
processes

Article

Chitosan Plasma Chemical Processing in Beam-Plasma Reactors as
a Way of Environmentally Friendly Phytostimulants Production

Tatiana Vasilieva 1,*, Oscar Goñi 2, Patrick Quille 2, Shane O’Connell 2, Dmitry Kosyakov 3 , Semen Shestakov 3,
Nikolay Ul’yanovskii 3 and Michael Vasiliev 4

����������
�������

Citation: Vasilieva, T.; Goñi, O.;

Quille, P.; O’Connell, S.; Kosyakov, D.;

Shestakov, S.; Ul’yanovskii, N.;

Vasiliev, M. Chitosan Plasma

Chemical Processing in Beam-Plasma

Reactors as a Way of Environmentally

Friendly Phytostimulants Production.

Processes 2021, 9, 103. https://

doi.org/10.3390/pr9010103

Received: 27 October 2020

Accepted: 4 January 2021

Published: 6 January 2021

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional clai-

ms in published maps and institutio-

nal affiliations.

Copyright: © 2021 by the authors. Li-

censee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of General Chemistry, Moscow Institute of Physics and Technology, Dolgoprudny,
141700 Moscow, Russia

2 Plant Biostimulant Group, Shannon Applied Biotechnology Centre, Institute of Technology Tralee, Tralee,
Co. Kerry V92 CX88, Ireland; Oscar.Goni@staff.ittralee.ie (O.G.); Patrick.quille@staff.ittralee.ie (P.Q.);
shane.oconnell@staff.ittralee.ie (S.O.)

3 Core Facility Center “Arktika”, Northern (Arctic) Federal University, Severnaya Dvina Emb., 17,
163002 Arkhangelsk, Russia; kosyakov@mail.ru (D.K.); s.shestakov@narfu.ru (S.S.);
uluanovskii@mail.ru (N.U.)

4 Aerospace Research Department, Moscow Institute of Physics and Technology, Dolgoprudny,
141700 Moscow, Russia; vasilev.mn@mipt.ru

* Correspondence: tmvasilieva@gmail.com; Tel.: +7-916-550-2740

Abstract: A novel technique of phytoactive water-soluble chitooligosaccharide (COS) production in
low-temperature plasma is described. Design, operation, and control of plasma chemical reactors
used to produce COS from the powder of high molecular weight chitosan are presented. The
electron beam plasma is strongly non-equilibrium and chemically active; plasma was excited by
injecting the scanning electron beam into reaction volume filled with aerosol, containing oxygen
and chitosan powder. Plasma chemical processes, responsible for the raw chitosan destruction
and techniques of these processes to obtain control of products of optimal molecular weight, are
considered. COS, in amounts sufficient for laboratory tests with some plants, were produced. Tests
showed that the addition of COS into the liquid growing medium at 0.25 and 1 mg/mL stimulates
root growth in Arabidopsis thaliana seedlings (Col-0) by up to 40%, with respect to control plants.
Foliar application of these COS formulations at 0.25 mg/mL on tomato plants (cv. Micro-Tom) also
resulted in increases between 11.9% and 36% in two important plant productivity indicators (flower
and fruit numbers) compared to the control plants. Being environmentally friendly (and resource
saving) the electron beam plasma technology of renewable natural biopolymer processing can be
considered as a competitive way to produce biostimulants for commercial agriculture.

Keywords: plasma chemical processing; electron-beam plasma; chitooligosaccharides; plant biostimulants

1. Introduction

A natural renewable and technologically safe biopolymer chitosan and its depolymer-
ized products, chitooligosaccharides (COS), are of interest for a number of commercial
applications in the biomedical, food, and chemical industries, as well as in environmental
protection and wastewater management [1,2]. This is owing to their antimicrobial, antioxi-
dant, hypocholesterolemia activities, immunity-enhancing and antitumor effects, as well
as ion absorption acceleration ability [2,3].

Recently, the agricultural applications of chitosan and COS have been actively studied,
due to their effects on plant defense-related cellular responses to stresses [1–4]. Moreover,
chitosan-based materials have been used to produce nanoparticles able to efficiently supply
plants with chemicals and nutrients [5]. On the other hand, a broad range of chitosan
and COS formulations have shown benefits for plant growth and development parame-
ters [2,4]. They have been used to augment foliar biomass [6], influence shoot, and root
growth, both in vitro and in vivo experiments [7], increase flower numbers [8], enhance
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crop yield [2,9], spike number and grains per spike [10], improve seed germination [11], or
alleviate iron deficiency chlorosis symptoms [12] in various crop, cereal, ornamental, fruit,
and medicinal plants.

The most important limitation for chitosan agricultural applications relates to its insol-
ubility at neutral pH and high viscosity [1,13]. To produce water-soluble chitosan solutions,
different depolymerization techniques have been suggested to generate COS, including
chemical hydrolysis, enzymatic degradation, treatment by H2O2 or NaNO2 [1,13], and
physical methods (such as hydrothermal, microwave, ultra-sonication, γ-irradiation, and
high-energy ion and electron beams) [14,15]. Although the low-cost chemical hydrolysis
in concentrated acids or alkalis at high temperature is a conventional and simple method
used in industry, the complexity to control the reaction progress may cause the formation of
secondary compounds or accumulation of monomers [14]. Toxic wastes, such as hazardous
alkaline, acid solutions, and environment contamination are also inherent in the chemical
processing of chitin and chitosan [16–19]. Enzymatic hydrolysis of chitin and chitosan has
been proposed as an alternative method because the reaction is performed under milder
conditions and the molecular mass distribution of the product is more controllable [20].
However, the enzymes have very different binding affinities for different sequences on the
substrate, reactions have multiphasic kinetics, and the product mixtures obtained at the
end of each of these phases differ considerably. The high cost of chitinases and chitosanases
limits their wide application on an industrial scale [16]. Both chemical and enzymatic meth-
ods of chitin and chitosan degradation are time-consuming multi-stage procedures and
usually take several hours [14,20]. Both advantages and power efficiency of the chitosan
processing in Electron-Beam Plasma (EBP), as well as the cost of the used Electron-Beam
Plasma Chemical Reactor, are discussed in Section 3.4.

