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Highlights
e Controllable chitin and chitosan destruction in Electron Beam Plasma was proved.

e Water-soluble chitooligosaccharides were formed abruptly at some treatment duration.
e 95% yield of chitooligosaccharides was attained by optimizing treatment conditions.
e Hazardous by-products and toxic wastes are not generated during treatment procedure.

e Plasmachemically produced chitooligosaccharides possessed antibacterial properties.

Abstract. The controlled degradation of solid powders of chitin and chitosan stimulated by electron-beam plasma
(EBP) was experimentally studied. Crab shell chitin and chitosan were used as original substances. The non-
equilibrium low temperature EBP was generated by injecting an electron beam into a gaseous medium.
Chitooligosaccharides with My= 800-2000 Da and polydispersion 1.5-2.5 were formed due to the EBP-treatment of
chitin and chitosan. The B-1,4 glycosidic bounds in original polymers degrade under the action of active oxygen
species produced in the EBP. Low molecular weight products of chitosan inhibited the growth of various yeast-like
and filamentous fungi at minimum inhibitory concentration 500 mcg/ml. By optimizing the treatment conditions and
using special techniques of reaction volume formation the 95% vyield of chitooligosaccharides was obtained after 2
min whereas the conventional chemical hydrolysis usually takes several days. The EBP-stimulated hydrolysis is
promising for effective polysaccharides degradation and can be competitive with traditional technologies.

Keywords: electron-beam plasma, plasma-stimulated hydrolysis, chitin, chitosan, bioactive oligosaccharides

1. Introduction

Some natural renewable biopolymers such as chitin (linear heterocopolymer of p-1,4-
linked 2-amino-2-deoxy-D-glucopyranose and 2-acet-amido-2-deoxy-D-glucopyranose units)
and, its deacetylated derivative chitosan are very promising for technological and industrial
applications, e.g. agriculture, pulp and paper subsector, microbiology, food processing, modern
scientific fields like Extreme Biomimetics [Anitha et al., 2014; Bazhenov et al., 2015; Ehrlich et
al., 2013; Szatkowski et al., 2015; Wysokowski et al., 2015] and especially in medicine,
pharmacology and pharmaceutics [Dragostin et al., 2016; Laurienzo, 2010; Mekhail, Jahan, &
Tabrizian, 2014; Ray, 2011; Ye et al., 2013; Zargar, Asghari, & Dashti, 2015]. The latter
application is due to the unique biological properties namely high biocompatibility with living
tissues, biodegrability, ability to the complexation, and low toxicity. In medicine and
pharmaceutics water-soluble low molecular weight chitosans (LMWC) with weight average
molecular mass (My) in the range of 5-10 kDa and chitooligosaccharides (COS, My less than 10
kDa) are usually required. These substances can be used as immune response-modulating or
antibacterial agents, sorbents, radioprotectors, for the production of microcapsules and drug
delivery systems, substrates and scaffolds for cell cultures [Liu, Zhang, Jin, Jiang, & Jia, 2013;
Puras et al., 2013; Sharp, 2013; Silva-Dias et al., 2014].

To produce low molecular weight oligosaccharides several techniques, including
chemical and enzymatic hydrolysis, and radiation treatment by y-irradiation and high-energy ion
and electron beams (with energies of several MeVs) have been suggested [Aranaz et al., 2009;



Goycoolea, Agullo, & Mato, 2004; Inthanon et al., 2012; Saranwong et al., 2012; Zargar,
Asghari, & Dashti, 2015].

Simple and respectively low-cost chemical hydrolysis in concentrated acids or alkalis at
high temperature is a conventional method. Toxic wastes and environment contamination are
inherent in the chemical processing of polysaccharides. Because of chitin insolubility its
hydrolysis is possible only under heterogenic conditions and chemical processes in liquids are
usually used for deacetylated derivatives production. Often at the next stage the reacetylation of
the formed LMWC has to be performed. In contrast, the enzymatic chitin hydrolysis results in
the acetylated monoglucosamine formation but its yield is very low for practical applications
[Aiba & Muraki, 1997; Goycoolea, Agullo, & Mato, 2004; Lin, Wang, Xue, & Ye, 2002;
Roberts, 1992]. Both chemical and enzymatic methods of chitin and chitosan degradation are
time consuming multi-stage procedures and usually take several hours [Scheel & Thiem, 1997;
Zargar, Asghari, & Dashti, 2015].

