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Abstract. Physico-chemical characteristics of optical-induced break-down depend weakly on the protein concentration.
This factor distinguishes lysozyme from other aqueous solutions which contain objects with nano-size. The laser radia-
tion of the lysozyme aqueous solution during different time periods shows patterns that are quite similar to the classical
patterns. In this particular paper, it has been observed that the catalytic activity of lysozyme is decreasing after the laser
radiation. The optical density of the protein solutions is increasing. The fluorescence intensity of the lysozyme solution
is determined by the amino-acid residues. It decreases before and after the laser light influence. The position of the
maximum of the excitation and emission did not change. The shape of the fluorescence signal on the 3D maps also does
not change significantly. This observation suggests the degradation of the amino-acid residues. The viscosity and the
pseudo plasticity of the lysozyme aqueous solutions increased. However, there is no massive damage of the polypeptide
chain. On the contrary, the optical break-down shows the intensive forming of the lysozyme aggregates.
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Introduction

The unique capability of a laser is to concen-
trate the energy in the volume, in time and in
the spectral range. These features make this in-
strument an irreplaceable application in many
areas of human activity: in medicine, for in-
stance (Letokhov, 1985). A major intervention
in the pathological process happens during the
disease treatment. Such cases occur in surgery
(Khalkhal et al., 2019). The progress in science
and technology leads to the approach when the
mechanical instruments in surgery are replaced
with laser-based instruments (Zhang et al.,
2022). The pulse laser radiation impacts the
body tissues. This impact is defined by the com-
bination of the wavelength, energy density, and
the emission pulse duration. With the variation
of these parameters it is feasible to vary the ef-
fects of the laser radiation on the body tissues.
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By changing the radiation pulse it is possible to
separate the thermal and non-thermal influence
(Vaghasiya et al., 2022).

Nowadays the pulse lasers with a wide range
of pulse duration (from milli- to femtoseconds)
are in use. Mostly in use are nanosecond lasers.
The use of nanosecond lasers and lasers with
shorter pulse duration leads to non-linear pro-
cesses. Those are: optical break-down on the tar-
get surface, multi-photon absorption, forming
and development of the plasma, generation of
the shock waves (Kanitz et al., 2019). Evidently
it is a complicated task to create a united algo-
rithm of choosing a laser for a specific case with
such a big amount of non-linear processes.
A specific approach is applicable in every partic-
ular case (Nanni & Alster, 1998). From the first
point of view it made the task much more com-
plicated. On the other hand, it is feasible to vary
the methods of influence on the body tissues.

One of the most widespread surgical lasers
is the laser with active medium Nd:YAG (Safir
et al., 2022). Such laser is being used in endo-
scopic access operations in pulmonology, gas-
troenterology, and urology; in esthetic cos-
metology for hair removal; in oncology for la-
ser coagulation of tumors (Gibson &
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Kernohant, 1993). In the modulated regimen
with the pulse duration of 10 ns it was applied
in ophthalmology, for the glaucoma treatment,
for instance (Slagle et al., 2022). The majority
of the body tissues on the Nd:YAG wavelength
(1064 nm) have a low absorption coefficient
(Lanka et al., 2021). Such radiation has several
millimetres of effective penetration depth into
the tissues and also it provides a good haemo-
stasis and coagulation (Katta et al., 2022). A
great advantage of Nd:YAG laser is an oppor-
tunity to deliver the radiation in the target zone
with the fiber-optical waveguides. The use of
the endoscopic and fiber instruments provides
the spread of the laser radiation into the lower
and upper parts of the gastro-intestinal tract
with almost non-invasive method (Wang &
Chocat, 2010).