Electrophysical processes are the basis of numerous technologies of polymer materials
modification. In particular, the power of microwave (MW) electromagnetic field is known
to be able to modify physical and chemical properties of these materials due to thermal and
non-thermal action. Intensive polymer heating can cause thermal chitosan destruction up
to its pyrolysis. Non-thermal processes could be more interesting because they have a softer
effect on the material. Unfortunately, chitosan does not contain groups that form strong
dipoles (e.g., epoxy, hydroxyl, amino, cyanate, etc.) and, therefore, practically unsuitable
for direct non-thermal MW processing [13–16].

Microwave excitation readily forms plasmas at reduced gas pressures and, under some
circumstances, at pressures in excess of 1 atm. MW-plasmas interact with surfaces in one of
two ways beyond simply providing thermal energy for heating. Atomic or ionic species in
the plasma may react with the substrate to form volatile constituents (etching), or species
in the plasma may react to form materials deposited on the substrate. Obviously, both of
these processes are inapplicable to produce low-molecular weight water-soluble COS.

Mechanochemical chitosan powder processing, e.g., ultrasonic treatment, seems to be
applicable to settle this engineering problem, but requires an elastic medium surrounding
powder particles, which could deliver acoustic energy to them. This is the reason why
these processes can be realized in suspensions and solutions only [13–16].

Thus, partial chitosan depolymerization in known physical processes has some limita-
tions, such as difficulties in treatment conditions control, high power consumption, and
equipment operation complexity [14]. However, plasma chemical technologies based on
non-equilibrium low temperature plasmas could be considered as a promising alternative
to chemical and biochemical techniques as well as to physical methods mentioned above.

Products of plasma chemical processing of objects and materials of agricultural and
biotechnologies can find numerous applications. For example, the seed treatment with
non-thermal atmospheric-pressure plasma or low-pressure plasma-activated water is rec-
ognized as a suitable technology to improve germination and further plant growth [21–25].
Several applications of low-temperature plasmas for the degradation of pesticides and
aflatoxin B1 [26], functionalization of extracellular heteropolysaccharides [27], improve-
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ment of zein film-forming properties [28], and flavonoids processing associated with the
enhancement of biological activities have also been described [29].

The plasmachemical processes in non-equilibrium low temperature plasmas are able
to substitute mentioned hydrolysis techniques of chitosan modification and derivatization.
Gas discharge plasmas and chitosan destruction by a high frequency bipolar pulsed DC
(direct current) discharge in liquid–phase plasma systems have been demonstrated in
several studies [29–36]. However, the substrates to be processed were thin chitosan films
or chitosan solutions, i.e., preliminary preparations of raw chitosan were needed. A lot of
factors can affect the material treatment uniformity in discharge systems (such as possible
instabilities of plasma reaction volume, complicated control of temperature distribution
over the sample surfaces, including possible overheating of some reaction zones due to
discharge plasma contraction and filamentation) and, therefore, the repeatability of the
processing results. For these reasons, the non-equilibrium plasmas of other types may be
better for large-scale technologies.

In our previous papers, the EBP excited by electron beams (EB) was suggested for the
effective and controllable chitosan depolymerization to produce water-soluble COS with
high yields of target products [37,38]. It is very important that chitosan plasma chemical
processing in beam-plasma reactors is the dry process; that is, the main advantage of the
reactors of the type. The target product is retrieved from the reaction chamber ready to
use and no additional procedures are required. Beam-plasma reactors do not produce any
toxic or hazardous gaseous and liquid exhausts, i.e., they are environmentally friendly.

The objectives of the present research were as follows:

• To upgrade the experimental setup available and adapt its operations to obtain
low molecular weight chitosan oligomers in amounts sufficient for practical agri-
cultural uses, i.e., to develop the industrial Electron-Beam Plasma Chemical Reactor
(EBPR) prototype;

• To characterize properties of COS obtained by chitosan degradation under beam-
plasma action in the EBPR;

• To study the COS ability to stimulate important plant productivity parameters (root
length, number of flowers, and fruits).

The present study results provide evidence that plasma chemical technology based
on beam-plasma systems is promising for effective, resource saving, and environmentally
friendly production of bioactive COS for agricultural applications.

2. Materials and Methods
2.1. The Electron-Beam Plasma Chemical Reactor for Chitosan Processing and Treatment Procedure

Under typical conditions of the EBP generation (medium pressure 0.1 < Pm < 10 kPa
and moderate EB power Nb < 1 kW), the plasma was strongly non-equilibrium and cold.
The EBP was produced in the EBPR key subsystems of which are presented in Figure 1.

The electron-beam gun (1) was located in high-vacuum chamber; (2) was connected
with the power supply SR6/60 (Spellman, GA, USA) of a maximum power of 6 kW that
generated a stabilized high-voltage of negative polarity. The gun formed thin EB (3) (con-
tinuous or interrupted) that was then transported to the working chamber (4) through
injection window (IW) (5) of special design [39]. When the reaction chamber was filled
with a gas, the EB generated a cloud of chemically active plasma (6) due to ionization,
excitation, and dissociation of gas molecules. Cylindrical reaction chamber (7) was placed
in a certain zone of the working chamber coaxially with the EB injected; the front end of the
cylinder was open for the EB injection and the other one had a bottom combined with the
gas feeder (8). The reaction chamber position (distance between the IW and open end of
the reaction chamber) was adjusted experimentally to fully localize the plasma cloud inside
it. The reaction chamber, together with the gas feeder, could rotate around the longitudinal
axis in special sealed bearing (9) to continuously mix the chitosan powder preloaded in this
chamber for processing. The electric drive of the reaction chamber rotation is not shown
in Figure 1.
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Figure 1. The scheme of the Electron-Beam Plasma Chemical Reactor: 1—electron-beam gun, 2—high-
vacuum chamber, 3—electron beam (EB), 4—injection window, 5—working chamber, 6—EBP-cloud,
7—cylindrical reaction chamber, 8—gas feeder, 9—sealed bearing, 10—porous insert, 11–resonator,
12—scanning system; G1—main gas flow, G2—flow of gaseous additives, G0—gas evacuation effi-
ciency, z-axis of the EB injection.