The radiation treatment of chitosan is also complicated because of limited controllability
of treatment conditions, high power consumption, and operation complexity of electron
accelerators [Zhao & Mitomo, 2008, 2009; Yoshii, 2003] and y-radiation isotope sources
[Chmielewski, 2010; Pasanphan, Rimdusit, Choofong, Piroonpan, & Nilsuwankosit, 2010;
Rashid, Rahman, Kabir, Shamsuddin, & Khan, 2012]. The molecular mass of produced LMWC
decreased only 2-3 times with respect to the original polysaccharide while their polydispersion
index increased [Kim, Choi, & Noh, 2008; Kim, Choi, Park, & Noh, 2008]. The radiation
technologies are mostly applied for the treatment of high concentrated chitosan solutions and
composite chitosan hydrogels production [Chmielewski, 2010; Pasanphan, Rimdusit, Choofong,
Piroonpan, & Nilsuwankosit, 2010; Rashid, Rahman, Kabir, Shamsuddin, & Khan, 2012].

Thus, the development of effective techniques for quick and environment friendly
polysaccharides degradation is the burning issue of the day. The plasmachemical technologies
using non-equilibrium low temperature plasmas could be a promising alternative to the
hydrolysis methods mentioned above. Chitosan modification and derivatization in gas discharge
plasmas and chitosan destruction in liquid-phase plasma systems by a high frequency bipolar
pulsed DC (direct current) discharge have been demonstrated in several studies [Ogino, Kral,
Yamashita, & Nagatsu, 2008; Silva et al., 2008; Wu, Lee, Lin, Shaw, & Yang, 2010; Yin, Ren,
& Wang, 2013; Zhang et al., 2012]. However the treated substrates were thin chitosan films or
chitosan solutions and preliminary preparations were needed. Many factors can affect the
treatment uniformity in discharge systems (such as possible instabilities of plasma reaction
volume, complicated control of temperature distribution over the samples surface) and therefore

the repeatability of the obtained results.



The present paper considers a novel approach to the production of water-soluble low
molecular weight oligosaccharides based on the application of the Electron Beam Plasma (EBP).

The EBP is generated by injecting an electron beam (EB) into a gaseous medium. Under
typical conditions of the EBP generation (medium pressure 1 < P < 10 kPa and moderate EB
power Np < 1 kW) plasma is strongly non-equilibrium and cold. With respect to gas discharge
plasmas the EBP has the following advantages [Vasiliev, 2001; Vasiliev, Win, & Pobol, 2014;
Vasiliev & Vasilieva, 2016; Walton, et al., 2004]:

e The EB can be injected into any gases, vapors and gas-vapor mixtures.

e The EBP bulk does not contract even at very high gas pressures (Pm ~10 kPa and
higher).

e Solid powders injected into the gas do not prevent the EBP generation.

e Very high concentrations of chemically active particles can be obtained even at low (~
300 K) temperatures.

e The process of the EBP-treatment is absolutely controllable and the treatment results
are replicable.

The aims of the present study were as follows:

e To experimentally prove the possibility of chitin and chitosan powders destruction and
water-soluble COS formation as a result of plasmachemical processing in the EBP.
e To characterize the structure, molecular mass, and bioactivity of the produced COS.
e To obtain higher yield of the water-soluble LMWC and COS by optimizing the EBP-
treatment conditions.
2. Materials and methods
2.1. Materials

Original substances for the further EBP-treatment were crab shell high molecular weight
chitin (viscosity-average molecular weight, M, = 1000 kDa) and chitosans (M, = 200-500 kDa or
z-average mass M,= 12.0-25.0 kDa) with the deacetylation degree 95% and polydispersity index
1.5-2.5. Characteristic particle size of polysaccharides powders was ~ 100 um. The
polysaccharides were obtained from Bioprogress Co., Russia. All substances were not water-
soluble.

Water originally absorbed by polysaccharide powder can significantly affect the
treatment results. To eliminate this effect the powders to be treated were preliminary dried in
vacuum 102 Pa overnight to decrease the content of water content associated with
polysaccharides molecules.