The medical use of the laser radiation is con-
nected with the development of the non-linear
processes in body tissues during the laser ab-
sorption. One of the major non-linear processes
is optical break-down. Optical break-down is a
fast-developing irreversible process of the envi-
ronment conversion from transparent to a very
absorptive. This process is happening under the
influence of the intensive radiation (Shafeev,
2012). Optical break-down can be obtained by
the excess of the threshold value of the energy
density of the laser radiation (Bunkin &
Bunkin, 1993). The process of optical break-
down development has a probabilistic character
at the energies close to threshold values
(Kovalchuk-Kogan et al., 2015). It is known
that the optical break-down happens less often
when the medium for radiation is free from the
impurities (Kononenko et al., 2022). The re-
search on the optical break-down in liquids
shows that the nano-sized impurities in the me-
dium lead to the increase of the optical break-
down probability and the decrease of the thresh-
old values of the laser radiation energies (Frias
Batista et al., 2021). The process of optical
break-down in liquids happens few times more
intensive when nanoparticles are present in the
medium (Al-Kattan et al., 2021). It is not clear
whether protein molecules, being nano-sized
objects, could lead to the increase of the optical
break-down probability in aqueous solutions. It

is also not evident what is happening with the
protein sample after the impact of the optical
break-down. In order to find answers for these
two questions the standard Nd:YAG laser with
pulse duration of 10 ns has been used in this
study. The hen egg white lysozyme (HEWL)
was used as a model protein. HEWL is one of
the most investigated proteins; moreover it has
a very low cost. It is worth mentioning, that
HEWL became the second protein and the first
enzyme which was investigated with the x-ray
crystallography (Blake et al., 1965). Also it be-
came the first enzyme that contains the full se-
quence of all twenty standard amino acids
(Canfield, 1963).

Materials and Methods

Laser exposure

A photograph of the optical break-down in
the sample with HEWL during laser exposure
iIs represented in Figure 1.

Fig. 1. Optical breakdown in the sample with
HEWL during laser exposure

Nd:YAG laser (Ekspla NL300) is used as a
source of laser radiation. The parameters were
the following: pulse duration t = 4 ns, frequency
v = 1 kHz, wavelength A = 532 nm, impulse en-
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ergy € =2 mJ. The laser light was focused in the
center of the cuvette and was displaced among
the straight line of 1 cm length with the velocity
of 500 m/s. All that was performed using the gal-
vano-mechanical system of mirrors. It is neces-
sary to initiate the optical break-down in the un-
perturbed environment as well as to eliminate the
thermal defocusing and additional scattering on
the vesicles of the generated gas. These can be
achieved with the transition of the laser light in
the cuvette. Part of the laser radiation was redi-
rected to the pin-photodiode by the mirror (re-
flection coefficient is 5%). This was done in or-
der to start the time sweep of oscilloscope. The
prepared protein solution was put into the glass
cuvette with the 25 ml volume. Inside the cuvette,
on one of the sides, the piezo-film acoustic sensor
was attached in parallel to the scan line. The pin-
photodiode for plasma flash registration was set
at a distance of 3-4 cm from the cuvette. The sig-
nals from the sensor and photodiode were regis-
tered with the use of the digital oscilloscope GW
Instek GDS-72204E. The photo shoot of the
plasma flashes was performed with the use of the
digital photo camera Canon EOS 450D (expo-
sure time 10 ms, 1ISO 800). For each experi-
mental point there were at least 50 photos in one
series. The analysis of the acoustic signals from
the sensor and the plasma signals from the pin-
photodiode was done with the use of the specially
created software LaserCav (https://drive.google.
com/drive/folders/AWQmaSCA4mx2HyRSCxt
SiikSMWNku9piR). The analysis of the plasma
images from the photo camera was performed
with the use of the software Laserlmage
(https://drive.google.com/drive/folders/1YRNF
2p7qpejlGP55QBIqM108LSGASseaE).

Materials

Hen egg white lysozyme (>20000 U/mg,
A-3711, Applichem), Micrococcus lysodeikti-
cus (lyophilized cells, ATCC No. Aldrich, St.
Louis, MI, USA). The water used for the exper-
iments was obtained by distillation and deioni-
zation to a resistivity of ~18 MQ/cm.

Absorption spectra

Absorption spectra were measured on a Cin-
tra 4040 (GBC Cintra 4040, Australia) in quartz
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cuvettes with an optical path length of 10 mm
at room temperature (~22 °C). The HEWL con-
centration was 0.4 mg/ml. The absorption spec-
tra were measured with six-eight samples for
each group.