To fill the reaction chamber, the automatic system of the plasma generating gas
mixture production was developed. The main gas flow G1 was slowly blown through
porous insert (10) on the reaction chamber bottom. The flow of gaseous additives G2 could
be injected into the reaction chamber directly, if required, for the plasma chemical processes
control. The flows controller of the gas feeding system supported preset gas flows and
sent commands to the so-called “butterfly valve” installed on the evacuation pipeline to
change the gas evacuation efficiency G0 = G1 + G2 keeping necessary gas pressure Pm. The
preloaded chitosan powder dispersed over the plasma cloud by means of the gas injection
and chamber rotation, as a result, creates the reaction volume in the form of the aerosol.

The multifunctional EB controller maintained the required values of the accelerating
voltage (Eb) and the EB current (Ib) within the ranges given in Table 1 and controlled the
scanning system, which supported the necessary uniformity and stability of the reaction
zone at sufficiently high EB power. The scanning system (12) (Figure 1) was combined with
injection window (4) and installed at the window exit. By programming the controller the
EB raster of necessary shape could be formed by scanning the EB in cross-sections of the
reaction chamber. Besides, the local beam power input was controlled in the longitudinal
direction z by varying the EB initial divergence angle. In fact, the raster pattern was a
concentric ellipses system (Figure 2) and the ellipses orientation was adjusted to the reaction
chamber rotation speed and direction.

Table 1. The conditions of the chitosan EBP-processing.

Parameter Value or Characteristics

Accelerating voltage (Eb) 30 kV
EB current (Ib) 1.5–2.0 mA

Oxygen pressure (Pm) 0.2–1.0 kPa
The EB scanning mode Concentric ellipses

The reactor loading ≈10 g per cycle
The distance between the injection window

and front end of the reaction chamber 150–250 mm depending on gas pressure, Pm

Treatment time (τ) 5–10 min
Material temperature (Ts) ≈40 ◦C

Plasma density (nep) 108–1010 cm–3
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Algorithms of the EB controller operation were preliminary optimized by numerical
simulation of the EB propagation and absorption in aerosols. Then the simulation data were
verified experimentally. Since the local beam power input cannot be measured directly the
temperature, distribution along the cylindrical wall of the reaction chamber was studied.
The wall temperature was measured by the optical IR-pyrometer Optris LS (Optris GmbH,
Berlin, Germany). The pyrometer was preliminary calibrated by a miniature thermo-
sensor inserted into the reaction zone simulating a single chitosan powder particle. These
experiments showed that the temperature difference between the reaction chamber wall
and thermo-probe did not exceed 20%. Therefore, temperature measurements by the
pyrometer were sufficiently adequate for the experiment.

The pyrometer was also used to monitor the temperature regime of the chitosan treat-
ment process. To prevent the polysaccharides thermal destruction, they were processed at
material temperature Ts = 40 ◦C. The powder temperature was controlled by varying only
the EB current value whereas other reactor operation parameters (electron gun accelerating
voltage, gas pressure, EB scanning mode, reaction chamber rotation frequency) were fixed.
The EB current controller and pyrometer had a feedback to keep preset process tempera-
ture automatically. The ranges of optimal conditions for the chitosan EBP-processing are
summarized in Table 1. The range of plasma density nep typical for chitosan processing in
the EBPR under consideration are also given in Table 1. The plasma density was measured
by means of the microwave technique of plasma diagnostics described in detail in [40] and
specially adapted to experiments with aerosol plasmas.

Two important subsystems of the experimental setup should be mentioned specially.
Since the EBP radiation supplies valuable information about plasma chemical processes,
the emission spectra of the plasma were taken in various zones of the reaction volume.
Spectrometers of UV, visible and IR ranges were used in preliminary experiments on
aerosol plasmas studies and some results of these experiments are presented in [41]. For
technological experiments with real EBPR mass-spectrometry turned out to be more use-
ful. Mass-spectrometer HALO 201-RC (Hiden Analytical, Warrington, UK) continuously
monitored plasma generating medium composition. In particular, it could detect pos-
sible gaseous pollutants emitted by chitosan under the plasma treatment [42]: the total
gas flow G1 + G2 must be sufficient to neglect these pollution exhausts. To prevent the
plasma generating medium from pollution by residual air the working chamber was pre-
liminary evacuated to a pressure of ~1 Pa after every reactor reloading and only then
the chamber was filled with oxygen of spectroscopic grade (Scientific Industrial Center
of National Research Center “Kurchatov Institute”, Moscow, Russia), which was used in
the most experiments. Exact oxygen pressure values within the range 100–1000 Pa were
found experimentally and downloaded in the gas flow controller for every combination of
accelerating voltage, EB current, and scanning mode. Then, the controller kept preset Pm
value automatically.

