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Preface to the Special Issue

Special Issue of the «Journal of the Siberian Federal University. Biology» is devoted to the currently
important and principal areas of biotechnology, biomedicine, and bioecology with an emphasis on the
characteristics and role of new biomaterials and composites of «green» chemistry, which are of major
interest and contribute to the development of the sustainable economy. As the population of the planet is
growing, the production and consumption of chemicals, primarily synthetic plastics and xenobiotics, is
increasing on an ever-larger scale. The pollution of the planet destroys the self-regulation mechanisms
of the biosphere, leading to unpredictable consequences. To maintain the stability of the biosphere, it
is necessary to switch to new forms of management, including new materials, drugs, and technologies
for their use. Biotechnology has enormous potential, capable of satisfying all human needs without
negatively affecting the environment.

The articles included in this special issue are based on the presentations of the participants the
IV International Scientific Conference «Biotechnology of New Materials — Environment — Quality of
Life» and the School for Young Scientists, which were held at the School of Fundamental Biology and
Biotechnology of the Siberian Federal University (Krasnoyarsk) in October 2021.

Dr. Prof. Sabu Thomas

Symposium Co-Chair,

Vice Chancellor of Mahatma Gandhi University (India)

Head of the Laboratory for Innovative Preparations and Materials,

Siberian Federal University (Russia)

Dr. Prof. T.G. Volova
Special Editor
Head of Biotechnology Chair, Siberian Federal University (Russia)
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Abstract. Biopolymers are all the macromolecular materials formed in nature or produced using bio-
monomers. Biopolymers are extremely diverse materials, which have unique properties. Unfortunately,
the general cost of biopolymers production is about 25 % higher compared to similar materials from
petrochemical sources. Therefore, scientists must continuously pursue the search for differentiated
applications for these materials. These new applications, especially those with enhanced added value, are
essential for extending the use of these unique materials. In this context, the Biopolymers & Sensors Lab.
(LaBioS) of the Federal University of Rio de Janeiro has been operating since 2008 in research related
to the production of biopolymers. LaBioS works on the chemical modification and the nanomodification
of these biopolymers. These were the strategies found by the group to increase the added value of these
systems, allowing their use in several applications that positively impact human well-being. Therefore,
we dedicate this work to describing the state of the art in biopolymers via text mining study of the
content produced on this great subject from the year 2008 to the year 2021. In addition, we present here
short case studies developed by the team that currently composes LaBioS. These cases cover several

areas, ranging from drug release, through environmental recovery, to food security.
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This work is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License (CC BY-NC 4.0).
*  Corresponding author E-mail address: fernando gomes@ima.ufrj.br

ORCID: 0000-0002-8332-4953 (Souza F.G. Jr.); 0000-0001-6669-2677 (Thode Filho S.); 0000-0002-4857-9512 (Da-

her E.); 0000-0003-2960-9197 (Diva F.); 0000-0002-1553-9469 (Ricardo N.); 0000-0003-3476-4511 (Moraes R.);

0000-0003-4762-2395 (Nogueira M.); 0000-0002-9727-714X (Chantre J.); 0000-0001-8923-6834 (Soares P.)

— 398 —



Fernando Gomes de Souza Jr, Sergio Thode Filho... Biopolymers as Multiplatform Materials to Improve Quality...

Keywords: data analysis, statistical analysis, data mining, biopolymers.

Acknowledgements. This work was supported by Conselho Nacional de Desenvolvimento Cientifico
e Tecnologico (CNPq-304500/2019—4), Coordenagdo de Aperfeigoamento de Pessoal de Nivel Superior
(CAPES — Finance Code 001), Financiadora de Estudos ¢ Projetos (FINEP PRESAL Ref.1889/10)
and Fundagdo Carlos Chagas Filho de Amparo a Pesquisa do Estado do Rio de Janeiro (FAPERJ —
CNE2020).

Citation: Souza F.G. Jr., Thode Filho S., Daher E., Diva F., Ricardo N., Moraes R., Nogueira M., Chantre J., Soares
P. Biopolymers as multiplatform materials to improve quality of life and well-being. J. Sib. Fed. Univ. Biol., 2021, 14(4),
398-421. DOLI: 10.17516/1997-1389-0361

buonosmmepsbl KAK MHOTOILIAT(POPMEHHBIC MATEPHUAJIbI
JJISL YIYYIIEHUS] Ka4yeCTBA 'KU3HHU

H ﬁﬂaFOHOJ'Iy‘II/IH HacCeJICHUSA

@. I'. ne Coy3a ma.?, C. T. ®uanro®?, J. laxep?,
®. luBa?, H. Pukapnao®, P. Mopaec?,

M. Horeiipa?®, I:x. HlanTp?, I1. Coapec?
“@eodepanvuviil yHusepcumem Puo-oe-Kanetipo
bpaszunus, Puo-oe-’Kanetipo

¢ Dedepanvubili uHCMuUmMym o6paz068anus, HayKu
u mexnonoeuil Puo-oe-Kanetipo

bpaszunus, Puo-oe-’Kanetipo

AnHoTanus. bromonmuMepsl — 3TO MPUPOAHBIC WIH CO3IAHHBIC HCKYCCTBEHHO C HCIIOJNb30BAHHEM
OMOMOHOMEPOB MAaKPOMOJICKYJISIPHBIC MaTepuajbl. BHOMOJUMEPHBIC MaTepHalbl YPE3BBIYANHO
pa3HOOOpa3Hel W O00NANal0T YHUKaJIBHBIMH CBOWCTBaMH. K coKalleHHIO, OO0Ias CTOMMOCTH
MPOU3BOICTBA OUOMOJIMMEPOB MPUMEPHO Ha 25 % BBINIE CTOMMOCTH aHAJIOTMYHBIX MaTEpPHAJIOB
13 He(PTEXUMHUUYCCKUX HCTOYHHKOB. [103TOMY ydYeHBIC MOIKHBI IOCTOSHHO IPOJOJDKATH TMOUCK
Pa3IMYHBIX BAPUAHTOB TPUMEHEHH I OMOTIOTMMEPHBIX MaTEPHAJIOB. DTH HOBBIE 001aCTH MPUMEHEHHU S,
OCOOCHHO TMO3BOJISIONINE TOTYYUTh MPONYKIIMIO ¢ OoJee BBICOKOH ITOOAaBICHHOW CTOMMOCTEIO,
HEOOXOIUMBI JJisi 0OJiee HMIMPOKOr0 PACHPOCTPAHCHHS HaHHBIX YHHKAJIbHBIX MaTepHasioB. B aTom
KOHTEKCTe JabopaTopus OuononumMepoB u ceacopoB (LaBioS) ®enepanpHoro yausepcuteTa Pruo-me-
XKamnetipo ¢ 2008 r. 3aHMMAETCsI UCCIICIOBAHUSIMHU, CBSI3aHHBIMH C TIPOM3BOJICTBOM OHOIIOJIMMEPOB.
Corpynauku LaBioS paGoraror Hajg XuMmu4eckodl wmoxudukamueii W HaHOMOTU(UKAIIHEH
OHMOMONIMMEPOB. DTa CTpaTerus, IPUMEHsIeMas JaHHON TPYIION HCCASI0OBATEICH I YBEIUUCHUS
JMOOABICHHON CTOMMOCTH TIOJMMEPHBIX WPOAYKTOB, TIO3BOJISICT HCIOJIB30BaTh HX B pAle
o0sacTeil, CrrocOOCTBYIOIIMUX MOBBIIICHUIO OJIArOMONYYHs HaceaeHus. JlaHHas CTaThs MOCBSIICHA

OIMMCAHUI COBPEMCHHOI'O COCTOSAHMUS PICCJ'IeZ[OBaHI/Iﬁ B oOmacTu 6I/IOHOHI/IMCPOB, OCHOBAaHHOMY
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Ha MHTEJUICKTYaJIbHOM aHaJln3e TeKCTOB CTaTel, onyOIMKOBaHHBIX 110 3TOH Ba)KHOW TeME B MEPUOJ
¢ 2008 mo 2021 r. MBI ipencTaBIisgeM TaKkKe KPaTKyr WH(POPMAIUIO O pe3yiIbraTaX MCCICAOBAHUN
rpyNIbl YYEHBIX, B HacTosinee BpeMs padoraromux B LaBioS, KOTOpble 0XBaThIBAIOT HECKOJIBKO
o0yacTeil — OT MOJYUYCHHsI JEKAPCTBEHHBIX CPEICTB M TEXHOJOIMH BOCCTAHOBJICHHUS OKPY KaloIeH

cpelbl 10 00SCIeUCHHS MPOIOBOILCTBEHHON 0€30I1aCHOCTH.

KJioueBble cjioBa: aHajiu3 JaHHBbIX, CTaTUCTUYECKUM aHaJIn3, HHTCHHCKTyaHBHBIﬁ aHaJIN3 JaHHBbIX,

OHOTIONTMMEPHI.

BaaropapHocTu. DTta padora Oblna moxnepkaHa HanMoOHAJIBHBIM COBETOM II0 TEXHHYECKOMY
u TexHonoruueckomy pasutuio (G-304500/2019—4), KoopauHatopoM KBaln(UKAIHOHHBIX padoOT
B [leccoanb—ne-Husens-Cynepuop (M - ®@unancossrii ko 001), Otaenom (pUHAHCOB U MPOEKTOB
(ITPEJIBAPUTEJIbHA S 3aseka FINEP.1889/10) u ®ongom Kaproca Illaraca ®uibo ne Ammapo
[eckuca B Puo-ne-Kaneiipo (FAPERJ-CNE2020).

Hutuposanue: ne Coysa mia. @.I. buononnmepsl kKak MHOTOMIAT(HOPMEHHBIC MATEPHATIBI Ul YIYUIICHHS KaueCTBa )KU3HU
u Onarononyuust Hacenenus / ©. I. ne Coysa mi., C.T. ®unsto, D. [laxep, ®. lua, H. Pukapno, P. Mopaec, M. Horeiipa,

JIx. lantp, I1. Coapec // XKypn. Cud. dpexnep. yn-ta. buonorus, 2021. 14(4). C. 398—421. DOI: 10.17516/1997-1389-0361

Introduction

Polymers are materials that are widespread
in our society (Souza et al., 2008). Due to their
versatility, they increasingly replace traditional
materials, such as metals and ceramics, in
various applications (Ferreira et al., 2017;
Grance et al., 2016). It is easy to identify a
myriad of polymeric artifacts that surround us,
leading to the realization that polymers will be
increasingly present in every aspect of our lives,
from our birth to our last moments on this planet.
However, a side effect generated by polymers
on a large scale is the immense amount of
waste produced (Maranhdo et al., 2018), whose
persistence time in the environment, given the
exceptional chemical stability of the polymers,
is in the order of hundreds of years. In addition,
obtaining conventional polymers is a polluting
activity since most conventional monomers
are obtained from a petrochemical source
(Marques et al., 2016) via fractional distillation

of oil. Thus, the use of materials from renewable

sources should be increasingly encouraged
(Marinho et al., 2018). These materials have the
potential to maintain our lifestyle, but with an
infinitely less environmental impact than what
we currently produce.

Biopolymers (Péres et al., 2017) are polymers
produced by living organisms or obtained from
renewable sources (Buono et al., 2018; Fertahi
et al., 2021; Jensen et al., 2016; Kanehashi et
al., 2015; Khan et al., 2016; Roguszewska et al.,
2020; Sotoudeh et al., 2021; Techawinyutham et
al., 2019; Zubkiewicz et al., 2021). Among them,
the ones commercially called «green polymers»
are synthetic polymers obtained using monomers
from renewable sources (Costa et al., 2017). This
class of polymers allows the production of new
artifact products that are highly beneficial to nature
because they are biodegradable or, when they are
not, because they can store carbon from CO, in the
form of macrostructures of biological origin.

