 3 Experimental and theoretical dependences of: (a) output energy on the incident beam
energy; (b) normalized transmittance on the position of the hydrogel sample relative to the lens
focus.

dependence curve equals to 4 mW was chosen. Z-scanning [Fig. 3(b)] was performed with a step
of 3 mm.

According to the experiments results, theoretical curves were calculated that are in good
agreement with the experimental data. The linear absorption coefficient a of the studied hydrogel
is 33.62 cm™!. In addition, the hydrogel also exhibits strong nonlinear properties: the nonlinear
absorption coefficient § is 53.2 cm/MW at a threshold intensity I’th (intensity at which non-
linear absorption effects occur) of 0.487 MW /cm?. Such a high 8 value can be explained by
the high concentration of nanotubes” in conjunction with an increase in the temperature of this
material.*?

3.2 Long-Term Pulsed and CW Irradiation

Long-term irradiation of a hydrogel based on BSA and SWCNTSs was carried out in two modes:
pulsed (10 Hz) and CW. The wavelength (532 nm) and the radiation power (500 mW) were
the same in both cases.

The time dependences of temperature show different patterns of interaction of the hydrogel
with pulsed and CW laser radiation (Fig. 4).

When using continuous radiation, the temperature rather quickly increased to 45°C without
any structural changes in sample (I red in Fig. 4), and then slowly increased by 1°C to 1.5°C over
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Fig. 4 Time dependence of temperature during long-term irradiation of hydrogel.

the next 360 s (Il red). During this period, conformational changes in albumin structure began to
occur. Further irradiation led to a composite formation due to the stickness of nanotubes (III red).
Immediately after the beginning of the solid composite formation, the temperature was increas-
ing again. This is due to the fact that the radiation ceased to pass through the liquid medium and
most part of radiation was absorbed by the solid composite, heating it.

In the pulsed mode, the main temperature increase was observed from 90 to 600 s of irra-
diation, which corresponds to the region of enlightenment (II black). However, the maximum
temperature of the hydrogel during the irradiation period did not exceed 40°C, from which we
can conclude that the temperature of conformational changes in albumin was not reached in this
case. Due to sticking, SWCNTs leave the irradiation area and the remaining small amount of
SWCNTs is not able to cause heating to higher temperature (IIT black).

It should be noted that BSA dispersions without SWCNTSs did not interact with radiation in
both modes. The temperature change over the entire period of irradiation did not exceed 1°C.
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Fig. 5 Time dependence of normalized transmission during long-term irradiation of hydrogel.
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Fig. 6 The shows of hydrogel: (a) before irradiation, (b) after irradiation in pulsed mode, (c) after
irradiation in CW mode, and (d) solid composite. The green circles show irradiation areas in
both modes.

The dependence of the normalized transmission on time is shown in Fig. 5. During irradiation
process in pulsed mode, the hydrogel exhibits nonlinear properties in the initial period of irra-
diation (~ the first 120 s). However, then the effect of enlightenment was observed. Due to the
presence of nonlinear effects, the value of normalized transmittance did not reach the value of 1,
but visually the dispersion became more transparent at the irradiation site and above [Figs. 6(a)
and 6(b)]. In turn, the area below the irradiation site becomes visually darker. The normalized
transmission growth stopped in 600 s after the start of irradiation. I-III red and I-III black areas
correspond to similar areas shown in Fig. 4.

In case of CW radiation, the normalized transmission was close to the value of 1, which
indicates the absence of nonlinear effects. The value of normalized transmittance sharply
decreased in 600 s, which was associated with solid composite formation [Figs. 6(c) and 6(d)].

3.3 Characteristics of Tissue Engineered Structures (Composite)

Scanning electron microscopy (SEM) was used to determine the surface and internal structure of
the composite fabricated using CW irradiation. All images were obtained using a Tescan VEGA3
microscope at an accelerating voltage of the electron column of 30 kV. Before starting the study,
the sample was divided into small fragments in size of ~0.5 mm?>. Then, the fragments were
washed into powder using an agate mortar. The size of the powder fractions was ~100 pm?>.

(@) (b)

Fig.7 SEM images of the stretched region of the composite at different scales: (a) overview image
and (b) enlarged region image.
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Fig. 8 SEM image of (a) the composite surface and (b) its lateral surface of the composite fraction
after grinding.

Next, the powder fractions were glued to an electrically conductive carbon tape and purged with
nitrogen. Figure 7 shows the images of stretched elements of the sample in the area of its fracture.
The SWCNTs are clearly distinguishable in this image. The yellow ellipses also indicate the
SWCNTs binding regions in the volume of the nanocomposite obtained by laser irradiation.
It can be seen on SEM images that the effect of SWCNTSs binding to the framework structure
prevents the destruction of the composite.

The surface of the composite before grinding is shown in Fig. 8(a). The lateral surface of a
single composite fraction is shown in Fig. 8(b). The image shows interconnected carbon nano-
tubes. A greater number of uniformly distributed SWCNTSs were observed inside the composite
than on its surface.

Hardness and elastic modulus measurements were carried out using a NanoScan-4D
Compact nanohardness tester. For the studies, an indenter of the Berkovich type was used.
It was a trihedral pyramid with an angle between the axis of the pyramid and a side plane
of 65.3 deg (equivalent to a cone angle of 70.32 deg). The radius of curvature of the indenter
tip was <100 nm. Indentation was performed at 10 different points with a distance between
them of 100 pgm. The indentation load was 60 mN. The average values of hardness and elastic
modulus were 0.26 £ 0.02 and 5.90 &= 0.035 GPa, respectively. In comparison, human bone has
a hardness of ~0.48 GPa.