The original water-insoluble crab shell chitosan powder for further EBP-treatment was
obtained from Bioprogress Co., Russia, and certified by the manufacturer. In accordance
with the manufacturer specifications, the original substance has viscosity-average molecular
weight, Mν = 500 kDa, the deacetylation degree DD = 90.0% and polydispersity index 1.5;
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characteristic particle size was ~100 µm. The viscosimetry is the conventional technique
for determining the polymers molecular weight applied by chitosan manufactures because
it is simple and quick. In addition, Mν is directly proportional to the average molecular
weight of the polymer [43] we dealt with in the present study for COS characterization.
The chitosan was of high purity grade and free of any other biopolymers/inorganic content
and pigments (content of proteins and other impurities <0.5%).

Since the particle size significantly affects the EBP-processing conditions (e.g., treat-
ment time, rotation frequency of the reaction chamber), this parameter was additionally
characterized obtained by SEM (FEI Quanta 200, FEI Company, Hillsboro, Oregon, USA),
and the value 100± 10 µm was found. The additional DD measurements by proton nuclear
magnetic resonance (1H-NMR) revealed that DD was 92.0 ± 2.1%. The chitosan powder
to be the EBP-treated was preliminary dried in vacuum 10−3 Pa overnight to decrease the
water content associated with polysaccharides molecules.

The chitosan powder was dried before treatment in vacuum 10−3 Pa overnight to
decrease the water content associated with polysaccharides molecules. Then about 10 g
of chitosan powder was put into the cylindrical reaction chamber (7), which was rotated
by a stepper motor to mix chitosan during the treatment ensuring uniformity of the
powder processing. The plasma generating gas was spectroscopic grade oxygen (Scientific
Industrial Center of National Research Center “Kurchatov Institute”, Moscow, Russia).
Other processing conditions are given in Table 1 and the entire chitosan treatment procedure
was described in more detail in [37].

2.2. Characterization of the EBP-Treated Chitosan
2.2.1. Solubility Measurements

Solubility measurements were carried out in accordance with the procedure described
earlier [42].

2.2.2. Molecular Weight Measurement

The molecular masses (weight-average Mw, number-average Mn, and polydispersity
Mw/Mn) of the EBP-treatment products were measured by size exclusion chromatography
on a LC-20 Prominence HPLC system (Shimadzu, Kyoto, Japan), equipped with a refrac-
tion index detector RID-10A. The chromatographic column was Polargel-M 300×7.5 mm
(Agilent, Santa Clara, CA, USA). Other analysis conditions were as follows: mobile phase–
0.1 M NaCl aqueous solution containing 0.01% trifluoroacetic acid; flow rate–1.0 mL/min;
temperature–40 ◦C; volume of the injected sample–20 µL; duration of the analysis–20 min.
The concentration of chitosan solutions was 1.0 mg/mL. Pullulans (Agilent, Santa Clara,
CA, USA) with Mw = 340–45,500 Da were used as standard samples (concentration of the
solutions 1.0 mg/mL) for the molecular weight calibration curve. The WinGPC software
(PSS, Mainz, Germany) was applied to process the measured data.

2.2.3. Transform Infrared Spectroscopy (FT-IR)

IR spectral measurements in a wavenumber range 500–5000 cm−1 with a resolution of
4 cm−1 were carried out by a FT-IR spectrometer Perkin-Elmer Spectrum 100 (Perkin-Elmer,
Waltham, MA, USA) as described in [37,42].

2.2.4. Deacetylation Degree Measurement

The chitosan samples for NMR-analysis were prepared as described in the litera-
ture [44,45]. Briefly, 5 mg of chitosan powder was mixed with 600 µL of 2% trifluoroacetic
acid/D2O solution. The trifluoroacetic acid was used as a solvent, since it has no proton
signals in D2O and, thus, the region of the chitin/chitosan acetyl group in the 1H NMR
spectra (~1.9 ppm) can be analyzed without any issues.

The deacetylation degree (DD, %) of the EBP-treated chitosan was measured as pro-
posed [44,45]. 1H NMR spectra of the chitosan oligosaccharides samples were recorded
by a Bruker AVANCE III™ 600 MHz instrument (Bruker, Billerica, MA, USA) at 25 ◦C
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using standard 5 mm probe. A standard single-pulse sequence with a pulse duration of
10.5 µs was used to record 1H-NMR spectra. The time of free induction decay was 3.6 s;
the delay between pulses was 1 s. The width of the spectral range was ~15 ppm, and the
NMR spectra were averaged over 32 accumulations.

Then the average deacetylation degree of the EBP-treated chitosan was calculated
from the relationship (1):

DD(%) =
(
1−

(1
3

IH−Ac/
(1

6
IH2−H6

)))
× 100, (1)

where ICH3 is the integral intensity of the acetyl group (H-Ac) and IH2−H6 is the sum of the
integral intensities of IH2, IH3, IH4, IH5, IH6, and IH6′ protons [44]. The numbered scheme
of the chitin/chitosan unit is given in Figure A1. The DD calculations based on the of the
acetyl group are more accurate due to its high amplitude and resolution compared with
the peak of H1.

2.3. Bio-Activity of the EBP-Produced COS: Plant Experiments
2.3.1. Influence of the EBP-Produced COS on the Root Growth

The effect of the EBP-produced COS on plant root growth was studied using Ara-
bidopsis thaliana (Col-0), a popular model organism in plant biology. The scheme of the
experiment is presented in Figure 3 and was based on a plant phenotyping platform
published previously [46]. Surface sterilized Arabidopsis seeds were placed in Phytostrips
(4titude Ltd., Wotton, UK) inserted into 96-well plates at a concentration of 6 to 12 seeds
per well with Phytagel™ BioReagent (Sigma-Aldrich, Hamburg, Germany) and incubated
at 4 ◦C overnight. Then the seeds were moved to the growth chamber for 3 days at tem-
perature of 22/21 ◦C (day/night; 16/8 h) and 70% relative humidity under light intensity
of 120 µmol/(m2×s). On the fourth day, 150 µL of two different aqueous COS solutions
produced after 5 and 10 min of EBP treatment were added to each well at two different
concentrations (0.25 and 1 mg/mL, respectively). The equal volume of distilled water was
added to control plants. Three days later, the impact of the EBP-produced COS on the total
root growth was assessed by measuring the longest primary root in each tube.
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growth: the scheme of the experiment.