2.2. Characterization of the EBP-treated polysaccharides

2.2.1. Solubility measurements



100£0.1 mg of the preliminary dried sample (ms) were placed into a tube and 1.5 ml of
distilled water were added to the sample. The resulting mixture was incubated for 24 h at room
temperature under periodic mixing. After the incubation the mixture was centrifuged for 5 min
and 1 ml of centrifugate was taken and dried. The mass of the dry residue (mqdr) was measured
with an accuracy 0.1 mg. The sample solubility was calculated as the (ma:/ ms)x100% ratio.
2.2.2. Determination of molecular weight

The molecular masses (weight-average Mw, number-average My, and z-average mass M)
of the EBP-treatment products were determined by the size exclusion chromatography on a LC-
20 Prominence HPLC system (Shimadzu, Japan) equipped with refractometric detector RID-
10A. The chromatographic column was Polargel-M 300x7.5 mm (Agilent, USA). Other analysis
conditions were as follows: the mobile phase — 0.1 M NaCl aqueous solution containing 0.01%
trifluoroacetic acid; the flow rate — 1.0 ml/min; temperature - 40°C; volume of the injected
sample — 20 pl; duration of the analysis — 20 min. The concentration of chitosan solutions was
1.0 mg/ml. Pullulans (Agilent, USA) with My= 340-45500 Da were used as standard samples
(concentration of the solutions 1.0 mg/ml) for mass scale calibration. The WinGPC software
(PSS, Germany) was applied to process the measurement data.

2.2.3. Matrix-assisted laser desorption/ionization mass spectrometry (MALDI)

MALDI mass spectra were recorded in the positive linear and reflectron modes by an
Axima Performance mass spectrometer (Shimadzu-Biotech, Manchester, UK) equipped with a
time-of-flight mass analyzer (TOF/TOF). We used a nitrogen UV laser (A =337 nm) with pulse
duration of 3 ns and energy of 130 pJ and working frequency of 50 Hz. The spectrum was
obtained by accumulating the data of 200 laser shots (100 profiles each of 2 shots), collected
from different points of the target. In all experiments the laser power exceeded the ionization
threshold value of the analyzed samples by 10-20%. The mass scale was calibrated by means of
the ProteoMass peptides kit (Sigma, Germany). The mass spectra were recorded in two ranges of
m/z, 1000-20000 and 200-1000. The delayed pulse extraction of ions was optimized at m/z
2300 and 700 correspondingly. The mass spectrometer operation as well as the data acquisition
and processing were controlled by the Launchpad software, version 2.9.

Sample solutions were prepared by dissolving 1 mg of polysaccharide in 1 mL of 0.1%
aqueous solution of trifluoroacetic acid (TFA). 2.5-Dihydroxybenzoic acid (DHB) was used as a
matrix and sodium chloride as a cationizing agent. 10 mg of DHB were dissolved in 1 mL of
water-methanol mixture (1:1), containing 0.1% of TFA and 0.1% NaCl. Equal volumes (0.5 pL)
of sample and matrix solutions were mixed on stainless steel MALDI target and dried in air at
room temperature.

2.2.4. IR-spectroscopy



Solutions from the original and the EBP-treated chitosans were prepared by dissolving
them in 1% acetic acid and the distilled water respectively. The solutions were casted and dried
at 37°C to form thin films of 8.0£1.5 pum thick. The obtained films were then analyzed by the
Fourier transform infrared (FT-IR) spectroscopy. In particular, the film thickness was estimated
by analyzing of a baseline modulation period in a transmittance spectrum of the chitosan film.

IR spectral measurements in a wavenumber (v) range 500-5000 cm™ with a resolution of
4 cm* were carried out by a FT-IR spectrometer Perkin-Elmer Spectrum 100 (Perkin-Elmer,
USA). A transmittance spectrum of the studied film, T(v), was measured at normal incidence of
IR radiation to the film surface as a ratio T(v) = T1(v)/To(v), where To(v) and Ti(v) are the
registered transmission spectra of the spectrometer channel for an empty sample holder and for a
sample holder with the film, respectively. The averaging of 16 scans was used to get good
signal-to-noise ratio. The transmittance spectrum was converted to obtain the absorbance
spectrum of the film, A(v), through the equation A(v) = —logio(T1(v)/To(V)).

2.2.5. Biological activity of the EBP-produced COS

The inhibition of the bacteria growth in vitro was measured to quantitatively characterize
the bioactivity of the COS obtained by the EBP-treatment, gram-positive (Staphylococcus aureus
ATCC 6538 P), gram-negative (Escherichia coli ATCC 25922) microorganisms, yeast-like
(Candida albicans ATCC 855-653, Candida scotti, and Rhodotorula rubra) and filamentous
(Penicillium tardum, Penicillium chrizogenum, Penicillium crustozum, Aspergillus flavus,
Aspergillus fumigatus, Phoma betae, Cladosporium herbarum, Mucor pusillus, and Trichoderma
harzianum) fungi being tested in these experiments.

S. aureus is commonly associated with food products as a result of human handling.
E.coli was chosen because it is responsible for more infections than all other genera combined.
Bacteria were supplied by “Central Research Institute of Epidemiology” of the Federal Service
on Customers’ Rights Protection and Human Well-being Surveillance (Moscow, Russia). All
procedures were carried out in accordance with rules of State Pharmacopoeia of Russian
Federation.