Enzyme Assays of the HEWL

The activity of HEWL was examined using
the lysis of M. lysodeikticus cells, at room tem-
perature, as described in (Shugar, 1952). Here,
4 uL of HEWL (0.4 mg/ml) was collected from
the initial solution diluted 10 times in water,
and added, at 100 pL and a concentration of 40
pug/ml, to 2.5 ml of the micrococcus diluted in
20 mM of K2HPOg4 (pH =7.0) to an OD of about
0.7-0.8 (L = 450 nm). The activity was meas-
ured by decreases in OD at the same wave-
length with a spectrometer (GBC Cintra 4040,
Australia) for the first two minutes after the ad-
dition of lysozyme. Measurements of lysozyme
activity were carried out in four samples for
each group. The measurements were carried out
at a room temperature (~22 °C).

Dynamic Light Scattering

Zetasizer ULTRA Red Label (Malvern Pan-
alytical Ltd., Malvern, UK) was used to obtain
information on hydrodynamic particle diame-
ters. A 1 ml solution of lysozyme with a con-
centration of 0.4 mg/ml was measured in a plas-
tic cuvette at 25°C. Five independent experi-
ments were carried out for the control and for
each point of influence. The intensity distribu-
tions of the hydrodynamic diameters were cal-
culated using the ZS Xplorer program and algo-
ritm (Penkov & Penkova, 2021).

Fluorescence spectroscopy

Fluorescence of HEWL in water was stud-
ied on a Jasco FP-8300 spectrometer
(JASCO Applied Sciences, Canada). Meas-
urements of a 1.8 ml solution of lysozyme
with a protein concentration of 10 mg/ml
were carried out in quartz cuvettes with an
optical path length of 10 mm at room tem-
perature (~22 °C). Each sample was meas-
ured three times. The figures show typical
spectra; with repeated measurements, the in-
tensity maxima change by several percent.
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Viscosity measurement

SmartPave 102 rheometer (Anton Paar
GmbH, Austria) was used to obtain viscosity
data of protein solutions. The measuring set was
DG26.7 with C-PTD200 cell with 3.8 ml of
each sample. All measurements were made at
the temperature 25 °C, reducing shear rate from
1000 to 100 s*, using RheoCompass™ soft-
ware (Anton Paar GmbH, Austria). The con-
centration of proteins in solution was 10 mg/ml.

Fourier Transform Infra-Red Spectrometry

Protein samples were studied on an FSM-
2202 IR-Fourier spectrometer in the range of
400-4000 cm. One beam of IR radiation
passes through the cuvette compartment of this
spectrometer, so it was necessary to sequen-
tially obtain the comparison spectrum and the
spectrum of the sample under study. The diam-
eter of the IR beam in the constriction (in the
middle of the cell compartment) was 11 mm.
The comparison spectrum was the transmission
spectrum of a clean germanium plate with di-
mensions of 19x49 mm. The plate was placed
vertically in the beam constriction so that the
beam passed through its middle. Protein solu-
tions with a volume of 90 pl were applied with
a calibrated Portlab 14205799 dispenser to the
middle of the germanium plate in the form of a
film with dimensions of ~19 x 25 mm. The
films were dried for 20 minutes at a temperature
of 24 °C and a relative humidity of 26%.

The spectra were recorded with a resolution
of 2 cm™ and 50 averaging.

Results

Catalytic activity

The impact of the laser radiation time of the
lysozyme aqueous solution on its catalytic ac-
tivity was investigated (Fig. 2).