Despite the numerous advantages presented

by biopolymers, the cost factor is still an
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impediment to the large-scale use of these
materials. In recent years, the emergence and
improvement of several biotechnological routes
have allowed the increasingly competitive
production of several biopolymers, such as
(PHASs)

monomers, such as lactic, glycolic, and succinic

polyhydroxyalkanoates and many
acids, as well as the 1,4-butanediol (Satam et
al., 2019). These new processes and the derived
chemical species have significantly increased the
availability of biopolymers for the most diverse
markets, including the automotive, textile, and
packaging sectors for quick disposal items (Babu
et al., 2013). Increasing the value added by these
materials must be a constant concern for the
entire scientific community. In this context, the
Biopolymers and Sensors Laboratory (LaBioS)
of the Federal University of Rio de Janeiro has
been seeking, since 2008, to boost the use of
biopolymers by modifying their properties
by chemical modification or by preparing
nanocomposites.

The extension of the use of these materials
in each of these areas is a driver for increasing
the quality of life of human beings, helping
to preserve our planet, and this is our research
Thus,

provides an overview of the scientific work in

group's ultimate mission. this work
biopolymers from 2008 to 2021. This information
was collected at the Scopus base and mined using
various free and open-source tools. In addition,
this paper briefly presents some studies developed
by the team that currently runs the LaBioS.
Besides, the retrieved information allows us to
foresee the perspectives referring to biopolymers

in the near future.

Text mining methodology

Scientific articles containing the word
biopolymer in the titles or abstracts were collected
using the Scopus database. The Scopus search

was restricted to the broad term biopolymer only

among the articles published between 2008 and
2021. The used search key was: TITLE-ABS-KEY
(Biopolymer) AND (LIMIT-TO (DOCTYPE, »ar»))
AND  (LIMIT-TO  (PUBYEAR,2020)  OR
LIMIT-TO (PUBYEAR,2019) OR LIMIT-TO
(PUBYEAR,2018) ORLIMIT-TO(PUBYEAR,2017)
OR LIMIT-TO (PUBYEAR,2016) OR LIMIT-TO
(PUBYEAR,2015) ORLIMIT-TO(PUBYEAR,2014)
OR LIMIT-TO (PUBYEAR,2013) OR LIMIT-TO
(PUBYEAR,2012) ORLIMIT-TO(PUBYEAR,2011)
OR LIMIT-TO (PUBYEAR,2010) OR LIMIT-
TO (PUBYEAR,2009) OR LIMIT-TO
(PUBYEAR,2008)). The results were gathered
using Zotero 5.0.95 and finally saved in a single
RIS file. The data of these articles were separated
into (i) titles and (ii) abstracts. The tools were
LibreOffice Calc and LibreOffice Writer (both
version: 7.0.4.2 Build ID: dcf040e67528d9187¢c66
b2379df5ea4407429775). The online Voyant Tools
(Hetenyi et al., 2019; Miller, 2018) (https://voyant-
tools.org/) was used in the text mining of the
most relevant words in the texts, which were
cleaned by removing all the numbers and editors'
names from them. Then, the set conditions in the
Voyant Tools were (a) Fixed term biopolymer and
(b) minimum coverage of 5 %. The second Text
Mining tool used was the VOSviewer (van Eck &
Waltman, 2010) (https://www.vosviewer.com/),
which allows obtaining the main clusters from
the titles and abstracts. The last cleaning step
is unnecessary for the VOSviewer analysis, and
the raw RIS file was used as produced by Zotero.
The set conditions used in VOSviewer were: (a)
Create a map based on text data, (b) Read data
from reference manage files (RIS), Fields from
which terms will be extracted ((c) Title and
abstracts separately and (d) ignore structures
labels and (e)
statements both turned on). The counting method

abstracts ignore copyright
was set to Binary (f). To the titles and abstracts,
the minimum numbers of occurrences (g) were

set to 50 and 500, respectively.
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Results of text mining

The data mining variation focused on text
analysis is named text mining (Abramo et al.,
2019; Lehmann & Wohlrabe, 2017, Martin-
Martin et al., 2018; Panagopoulos et al., 2017).
Text mining allows the data extraction from text
documents (Jeong et al., 2019; Ma et al., 2019;
Robinson et al., 2019; Zhou et al., 2019), being
a handy tool in areas as diverse as medicine,
engineering, and customer service (Lucini et al.,
2020; Pezzini, 2017; Sun et al., 2018). The chosen
time span, between 2008 and 2021 (May 29), is
the period in which the LaBioS has been working
on the subject of biopolymers. Specifically about
the term biopolymer, the scenario between the
years 2008 and 2021 is complex because of the
myriad of papers collected, which was equal to
18,277 scientific documents. Of course, these
numbers can vary depending on the database
used. According to the Voyant Tools (VT), the
titles returned 256,702 total words and 18,212
unique word forms. In turn, the abstracts
returned 3,416,625 total words and 57,689 unique
word forms. These numbers make clear that
the ordinary analysis of these data is humanly
impossible.

Therefore, the analysis of this complex
scenario demands the computer assistance offered
by text mining tools. Then, the first approach was
performed using the Wordcloud tool from Voyant
Tools. The results are shown in Figure 1. Besides,
the Titles and Abstracts corpus can be inspected
through these links:

Titles: https://voyant-tools.org/?corpus=911
68bf881a70c7a8fbf0d31fc2c640d&lang=en

Abstracts:  https://voyant-tools.org/?corpus
=4¢21860a0981330a26179bb37eacl23a&lang=en

Among the texts, the most frequent words
in the titles are biopolymer (2969); based (2348);
chitosan (2085); properties (1713); and using
(1327). In turn, the most frequent words in the

abstracts are biopolymer (13834); properties

(11658); using (9980); chitosan (8992); and study
(8440). Voyant Tools also allows the calculation of
the correlations between the terms. In both titles
and abstracts cases, the fixed term was biopol*.
Among the most cited words into Titles and
Abstracts, only based (among titles) and chitosan
(among abstracts) presented significant (95 % of
probability) determination coefficients equal to
0.69 and 0.16, respectively. The R2 values are
small in both cases, indicating that a different
methodology must be performed, allowing
further explanations. One possible way to deal
with these data is subdividing them by years,
as performed elsewhere (Gomes, 2021). This
approach is advantageous to understanding how
the concepts or keywords evolve during research
time. On the other hand, understanding how data
are correlated in a massive amount of information
is crucial to see how the investigations are being
conducted. Therefore, another tool, such as
VOSviewer, should be used.

Fig. 2 shows the clustering maps from the
studied titles and abstracts between 2008 and
2021, while Table 1 shows the top trending inside
the five most relevant clusters in the Titles and
Abstracts (data obtained from VOSviewer).

These clusters are created according to
the probability or level at which the words are
grouped together and indicate how each word is
connected to its neighborhood. Among the Titles,
the most relevant cluster allows inferring the
relevant concerning polymer and blends based on
lactic acid or PHAs. The next cluster focuses on
using these materials in environmental recovery
applications, mainly related to removing heavy
metals from the water. In turn, the third cluster
deals with the production of PHAs by biosynthesis.
The next cluster mainly focuses on biopolymers
in medicine, highlighting the terms scaffold,
delivery system, and tissue engineering. Finally,
the fifth cluster deals with the green synthesis
of these biomaterials, highlighting catalyst and
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Fig. 1. Word clouds from studied titles (a) and abstracts (b) between 2008 and 2021

ionic liquid. In turn, among the Abstracts, the
first cluster deals with the characterization of
biopolymers used in environmental recovery
applications. Among the top trending words, XRD
(X-ray diffraction) and TGA (thermogravimetric
analysis) are highlighted. The next cluster deals
with medicine, and the highlighted words are
drug, delivery, scaffold, and tissue engineering.
The third cluster reveals the primary concern

regarding the characterization of these materials,

while the next one is focused on the preparation
of biopolymers, evolving the terms gene, culture,
glucose, and accumulation. Finally, the last cluster
is probably concerned with silicon chemistry,
which is relevant to the further developments in
this field.

Therefore, data gathered from literature
allowed relevant in

inferring that drivers

field focus

characterizing biomaterials

the biopolymers on preparing

and useful to
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Fig. 2. Clustering maps from studied titles (a) and abstracts (b) between 2008 and 2021

environmental recovery and bio-medicine
applications. In the contexts regarding biopolymer
synthesis (Almeida et al., 2020; Araujo et al.,
2015; Bedor et al., 2021; Costa et al., 2017; Daher
Pereira et al., 2021; de Araujo Segura et al., 2018;
Elias et al., 2021; Ferreira et al., 2012a, 2012b,
2015, 2017; Figueiredo et al., 2019; Franga et
al., 2019; Gomes et al., 2018; Icart et al., 2018;
Middea et al., 2017; Moraes et al., 2018a, 2018b;

Neto et al., 2021; Pereira et al., 2013, 2014; Péres

et al., 2014, 2017; Picciani et al., 2007; Ramon
et al., 2018; Sa et al., 2017; Yusoff et al., 2021),
environmental recovery (Aboelkheir et al,
2019a, 2019b; Bedor et al., 2020, 2021; Ferreira
et al., 2012b; Figueiredo et al., 2019; Gomes et
al., 2018; Grance et al., 2012; Nogueira et al.,
2020; Si et al., 2020; Souza et al., 2012; Varela
et al., 2012), medicine (Costa et al., 2018; Daher
et al., 2021; Daher Pereira et al., 2021; Lange et
al., 2016; Pereira et al., 2013, 2014; Ramon et al.,
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Table 1. Top trending inside the five most relevant clusters obtained from VOSviewer

Cluster Label in Titles Occurrences Label in Abstracts Occurrences
1 poly 988 xrd 968
1 blend 236 removal 895
1 lactic acid 185 adsorption 872
1 hydroxybutyrate 145 x ray diffraction 782
1 hydroxybutyrate co 96 aqueous solution 761
1 hydroxyvalerate 77 ion 707
1 nanocomposite film 73 tga 600
2 removal 374 drug 787
2 aqueous solution 193 delivery 726
2 ion 139 scaffold 657
2 wastewater 130 tissue 589
2 sludge 111 vitro 555
2 dye 107 disease 417
2 extracellular polymeric substance 92 tissue engineering 398
3 production 684 thermal stability 721
3 strain 115 tensile strength 668
3 bacterium 110 nanocomposite 649
3 polyhydroxyalkanoate 105 blend 588
3 biosynthesis 94 pla 586
3 culture 92 dsc 538
3 substrate 92 elongation 484
4 scaffold 278 biomass 535
4 delivery system 144 gene 430
4 tissue engineering 90 gl 404
4 adhesion 75 pathway 404
4 efficacy 75 phb 380
4 tissue 56 culture 364
4 cancer 50 glucose 360
4 conjugate 50 accumulation 339
5 catalyst 146 dna 459
5 reaction 136 dynamic 382
5 ionic liquid 127 simulation 299
5 conversion 71 theory 269
5 solvent 59 regime 207
5 degree 50 deformation 189
5 green synthesis 50 regulation 184

2018; Sa et al., 2017; Souza et al., 2013; Vargas &  2014; de Araujo Segura et al., 2018; Elias et al.,
Souza, 2011), and even nanotechnology (Araujo 2015, 2016, 2021; Elkodous et al., 2019; Ferreira
et al., 2015; Asthana et al., 2021; Costa & Souza, et al., 2014; Grance et al., 2012; Lopes et al.,
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2018; Maranhdo et al., 2021; Marques et al., 2016,
2017; Neto et al., 2018, 2021; Pal et al., 2019,
2021; Pereira et al., 2013; Péres et al., 2017; Pérez
et al., 2020; Santos et al., 2021; Si et al., 2021,
Siddaramaiah et al., 2012; Soares et al., 2017;
Souza et al., 2007, 2009a, 2009b, 2010a, 2010b,
2012, 2013; V et al., 2020; Varela et al., 2013;
Vargas & Souza, 2011) or Civil Engineering
(Aboelkheir et al., 2018a, 2018b, 2021; Rocha
Ferreira et al., 2020; Santos et al., 2018, 2021;
Veloso de Carvalho et al., 2021) applications,
LaBioS has presented several contributions in
the last years, helping to boost and spread these
relevant subjects. Thus, the following paragraphs
are reserved for a brief description of some of the
latest research activities under development at

LaBioS and associated groups.