2.3.2. Greenhouse Trial: Biostimulating Effects of the EBP-Produced COS on Tomato Plants

Tomato seeds (Lycopersicon esculentum, cv. Micro-Tom) were surface sterilized with
sodium hypochlorite for 1 min before being thoroughly rinsed with distilled water. Seeds
were set in plug trays using growth medium of compost: vermiculite: perlite (5:1:1). Tomato
seedlings were grown in a growth room at a temperature of 27/22 ± 2 ◦C (day/night;
16/8 h) and 70 ± 5% relative humidity under light intensity of 80 µmoL/(m2 × s). After
24 days, five tomato seedlings were randomly selected for treatment and transplanted
to 2.5 L pots containing compost, vermiculite and perlite (6:1:1) placed 40–50 cm apart.
Plants were fertilized twice at 30 day intervals with 2 g/pot of 7:7:7 (N:P2O5:K2O) at each
time and irrigated with water every other day. The EBP-produced COS were dissolved
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in distilled water at 0.25 mg/mL and applied three times after transplanting by foliar
spray (1, 25, and 38 days, respectively). Control plants were sprayed with equal volume of
distilled water. Potted plants were grown in a greenhouse at 23 ± 7 ◦C and 85% relative
humidity. Reproductive parameters linked to crop yield, such as the average number of
flowers (including flower buds and active flowers), and fruits per plant were measured
weekly after transplant.

2.4. Statistical Analysis

The deacetylation degree measurements were performed by triplicate for the original
chitosan and COS samples treated for 5 and 10 min and the standard deviations were then
calculated (N = 3). Arabidopsis thaliana phenotypic assessment was done in three indepen-
dent experiments (biological replicates) with at least twelve tubes per treatment (N = 36).
Growing of tomato plants and phenotypic assessment was done in three independent
experiments (biological replicates) with at least five plants per treatment (N = 15). Statistics
were evaluated with the Statgraphics Centurion XVI software for Windows. Arabidopsis
and tomato phenotypic differences between untreated and COS-treated tomato plants were
analyzed with a one-way analysis of variance (ANOVA) [47]. The significance level was set
at p ≤ 0.05 and performed by Fisher’s least significant difference (LSD) test. The graphi-
cal representation of the obtained data and their statistical significance were performed
routinely in accordance with [48–50].

3. Results and Discussion
3.1. Characterization of the EBP-Produced COS

The EBP-produced COS were water-soluble up to 95% and the product yield ranged
between 70 and 85% after optimizing the EBP-processing of the original chitosan pow-
der [37]. Since the EBP affects the material surface layers about 20–30 µm in thickness, the
water insoluble part of the final product can be the residual high molecular weight original
chitosan that was not destructed by the plasma action. It should be reminded that the
starting size of the chitosan particles was 100 µm.

In the present study, the relationship between COS water-solubility and EBP-treatment
duration was confirmed and this relationship was valid for any mass of the chitosan powder.
When the EBP-treatment duration exceeded a certain value (12 min under the conditions
described in the current experimental design), the solubility of the formed COS decreased
and a significant precipitation in water was observed. This could be the result from the
secondary polymerization of formed COS (possibly due to the formation of Schiff bases).

Molecular masses and chemical structure of the COS produced by the EBP-stimulated
degradation were characterized by size exclusion chromatography, FT-IR, and 1H NMR.
After 5 and 10 min of treatment conditions, the generated COS showed Mw values of 1300
and 570 Da with polydispersity index values of 1.6 and 1.5, respectively (Table 2). The
obtained results were in accordance with our previous investigation on the EBP-stimulated
depolymerization of chitosan [37]. The FT-IR spectra of the EBP-treated chitosan and their
detailed analysis can also be found in our paper [37]. Some increase of oxygen-containing
carbonyl C=O and carboxyl –COOH groups and some destruction of the β-1,4-glycosidic
bonds were observed after chitosan processing in oxygen EBP.

The degree of deacetylation (DD, %) is a fundamental parameter influencing chemical
and biological properties of chitosan and chitooligosaccharides including their plant-
stimulating activities [4]. Theoretically, pure chitin oligosaccharides should have a DD = 0%
and pure chitosan oligosaccharides should have no acetylation (DD = 100%). However,
commercial COS contains both N-acetylglucosamine and glucosamine residues because of
their preparation methods [14,15,51].
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Table 2. Physicochemical properties of the COS obtained from chitosan by the EBP-processing and conventional methods.

Method of the COS Production

Characteristic
EBP-Processing Chemical Hydrolysis Enzyme Hydrolysis

5 min 10 min

Molecular weight Mw, Da 1300 570 Below 3900 [14,15]

The COS with degrees of
polymerization between 2 and 20

(500–5000 Da) are produced,
depending on the hydrolysis

conditions and enzyme used [14,15]

Polydispersity 1.6 1.5 1.0–2.5 [52] 1.0–2.6 [52]

DD, % 94.8 ± 2.6 96.0 ± 2.7 96–98 depending on the hydrolysis conditions
and original chitosan characteristics [46]

58–99 depending on the hydrolysis
conditions and enzyme used [53]

Water-solubility, % 95 95 90–100 [14,15] 90–100 [14,15]

The 1H NMR spectra of the original chitosan and COS are given in Figure A1. The
most specific signals from the 1H NMR spectrum of the original chitosan manufactured by
Bioprogress Co. (Russia) were the second proton of D-glucosamine unit and the acetate
group proton of N-acetyl-D-glucosamine. Therefore, a DD of 92.0 ± 2.1% was estimated
according to the proposed methodology [44,45]. The 1H NMR analysis of the generated
COS revealed the DD was slightly increased after the EBP processing step. The calcu-
lated DD values were 94.8 ± 2.6% and 96.0 ± 2.7% for chitosan treated for 5 and 10 min
respectively (Table 2).