The EBP-produced COS were dissolved in deionized water at initial concentration 2000
pg/ml and then1000-125 pg/ml solutions were prepared using serial two-folds dilution method.
Four replications for each COS concentration were made. All solutions were sterilized before
being added to bacteria cultures.

The cells in the stationary phase of growth were centrifuged at 1300 x g for 20 min at 5
°C, and the pellets were resuspended in PBS (pH = 6.0) or beef-extract broth (pH = 7.2) to give
viable bacteria number of 5x10” CFU/ml (resting bacteria) or 5x10° CFU/ml (replicating

bacteria) in the final sample respectively (CFU - colony forming unit). Then the 0.1 ml of the

6



COS solutions or deionized water were added to tested and reference microorganism samples,
respectively. Three replicate experiments were performed for both S. aureus and E.coli in their
resting and replicating forms. The samples were incubated for 48 h at 37 °C at constant pH with
shaking and then the microorganisms were firmly seeded over the Mueller-Hinton Agar (Lab M,
UK) plates. The inhibitory effect of the EBP-produced COS was estimated visually after 72 h
with respect to reference sample.

Fungicide activity of the EBP-produced COS was characterized in buffer system (pH =
6.5) containing the mixture of  morpholineethanesulfonic,  N-(2-acetamido)-2-
aminoethanesulfonic, and 2-[Tris(hydroxymethyl)methylamino]-1-ethanesulfonic acids. Minimal
inhibitory (MIC) and Minimal bactericidal (MBC) concentrations of COS were determined.
Three replicates for each tested microorganism were used.

3. The EBP-treatment procedure

Controllable EBP-stimulated hydrolysis of polysaccharides was performed in a special
Electron Beam Plasmachemical Reactor (EBPR). The EBPR, its operation modes and
optimization of the biomaterial treatment regimes were described in detail in [Vasilieva, 2010].

Fig. 1 illustrates the design and operation of the EBPR. The focused EB 3 generated by
the electron-beam gun 1 that is located in the high vacuum chamber 2 is injected into the
working chamber 5 filled with the plasma-generating gas through the injection window 4. In
passing through the gas the EB is scattered in elastic collisions and the energy of fast electrons
gradually diminishes in various inelastic interactions with the medium (ionization, excitation,
dissociation). As a result, the EBP cloud 10 is generated, all plasma parameters being functions
of x, y, and z coordinates (z is the axis of the EB injection).

The electromagnetic scanning system 12 placed inside the working chamber near the
injection window is able to deflect the injected EB axis in x and y directions and, therefore, to
control the spatial distribution of the plasma particles over the plasma bulk. The working
chamber is preliminary evacuated to pressure ~ 1 Pa and then filled with the plasma generating
media.

In the preliminary experiments [Vasilieva, Lopatin, & Varlamov, 2016] the
polysaccharide powder partially filled the glass container over the thin plate made of
piezoelectric ceramics placed at the container bottom. Being fed with AC-voltage the plate
vibrates, throws up the powder particles and forms the mixing layer of the treated material inside
the container (Fig 2a). Our previous experiments showed that only 500 mg (or less) of
polysaccharides powders can be effectively and uniformly modified in the reactor of this type.



To produce low molecular weight oligosaccharides in amounts sufficient for practical

uses (up to tens or even a hundred of grams) a special mixing device was designed (Fig. 1). The

device composed of cylindrical quartz vessel 10 with internal partitions 9 was equipped with a

stepper motor rotating the vessel in various modes (continuous, intermittent, reverse, etc.). The

device was placed inside the EBPR working chamber filled with the plasma generating gas at

required pressure; as a result the aerosol reaction zone 7 is formed inside the chamber. Fig. 2b

presents the photo of the polysaccharides powders EBP-treatment in the mixing device.

For the new reactor optimal treatment conditions (from the point of view of molecular

mass and chemical structure of the COS and the treatment efficiency) were found. The optimized

conditions were as follows:

The plasma generating media — chemically pure oxygen and oxygen-water vapor
mixtures with partial pressures ratio 2:1. The oxygen-water vapor plasma
generating media was obtained by mixing chemically pure oxygen (Sigma-
Aldrich, Germany) with vapor of bidistilled water produced by water evaporator
13 placed inside the EBPR working chamber. The composition of media was
monitored throughout the entire treatment process by IR- and mass-spectrometers
(AvaSpec-NIR256-1.7 (Avantes, the Netherlands) and HALO 201-RC (Hiden
Analytical, UK) respectively). The oxygen containing media were used for our
experiments because they were found to be the most effective for COS production
compared with to other studied gases (nitrogen, ammonia, and noble gases)
[Vasilieva, Lopatin, & Varlamov, 2016].