Case studies carried out

in the LaBioS

Reduction of enzymatic browning

of chunkey banana from the application
of cassava biofilms by Sergio Thode

Between 2010 and 2019, the generation
of solid municipal waste (MSW) in Brazil
registered a considerable increase, going from
67 million to 79 million tons per year. In
addition, per capita generation increased from
348 kg/year to 379 kg/year. However, the study
of the gravimetric composition reveals that
organic material remains the main component
of MSW, constituting 45.3 %. On the other
hand, dry recyclable waste totals 35 %, being
mainly composed of plastics (16.8 %), paper
and cardboard (10.4 %), in addition to glass
(2.7 %) and metals (2.3 %), among others
., 2020). In Brazil,

the banana (Musa spp.) stands out because it

(Panorama dos Residuos ..

is the most widespread and because it is the
most consumed by all social classes. Brazil is
now the world's fourth-largest banana producer
globally, with 6,953,747 tons per year (FAO...,

2018;

e-fruticultura/cultivos/banana).

https://www.embrapa.br/mandioca-
Numerous
initiatives are under development to minimize
losses within this production chain, deserving
highlight to the biodegradable packaging, also
known as biofilms, from natural sources. These
biofilms are microorganisms degraded in weeks
or months under favorable conditions (Assis &
Britto, 2014).

In the search to develop more sustainable
materials, cassava starch biofilms have already
been developed to mitigate these losses (Veiga-
Santos et al., 2008). The mean values of fresh
mass loss as a function of time are shown in
Fig. 3. The mass loss increased in the two
treatments during storage, meaning that the
starch biofilms produced of cassava starch are
semi-permeable, allowing the fruits to continue
breathing and losing mass. At the end of the
analysis period, the control group had a 41.88 %
loss, followed by T1 (23.77 %) and T2 (25.41 %)).
There are no statistically significant differences
between biofilm treatments. The mass loss
occurs through the outlet in the form of water
vapor to the environment (Assis & Britto,
2014), so the results obtained demonstrated that
the biofilms protected fruits by minimizing
water loss through perspiration, avoiding fruit
shrinkage and shriveling as a natural indication
of ripeness.

This study revealed the efficiency of biofilm
coating with and without gelatin to reduce the rate
of enzymatic browning and increase the shelf life
of bananas. Furthermore, it was possible to verify
a reduction in fresh weight loss in the treatments.
Besides, no significant difference was observed in
the addition of gelatin to the parameters evaluated
in the fruit. Moreover, slowing the deterioration
of healthy foods is necessary for a reality where
nutritional deficiencies are increasingly common,
whether due to lack of proper nutrition education

or unfavorable economic situations.
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Fig. 3. Fresh mass loss as a function of the two biofilms during 12 days of the experiment. T1 (2.6 % starch /
500 mL of distilled water); T2 (2.6 % starch / 500 mL of distilled water + 1 g of gelatin). Mean values followed
by the same lower-case letter do not differ statistically by Tukey's test at 5 % probability test

Polymeric microsystems for use
in the controlled release

of antibiotics by Emiliane Daher

One of the most significant problems
to contemporary public health worldwide is
resistance to treatment with antibiotics. It is
estimated that antimicrobial resistance causes
about 700 thousand deaths every year (Estrela,
2018; Santos, 2004). The forecast is that, by 2050,
10 million deaths annually will be attributed to
antimicrobial resistance, which means more
deaths than cancer deaths, and the effect on the
global economy will be around $100 trillion
(Estrela, 2018;
br/assuntos/noticias-anvisa/2019/resistencia-

https://www.gov.br/anvisa/pt-

antimicrobiana-e-ameaca-global-diz-oms).  In
order to maintain the plasma concentration of
the antibiotic and decrease the risk of bacterial
resistance using the conventional delivery system,
the patient must administer successive doses of
the medication at the correct time, which often
does not occur (Smith, 2005). For this reason,
to improve conventional therapies is crucial in

the case of antibiotics. Controlled drug release

systems often use synthetically biocompatible
and biodegradable polymers, such as poly(lactic
acid) — PLA, as carriers for drugs (Uhrich et al.,
1999). For this work, the drug cephalexin was
chosen, and to improve its encapsulation into
the polymer matrix, it was decided to graft a
more hydrophilic polymer, polyethylene glycol-
PEG, to PLA. In addition, it was decided to add
the drug through microemulsion, to try to avoid
the initial explosive release, known as «burst
release» (Kim et al., 2008). Fig. 4 (a) shows the
system used for polymer synthesis, and Fig. 4 (b)
the emulsion process used in the production of
polymer spheres containing the drug.

The PLA-g-PEG polymer was synthesized,
characterized, and the drug was inserted in the

microspheres by the emulsion method.

Influence of chemical similarity
on the sorption capacity

of lignocellulosic fibers by Fernanda Diva

Oil is an essential material and because it is
preferably transported by sea, spills frequently

occur in the ocean. Several alternatives have
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Fig. 4. System used for polymer synthesis (a) and
emulsion process used in the production of polymer
spheres containing the drug (b)

already been investigated to combat these
disasters. A work conducted during the Master
Degree studies of Fernanda Diva / LaBioS proved
by data mining that the sorption of the material
is related to the chemical similarity between the
sorber and the sorbent. Fernanda Diva's study is
derived from our chemical similarity hypothesis
presented elsewhere (Ferreira et al., 2012b). The
data mining allowed the gathering of eleven

pieces of research developed in the sorption of

toluene using vegetable fibers. The extracted data
allowed for comparing spectral data reduced to
root-mean-square error (RMSE) values and oil
sorption capability for every lignocellulosic fiber
material from the eleven scientific works. Data
analysis proved that the greater the chemical
similarity (related to the lowest RMSE obtained
values — See Fig. 5), the greater the sorption of the
oil by the tested material.

The extraction of data, despite the difficulties
caused by the authors' different approaches,
proves that the chemical similarity is a critical
factor for the sorption of petroleum derivatives
in natural polymers. Based on this study, more
efficient sorbents may be developed for the
sorption of toluene and other components present
in oil using vegetable materials that would often
be discarded.

Synthesis of thiol-PEG-PBS copolymer
by Nathali Ricardo

Cancer is a worldwide public health
problem. Therefore, new technologies to combat
this disease more efficiently and with fewer
side effects attract the attention of the scientific
community (Bray et al., 2018; Ferlay et al., 2015).
In this context, gold nanoparticles have been
shown to be extremely promising. The critical
point in using these particles is their stability (Yue
et al., 2016). One way to get around this problem
is through their coating; one of the coatings most
used with AuNPs in pharmacological research is
polyethylene glycol (PEG) (Kodiyan et al., 2012;
Li et al., 2013). Several studies also proved that
PEG conferred prolonged circulation of gold
nanoparticles in the blood and, therefore, could
show the «Enhanced Permeability and Retention
(EPR)» effect, which means more significant
accumulation of nanoparticles in tumor tissue
(Singh et al., 2018). Additionally, in this study,
poly (butylene succinate) (PBS) was used. This

polymer is very useful for immobilizing various
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Fig. 6. '"H Nuclear Magnetic Resonance of PBS-PEG

substances, such as medicines, besides having

accessible handling capacity (Baldanza et al.,

2018; Ferreira et al., 2014).

The nuclear magnetic resonance technique

was used to prove whether there was a chemical

in Fig. 6, presents chemical shifts located at 1.73
ppm (R-CH,-R) and 4.11 ppm (-CH,0(C=0)-R),

which correspond to methylene protons in
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1,4-butanediol units. The spectrum also shows
the chemical shift located at 3.70 ppm referring to
methylene protons in ether grouping units (CH,-
CH,-0) characteristic of polyethylene glycol. In
the FTIR spectrum, it is possible to notice that the
main expected chemical structures are present in
the spectrum, which is another strong indication
of obtaining the copolymer.

Therefore, it is possible to see that the
proposed interfacial reaction between HS-PEG
and PBS modified with TDI was successful; this
was proven by the characteristic chemistries of
a polyether and polyester in the NMR, and the
same was observed in the FTIR spectrum with
the presence of characteristic bands of both
classes of polymers. It is essential to point out that
the purification process allows us to infer that it
is a copolymer and not a mixture of polymers.
The results of the thermal analysis were within
the expected ones and consistent with the data

obtained by other authors.

Nanostructured hybrid of magnetite
and poly(butylene succinate)

with potential application for controlled
drug release, magneto hyperthermia,

and imaging diagnostics by Rafael Moraes

Nanomedicine is one of the most promising
areas of current research in the medical field
(Mirza & Siddiqui, 2014). It is the medical
application of the unique technologies and
properties obtained through manipulating the
nanometric scale of materials. The present work
aims to build a nanostructured system made of
poly (butylene succinate) and magnetite capable
of carrying a drug (drug delivery) and releasing it
in a controlled manner through specific magnetic
stimuli. This technique can reduce side effects
mainly in drugs with low bioavailability, such
as chemotherapy. Furthermore, this system also
aims at the use of magnetohyperthermia, through

the use of oscillating magnetic fields, which can

heat the magnetite, promoting, for example, the
death of tumor cells and sensitizing the cancerous
tissue to the action of the drug, resulting in a
synergistic effect of the two techniques (Colombo
et al., 2012).

Poly(butylene succinate) was synthesized
using a 1:1 ratio of succinic acid and
1,4-butanediol (Ferreira et al., 2015). Magnetite
was synthesized using the alkaline precipitation
method (Moraes etal., 2018a). The hybrid material
was synthesized using lactic acid, which forms
bonds with the iron hydroxide surface of the
magnetite, and later added toluene diisocyanate,
which forms urethane bonds with the lactic acid
and the polymer. The model drug chosen was
ketoconazole due to its properties and the ease of
identification during the characterizations. First,
the drug and the polymer were dissolved using
dichloromethane. Then, water was added to the
system under stirring, producing an emulsion
where the polymer chains trapped the drug.

The dynamic light scattering results allowed
inferring that magnetite presents an average
size of 100 nm. Besides, these particles were
modified by the polymer chains, and the drug
was effectively encapsulated. Fig. 7 shows the
SEM micrograph, from which the morphology
of the dried hybrid can be observed. The micro-
agglomerates retain the drug in the chains, as
proved by energy dispersive spectroscopy, which
presents chlorine from the drug. The successful
synthesis of the hybrid nanostructures and their
ability to encapsulate drugs was concluded.
The potential to combine different treatments
drives all the medicine to a new frontier, where
reduced side effects and increased effectiveness
of the treatment could come true in a few years.
In addition, treatment and diagnosis could be
allied in an unprecedented way, as the capacity of
the ferromagnetic material to remain in specific
tissues, such as tumors, for a time can be used to

monitor the effects of medical intervention.

— 410 —



Fernando Gomes de Souza Jr, Sergio Thode Filho... Biopolymers as Multiplatform Materials to Improve Quality...

°
® o
°

o\

ﬁ Magnetite
: ~L o |° \'
X ,\.{R ; PBS
o) o\o )o 0

Fig. 7. Micrograph taken by a scanning electron microscope, on the right, energy dispersive spectroscopy showing

the element chlorine in emphasis

Heavy metal removal from wastewater
using modified biomass

by Marcio Nogueira

Water is an essential asset for the survival
of all species of life on planet Earth. Large
quantities of industrial wastewater generated
in industries such as galvanoplasty, metallurgy,
and leather production, in which there are many
heavy metals, including chromium, copper,
zinc, nickel, lead, and others, are harmful to the
environment and living organisms. Numerous
studies report the application of biosorption to
treat effluents from various sources, with very
satisfactory results. Submerged macrophytes
have significant potential for bioconcentration
of heavy metals due to their larger surface area
compared to non-submerged plants (Nogueira
et al., 2020). The present work is based on the
chemical modification of biological materials

to evaluate their efficiency in removing cations

Table 2. Metal removal efficiency

of toxic metals, in particular chromium and

nickel, present in aquatic environments.
The biomass mainly used is of the species
Eichhornia crassipes, with the chemical
modification from the application of an organic
anhydride (succinic anhydride). The tests show
satisfactory results, with metallic removal
rates of around 80 % efficiency. Table 2
shows exciting results for removing chromium
and nickel, present in synthetic effluents,
using modified biomasses. From the results
obtained, it is possible to conclude that the use
of chemically modified biomaterials is based
on the biocompatibility and stability of these
compounds. Moreover, the combination of
biosorption with magnetic particles represents
an alternative of enormous potential in the
treatment of industrial effluents, at the same
time representing a non-toxic and low-cost

technology.