3.2. Plant Bioactivity of the EBP-Produced COS

To evaluate the capacity for the plant root growth stimulation induced by the EBP-
produced COS, the generated treatments were applied to the micro-phenotyping system
wells at two different concentrations when Arabidopsis thaliana seeds began to germinate
(fourth day in the growth room). After 3 days, a positive effect on total root growth was
evident in all COS-treated seedlings compared to the untreated ones. The application
of the EBP-produced COS after 5 min of treatment at 0.25 and 1 mg/mL resulted in a
statistically significant root growth increase, exhibiting values from 33% to 40% higher,
with respect to the untreated seedlings. In contrast, the root growth promotion effect
was lower when the COS produced after 10 min of the EBP treatment were applied to
the liquid growing medium. A similar growth promotion effect was found when barley
plants were irrigated with low doses of chitosan (0.01 and 0.1 mg/mL) [54]. However, a
reduction of the root length was observed when different crops were grown after applying
commercial COS or medium molecular weight chitosan at concentrations higher than
0.5 mg/mL [7]. Several authors demonstrated that the molecular weight and deacetylation
degree of the COS can affect their biological activities [4,51]. Our results suggest that both
physicochemical parameters (determined by the duration of the EBP treatment) and the
applied COS concentration also have an important role in modulating the rooting system.

Foliar application of both EBP-produced COS formulations at 0.25 mg/mL to tomato
plants (cv. Micro-Tom) also altered two important plant productivity indicators compared
to untreated plants. Being treated by COS, the plants demonstrated the extended flowering
time and significant increase in the average number of flowers per plant (determined as
the sum of bud and active flowers after the application of the second and third foliar spray,
performed 25 and 37 days after transplant), at 38 days after transplant (from 16% to 36%),
with respect to the control ones. The EBP-produced COS after 10 min of treatment also
increased the average number of flowers although this increase was bigger at later growth
stages (Figure 4). A stimulating effect of the chitosan and COS on the number of flowers
was observed previously in plants [2,4,8]. However, in some of these studies, the treated
plants flowered 10 and 15 days earlier than the control plants [8]. Therefore, it might be
useful to use the EBP-produced COS over different horticulture crops to obtain a higher
number of flowers for a longer time, enhancing the fruit set possibility.
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Figure 4. The effect of the EBP-produced COS on flower number in tomato plants (cv. Micro-
Tom). Treatments were applied three times after transplanting by foliar spray at 0.25 mg/mL (1,
25, and 37 days, respectively). The data are presented as Means ± SE. The same letters within the
same time point indicate that there are no statistically significant differences between the data. For
example, for day 33, a statistically significant increase (p ≤ 0.05, Fisher’s LSD test) is observed only
for COS-5 min (marked as b), and for control and COS-10 (marked as a) there are no statistically
significant differences.

The stimulating effect of the EBP-COS on the increase in the fruits number was
statistically confirmed at the later growth stage. Moreover, 62 days after the transplant,
tomato plants treated with the COS produced after 5 and 10 min of the EBP treatment
yielded 11.9% and 16.7% more fruits, respectively (Figure 5). The effect of COS produced in
the EBP is comparable with that of COS obtained by means of other techniques [4,9,55–58].
As a result of applying a water-soluble formulation of chitosan oligosaccharides, four
times at 0.25 mg/mL, the marketable fruit yield of the industrial tomato cultivar “H9661”
increased between 9% and 19%, with respect to the control [9]. Moreover, application of 500
mg/mL water-soluble commercial chitosan in vitro resulted in improved acclimatization
of potato plantlets in the greenhouse and significantly increased the average tuber number
by 36% compared to the untreated plants [55].
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37 days, respectively). Means ± SE followed by different small letter within the same time point
indicate significant differences between treatments based on Fisher’s LSD test (p≤ 0.05). The labeling
principle of columns (a or b) is the same as in Figure 4.
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3.3. Possible Mechanisms of the EBP-Action on Chitosan

The following EBP factors can affect the polysaccharides structure, and chitosans
among them, when they are processed in the EBP:

• Chemically active heavy particles of the EBP: excited molecules and atoms, ions,
radicals, e.g., active oxygen species;

• Fast electrons of the partially degraded EB that bombard material;
• Secondary electrons of moderate energies (0.01–1 keV) produced in the EBP due to

ionization of the plasma generating media molecules;
• The EBP-radiation, especially UV and X-ray (bremsstrahlung);
• Possible heating by direct electron bombardment and due to heat transfer between

the plasma cloud and sample.

Each of these factors is able to cause transformations of polymeric molecules, but the
integral effect of the polysaccharides macro-molecule modification is likely to be due to
their joint action (i.e., synergism is expected to take place).

The EBP composition is complex; generally, it contains molecules, atoms, radicals,
and ions in stable and excited states; plasma electrons and electrons of the injected beam
are present as well. These particles can stimulate many physical and chemical processes
on the surface and in the bulk of the matter inserted into the plasma cloud. Our previous
studies showed the plasma chemical processes to predominate when biopolymer materials,
chitosan, and some other polysaccharides among them, are affected by the EBP [37,39]. In
oxygen-containing plasma generating media the active oxygen particles (O, singlet oxygen),
and especially hydroxyl radicals OH• formed in plasma chemical reactions are the most
important for the chitosan depolymerization and COS production [59]. The OH• radicals
can be formed due to the plasmolysis of both water molecules associated with original
polysaccharides and water eliminated in the EBP-stimulated dehydration of chitosan β-
1,4-glycosidic bonds. In our experiments, the mass-spectrometer always detected water in
oxygen-containing atmosphere when chitosan was plasma chemically processed.