It is observed that the catalytic activity of the
lysozyme has decreased after the impact of the
laser radiation on the lysozyme aqueous solu-
tion. In particular under the laser radiation for
30 minutes the lysozyme activity statistically
significant decreased for almost 30%. In order
to study the reason of this activity decrease,
spectral research of the lysozyme aqueous solu-
tion has been performed.
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Fig. 2. The impact of the laser radiation time of the
lysozyme aqueous solution on its catalytic activity
(n =4, Mean + SD). *** — p = 0.001, significance
levels for one-way ANOVA

Optical density

In the Figure 3 the impact of the laser radia-
tion time on the optical density of the lysozyme
aqueous solution is presented. It has been
shown that the optical density of the lysozyme
solution increases under the influence of the la-
ser radiation. Moreover, the optical density in
the 250-280 nm wavelength shows a linear in-
crease for 30 min of the laser radiation. The ab-
sorption of the protein molecules in aqueous so-
lutions increases for almost 0.05 points both in
the local minimum (252 nm) and in the local
maximum (280 nm). It is essential to mention
that such changes happen in the longer wave-
length part of the spectrum (the right side of the
peak, 310-320 nm). Therefore the absorption
intensity increases in the spectral band of the
absorption of the aromatic amino acids resi-
dues, and in the range longer than 310 nm.

So it is possible to propose few choices in
such case. First - the chemical modification of
aromatic amino acid residues when the optical
density increases. Also the change in absorption
may be possible due to the partial protein dena-
turation. Moreover, the optical density can in-
crease because of the non-specific scattering of
the minor protein aggregation.

Fluorescence

The impact of the laser radiation time on the
fluorescence of the lysozyme protein solution is
represented in Figure 4.
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Fig. 3. The impact of the laser radiation time of the lysozyme aqueous solution on its optical density (n =
= 6-8, Mean + SD). On the upper right spectrum the change of the optical density in the area of the local
maximum of 280 nm is presented. On the lower right spectrum the change of the optical density in the area
of the local minimum of 250 nm is presented. The data was obtained with the use of differential double-beam
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Fig. 4. The impact of the laser radiation time on the fluorescence of the lysozyme aqueous solution 10 mg/ml
(typical spectrum). The 3D fluorescence maps are represented. On the abscissa axis is the emission wave-

length range in nm (Aem). On the ordinate axis is the extinction wavelength range in nm (A¢x). The fluorescence

intensity is represented in the arbitrary units by the color scale, which is unified for all three spectra

It is shown that the fluorescence excitation
maximum is observed at 304 nm and does not
change after the laser radiation influence both
for the first 5 minutes and for the rest half hour.
The fluorescence intensity decreases for 15%
during 5 minutes of laser radiation, also it de-
creases for more than 60% during 30 minutes of
laser radiation. Thus, the emission maximum
for the intact protein solution and for the protein
solution after 5 minutes of laser radiation is
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equal to 337-338 nm. The emission maximum
shifts to the longer wavelength for few nanome-
ters (343 nm) after the impact of laser radiation
on the protein solution during 30 minutes.

The shape of the fluorescence spot on the
3D maps does not change substantially. It is im-
portant to mention that a slight fluorescence
spot with the maximum of 434 nm appeared
when the protein solution is influenced with la-
ser radiation for 30 minutes at excitation
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of 350 nm. The fluorescence in this area might
signify the formation of the protein aggregates.
Thus it is shown that the fluorescence intensity
of aromatic amino acid residues is decreased
under the laser radiation influence on the pro-
tein solutions. Such a change could be con-
nected both with the degradation of the aro-
matic amino acids and with the change of the
secondary structure.

Therefore, it is more likely that the protein
underwent structural changes; however, it is not
evident what the reason is for that. To make it
clearly the light refraction coefficient was reg-
istered and rheological research has been per-
formed.

Refraction coefficient

The impact of the laser radiation time on the
light refraction coefficient of the lysozyme pro-
tein solution at the wavelengths 438 nm,
589.3 nm, 632.8 nm (Fig. 5). The refraction co-
efficient of lysozyme does not change signifi-
cantly after the impact of laser radiation.
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Fig. 5. The impact of the laser radiation time on the
refraction coefficient of the lysozyme protein solu-
tion at the wavelengths 438 nm, 589.3 nm,
632.8 nm. The data recorded with the use of the pre-
cision refractometry (n = 3, Mean + SD)