Biosorbent Initial concentration
Cr* Ni*? Cr* Ni*? Cr*¢ Ni*?
Modified biomass with 10 mg-L"! 50 mg-L"! 100 mg'L"!
succinic anhydride Metal maximum removal (%)
79.1 85.2 80.9 82.4 81.7 83.6
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Modification of plant fibers
and their applications by Johny Chantre

Vegetable materials have gained space in
science and industry because they are less abrasive,
biodegradable, have low commercial value, and
excellent thermo-mechanical properties. However,
chemical modifications are usually necessary for
better compatibility with polymeric matrices.
Thus, part of Johny Chantre's M. Sc. studies
address the main treatments applied to vegetable
fibers and their possible applications. The most
commonly used treatments for the modification
of vegetable substrates are acetylation, sodium
bicarbonate, and hornification. These treatments
allow the use of waste materials reinforcing
polymeric matrices by improving adhesion
and compatibility between phases. During the
synthesis of polymeric composites from glycerin,
castor oil, and maghemite as oil absorbers, milled
coffee grounds were added as a filler to lower
the costs and improve the final buoyancy of the
composite. The results showed that the buoyancy
of the composite was improved. However,
the addition of vegetable waste as an additive
significantly increased water absorption by the

composite, increasing its hydrophilic character,

thus constituting a competition problem since
the objective was the recovery of oil through
absorption by the composite. Thus, the acetylation
treatment reduced the hydrophilic character of
the coffee grounds powder. After the acetylation
treatment, the coffee grounds were washed with
deionized water and dried at 70 °C for 24 h.
Then, the modified substrate was characterized
by Fourier transform infrared spectroscopy
(see Fig. 8). The results showed a considerable
reduction in the bands around 3500 cm™ of the
hydroxyl group, proving that the coffee grounds
powder is more hydrophobic than the non-
modified analog. For the oil spill cleanup tests, 0.1
g of the composites filled with different amounts
of virgin and acetylated coffee grounds (2.5 %,
5 %, and 10 %) were used to remove one gram
of oil spilled on seawater. Tests were performed
in triplicate. Every time, all the oil was removed
from the water. On the other hand, the materials
filled with modified coffee grounds powder,
compared to the similar non-modified materials,
presented an average reduction in the amount of
sorbed water equal to (55+£39)%, with a confidence
limit of 95 %. Therefore, the use of the acetylated

filler improved the characteristics of the sorber by
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Fig. 8. Fourier transform infrared spectroscopy of non-modified and acetylated (Ace) coffee grounds powder
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reducing the water removed and, for this reason,
making more straightforward the oil spill cleanup

process.

Conclusions and perspectives

Thus, the bibliometric survey presented in
this work and the LaBioS' specific contributions
to the topic of biopolymers make clear the
use of these materials should be encouraged.
From our perspective, one of the best ways
to spread biopolymers is by modifying their
Thus,

nanomodifications  via

properties. chemical modifications

and nanoparticles,
used as nanofillers or nanosubstrates, must
be increasingly researched by the scientific
community. So, the use of these new biomaterials
will lead us to a healthier relationship with our
planet, additionally providing us with real gains

in the quality of life and well-being, which are
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Abstract. What are the reasons for the effervescence and explosion of the scientific literature during
the last decade in the field of cellulosic and other polysaccharide nanomaterials? First, the raw materials
are abundant, available in a variety of forms, renewable, non-toxic, low density, and biodegradable. In
addition, it is well known that unexpected and attractive properties can be observed when decreasing
the size of a material down to the nanoscale. Different forms of cellulose nanomaterials, resulting from
a top-down deconstructing strategy (cellulose nanocrystals — CNCs, cellulose nanofibrils — CNFs) or
bottom-up strategy (bacterial cellulose — BC), can be prepared. Multiple mechanical shearing actions
applied to cellulosic fibers release more or less individually the nanofibrils. A controlled strong acid
hydrolysis treatment can be applied to cellulosic fibers allowing the selective dissolution of non-crystalline
domains and disengagement of nanocrystalline cellulose regions. The mechanical modulus of crystalline
cellulose is the basis of many potential applications. With a Young's modulus of the order of 100—130
GPa and a specific surface of several hundred m* g, these cellulosic nanomaterials have a significant
capacity of reinforcement at low filler content. Several properties reviewed in this article are impacted

by the nanoscaling process.
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I[MoryyeHue u cBOMCTBA
LEJJIIOJIO3HBIX HAHOMATEePHAJIOB
A. Trodpen

Yuueepcumem I pero6.v — Anvnol
@panyus, I perobiv

Annoranus. KakoBbl IpUYHHBI PE3KOTO POCTA B MOCIEIHEE NECATUICTHE HAYYHON TUTEPATY PBI
B 00JIaCTH LEJUIIOJIO3HBIX U JPYTHX MOJHUCAXaPUIHBIX HaHOMAaTepuanoB? Bo-mepBrIxX, ChIpbe A
MOJIYYSHUS TUX MATCPHUANIOB B H300UIINH, JOCTYITHO B PAa3TUIHBIX (POpPMax M U3 BO30OHOBIISIEMBIX
HCTOYHHKOB, HETOKCHYHO, 00JIafaeT OMOpa3naracMoCThi0 M HU3KOU MIOTHOCTHIO. Kpome Toro,
XOpOIIO U3BECTHO, UTO MPU YMEHBIICHUH MaTepuala 10 HaHOpa3Mepa MOTYT MOSBIATHCS
HEeOOBIUHBIE U MPUBJIEKATEIbHbIE CBOMCTBA. C UCMOIb30BAaHUEM MPUPOAHOHN IEIITIOJIO3bI MOKHO
cOo3aBaTh pa3TUYHbIC (DOPMBI I[SJLTIOIO3HEIX HAHOMATEPUAJIOB: B pe3yIbTaTe MPUMCHCHU S
CTpPaTeruu JEKOHCTPYKIIUU «CBEPXY BHU3» (HAHOKPHUCTAJIBI 1esi01036I — CNC, HaHODUOPHILITBI
nestono3sl — CNF) unu crparerun «cHu3y BBepx» (6akTepuanpHas neiurosnosa — BC).
MHoOTOKpaTHble MEXaHUYECKHE CIBUTOBBIE BO3JACHCTBUS Ha IEJIION03HbIE BOJIOKHA MTPUBOAST
K BEICBOOOKICHUIO OTIEIBHEIX HAHOUOPIILIT. KOHTpOIHpyeMbIil KMCIOTHBIN THIPOITH3 HEJLTFOI03BI
o0ecIeYrBaeT CCICKTHBHOE PACTBOPEHUE HEKPUCTANIMUCCKHUX JTJOMCHOB M pa3bequHEHUE 00macTe
HAHOKPHCTAJUTMYCCKOH IIeIUTFONIO3E. BRICOKHE MEXaHUYECKHE CBOWCTBA KPUCTAIITMIECKOMN [IEILTIOI03BI
OTKPBIBAIOT MOTECHI[AAJ ISl €€ UCITOJIb30BaHUS BO MHOTUX obOsacTsax. biaromgaps moaynio KOura
nopsijika 100—130 I'Tla 1 BEICOKOU Y/Ie/IbHON TTOBEPXHOCTH B HECKOJIBKO COTEH M T~ LEJLIIOIO3HbIE
HaHOMAaTepHUasbl 00JIaJal0T 3HAYUTEIIBHOM CIIOCOOHOCTHIO K aPMUPOBAHHIO TPH HU3KOM COACPIKAHUU
HaNIOJTHUTENA. B cTaThe paccMaTpHBAIOTCS CBOMCTBA IEJUTIONIO3HI, H3MECHSIOMHECS B IIpoIecce

HaHOMAacCIITa0MPOBAHMSI.

KiarwueBsble ciioBa: HAaHOKPHUCTAJIJIBI LEJIJII0JI036I, HaHO(bI/I6pI/IJ'[J'ILI LOCJIJIIOJI03bI, HEJIJITJI03HbIC

HaHOMaTepHrajbl, IPOU3BOACTBO, XapPAKTECPUCTHUKHU.

Baaronapuoctu. LGP2 sBusercs gacteio LabEx Tec 21 (Investissementsd'Avenir — cornameHnue
o rpante Ne ANR-11-LABX-0030) u Hucturyra Kapuo PolyNat (Investissementsd'Avenir —
cornamenue o rpante Ne ANR-11-CARN-030-01).

Hurtuposanue: rodpen, A. [TonyueHune u CBOICTBa HEJUIOI03HBIX HaHOMaTepuaio / A. [lrodpen // Kypn. Cub. dpenep. yH-ta.
buonorus, 2021. 14(4). C. 422—-441. DOLI: 10.17516/1997-1389-0362

Introduction and fungi. Its chemistry and its structure

Cellulose is an organic compound belonging  determine its properties. The cellulose molecule
to the category of polysaccharides. It is the most is a monotone polymer made of glucose units
important material of the plant cell wall. It is also  linked in B-1,4 (Fig. 1). As a result of the B-1,4
biosynthesized by a number of living organisms  glycosidic bond, the homologous functions of

including some amoebae, sea animals, bacteria, the monomers are alternately above and below
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Microfibrillated Cellulose (MFC)
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Fig. 1. Hierarchical structure and multi-level organization of cellulose; top image (from large unit to small unit):
cellulose nanocrystals (CNC), micro/nanofibrillated cellulose (MFC and CNF/NFC); bottom image (from tiny
unit to small unit): bacterial cellulose (BC) (Lin, Dufresne, 2014a)

the plane. The molecule is thus linear and its
flexibility comes from the degree of freedom at
each bond. Each glucose bears three hydroxyl
groups, and their ability to form hydrogen bonds
plays a major role in directing the crystalline
packing and governing the physical properties of
cellulose. The flexibility of the cellulose molecule
is therefore limited by the regular formation

of intramolecular H-bonds, and this linear

molecule then becomes more rigid and resistant.
Intermolecular H-bonds can also develop and
allow the formation of numerous molecular
assemblies (microfibrils) with diameters ranging
from 2 to 20 nm, which are even more rigid and
These

so strong that the glass transition and melting

resistant. intermolecular H-bonds are

points of dry cellulose usually observed for

semi-crystalline polymers occur at temperatures
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higher than the degradation temperature. The
degradation of cellulose occurs around 220 °C but
its color already starts to become yellow-brown
at 180 °C under ambient conditions because of a
loss of chemical stability.

Cellulose acts as a structural element and
provides rigidity to the plant cells. The high
tensile strength of cellulose fibers present in the
plant cell wall is responsible for maintaining
the shape and rigidity of plant cells. It is due
to such strong cellulose fibers in the cell wall
that plant cells do not burst like animal cells
when placed in a hypotonic solution. The purest
form of plant cellulose is cotton, which contains
around 98 % cellulose. Besides, cellulose is
also present in wood obtained from the trees,
which is approximately 40-50 wt% cellulose
with about half in nanocrystalline form
and half in non-crystalline form. Wood and
plants are cellular hierarchical biocomposites
designed by nature, basically consisting of an
amorphous matrix composed of hemicellulose,
lignin, waxes, extractives, and trace elements
reinforced by  semicrystalline  cellulose
fibers

therefore of a cemented microfibril aggregate.

microfibrils. Lignocellulosic consist

The hierarchical struture and multi-level
organization of cellulose is reported in Figure
1. The structure of plants spans many length
scales, in order to provide maximum strength
with a minimum of material. Cellulose has been
used for centuries in different industries for the
welfare of mankind. It is used to make paper,
cardboards, and other paper products. In the
textile industry, different clothes are made using
cotton and other plant fibers. It is also used to
make electrical insulation paper in the electric
industry, bio-fuel, gunpowder. Cellulose can
be used as a stabilizer in different drugs and
as a stationary phase for chromatography in
biological labs. More recently, the recognition

that, by suitable chemical and mechanical

treatments, it is possible to produce fibrous
materials with at least one dimension in the
nanometer range from any naturally occurring
source of cellulose has been emphasized and it
opens the door to new applications because of

specific properties in the nanoscale.