4 Discussion

Under the action of radiation in continuous mode, the sample is heated and, when a temperature
of about 45°C is reached, the curing process begins. Under the influence of pulsed radiation with
high intensity, but at a low pulse repetition rate, a different picture is observed. This interaction is
initially nonlinear at the selected power while nonlinear processes only increase with increasing
temperature.®® Also, as in the case of CW laser, absorption is mainly caused by the presence of
nanotubes, while they are capable of intense heat dissipation.** Therefore, SWCNTSs, placed in a
liquid medium, can quickly exchange heat with the environment, which leads to their rapid cool-
ing. Composite formation was previously found to be possible using intense femtosecond laser
radiation with a wavelength of 810 nm and pulse repetition rate of 80 MHz.?® During such irra-
diation, a framework of SWCNTs forms, despite the fact that the temperature of the sample does
not reach the boiling point of the water, the nanotubes can heat up at high temperatures and
reach ~1200 K.*

The stickness of nanotubes was studied without a liquid component in the form of an array.*
This process of laser welding of nanotubes depends on the parameters of the radiation; it was
established that at the same power, but at a different wavelength of the laser radiation, the mor-
phology changes in different ways.*® However, an increase in the stickness quality occurs with an
increase in the duration of irradiation at wavelength of 1064 nm. This process is accompanied by
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an increase in their graphitization.?” Such process is sensitive to the type of substrate,*® in addi-
tion, the nanotubes provide a reliable connection with other materials that can be used in the
composite under the action of laser radiation.**** It can be considered that, mainly, thermal melt-
ing occurs, but these experimental data confirm the effect of other processes, namely, chemical
and ionic effects, which promote the adhesion of polymer chains.*!

The laser welding process, which can be identified in the case of arrays, is much more dif-
ficult to detect in the case of a gelled medium since, in this case, the formation of SWCNT
framework occurs in 3-D material. Under the constant action of laser radiation or pulses with
a high repetition rate, the composite grows with increasing volume due to the attachment of other
nanotubes forming a framework, and the surface of the nanotubes is modified as a result of
interaction with albumin*’ by analogy with a linear polymer.** However, albumin belongs to the
class of globular proteins; therefore, its interaction with a nanotube is more complicated.** It is
known that this process is accompanied by conformational changes in albumin during their inter-
action with SWCNTs.* In accordance with the obtained experimental data, such changes occur
upon irradiation with continuous laser radiation at a temperature of ~45°C (Fig. 3). Moreover,
the process of SWCNTs sticking occurs only after a certain exposure time from the beginning of
conformational changes in albumin and is accompanied by an increase in temperature from 45°C
to 50°C. In this work, it is shown that the sample can be formed not only with a horizontal
arrangement but also on the inner surface of the cuvette due to microroughness. This observation
confirms the presence of SWCNT framework and indicates that although water evaporation
occurs, but it does not play a major role in this process. The mechanisms of heat transfer in
this dispersed medium can be different,*® the dominant contribution is the formation of new
clusters of nanoparticles. The influence of pulsed radiation with a frequency of 10 Hz at high
intensity leads to the manifestation of nonlinear interaction; however, its action can be reduced to
the sticking of nanotubes, which are at a fairly close distance from each other at the moment of
pulse passage or do not have time to lose heat until the moment of collision between nanotubes
during Brownian movement. Since the pulse repetition rate is small, such small adhesions only
lead to an increase in particle size and, consequently, to their precipitation. Herewith, the dark-
ening of the lower region in Fig. 5(b) in comparison with the color of the initial sample in
Fig. 5(a) may be associated with an increase in the concentration of SWCNTSs in this area.*’
This also indicates the formation of agglomerates of nanotubes, which begin to accumulate
in the lower layers. Thus, it can be considered that not only the energy parameters of radiation
are important but also the frequency of energy portions exposure.

5 Conclusion

Tissue-engineered structure was fabricated by CW laser radiation. The curing of an aqueous
dispersed medium with albumin 20% (w/w) and carbon nanotubes 0.01% (w/w) [Fig. 6(a)]
occurred in 660 s at power of ~500 mW and wavelength of 532 nm [Fig. 6(c)]. Under the in-
fluence of pulsed laser radiation of the same power and duration of 16 ns, a different effect was
observed. The composite did not form, and the pulse intensity reached 138.89 MW /cm?, which
exceeds the threshold value of 0.487 MW /cm? and is characterized by a nonlinear interaction
with the substance. In accordance with the results shown in Fig. 6(b), we can conclude that upon
irradiation in pulsed mode, the nanotubes sticked and formed the agglomerates (clusters) that
have time to precipitate in the interval between pulses. Figure 6(b) shows clearly visible enlight-
enment above the site of irradiation, and the temperature did not rise above ~40°C, which also
indicates the leaving of the heated particles from irradiation zone. In accordance with the time
dependence of normalized transmission (Fig. 5), when compared with the time dependence of
temperature (Fig. 4), curing occurred at a temperature of ~45°C. In previous work, it was shown
that composites can be obtained at higher heating of material using pulsed laser radiation at a
wavelength of 810 nm and pulse repetition rate of 80 MHz.>® The main influence on the curing
process is exerted precisely by the conditions that are necessary for the formation of SWCNT
framework, and evaporation does not play the main role. The advantage of using laser radiation
of the visible or infrared range is due to the minimal absorption of such radiation by albumin, as a
result of which there is minimal impact on its structure.
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