Viscosity

The impact of the laser radiation time on the
viscosity of the lysozyme protein solution was
investigated at different mixing velocities
(Fig. 6). It is shown that the lysozyme aqueous
solution has a pseudo plasticity feature. Pseudo
plasticity is a feature of a liquid, which states

that the viscosity of the liquid decreases when
the shear stress increases. The impact of the la-
ser radiation on the lysozyme aqueous solution
leads to the increase of the viscosity.
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Fig. 6. The influence of the laser radiation time on
the viscosity of the lysozyme protein solution with
different mixing velocities (n = 3, Mean)

Moreover at the higher mixing velocities, the
viscosity of the control solution and the solution
irradiated during 30 minutes differs less than
10%. At the lower mixing velocities the viscos-
ity of the control solution and the solution irra-
diated during 30 minutes differs for 60%.
Meaning that the laser radiation lead to the in-
crease of the lysozyme solution pseudo plastic-
ity and its viscosity. So there is an increase of
resistance of the movement of one part of the
liquid among the other. Thus protein molecules
more intensively interact with each other. Usu-
ally in protein solutions it is called aggregation.
To verify this assumption the evolution of the
sizes of the light-scattering particles in lyso-
zyme aqueous solution was studied.

Size distribution

The impact of the laser radiation time on the
evolution of the size distribution of the lyso-
zyme and its aggregates in aqueous solution is
represented in Figure 7. It is shown that the in-
tact sample consist of the individual lysozyme
molecules and also the aggregates with average
hydrodynamic diameter 15 and 80 nm. For one
aggregate with size 80 nm in the solution there
is ~4,6x10° individual lysozyme molecules. For
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Fig. 7. The impact of the laser radiation time on the evolution of the size distribution of the lysozyme and
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Fig. 8. FTIR spectra (absorbance, —log(T)) of films of samples 0, 5, and 30

one aggregate with size 15 nm in the solution
there is ~1,3x10° individual lysozyme mole-
cules. There is an increase of the average hy-
drodynamic diameter of the individual mole-
cules fraction for almost 30-40% under the la-
ser radiation. It is necessary to mention that the
hydrodynamic diameter of the lysozyme aggre-
gates and the quantity of the aggregates in-
creased. Thus, for one aggregate with 80 nm
size is about 3,1x10° individual lysozyme mol-
ecules in the solution after 30 minutes of laser
radiation. In other words the quantity of the big
aggregates increased for one third. The dose-
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dependent character of changes is observed.
The changes in the evolution of the size distri-
bution became more and more significant with
the extension of the laser radiation time.

Absorption spectra

The absorption spectra (absorbance,
—log(T)) of the control, 5 minutes, 30 minutes
samples are presented in the Figure 8. The ab-
sorption spectra are presented with the adjust-
ment for the squares of the sample films, from
which the thickness of the film depends on. The
thickness of the films is not known therefore the
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“absorbance” axis is presented in arbitrary
units. The square of the film of the control sam-
ple is fewer for 10% compared to the samples
“S minutes” and “30 minutes” (both are the
same).

Discussion

It is observed that after the impact of laser
radiation on the lysozyme aqueous solution the
catalytic activity of lysozyme is decreased
(Fig. 2). The complex analysis of the lysozyme
protein molecules have been performed with
the use of the optical methods and rheometry. It
is revealed that under laser radiation the optical
density of the protein solution is increased
(Fig. 3). Moreover, the optical density increase
is observed in the bandwidth of absorption of
the aromatic amino acid residues. This observa-
tion probably defines the damaged state of
those amino acid residues. Also the increase of
optical density is observed in the longer wave-
length (310 nm), which confirms the protein de-
naturation and aggregation. Therefore it is pos-
sible to make several assumption of the devel-
opment. During the optical break-down a big
amount of reductive and oxidative elements are
formed (Barmina et al., 2017). The generation
of UV radiation, shock acoustic waves, micro-
volumes with substantial temperature increase
is observed (Kudryashov & Zvorykin, 2008). In
such selection of stimuli the following can be
observed: 1) chemical modification of amino
acid residues; 2) polypeptide chain fragmenta-
tion; 3) change of tertiary and secondary struc-
ture of lysozyme molecules; 4) partial denatur-
ation and 5) aggregation of molecules. All the
scenarios described above can lead to the pro-
tein damage and the loss of catalytic activity. It
IS necessary to note that the similar list of events
happens with proteins during the oxidative
stress (Davies, 2005). It is developed in the liv-
ing systems during the impact of different abi-
otic factors (Bruskov et al., 2012), during in-
flammation (Sharapov et al., 2021), at the state
of hypoxia (Sokolov et al., 2022), during the
development of the range of diseases (Shaparov
etal., 2021), and so on (Zakharova et al., 2018).