Preparation
of cellulosic nanomaterials

Nanomaterials describe materials for which
a size (in at least one dimension) ranges between
1 and 100 nm according to the usual definition
of nanoscale. Biological systems often feature
natural, functional nanomaterials. Accordingly,
the synthesis method should allow controlling
the size of the material within this range. These
methods are usually divided into two main types,
«bottom up» and «top downy». Nanocellulose is
often used as an umbrella and general term for
the different types of nano- and micro-sized
cellulosic particles (Lavoine et al., 2012). Based
on their dimensions and preparation methods,
nanocelluloses may be classified in three main

subcategories (Table 1).

Top-down approach

In this approach, the starting material
consists of micrometer lignocellulosic fibers.
As for most cellulosic sources this material is
intimately tied to other materials, removal of
most of the non-cellulosic components from the
natural fiber is generally performed. It usually
involves an alkali extraction, during which
soluble polysaccharides such as low molecular
weight hemicelluloses and other extractives
are dissolved in what is called the black liquor.
Bleaching with sodium chlorite (NaClO,) solution
in a buffer medium under mechanical stirring
generally follows to remove most of the residual
phenolic molecules like lignin or polyphenols and
proteins. This process converts the brown pulp to

a white material. It is associated with a decrease

— 425 —



Alain Dufresne. Preparation and Properties of Cellulosic Nanomaterials

Table 1. The family of cellulose nanomaterials (adapted from (Klemm et al., 2011)

Type of nanocellulose Synonyms

Formation

Typical sources . .
P and average dimensions

Microfibrillated cellulose
(MFCQ), cellulose
nanofibers, nanofibrillar
cellulose (NFC),
nanofibrillated cellulose

Cellulose nanofibrils
(CNF)

Wood, sugar beet, potato
tuber, hemp, flax

Delamination of the pulp
by mechanical treatment
after chemical or
enzymatic treatment
Diameter: 5-100 nm
Length: several pm

Cellulose nanocrystals
(CNC)

Cellulose crystallites,
nanocrystalline cellulose,
rod-like cellulose
microcrystals

Wood, cotton, hemp,
flax, wheat straw
ramie, microcrystalline
cellulose, tunicate,
bacterial cellulose

Acid hydrolysis
Diameter: 5-70 nm
Length: 100-1000 nm

Bacterial cellulose (BC) | Bacterial nanocellulose,
microbial cellulose,

biocellulose

Low molecular weight
sugars, alcohols

Bacterial synthesis
Diameter: 20—-100 nm

in the diameter of the fiber due to the removal
of the cementing materials, an increase in the
crystallinity index, and an increase in thermal
stability due to the removal of poorly thermally
stable hemicelluloses. This purified material can
be subsequently submitted to a mechanically- or
chemically-induced deconstructing treatment to
decrease its size to the nanoscale.
Mechanically-induced  deconstructing
the

cellulose fibers consist of fibril aggregates

strategy. After the purification step,

made of strongly interacting bundles of
parallel glucan chains, which are the smallest
discernable building blocks of cellulose I (native
cellulose) as shown in Figure 1. A mechanically-
induced deconstructing treatment involving
strong multiple mechanical shearing actions
can be applied to diluted aqueous dispersions
of cellulose fibers in order to release more
or less individually these fibrils. Different
terminologies are used to describe the material
resulting from the cellulose fiber fibrillation
process, sometimes leading to misunderstanding
and ambiguities. The resulting material was
denoted microfibrillated cellulose (MFC) in the

pioneering work reported in 1983 (Herrick et al.,

1983; Turbak et al., 1983). This terminology is
now usually limited to materials with a broad
size distribution of the fibers, from the nanoscale
to bigger fibers, forming a network structure and
interconnected to each other. Other terms, such
as cellulose nanofibers, nanofibrillar cellulose,
cellulose nanofibrils (CNFs), and nanofibrillated
cellulose are used when the material is more in
the nanoscale than in the microscale and exhibits
a narrow size distribution.

Different equipment can be used to induce
the fibrillation of cellulose fibers including
homogenizing (Dufresne et al., 2000; Malainine
et al., 2005; Zuluaga et al., 2007; Ferrer et al.,
2012), grinding (Taniguchi, Okamura, 1998;
Iwamoto et al., 2007), cryocrushing (Chakraborty
et al., 2005), high-intensity ultrasonication
(Cheng et al., 2007; Chen et al., 2011), aqueous
counter collision (Kondo et al., 2014; Tsuboi
et al.,, 2014), ball milling (Zhang et al., 2015;
Nuruddin et al., 2016), and twin-screw extrusion
(Cobut et al., 2014; Ho et al., 2015). A detailed
description of these different techniques can be
found elsewhere (Dufresne, 2017a). Among these
different methods, homogenizing and grinding

are the most commonly used for the preparation
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of CNFs and the most effective for the scaling
production of CNFs at present.

The yield of these processes is closeto 100 %,
but this production route through mechanically-
induced deconstruction is normally connected
to high energy consumptions associated with
the fiber delamination. A renewed interest has
emerged when different pretreatments were
proposed to obtain fibers that are less stiff and
cohesive, thus decreasing the energy needed
for fibrillation, as detailed in (Lavoine et al.,
2012). Three different strategies were basically
proposed: (i) limiting the hydrogen bonding
in the system, and/or (ii) adding a repulsive
charge, and/or (iii) decreasing the degree of
polymerization (DP) or the non-crystalline link
between individual fibrils. The most popular
pretreatments are  enzymatic  hydrolysis,
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-
mediated oxidation, and carboxymethylation/
For the

pretreatment, it was reported that monocomponent

acetylation. enzymatic hydrolysis
endoglucanase is more efficient to facilitate the
fibrillation of the pulp (Rosgaard et al., 2007).
TEMPO-oxidation

pretreatments

and carboxymethylation

induce negatively charged
groups into cellulosic fibers, improving their
delamination. The typical oxidation system for
cellulose is TEMPO/NaBr/NaClO (Saito et al.,
2006), which has been extensively used for the
pretreatment of raw cellulose materials before
mechanical disintegration. During the reaction,
the primary alcohol groups are first oxidized
to aldehydes and further converted to carboxyl
groups. At the same time, the depolymerization
phenomenon of cellulose occurs. TEMPO/
NaClO/NaClO, system was also applied, which
overcame the depolymerization (Saito et al.,
2009). For carboxymethylation, it was shown that
a pH higher than 10 is required to dissociate all
the charges of the microfibrils (Wégberg et al.,

2008). Other pretreatments such as periodate-

chlorite oxidation (Liimatainen et al., 2012),
oxidative sulfonation (Liimatainen et al., 2013),
cationization (Aulin et al., 2010; Olszewska et al.,
2011; Ho et al., 2011), ionic liquids (Li et al., 2012;
Ninomiya et al., 2018), and deep eutectic solvent
(Li et al., 2017) have been reported.

Morphologically, CNF occurs as a highly
viscous suspension (Fig. 2a) and consists of long
entangled filaments made of both individual
nanofibrils and microfibril bundles as shown
in Figure 2b. The particle diameter is generally
in the range 5-30 nm, and the length, which is
more difficult to determine, is supposed to be
in the range 1-10 pm. MFC prepared without
pretreatment of the initial pulp consists of coarser
nanofibers with a diameter ranging from 10 to
100 nm forming a 3D network (Fig. 2¢).

Chemically-induced deconstructing
strategy. Cellulose nanomaterials can also be
prepared through acid hydrolysis or enzymatic
treatment of cellulose under controlled
conditions. The acid hydrolysis process is based
on the difference in accessibility of hydronium
ions in the crystallized and non-crystallized
zones of cellulose. It induces the dissolution
of non-crystalline domains, due to the easier
penetration of hydronium ions within the non-
crystalline cellulosic regions, promoting the
hydrolytic cleavage of the glycosidic bonds and
release of individual crystallites (Nickerson,
Habrle, 1947). Different descriptors are used
to describe the material resulting from this
process. It includes cellulose whiskers, cellulose
nanowhiskers, nanocrystalline cellulose, and
cellulose nanocrystals (CNCs), the latter being
the most commonly used.

CNCsare generally obtained through mineral
acid hydrolysis of cellulose pulp under very
harsh reaction conditions, which usually require
concentrated acid. Sulfuric acid is generally
preferred as it produces negatively charged sulfate

ester groups at the surface of released crystals,
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a

Fig. 2. CNF morphologically: (a) Appearance of a 2 wt% CNF suspension obtained from enzymatically pretreated
eucalyptus showing its gel-like behavior (Lavoine et al., 2012); (b) TEM for CNF obtained by fibrillation of
TEMPO-oxidized tunicin fibers (Saito et al., 2006); (c) SEM for MFC mechanically isolated from oat straw

cellulose powder (Tingaut et al., 2011)

resulting in improved electrostatic stabilization
of the suspension. At the same time, it decreases
the thermal stability of the nanoparticles. In
general, the hydrolysis process is performed at
sulfuric acid concentration of 60-65 %, reaction
temperature of 40—50 °C, and reaction time in the
range 30—60 min. CNCs with increased thermal
stability but a higher tendency to flocculation can
be prepared using hydrochloric acid. Phosphoric
(Camarero Espinosa et al., 2013), hydrobromic
(Lee et al, 2009), nitric (Liu et al., 2010),
phosphotungstic (Liu et al., 2014), and formic
acids (Li et al., 2015) have also been reported for
the preparation of CNCs. Using the mineral acid
hydrolysis strategy to produce CNCs is a simple
method that has been used at pilot scale and even
in a demonstration plant. It has some drawbacks,
such as the problem of corrosion of the equipment
resulting in high production cost, and the
generation of a large amount of residual acid
and other pollutants during the acid hydrolysis
process, which are very difficult to dispose of
and recover. The enzymatic hydrolysis process
for obtaining CNCs requires longer time. Other
processes have been proposed for the preparation
of CNCs. These include TEMPO oxidation
(Hirota et al., 2010), hydrolysis with gaseous acid
(Padkkonen et al., 2018), ionic liquid (Man et al.,

2011), ammonium persulfate oxidation (Leung

et al.,, 2011), periodate oxidation (Yang et al,,
2013), ultrasonication-assisted FeCl;-catalyzed
hydrolysis (Lu et al., 2014), liquefaction (Kunaver
etal.,2016), and acid deep eutectic solvents (Sirvio
et al., 2016). The yield of CNCs prepared via acid
hydrolysis is generally quite lower, in the order
of 30 % (Dufresne, 2017a). Morphologically,
CNC occurs as a suspension that exhibits
the formation of birefringent domains when
observed in polarized light between cross-nicols
(Fig. 3a). This behavior results from two origins:
(1) a structural form anisotropy of cellulose
(anisotropic refractive index, An~ 0.05) and (ii)
a flow anisotropy resulting from the alignment of
the nanorods under flow generally operated before
observation. Each nanocrystal consists of straight
rod-like or needle-like nanoparticles (Fig. 3b).
The dimensions of these nanorods are governed
by the source of cellulose, hydrolysis conditions,
and ionic strength. The length is typically of the
order of a few hundreds of nanometers and the

width is of the order of a few nanometers.

Bottom-up approach

The bottom-up, or self-assembly, approach
to nanofabrication uses chemical or physical
forces operating at the nanoscale to assemble
basic units into more complex and larger

structures. For the production of nanocellulose,
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Fig. 3. (a) Photograph of a diluted aqueous suspension of CNC (0.50 wt%) obtained by H,SO, hydrolysis of capim
dourado fibers observed between cross-nicols showing the formation of birefringent domains (Siqueira et al.,
2010); (b) TEM from a dilute suspension of CNC obtained by H,SO, hydrolysis of ramie fibers showing both
individual and laterally associated crystallites (Habibi et al., 2008)

it utilizes the ability of some bacteria to produce
cellulose from a wide range of carbon and
nitrogen sources. These include Gram-negative
Acetobacter, Azotobacter,

species such as

Rhizobium, Pseudomonas, Salmonella, and
Alcaligenes and Gram-positive species such as
Sarcina ventriculi. The most effective producer
of cellulose is Acetobacter xylinum. Historically,
bacterial cellulose (BC) has been limited to the
manufacture of Nata de coco, a South-East Asian
food product (Iguchi et al., 2000).