The pressure of the plasma generating gas (Pm) was 133-670 Pa.

The distance between the injection window and sample surface — 250 mm.

The EB scanning mode — concentric circles with maximal diameter 130 mm. The
optimal scanning mode was chosen in accordance with our previous studies
[Vasilieva, & Lysenko, 2007].

Treatment time t was varied from 1 to 20 min.

To prevent thermal destruction of the material all samples were processed at
material temperature Ts = 40 °C. The sample temperature was monitored during
the treatment by non-contact IR-pyrometer Optris LS (Optris GmbH, Germany) or
by a miniature thermo-sensor inserted into the reaction zone. The temperature

control was carried out by selecting the EB current I, (1 <l <100 mA).

4. Results and discussion

4.1. Characterization of structure and molecular weight of the COS produced by the EBP-

stimulated degradation



The original chitin and chitosan were not water-soluble while the EBP-treatment
increased their solubility in water due to the COS formation. Molecular masses of the COS
produced by the EBP-stimulated degradation were characterized by exclusion chromatography.
The molecular weight of chitosans markedly decreased (to ~1 kDa or less) after the first minute
of the EBP-treatment, the molecular masses of the formed products did not depend on the initial
molecular weight of original biopolymers.

In Table 1 the dependence of the COS molecular mass/time for the chitosan with initial
M; = 13.3 kDa treated in the oxygen EBP is given. The exclusion chromatography of the EBP-
treated chitosans treated in the EBP of oxygen or water vapor for t = 1-4 min revealed the
formation of a number of the COS with My ~ 600-800 Da with polydispersity 1.1-1.0, that
corresponds to the formation of fragments with degradation degree varied from dimeres to
trimers. After T more than 10 min small fragments with My ~190 Da were produced and further

treatment did not result in additional decrease of the COS molecular weight.

The IR transmittance T(v) spectra of the chitosan film prepared from original (M= 13.3
kDa) in the middle IR-range of v from 500 cm™ to 5000 cm™ were measured before and after
treatment in the EBP of oxygen gas for 5 min. The overall spectra and the fragments of the
respective absorbance A(v) spectra in the range 800-2000 cm™ are shown in Figures 3 and 4,
respectively. Spectral positions of selective absorption peaks (transmittance minima) and
assignments of the corresponding characteristic absorption bands are given in Table 2.
Identification of the absorption bands was carried out in accordance with [Balau, Lisa, Popa,
Tura, & Melnig, 2004; Ehrlich et al., 2007; Kumirska et al., 2010; Ma, Wang, Wu, He, & Wu,
2014; Ma, Wang, Zhao, & Tian, 2012]. A weak periodic modulation of the baselines in the
obtained IR spectra is caused by interference of the IR radiation in chitosan films. A general
level of the baseline is related to nonselective reflection and scattering of the IR radiation from
the film.

Fig. 3 shows that the strong wide bands with absorption peaks at 3400-3470, 3365, 3300,
2920 and 2850 cm™ (Table 2) in the range 3700-2700 cm™ and the bands at 1380, 1320 and 1260
(Table 2) in the range 1500-1200 cm™ exhibit almost no significant differences in the
transmittance spectra of either original or treated chitosan films. However, Fig. 3 and 4 show
some differences in the above spectra within the wavenumber range 1500-2000 cm™. It is
important to note that in the spectra of the treated chitosan film (red curves in Fig. 3 and Fig. 4)



the weak band at 1735 cm™ corresponding to the stretching vibrations of C=0 groups in carboxyl
groups (—COOH) is observed. Note that this band was not observed in the spectrum of the
original chitosan film. A comparison of the intensities of the absorption bands in the range 1700-
1500 cm™ (Fig. 4) shows, that the peak intensity for the band at 1592 cm™ (corresponding to
deformation vibrations of NH2 groups) is almost the same for both spectra. However, the
selective peak intensity (the difference between the absorbance values at the maximum and at the
baseline level) for the band at 1650 cm™ (corresponding to C=0 stretching vibrations of Amide |
groups) in the spectrum for the treated chitosan film is approximately 20% higher than that in the
absorbance spectrum of the original film. Also there is small decrease in the integral intensity of
the bands at 1422, 1155 and 896 cm™ in the range 1250-500 cm™ (Table 2). Note, the bands at
1155 and 896 cm™ correspond to B-1,4-glycosidic bonds [Ehrlich et al., 2007; Kumirska et al.,
2010; Ma, Wang, Zhao, & Tian, 2012; Ma, Wang, Wu, He, & Wu, 2014]. So the analysis of the
IR absorption spectra of the original and treated chitosan films showed that the EBP-treatment
resulted in some increase of oxygen-containing carbonyl C=0 and carboxyl -COOH groups and

some destruction of the -1,4-glycosidic bonds.