It was shown that the OH• radicals react with carbohydrates extremely rapidly
(k = 1–4 nM−1·s−1) [60], abstracting hydrogen atoms at all ring C–H bonds in carbohy-
drates except C-2 of N-acetyl hexosamine according to scheme [61]:

RH + OH• → R• + H2O

Oxidation changes in the polysaccharides molecules with increase of carbonyl C=O and
carboxyl–COOH groups after the treatment in the EBP of oxygen also support this hypothesis.

The second pathway that leads to the depolymerization is the interaction of polysac-
charides chains with atomic oxygen that reacts fast with various carbonaceous materi-
als [62]. The importance of atomic oxygen species compared to that of excited atomic or
molecular nitrogen species was confirmed in studies of isolation of chitin biopolymer from
waste crustacean biomass and chitosan degradation/gelation in the RF low-pressure dis-
charge, atmospheric-pressure dielectric barrier discharge, and in the liquid-phase plasma
systems [35,62–66].

As reported in our papers [37,38], and in literature [61], the reaction involves the
abstraction of the hydrogen atom with the generation of carbon-center radicals at all ring
C–H bonds in chitosan (except C-2 of N-acetyl hexosamine) and a β-scission reaction
resulting in the breakdown of polysaccharide chains.

3.4. Advantages and Power Efficiency of the COS Production in EBP-Assisted Processes in
Comparison with Conventional Methods

As mentioned in the introduction, the chitosan processing in the EBP is, absolutely, a
dry process: dry low molecular weight products are downloaded from the reactor after
plasma chemical treatment of the original chitosan powder. Only non-toxic gases (oxygen,
water vapor, or their mixtures) are used as plasma generating medium and no technological
liquids, such as solvents or reactants, are required.
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Nowadays, chitin and chitosan deacetylation is obtained commercially by heating their
solutions in strong alkali at high temperatures. These harsh conditions are responsible for
several drawbacks of these technologies such as environmental pollution or the randomness
of the chemical reactions [67]. As an advanced alternative, the application of enzymatic
de-N-acetylation by using chitin deacetylases (CDAs) has been proposed [68]. Although
some CDAs have been characterized in detail, their commercial availability is limited. In
contrast with them, chitosan depolymerization-deacetylation in the EBP seems to be quick,
direct environmental friendly process of chitosan powder treatment without any solution
preparing, product extraction, and drying.

The most relevant characteristics of COS produced in the EBP, and by conventional
methods (by chemical and enzyme hydrolysis), are compared in Table 2. It should be noted
that the EBP processing did not only effectively depolymerize chitosan polysaccharides,
but also slightly enhanced the deacetylation of the produced COS.

Known mechanochemical processes of polymers modification (e.g., shaking at sonic
or ultrasonic frequencies) occur in solutions or in suspension. Therefore, additional pro-
cedures are necessary to prepare raw materials and extract the target product. As to
microwave facilities potentially applicable for chitosan processing, they are conventionally
used for heating, drying, defrosting, or decontamination of biopolymers. Non-thermal
microwave action is effective for thermoplastic and thermosetting dielectrics only. Con-
trollable microwave-assisted chitosan processing has to be carried out in water, hydrogen
peroxide, or some other polar liquids [16,69,70]. Besides, in setups for non-thermal polymer
processing, only a small part of the microwave power is used and special ballast loads
are required to absorb the main part of it. Complicated matching devices have to be
applied to protect the microwave generator from the back mode, reflected by the reaction
chamber, ballast load, and waveguide. Obviously, the above significantly increases power
consumption and reduces economy efficiency of possible chitosan mechanochemical and
MW-processing [71–73].

Table 3 presents the comparison of the COS production in the beam-plasma reactors
with conventional chemical and enzymatic hydrolyses in terms of basic treatment process
characteristics, yield, and environmental safety.

Table 3. The comparison of the EBP-stimulated chitosan destruction with conventional methods.

Criteria Chemical Hydrolysis Enzymatic
Hydrolysis EBP-Processing

Treatment duration Several hours or days Several hours Minutes (τ = 2–10)

Number of stages Multi-stage Multi-stage Single-stage

Specificity and
efficiency

(1) Destruction of
β-1,4-glycosidic bounds;

(2) Predominant destruction of
amorphous parts of biopolymer;

(3) Possible oxidation changes in
produced oligosaccharides and
deep oxidation of original
biopolymers [51,52].

(1) Specific, easy to control (including the Mw
distribution of the product);

(2) Different binding affinities for chitosan of
various enzymes and multiphasic kinetics
of reactions results in the formation of
product mixtures [14,15];

(3) The action of enzymes is affected
by the degree of deacetylation and
the polymerization degrees
of original chitosan;

(4) Generated products show broader Mw
ranges, which can provide multiple
bioactive effects [14,15,51].

(1) Destruction of
β-1,4-glycosidic bounds;

(2) Destruction of both amorphous
and crystalline parts of
biopolymer occurs;

(3) Oxidation of oligosaccharides
(formation of C=O and
–COOH groups);

(4) Specific low molecular weight
COS are generated.

COS yields Low yields of COS and large amounts
of monomeric units [53]. Up to 90–95% [14,15,51]. Up to 80–85%.

Environment safety

(1) Adverse environmental impact;
(2) High energy consumption;
(3) Produced oligomers are generally

considered unsafe bioactive materials
because of their possible
contamination with toxic chemical
compounds [53].

Environmentally friendly. However,
diluted acidic and alkaline solution

may be needed [14,34].

Environmentally friendly.
Hazardous by-products and toxic

wastes are not generated.
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Three particular problems are usually considered to enhance the EBP reactor efficiency:

• Efficiency of the electric power conversion into the electron beam power;
• Power loss in the injection window;
• Utilization efficiency of the injected EB, i.e., the ratio of the power directly used in

material treatment to the total power of the EB injected into the reaction chamber.