The production of BC is based on a process
involving dual couple steps, viz. polymerization
and crystallization. Glucose residues polymerize
to B-1,4 glucan linear chains in the bacterial
cytoplasm and are extracellularly secreted. The
developed chains crystallize into microfibrils, and
then some microfibrils consolidate to materialize
a highly pure 3D porous network of entangled
nanoribbons 20—60 nm wide (Fig. 1). Compared
to plant cellulose, BC is produced in a pure form,
free of lignin, pectin, and hemicelluloses, and
no purification treatment is needed. Under static
culture conditions, these ribbons and associated
cells form a 3D-nanofibrilar floating pellicle that

allows the non-mobile, strictly aerobic bacteria

to grow in the top oxygen-rich interface of the
growth medium. Under agitated and/or aerated
conditions, BC is obtained in the form of fleeces

with variable size.

Properties of cellulose
in the nanoscale

When decreasing the size of a material
down to the nanoscale, some properties are
altered compared to its microscale form. These
modifications can strengthen the use of cellulose
and broaden its applications to new markets. The
main properties of cellulose that are amended in
the nanoscale are collected in Table 2 and detailed

in the following sections.

Specific surface area

The specific surface area of a solid material
refers to the total surface area of a material per unit
of mass. When decreasing the size of a material,
it obviously increases due to the increase in the
surface-to-volume ratio. It is usually measured by
gas adsorption using the BET (Brunauer-Emmett-
Teller) isotherm with nitrogen as adsorbate.
this

dried samples, resulting in the collapse of the

However, method requires completely
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Table 2. Properties of cellulose in the nanoscale

Property

Modification compared

to microscale

Reason

Market

Specific surface
area

Huge increase

Nanosize, high surface-to-
volume ratio

Paper and cardboard,
composites, packaging,
pharmaceutics, membranes,
hydrogels, aerogels

Stiffness

Improvement

Reduction of defects

Paper and cardboard,
composites, packaging

Aspect ratio

Broad range

Different preparation
techniques

Composites

Thermal properties

Lower coefficient of
thermal expansion

Crystallinity, ability to form a
dense network

Electronics, sensors

Rheological
properties

High viscosity of the
suspension, shear-
thinning behavior

High specific surface area,
high density of surface
hydroxyl groups

Food, cosmetics, oil,
construction, paper &
cardboards, paints, coatings,
inks

Optical properties

Transparency,
iridescence

Nanosize, rod-like
morphology, birefringence

Electronics, packaging,
paper, cultural heritage, inks,
coatings, cosmetics

Improvement in dry

Nanosize, crystallinity, ability

Barrier properties conditions to form a dense network Packaging
Functionalization | Wide range High density of surface C.ompogltes, ﬁlt?atmn,
hydroxyl groups biomedical, hygiene
pores, irreversible hydrogen bonding, and The specific surface area of cellulose

hornification, leading to an underestimation
of the specific surface area. Nuclear magnetic
resonance (NMR) approach provides a good
first approximation for the specific surface area
of cellulose nanomaterials and overcomes the
limitations of BET measurements for highly
aggregated samples (Brinkmann et al., 2016). A
method based on xyloglucan adsorption was also
proposed (Moser et al., 2018). The specific surface
area of cellulose nanomaterials can be estimated
from the average geometrical dimensions of the
nanoparticles, assuming a rod-like geometry and
a density p of 1.5 g'em? for crystalline cellulose.
Figure 4 shows the evolution of the specific
surface area as a function of the diameter of rod-
like nanoparticles. A sharp increase is observed
when the diameter drops below a value of 20 nm,
which corresponds to the diameter range of most

cellulose nanomaterials.

nanomaterials plays a crucial role in determining
the fiber-fiber interaction, which is an important
parameter for the tensile strength of paper
and for stress transfer from the matrix to the
reinforcement in composite applications. It also
affects the chemical reactivity and promotes
an efficient surface functionalization. Active
packaging where cellulose nanomaterials can
serve as carriers of active substances such as
antioxidants and antimicrobials can be developed.

This high specific surface area coupled with
the low concentration of the suspensions allows
the preparation of hydrogels and highly porous
aerogels (by removal of the aqueous phase by
e. g. freeze-drying), which can be used as porous
templates. The aerogel network can be chemically
modified to tune its wetting properties towards
non-polar liquids/oils. It can also be impregnated

with different precursors, which can readily
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Fig. 4. Evolution of the specific surface area for cellulose rod-like nanoparticles as a function of their diameter,
assuming a density of 1.5 g-cm? for crystalline cellulose (Dufresne, 2017a)

be transformed into functional nanoparticles.
Nanopapers fabricated by filtration or casting-
evaporation can be used in the sensors sector
since they can maintain their 3D structure in
water. They can also be used for the development
of high capacity retention filters and membranes

for the removal of contaminants.

Stiffness and strength

Cellulose serves as structural element in
nature and confers mechanical properties to
higher plant cells. Plant fibers have a length
ranging from few mm to several cm and their
diameter is in the order of 20—-40 pum. The
formation of defects in a material adversely
but the

probability of their occurrence decreases when

affects its mechanical properties,
the size of the material is reduced. The extraction
of cellulose at the nanoscale is therefore
beneficial to improving the stiffness and strength
of the fiber. The mechanical modulus of cellulose
nanomaterials is probably their main asset, and
it is the basis of many potential applications,
including the reinforcement of polymer
composites and improvement of the durability
and scratch resistance of water-based paints and
varnishes. The tensile modulus and strength

of single cellulose I crystal has been estimated

both experimentally and theoretically. Average
values of 130 GPa and 10 GPa, respectively, were
reported (Dufresne, 2017b). The tensile modulus
is slightly lower (100 GPa) for CNF because of
its lower crystallinity. Enhanced mechanical
properties and fracture characteristics of concrete
were reported, with the ability of cellulose
nanomaterials to arrest micro-cracks formed
during hydration and to prevent their further
growth. In composite applications, density is
also an important parameter to consider. It can
be reflected through the specific tensile modulus,
which is the ratio between the tensile modulus and
the density. Considering a density around 1.5—
1.6 g'em? for crystalline cellulose, the specific
modulus for CNC and CNF was found around 85
and 65 J-g', respectively, much higher than for
steel (25 J-g") or glass (27 J-g") (Dufresne, 2013).

Aspect ratio

The aspect ratio of rod-like particles is
defined as the length-to-diameter ratio. This
parameter is difficult to precisely determine
for CNF due to its flexibility and difficulties
associated with the determination of its length,
but it is considered to be very high. It is easier
to quantify for CNC, and its value is found to

mainly depend on both the source of cellulose
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and hydrolysis conditions. Low values around 10
are reported for cotton, and for most cellulosic
sources, it ranges between 10 and 30 (Dufresne,
2017a). For specific sources of cellulose, higher
aspect ratio CNCs have been obtained, e. g.
close to 70 for tunicin (Angles, Dufresne, 2000)
or capimdourado (golden grass) (Siqueira et al.,
2010). The value of the aspect ratio determines
the anisotropic phase formation and reinforcing
properties of CNC.

In composite science, the concept of critical
aspect ratio is well-known and is an indicator
of the amount of stress transferred to the fiber.
Below this critical aspect ratio, insufficient
stress is transferred and the reinforcement

is inefficient. For cellulose nanomaterial
reinforced nanocomposites, the impact of aspect
ratio is even more relevant. It was shown in the
pioneering work in this research area (Favier et
al., 1995) that the mechanical behavior of these
materials is linked to the formation of a rigid
continuous network of H-bonded nanoparticles.
Above a critical volume fraction, defined as the
percolation threshold, whose value decreases as

the aspect ratio of the nano-rods increases, an

unusual and exceptional strengthening effect
was reported. A high value of the aspect ratio is
therefore necessary to decrease the percolation
threshold, which guarantees a high reinforcing
effect for lower nanofiller contents. Moreover,
it was shown that when increasing the aspect
ratio of individual CNC, the stiffness of the
percolating network increases (Bras et al., 2011),
further increasing the mechanical reinforcement
effect. These effects are illustrated in Figure 5,
which shows the evolution of the storage modulus
in the rubbery state of the matrix as a function
of CNC content for nanocomposites obtained
by mixing poly(styrene-co-butyl acrylate)
(poly(S-co-BuA)) with CNCs extracted from
Posidonia oceanica balls and leaves, with an
aspect ratio of 35 and 75, respectively (Bettaieb
et al., 2015).

Thermal properties

Compared to inorganic materials, organic
compounds have limited thermal stability, due
to the low polar character of C—C and C-H
bonds. This can restrict the use of cellulose and

manufacturing conditions of its composites at

log (E'7p-c/Pa)

0 0.02 0.04

0.06 0.08 0.1

CNC Content (vol%)

Fig. 5. Evolution of the logarithm of the tensile storage modulus at 70 °C (Tg + 40 °C) for poly(S-co-BuA) versus
CNC content: experimental data for CNC extracted from Posidonia oceanica balls (e, aspect ratio 35) and leaves
(o, aspect ratio 75), and predicted data from the percolation approach for CNC extracted from Posidonia oceanica
balls (solid line) and leaves (dashed line) (Bettaieb et al., 2015)
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high temperatures. This issue is even more critical
for H,SO,-hydrolyzed CNC, for which some of
the surface hydroxyl groups are substituted with
charged sulfate groups (—OSO;) that lower its
thermal stability (Lin, Dufresne, 2014b). The
amount of charged sulfate groups on the crystal
surface can be controlled or changed in different
ways, either during the sulfuric acid hydrolysis
or afterwards.

An interesting thermal property benefiting
from the size reduction of cellulose to the
nanoscale is its very low coefficient of thermal
expansion (CTE) when in film form. This is
attributed to both the enhanced crystallinity and
strength of the cellulose nanomaterial network
interactions (Sheltami et al., 2017). This feature
can be used to reduce the CTE of polymer
nanocomposite sheets assuming that the strength
of the network is strong enough to restrict the
thermal expansion of the matrix (Yang et al.,
2015).

This low CTE value of cellulose nanomaterial
films associated with transparency, lightweight,
resistance, and flexibility make them potentially
useful in electronics and sensors applications to
replace plastic of glass for flexible display panels
and electronic devices, e. g. mobile phones,
computers, TVs, touch sensors, solar cells, and

paper-based generators.

Rheological properties
Cellulose

and commonly used in the form of aqueous

nanomaterials are produced
dispersions, and highly viscous suspensions are
obtained as shown in Figure 2a for CNF. This
highly viscous behavior results from the high
specific surface area of cellulose nanomaterials
and ensuing huge amount of surface hydroxyl
groups that can interact with the surrounding
medium. In addition, the fibrils tend to form a
continuous and strong network that resists flow

effectively. A gel-like behavior of cellulose

nanomaterial suspensions at low solid content is
observed. It has been found that the higher the
concentration, the higher the viscosity. Cellulose
nanomaterial suspensions can therefore be good
stabilizing agents for emulsions or suspensions
since they can trap particles or droplets in the
network, preventing them from settling or
floating.

The shear rheology flow curve for CNC
suspensions is concentration-dependent and
usually exhibits three distinct zones (Bercea,
Navard, 2000; Urefna-Benavides et al., 2011;
Shafiei-Sabet et al., 2012) as shown in Figure 6.
At low concentrations, the viscosity is mostly
constant, indicating a Newtonian behavior, and
a slight shear-thinning behavior is observed
when increasing the shear rate. At higher
concentrations, where the suspensions become
lyotropic, a typical behavior of liquid crystalline
polymers in solutions is generally reported.
Shear-thinning is first observed at the lowest
shear rates, followed by a viscosity plateau
region and then another shear thinning region
at higher shear rates. The first shear thinning
region has been attributed to the breaking of
aggregated domains or clusters. The plateau
region indicates that the microstructure of the
CNC suspension remains unchanged until a
sufficiently high shear flow is applied allowing
the alignment of individual particles, which
corresponds to the second shear thinning region.
At higher concentrations (corresponding to
a gel), the viscosity depends on the shear rate
according to a power-law relation across the
entire shear rate range, a typical gel behavior.
Ultrasound treatment severely affects the
viscosity of CNC suspensions as shown in
Figure 6. Increasing the amount of applied
ultrasound energy significantly decreases the
viscosity of the sample.