4.2. The time-dependence of the water-soluble COS production

The maximum yield Smax (up to 90-95%) of the water-soluble COS could be obtained by
optimizing the conditions of the EBP-stimulated hydrolysis (for example the treatment duration
or the composition and the pressure Pm of the plasma generating media).The variation of the
water-soluble COS yield as a function of the treatment time S(t) is shown in Fig. 4. At first the
dependence S(t) increases smoothly, then — steeply close to to = 2 min after which the yield of
the water-soluble products does not change. When the treatment duration exceeded 10 min the
COS condensation occurred, which resulted in the high molecular products formation due to the
reaction between aldehyde and amino groups contained in the chitosan chemical structure and
the loss of solubility (Fig. 5).

The COS formed due to the EBP-stimulated hydrolysis for 1=1-20 min were also
characterized by MALDI mass spectrometry. Two groups of the MALDY lines in ranges m/z
200-1000 and 1500-5000 were detected in the MALDY spectra of original chitosan, the
intensity of the first group being the highest (Fig. 6). The intervals between lines were found to
be equal to 161 Da that corresponds to the molecular mass of one structure unit in chitosan
macromolecule. The additional pattern of the MALDY lines with the 42 Da shift to the high
molecular mass range (C2H20) indicates the presence of acetylated derivatives in the original

chitosan sample.
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The plasmachemical chitosan hydrolysis changed the MALDY spectra, the most
significant differences were observed in the high molecular mass range (Fig. 6b). Almost total
loss of the acetyl groups occurred after 1 min of the EBP-treatment. The prolongation of the
treatment time up to 8 min resulted in the formation of low molecular weight fragments. The
MALDY lines in the m/z range higher than 1000 did not reveal in the spectra after 20 min of
EBP- hydrolysis due to the intensive chitosan macromolecules destruction.

The shift to the lower m/z values was also found in the MALDY spectra recorded within
low molecular weight m/z range (>1000) (Fig. 6a). After 10 min of the EBP-treatment a number
of intensive lines were found in m/z range 300-500, which confirms the formation of the trimeric
and dimeric COS with various functional composition. The most significant line with m/z 345
corresponds to the dehydrated dimeric ion [M-H20+Na]*. The EBP-stimulated hydrolysis for t =
12-20 min resulted in the formation of large amounts of low molecular weight products and the

MALDY lines are revealed almost at any integer m/z.

The rise of the basic line and the diffusive signals in m/z range 5000-20000 detected in
the MALDY spectra of chitosan after the EBP-treatment for t = 12 and 20 min are of
considerable interest. Such observations support the fact that the S(t) dependence described
above could be due to the secondary EBP-stimulated polymerization of low molecular weight
COS intermediates.

The similar S(t) relations were found for chitin. For example 1o for the chitin destruction
in the oxygen EBP (Pm = 133 Pa) using the mixing device was 10 min. It should be noted that the
chemical modification of chitin oligomers produced in the EBP is negligible. The reversed-phase
chromatography performed in our preliminary studies revealed that the elution time of the chitin
oligomers produced in the EBP is the same as that of the control chitin oligomers markers
[Vasilieva, Lopatin, & Varlamov, 2016].

4.3. The degradation mechanisms of polysaccharides in EBP

The EBP composition is complex: generally it contains chemically active molecules,
atoms, radicals and ions in stable and excited states, high energy electrons of the primary beam
and secondary plasma electrons that can be also be highly energetic. Bremsstrahlung and UV-
irradiation, generated in EBP can affect the polysaccharides structure as well. In our previous
studies it was proved that all these factors are responsible for the degradation of the original
biopolymer but the plasmachemical processes predominate [Vasilieva, & Lysenko, 2007

Vasil’eva, & Chukhchin, 2008]. The radiation and thermal damage of the polysaccharides due to
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high energy electrons was minimized by proper selection of plasma generating gas pressure and
the EB scanning mode.