Modern electron accelerators and electron guns are known to effectively convert the
electric power into the electron beam power. Depending on the field of applications and
design, they are able to transform up to 90% and more of supplied energy into the energy
of the accelerated electrons flow. Guns with so called “plasma emitters” are preferable
for plasma chemical reactors, but conventional devices with thermionic emitters are quite
competitive. So far, the thermionic guns remain more powerful and they can generate
thinner beams. This option is valuable when the beam is transported into the reaction
chamber through the channels of the gas-dynamic windows used in the present research.

Electron power loss mainly depends on the pressure distribution, initial electron
energy, and temperature of the gas through which the beam propagates. In its turn, the
gas temperature depends on the beam parameters (current, electron energy, and beam
diameter) and gas pressure. Thus, the design of every IW should be optimized in accordance
with plasma generating gas composition, required pressure in the reaction chamber, and
characteristic temperature of the treatment process. Under typical experimental conditions
(Table 1), our power loss in the IW did not exceed 25% of the original beam power. For
a greater clarity, energy losses at various stages of the energy transformation are shown
in Figure 6.
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Only 1–2% of the injected beam power is transformed in related processes, such as
emission of optical and X-ray radiation or secondary electron emission, and some others.
The main portion of the injected beam power is used to produce chemically active plasma
particles, to keep desirable material temperature, and to support the reactor operation
(e.g., for the IW operation). Thus, the reactors power efficiency is sufficiently high and
competitive when compared to the best conventional chemical reactors. Beam-plasma
reactors do not usually exhaust any hazardous liquids and toxic gases, which gives them
additional advantages from the point of view of environment safety.

Some estimations of the cost/availability of EBP and the operation/maintenance costs
of such a system are given in Appendix B.

In general, beam-plasma reactors, both prototypes described (Figure 1), and the in-
dustrial version under development can be assembled from units available on the market,
and only the window for the electron beam injection is a unique component of the reactor
design. The EBP generator and its supporting systems are not more expensive than equip-
ment conventionally used for chemical or biochemical chitosan processing. Considering
that no raw materials and solution preparation, exhausts cleaning, product separation, and
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some other procedures are required, manufacturing and operation of the beam-plasma
reactor are cheaper than those of traditional processes and equipment for COS production.

4. Conclusions

In general, plasmachemical technologies based on the EBP can be considered effective,
resource saving, and environmentally friendly alternatives to the conventional industrial
processing methods used for natural polysaccharides, such as chitin, chitosan, cellulose,
and others. The data presented have demonstrated that very specific low molecular weight
COS, obtained by the short time EBP treatment, can stimulate important plant related pro-
ductivity parameters (root length, number of flowers, and fruits) and open new possibilities
for production of bioactive water-soluble COS for agricultural applications.
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Appendix A

1 
 

 
Figure A1. The 1H NMR spectrum of the original chitosan (1) and chitosan treated in oxygen EBP for 5 min
(2) and 10 min (3). The scheme of the protons in the chitin/chitosan unit is also included in the figure.
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Appendix B

Table A1. The availability and the maintenance of EBP-systems.

Beam-Plasma Generator
Part Unit Version Weight, kg Product Manufacturer Maintenance

Electron gun Thermionic cathode LaB6 ≈10
Numerous manufacturers of
welding electron guns, e.g.,

PROGRESS Company, Russia

Lifetime more than 100 h
under normal conditions

Plasma cathode ≈8 TUSUR University, Russia Unlimited lifetime

High voltage power
source

High voltage generators of
positive or negative polarity ≈15 Spellman High Voltage

Electronics Corporation, USA No maintenance

Beam control units
Controller of the beam power

(semi-automatic) ≈20 TUSUR University, Russia No maintenance

Controllers of the beam power
and beam scanning (automatic) ≈25 TUSUR University, Russia No maintenance

Injection window Gas-dynamic window ≈2 Moscow Institute of Physics
and Technology, Russia Lifetime about 100 h

Gas-dynamic window with a
differential pumping stage ≈5 Moscow Institute of Physics

and Technology, Russia Lifetime about 200 h

High vacuum system
Diffusion pump in combination

with oil sealed pump ≈35 VACMA, Russia Minimal maintenance

Turbo molecular pump with
dry scroll pump ≈35

Numerous manufacturers, e.g.,
STP Maglev with XDS,
Edwards Vacuum, UK

No maintenance

Total weight 90–100

As it was described in Section 2.1 the beam-plasma reactor consists of two main parts,
namely the Beam-Plasma Generator and the reaction chamber. The reaction chambers were
designed for various powder loadings, but all of them only slightly differ from available
chambers conventionally used in electron-beam or plasma technologies by specific inner
facilities and/or outer systems. The Beam-Plasma Generator is a unique device that we
originally developed for aerospace applications on-board. It is compact, light, and simple
for maintenance; the basic plasma generator configuration and its operation characteristics
are described in [74]. This configuration is applicable for industrial purposes but a vacuum
system is required to support electron gun operation and the injection window becomes
more sophisticated [75]. Table A1 illustrates mass characteristics, availability, and specific
maintenance of the main parts of the industrial beam-plasma generator 6 kW in power. The
electrons energy (accelerating voltage of the electron gun) was limited by 50 kV to simplify
the protection against soft X-ray radiation generated when the electron gun operates.
Estimated Beam-Plasma Generator cost in basic configuration is about USD $200,000. If
the reactor must be multifunctional and adjustable to carry out a set of various plasma
technological functions more complicated and, therefore, more expensive configurations
have to be used. It should be mentioned that in the reactor scaling for higher loading the
total equipment cost may significantly rise but the plasma generator cost rises much slower
than the reaction chamber one.
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