Therheological behavior of CNF suspensions

has also been studied, but since it consists of
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Fig. 6. Effect of ultrasound energy input (level of sonication) on the viscosity for (a) 5 wt% and (b) 7 wt% CNC
suspensions prepared from black spruce kraft pulp (Shafiei-Sabet et al., 2012)

aggregated fibril bundles and long fibers of large
size variations, it is therefore difficult to perform
accurate and reproducible rheological studies
(Paakko et al., 2007; Iotti et al., 2011; Schenker
et al., 2019). Wall slip, heterogeneous flow, and
flocculation may occur during the measurement
which
and the reliability of the results (Nazari et al.,

process, impacts the reproducibility
2016). The rheological behavior of cellulose
nanomaterial suspensions associated with their
natural origin opens up potential applications in
various sectors. These include the food industry,
where they can be used as rheological modifier
and fat replacer and low-calorie substitute for
carbohydrate additives used as gelling agents,
flavor carrier, or stabilizer. In the cosmetics
industry, they can be a valuable ingredient
providing texture that improves a product's feel
in facial and body applications. The rheological
properties of cellulose nanomaterial dispersions
can find potential applications in cosmetic
products for hair, eyelashes, eyebrows, or nails.
The paper and cardboard or coating industries
can benefit from their ability to stabilize fillers
and adsorb dyes. The addition of cellulose
nanomaterials to cement and concrete mixes can
accelerate the hydration process of cement cure
and alter the rheology.

Optical properties
the of

nanomaterials, transparent films (nanopapers) or

Due to nanoscale cellulose
coatings can be obtained if the nanoparticles are
densely packed, and the interstices between the
fibers are small enough to avoid light scattering.
These optically transparent films can find
applications in packaging, for flexible device
substrates, or for conservation and restoration of
cultural heritage serving for filling paper losses
on cultural objects and a stabilizing agent for
paper. Transparent composite films can also be
obtained by impregnating the CNF/CNC film
with a transparent resin or mixing if the difference
in refractive index between both components is
small and/or the domain sizes in the different
phases are smaller than the wavelength of visible
light. Examples of transparent composite films
consisting of poly(lactide) (PLA) and CNC
prepared from microcrystalline cellulose (MCC)
are shown in Figure 7.

At sufficiently high concentrations, CNC
suspensions self-organize into a chiral nematic
(cholesteric) liquid crystal phase with a helical
arrangement. After slow evaporation of the
suspension, semi-translucent films that retain this
self-assembled chiral nematic liquid crystalline

order formed in the suspension can be produced,
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Fig. 7. Optically transparent composite films made of neat poly(lactide) (PLA) (a) and PLA reinforced with
2.5wt% (e), 7.5 wt% (f) and 15 wt% (g) CNC grafted by n-octadecyl-isocyanate (Espino-Pérez et al., 2013)

CNC-2/PEG (90/10)

CNC-2/PEG (80/20) CNC-2/PEG (70/30)

Fig. 8. Photographs of neat CNC and CNC/PEG (PEG content varying from 10 to 30 wt%) composite films
showing various structural colors under white light illumination (Yao et al., 2017)

and then CNCs can form chiral nematic,
iridescent, colored films. This chiral nematic
organization of CNCs is always left-handed and
thus, chiral nematic CNC films selectively reflect
left-handed light and appear colorful when the
helicoidal pitch is of the order of magnitude of
the wavelength of visible light, giving a photonic
band gap. The pitch can be controlled through
ionic strength, temperature, concentration,
relative humidity, sulfur content, and exposure to
magnetic field or ultrasonic treatment, allowing
modulating the film color. Photonic composite
films with uniform brilliant structure colors
from blue to red were also prepared by assembly
of poly(ethylene glycol) (PEG) (Fig. 8). These
iridescence properties can be exploited in
security papers, birefringent inks, coatings, and

cosmetics.

Barrier properties

Nanoscale dimensions and high specific
surface area of cellulose nanomaterials can
impart improved barrier properties when used
as self-standing films, coating for polymers and
paper, or reinforcement in polymer composites
due to a tortuosity effect towards diffusing gazes.
Their high crystallinity and ability to form a
dense percolating network strengthen this effect.
However, because of their inherent hydrophilic
nature, they are generally poor moisture barrier.
When exposed to water vapor, the water molecules
adsorb in the material and increase the fractional
free volume of the film serving as a moving
carrier for gases. Under dry conditions (below
70 % RH), good oxygen barrier is observed.
Improved performance of such materials can
be optimized by tailoring the morphology and
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surface chemistry of cellulose nanomaterials or
sandwiching them with high moisture-resistant
polymers (Wang et al., 2018). The edibility,
flexibility, biodegradability, transparency, and
possibility to develop active packaging, as
cellulose nanomaterials can serve as carriers of
some active substances such as antioxidants and
antimicrobials, are additional motivations for
their use in the packaging field. However, a key
need is the achievement of an adequate resistance
of cellulose nanomaterial-based packaging films

to water vapor and moisture.

Functionalization

Since the cellulose molecule contains
many reactive hydroxyl groups, it can be
easily chemically modified to impart it specific
properties. As a carbohydrate, the chemistry of
cellulose is primarily the chemistry of alcohols,
and it forms many of the common derivatives
of alcohols, such as esters, ethers, etc. It is well-
known that the hydroxyl group at the 6 position can
react ten times faster than the other OH groups. In
order to keep the structural integrity of cellulose
nanomaterials, their functionalization needs to be
limited to their surface. It is therefore necessary
to perform the chemical grafting process in mild
conditions, avoiding swelling media and peeling
effect of surface-grafted chains inducing their
dissolution in the reaction medium.

Because of the nanoscale dimensions
of cellulose nanomaterials, the impact of
surface functionalization is intensified by the
prevalence of surface OH groups. A broad range
of opportunities to develop new functional
nanomaterials via a chemical reaction strategy, but
also through physical methods may be considered
(Lin et al., 2012). The surface of charged cellulose
nanomaterials, e. g. H,SO,-hydrolyzed CNC,
can also be tuned profitably using the charged
groups through ionic adsorption. A broad range

of functionalization methods, including coupling

of hydrophobic small molecules, grafting of
polymers and oligomers, and adsorption of
hydrophobic compounds onto the surface
hydroxyl groups of cellulosic nanomaterials,
can be used. The most common surface covalent
functionalization strategies of CNCs are reported
in Figure 9.

The objective of these modifications is to
make available cellulose nanomaterials that
can be used as reinforcing agents in composite
materials or can contribute to specific functions
for the development of new nanomaterials, with
the target of expanding their applications in
the field of functional nanomaterials. Impacted
filtration, biomedicine, and

sectors include

hygiene.

Conclusions

Cellulose is the most abundant polymer on
Earth, and it has been widely used for centuries
in industries such as paper, textile, chemical,
and biomedical among others. The applications
of this abundant and renewable bioresource can
be further broadened by transforming it into a
nanomaterial. Both mechanical and chemical
methods can be used to prepare cellulose
nanomaterials using a top-down strategy. A
bottom-up strategy can also be applied. Cellulose
exhibit

which are described in this manuscript, such

nanomaterials specific  properties,
as improved mechanical, thermal, and barrier
properties, increased specific surface and aspect
ratio, special rheological and optical properties,
and magnification of the impact of surface
functionalization. Individually or together, these
distinguishable properties have the potential
to provide new applications for cellulose. The
industrial production and commercialization of
cellulose nanomaterials are increasing rapidly,
and several companies are already producing
them at the scale of tons per day. Nevertheless,

extraction of cellulosic nanomaterials remains
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an expensive and energy-consuming process. large-scale production and cost-effective surface

The challenges are mainly related to affordable  modification pathways.
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Abstract. Polyhydroxyalkanoates (PHAs) are aliphatic polyesters that are biosynthesized and
accumulate in bacterial cells. Among PHAs, poly(3-hydroxybutyrate-co-3-hydroxyhexanoate)
s [P(3HB-co-3HHx)s] are known to be practical PHA copolymers with an appropriate degree of
flexibility. In the biosynthesis of PHA, ethanol induces chain transfer (CT) reaction, resulting in the
biosynthesis of low-molecular-weight PHA. In this study, P(3HB-co-3HHx)s were biosynthesized
using recombinant Escherichia coli by feeding fatty acid(s) and ethanol as the 3HHx precursor and
CT agent, respectively, to obtain polymers with high 3HHx fractions and low molecular weights. Two
biosynthesized P(3HB-co-3HHXx)s, whose 3HHx fractions were 49 and 86 mol% and weight average
molecular weights were 1.5x10* and 2.8x10%, respectively, were blended with P(3HB-co-5 mol%
3HHx) (PHBHS) as the base material. The blending properties were investigated to explore how the
thermal properties can be modified. Thermal analysis by differential scanning calorimetry (DSC)
showed that blends prepared by solution casting were obviously immiscible when 30 wt.% or more
of biosynthesized polymer was added, even if its molecular weight was low. In the blended polymers,
a lower crystallization effect compared to neat PHBHS was observed without changing the melting
temperature. However, crystallization was promoted in the blended material under specific blending
conditions. Thus, blending is a simple method for producing polymer materials with altered thermal

and microstructural properties.
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buocunTes mou(3-ruApoKkcudy TMpaTa-co-3-ru APOKCUTeKCAHOATA)
€ BBICOKHMM COJiep:KaHueM 3-THAPOKCHIeKCAH0ATA
U HU3KOM MOJICKYJISIPHOM Maccoil
JJIA CMELIEHUs IT0JITMMePOoB
®.U. Moxa ®an3uia, M. Kodasiu,
FO. Musixapa, M. Ucuu-Xsakyrake, T. Tcyre

Toxutickuti mexHon02u4eCKutl UHCIMUNym
Hnonus, Hoxoeama

Annotanus. [Tomurunpokcuankanoatsl ([1T'A) mpencraBnsroT coboit anudarudeckue morudGpupsi,
KOTOpbIE CHHTE3UPYIOTCS M HAKAIJIMBAIOTCS B OaKkTepuaibHbIX KieTkax. Cpeau mHoxkecTBa [ITA
00JIBIION MHTEPEC MPEACTABIISIET CONOIUMED MOTU(3-THAPOKCHOY THPAT-CO-3-THAPOKCUTE€KCAHOAT)
[TI(3'b-co-3I'T")], xapakTepu3yOIIUCS BBICOKOH 2J1aCTUYHOCTHIO. B peakiusax OuocuHTesa
[IT'A »TaHON HHAYIHMPYET PEaKIUIO IIEPEHOCca NN, B PE3yJIbTaTe YeTr0o MPOUCXOIUT ONOCHHTE3
HU3KOMOJIeKyIsApHBIX [ITA. B 3TOM nccienoBanuu IS MOJYyUYEHUST HU3KOMOJIEKYISIPHOT O
comoumepa [1(3I'b-co-3I'T) ¢ BeicokumM comepxanneM MoHOMEepOB 3T pekoMOMHAHTHBIN IITAMM
Escherichia coli kynbTUBUPOBAJIHU C MOJAYEH B CpeAy KUPHBIX KUCIOT M dTaHOJa B KAUECTBE
npeaecTBeHHNKOB MOHOMepoB 3I'T" 1 areHTa nepeHoca enu COOTBETCTBEHHO. [lomydeHbl
nBa oopasia [1(3I'b-co-3I'T) ¢ conepkannem mornomepoB 3I'T 49 u 86 mo.% u cpeaHEeBECOBOM
MoJieKyJsipHoit maccoit 1,5 x 10* u 2,8 x 10* cooTBeTCTBEHHO. BbLIIM HCCIEIOBAHBI TEPMHUYECKUE
cBoiicTBa cMecell monydeHHBIX conoanmMepoB ¢ [1(3I'b-co-5 mon.% 3I'T) (PHBHS). Tepmuueckuit
aHAJIU3 C MOMOIIbI0 Ju(PepeHInaIbHON CKaHNPYIOIEH KaJIOPUMETPUH TTOKA3aJI, YTO CMECH,
MPUTOTOBIICHHBIC JINTHEM U3 PACTBOPA, OYEBHIHO, ObIJIM HECMEIIMBAEMbBIMHU ITPH A00aBICHUH
O6nocuHTe3npoBaHHoro nouMepa 30 mac.% wmin Oosee, 1axe MPU €ro HU3KOH MOJIEKYIISIPHON Macce.
B cMmemaHHbIX monuMepax Habmtonancs 6osiee HU3KHUI 3P PEeKT KPUCTATIIU3AINH 110 CPABHEHUIO
c uucteiM PHBHS 6e3 nu3menenus remneparypsl niasieHnsi. OqHaKO HEKOTOPBIE yCIOBUA
CMEUINBAHMS CIIOCOOCTBOBAIN YCKOPEHUIO KPUCTAIJIM3AIUN CMEIIAHHOTO MaTepuaiia. Takum
00pa3oM, cMeIIMBaHKE IPEACTABIISIET COOON IIPOCTON METOJI ITOJIYYSHHU I TOJTUMEPHBIX MaTEPHAJIOB

C U3MEHEHHBIMU TEPMUUYECKUMHU U MUKPOCTPYKTYPHBIMU CBOWCTBAMH.
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KuroueBble ciioBa: pexkombuHanTHas E. coli, monu (3-rugpokcudyTHpaT-co-3-THAPOKCUTEKCAHOAT),
HU3Kasi MOJIKYJISIpHAS Macca, CMEIICHHE OJIMMEPOB, NOJTUTHIPOKCHATKAHOAT, CMELIIUBAEMOCTH,

KpucTaJljin3amus.