The fluorescence of the lysozyme protein so-
lution after the impact of the laser radiation is

investigated (Fig. 4). Usually the excitation
maximum is located in the 275-290 nm band-
width (Teale & Weber, 1957). In this study the
maximum was registered at the 304 nm. Such
case is normally observed when there is a high
protein concentration. The fluorescence inten-
sity is substantially decreased under the laser
radiation impact. In such case the emission
maximum does not change significantly. The
chemical modification of the fluorophore nor-
mally impacts on the shape of the emission spot
on the 3D fluorescence maps. However, it has
been noted that the shape of the fluorescence
spot on the 3D maps does not change crucially.
Therefore it is possible to say that there is no
substantial chemical modification of aromatic
amino acid residues under the impact of optical
break-down. It is more likely that its degrada-
tion or significant change of the secondary
structure of the molecule is happening.

The major increase of water molecules in the
hydrated shell of the protein happens during the
partial denaturation; in this case the change of
the refraction coefficient is observed (Sarimov
et al., 2018). In this study with a high accuracy
the refraction coefficient was registered on the
different wavelengths (Fig. 5), there were no
crucial differences registered. The protein ag-
gregation, as well as the soft one, always leads
to the change of the rheological features
(Purwanti et al., 2011). It is established that the
optical break-down leads to the increase of the
viscosity of the lysozyme aqueous solution, as
well as to the increase of the pseudo plasticity
of the colloidal solution (Fig. 6). These kinds of
changes in the solution correspond to the more
intensive interaction of protein molecules to
each other (aggregation). The development of
aggregation is confirmed with the evolution by
the size of the light-scattered particles in lyso-
zyme aqueous solution (Fig. 7). It is interesting
to note, that after the laser radiation impact
there was no shift of the peak of the individual
molecules in the area of smaller sizes. Evidently
this correspond the absence of the major dam-
age of the polypeptide chain and the presence
of the parts of the protein molecule in the solu-
tion. On the contrary, the peak of the individual
molecules shifts to the area of bigger sizes
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(from 1.5 nm to 2 nm at approximate intensi-
ties). The spherical increase of the size for 30-
40%, which is utilized by the DLS method, is
compliant with the formation of the macromol-
ecules aggregates. It is easy to count, with the
use of the formula 4 from the study (Bobylev et
al., 2015), that for one dimer-molecule there are
2 monomers in the initial state. Therefore, it is
possible to state that the major amount of lyso-
zyme is in dimeric molecule state after 30
minutes of laser radiation impact.

Conclusion

Therefore it is shown that optical break-
down in the protein solutions flows with high
efficacy, the formation of plasma and acoustic
oscillations is observed. The physico-chemical
features of optical break-down very little de-
pend on the protein concentration. This fact dis-
tinguishes lysozyme solution from other aque-
ous solutions that contain nano-sized objects.
The principles that observed during laser radia-
tion of lysozyme aqueous solution are quite
similar to those observed in the colloidal solu-
tions of other nano-sized objects.

The decrease of the lysozyme catalytic activ-
ity after the impact of laser radiation on the ly-
sozyme aqueous solution is noted. The increase
of optical density of the protein solutions is ob-
served both in the absorption maximums of ar-
omatic amino acid residues and in the longer
wavelength bandwidth. Moreover, the fluores-
cence intensity of lysozyme solution, which is
defined by the aromatic amino acid residues, is
substantially decreased after the impact of laser
radiation. Although there is no change of the
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