In plasmas of oxygen and water vapor active oxygen particles (O, O, singlet oxygen)
formed in plasmachemical reactions and products of the water plasmolisys (e.g. OH") seem to be
the most important. These chemically active particles initiate radical chain reactions in the
biopolymers that cause destruction of -1,4-glycosidic bonds and decrease the polysaccharides
molecular weight. The radicals formation in the EBP-treated polysaccharides was proved by
means of the electron paramagnetic resonance spectroscopy. The possible degradation
mechanisms were considered in [Chang, Tai, & Cheng, 2001] and our previous papers
[Vasilieva, Lopatin, Varlamov, & Aung Tun Win, 2015; Vasilieva, Lopatin, & Varlamov, 2016].

The My of products obtained after chitin and chitosan EBP-treatment for 1-20 min were
approximately equal. It means that mechanisms of the EBP-stimulated depolymerization for both
chitin and chitosan are likely to be the same. The destruction of B-1,4-glycosidic bonds by
oxygen containing particles in oxygen EBP [Vasiliev, 2001; Vasiliev, & Vasilieva, 2016] that
has been proved for cellulose confirms this conclusion.

Under the treatment conditions the temperature of the plasma generating media T4 did
not exceed 40 °C (i.e. the EBP was really low temperature or cold). Since powder particles
temperature is approximately equal to Ty possible thermal destruction of the polysaccharides was
absolutely excluded.

4.4. Characterization of biological activity of the COS produced by the EBP-stimulated
degradation

Several studies carried out on Bacillus cereus, E. coli, S. aureus, Pseudomonas
aeruginosa, Salmonella enterica, B. subtilis, Listeria monocytogenes, Klebsiella pneumoniae,
and some other species, proved that the biological activity of chitosan significantly depends on
its molecular weight. Chitosans with lower molecular mass demonstrated the greater reducing of
microorganism growth and multiplication [Benhabiles et al., 2012; Fernandes et al., 2010; Jing
et al., 2007; Silva-Dias et al., 2014; Tikhonov et al., 2006 ; Tsai, Zhang, & Shieh, 2004; Wang et
al., 2007]. The LMWC size and conformation appear to be very important to control their
effectiveness. The mobility, attraction and ionic interaction of small chains are higher and
stronger than of long ones facilitating the adoption of extended conformation and strong binding
to the bacterial membranes [Goy, Britto, & Assis, 2009; Kumar, Varadaraj, Gowda, &
Tharanathan, 2005].

Therefore the inhibition of the microorganism growth in vitro was studied to characterize
the bioactivity of the COS formed in the EBP. The COS produced by the chitosan (M,=500 kDa)

EBP-treatment in water vapor at concentration 1000 pg/ml were found to completely suppress
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the multiplication of both S. aureus and E. coli in replicating and resting forms. Some results for
replicating bacteria are shown in Table 3. The products obtained by the treatment of chitosan in
the oxygen EBP for 5 min inhibited the growth of filamentous fungi P. tardum, P. chrizogenum,
A. flavus, P. betae, and C. herbarum at final concentration (MBC) 500 pg/ml up to 99,9% while
the rest studied filamentous fungi decreased the spore formation. The most sensitive yeast-like
fungi were C. scotti and R. rubra (with MIC 500 pg/ml and 250 pg/ml, respectively). We
suppose that the antibacterial activity of the EBP-produced low molecular weight
chitooligosaccharides results from their interaction with the cell walls of microorganisms. This
mechanism was considered in detail in [Wang et al., 2007].

5. Conclusions

1. The possibility of the EBP-stimulated degradation of native chitin and chitosan and
formation of the water-soluble COS was proved experimentally.

2. The 90-95% yield of the water-soluble COS was attained by optimizing the EBP-treatment
procedure. The high yields of low molecular weight water soluble products are obtained at
treatment time ~ 2 min whereas the traditional chemical chitosan hydrolysis usually takes
several days. The hazardous by-products and toxic wastes are not generated during the
EBP-treatment. The active oxygen species produced in plasmachemical reactions and the
products of water plasmolisys are responsible for the COS formation.

3. The low molecular water-soluble forms of the chitosan obtained by its treatment in the EBP
of oxygen and water vapor were found to inhibit the growth of S. aureus, E. coli, yeast-like

and filamentous fungi.

Thus, our experiments have demonstrated that the EBP can be applied for the effective
and controllable destruction of chitin and chitosan. The technique involved seems to be
competitive with technologies conventionally used in the chemical and biotechnological
industries. The water-soluble COS produced by the EBP-treatment of polysaccharides have new
biological activities (for instance, the effective antimicrobial or fungicidal properties) and are

likely to be promising agents for pharmaceutical, medical, and agricultural applications.
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Fig. 1. The design of the plasmachemical reactor and the treatment procedure of polysaccharide
powders.

1 — electron beam gun; 2 — high vacuum chamber; 3 — EB; 4 — injection window; 5 — working
chamber; 6 — EBP cloud; 7 — aerosol reaction zone; 8 — polysaccharide powder to be treated; 9 —
internal partitions; 10 — cylindrical quartz vessel; 11 — gas feeder; 12 — scanning system; 13 —

water evaporator.

a) b)

Fig. 2. The mixing layer of polysaccharide powders in glass container (a), and the EBP-

treatment of polysaccharide powders in rotating mixer (b).
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curve) and after (dashed curve) the EBP-treatment in oxygen media in the range 500-2000 cm™.

20



Lo VB B

0,75

(a.u.)

g 0,50

AYAY

0,25

% Yield of water-soluble COS

ol

0 1 2 3 4 5

Treatment time t (min)

Fig. 5. The yield of the water-soluble LMWC (S/Smax) from the chitosan treated by the oxygen

EBP as a function of the treatment time (7).

21



(A) 100

50 1

100 |

50

0
100

50 -

Relative intensity

0]
100

50

(B) 100 1

50

100

50

100

50

Relative intensity

100

50

| | | | " =20 min 4
J 'y
=12 min
|| d LHIJ&ML&-MHH—J l, NPT O S 23
‘.J l .llllLllm.L 1 lLJ‘;JJMA‘lLlA ‘lll l T::Lomln L 2
T=0min
|l O (TR T o | N AW T O W " L(Prlglnal Chitosan)l 1
300 400 500 600 700 800 900 1000
m/z
] =20 min 4
] ".A P T N P G s e P RN

: NJ“AJJNAFJAmrJ«nzjmuaj\*f/\u)/\h}f\y/f\&f/\\d/\v#f\vJA\nI”waf*w—fwq—muunpavyahz:ifiITEZHVﬁ_‘_
0 ] 3
f ~whn—dA——)\~—j\h-/\ua/\wa/\qu\LJ/\\J/\\J/\\J/\\J/\uJh\,/\\gj\nJﬁ\mf“\_H*uux;i::j;ijﬂjMﬂ__‘_
0 2
] 7 =0 min
] (original chitosan)
. 1

1000 1500 2000 2500 3000 3500 4000 4500 5000

mi/z

Fig. 6. The MALDI spectra recorded within the m/z ranges >1000 (a) and 1000-5000 (b) of the

original a

nd EBP-treated chitosan.

1 — original chitosan; 2, 3, and 4 — chitosan treated in the oxygen EBP, the duration of the EBP-

treatment

is given for the corresponding spectra

22



Table 1

Molecular weight of the COS formed due to the treatment of original chitosan (M, = 13.3 kDa) in

the oxygen EBP.

Treatment time (min) My Mw (Da) M; (Da) Polydispersity  index
(Mw/Mp)

1 599 686 785 1.14

2 587 625 669 1.06

4 543 560 578 1.03

8 524 531 539 1.01

20 178 193 211 1.08
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Table 2

Identification of the absorption bands in IR spectra of chitosan films made on the basis of [Balau,
Lisa, Popa, Tura, & Melnig, 2004; Ehrlich et al., 2007; Kumirska et al., 2010; Ma, Wang, Zhao,
& Tian, 2012; Ma, Wang, Wu, He, & Wu, 2014].

Absorption peak (cm™) Type of vibrations
3400-3470 stretching of OH groups
~3365 asymmetrical stretching of NH2 groups
~3300 symmetrical stretching of NH> groups
2020 asymmetrical stretching of CH. groups
2850 symmetrical stretching of CH2 groups
1735 C=0 stretching of carboxyl groups (—COOH)
1650 C=0 stretching of Amide I groups
1592 deformations of NH2 (Amide 1)
1422 deformations of CH> groups
1380 deformations of CH2 groups
1320 deformations of CH2 groups
1260 wagging of CH> groups
1160-880 vibrations of C-O-C groups, wagging of NH> groups
892-896 deformations of CH> groups for B-1,4-glycosidic bonds
~650 binding vibrations of NH. groups
Table 3

The inhibition of the replicating microorganism growth under the action of the COS produced by

the EBP-stimulated chitosan destruction

Test EBP-treated chitosan concentration (ug/ml) Control
microorganism ~yqaq 500 250 125

E. coli + + + +

S. aureus + + + +

--- the absence of microorganism growth; + weak microorganism growth; + microorganism growth comparable with

reference sample
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