Baaronapnoctu. Mbl xotenu Obl nobnarogaputh gokropa CroHcyks Caro (kopnopanust Kaneka)
n npo¢. Kpucropepa T. Homypa (YuuBepcurer Aligaxo) 3a node3Ho mpenoctasieHusie PHBHS
u E. coli LSBJ coorBercTBeHHO. DTO MCCienoBaHue ObUIO mojaepkaHo [IporpaMmoi ajanTHBHOM
1 OecrpensiTCTBEHHOW IIepeadd TEXHOJOIMH B paMKaxX IIeJEeBBIX HCCICAOBAaHMHA M Pa3padOTOK
(A Step), JST, Anonus.

Hutuposanune: Moxa ®an3wn, @. 1. bunocunTes moau(3-rugpokcuOyTuparTa-co-3-ruJpoOKCUreKCaHoaTa) ¢ BBICOKHM
ColepKaHHeM 3-THAPOKCUTeKCaHOATa M HU3KOHW MOJICKYJISIPHOM Maccoi st cMemenus nonumepos / @. . Moxn ®anzui,
M. Kob6asimm, 0. Musixapa, M. Ucnn-Xskyrake, T. Tcyre / XKypn. Cub. denep. yu-ta. buonorus, 2021. 14(4). C. 442—-453.

DOI: 10.17516/1997-1389-0363

Introduction

Theuse of petroleum-based polymer materials
in daily life has led to various environmental
problems. Hence, the development of eco-friendly
materials has become a topic of major interest.
Polyhydroxyalkanoates (PHAs) are a family of
polyesters produced by many prokaryotes as
energy storage molecules under conditions of
stress or unbalanced nutrient supply (Tsuge, 2002;
Tsuge et al., 2015). These microbial polyesters have
attracted global interest because they are completely
biodegradable and environmentally benign and
have thermal properties comparable to those of
fossil-based plastics. Among the various PHAs,
poly(3-hydroxybutyrate-co-3-hydroxyhexanoate)
[PBHB-co-3HHx)] has
applications, particularly in nanomedicine (Kilicay

numerous  potential
et al., 2011) and tissue engineering (Qu et al.,
2006; Zhang et al., 2018). Since P(3HB-co-3HHXx)
contains 3-hydroxyhexanoate (3HHXx), a medium-
chain monomer, the copolymer exhibits flexibility
unlike highly crystalline poly(3-hydroxybutyrate)
[PBHB)] and poly(3HB-co-3-hydroxyvalerate)
[PBHB-co-3HV)] (Doi et al., 1995; Volova et al.,
2021). However, the 3HHx fraction in currently
available P(3HB-co-3HHX) is insufficient, which
limits its potential applications. Therefore, to
expand the applications of P(3HB-co-3HHXx),

further research is required on diversifying the
3HHx fraction and altering its microchemical
structure (Xu et al., 2018).

The properties of PHA have been improved
by copolymerization (Cespedes et al.,, 2018),
increasing the molecular weight (Kahar et al.,
2005), chain chemical modification (Levine et
al., 2016), polymer processing (Iwata et al., 2004),
and blending (Basnett et al., 2013). Among these,
blending, which involves mixing two kinds of
polymers with different microstructures, is the
simplest way to produce polymer materials with
new properties. The blend performance can be
easily modified by adjusting the mixing ratio
and mixing state. There are many reports on the
blending of PHAs with other bioplastics (Luo et
al., 2009; Martelli et al., 2012; Zembouai et al.,
2014; Botta et al., 2015). These polymers can be
processed by solution casting or melt pressing
(Nerkar et al., 2014; Zembouai et al., 2014), thereby
enabling the modification of physical properties
at low cost. P(BHB-co-3HHx) blends have been
studied extensively in recent years owing to their
ability to reduce crystallinity (Cai et al., 2012).

Escherichia coli is a bacterium that does
not biosynthesize PHA naturally; however,
expressing PHA biosynthetic genes from other

bacteria confers PHA-producing-ability to E. coli.
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Generally, PHA synthesized by recombinant
E. coli has a higher molecular weight than that
synthesized by natural PHA producers. This is
probably because, unlike natural bacteria, E. coli
does not have PHA depolymerase. On the other
hand, the molecular weight of biosynthesized
PHA can be lowered by using the chain transfer
(CT) reaction, in which PHA synthase transfers
the elongating polymer chain to an alcoholic
compound that acts as a CT agent (Hiroe et
al., 2013; Tsuge, 2016). Therefore, the higher
the frequency of CT reactions, the lower the
molecular weight of the biosynthesized PHA.
The frequency of CT reactions can be controlled
by adjusting the concentration of alcoholic
compounds added to the culture medium. Low-
molecular-weight polymers can be effectively
utilized in polymer blends because they exhibit
relatively high miscibility with other polymers
(Blumm, Owen, 1995; Ohkoshi et al., 2000).

In this paper, we report the biosynthesis of
P(3HB-co-3HHx) with a high 3HHx fraction and
low molecular weight using recombinant E. coli
by feeding fatty acid(s) and ethanol as the 3HHx
precursor and CT agent, respectively. This study
aimed to investigate how the thermal properties
can be modified by blending biosynthesized
P(3HB-co-3HHx)s using P(3HB-co-5 mol%
3HHx) (PHBHY) as the base material.

Materials and methods

Materials

Commercial grade PHBHS was provided
by Kaneka Corporation (Osaka, Japan), while
P(3HB-co-3HHx) copolymers with higher 3HHx
fractions and lower molecular weights were

synthesized using recombinant E. coli strains.

Biosynthesis of P(3HB-co-3HHx)

using recombinant E. coli strains

Recombinant E. coli strains were cultivated
in 100 mL M9 medium (Sambrook, Russell,

2011) on a reciprocal shaker (130 strokes min') in
a 500-mL flask at 37 °C for 72 h. When required,
kanamycin (50 mg/L) was added to the medium.
E. coli LS5218  [fadR601,
atoC512(Const)] (Spratt et al., 1981) harboring
the plasmid pBBR1phaPCJ,.ABzg. (Ushimaru et
al., 2015), which carried the genes phaP,.(D4N)
(deromonas caviae phasin gene with D4N
mutation), phaC,(NSDG) (4. caviae PHA
synthase gene with N149S and D171G mutations),
phaldy. (A. caviae R-specific enoyl-CoA hydratase

strain

gene), phaAy. (Ralstonia eutropha 3-ketothiolase
gene), and phaByg. (R. eutropha acetoacetyl-CoA
reductase gene) (Fig. 1), was cultured in M9
medium supplemented with dodecanoic acid
(2.5 g/L) and 0.4 vol.% Brij35. Ethanol (5 g/L)
was also added as a CT agent to produce a low-
molecular-weight polymer. The sample obtained
under these conditions is referred to as sSPHBH49.

The E. coli strain LSBJ [fadB:: Cm,
Afadl, atoC512 (Const), fadR601] (Tappel et
al., 2012; Mohd Fadzil et al., 2018) harboring
pBBRI1phaPCJ,.ABg. (Ushimaru et al., 2015) was
cultured in M9 medium supplemented with yeast
extract (2.5 g/L) and ethanol (10 g/L). Glucose
(2.5 g/L) and two fatty acids, namely hexanoic acid
(0.4 g/L) and butyric acid (0.1 g/L), were fed to the
medium three times every 24 h (0, 24, and 48 h
after cultivation was started). The sample obtained

under these conditions is referred to as SPHBHS6.

Polymer extraction

The bacterial cultures were harvested by
centrifugation. The harvested cells were washed
with hexane followed by distilled water twice.
The cell pellets were then lyophilized for 72 h.
Subsequently, the dried cells were placed in
chloroform to extract intracellular PHA from the
cells. After filtration, the PHA polymers were
recovered from the filtrate by precipitation with
hexane, and dried in vacuum dryer for 3 days to

ensure complete solvent removal.
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Fig. 1. The main biosynthetic pathway constructed in recombinant £. coli and enzymes involved in the synthesis of
ethanol-capped P(3HB-co-3HHX). PhaAg., Ralstonia eutropha 3-ketothiolase; PhaBg,, R. eutropha acetoacetyl-
CoA reductase; PhaC, NSDG, N149S and D171G (NSDG)-mutated Aeromonas caviae PHA synthase; Phal,,,

A. caviae (R)-specific enoyl-CoA hydratase

Preparation of blended materials

Blended samples were prepared by mixing
the base polymer PHBHS with 10, 20, 30, and
50 wt% of biosynthesized P(3HB-co-3HHXx)
samples in chloroform solution for 3 days. The
blended films were obtained by evaporating the
solvent at room temperature for 3 days. Then,
the materials were dried in a vacuum dryer for
1 day to completely evaporate the remaining

solvent.

Gas chromatography (GC) analysis

The content of biosynthesized
P(3HB-co-3HHX) in the cells was determined
using a Shimadzu 2014S GC system with a flame
ionization detector. Intracellular PHA in the
freeze-dried cells was subjected to methanolysis

by adding 15 vol.% sulfuric acid in methanol
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prior to analysis, as described previously (Huang
et al., 2018).

Nuclear magnetic resonance (NMR) analysis

Monomer fraction estimation and structural
analysis of the P(3HB-co-3HHx) copolyesters
were carried out using 'H-NMR and BC-NMR,
respectively. Samples (50 mg) were dissolved in
chloroform-d, and tetramethylsilane (TMS) was
used as an internal reference. NMR spectra were
recorded using a Bruker Biospin AVANCE III
spectrometer (Furutate et al., 2021).

Gel permeation chromatography (GPC)
analysis
The molecular weights of P(3HB-co-3HHXx)

samples were characterized using a Shimadzu 10A

GPC system with a 10A refractive index detector
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equipped with two Shodex K-806M joint columns.
Chloroform was used as the eluent at a flow rate of
0.8 mL/min, and calibration was performed using

polystyrene standards with low polydispersity.

Differential scanning calorimetry (DSC)

analysis

Thermal analysis of the P(3HB-co-3HHX)
and blended samples was carried out using a
Perkin Elmer Pyris 1 system under nitrogen flow.
The samples (6—10 mg) were encapsulated in an
aluminum pan and heated to 200 °C at 20 °C/min,
quenched to —50 °C, and heated again at 20 °C/
min. The glass transition temperature (7,) was
determined as the midpoint of the heat capacity
change in the second heating scan of the DSC
thermogram (Furutate et al., 2021).

Results
Biosynthesis of P(3HB-co-3HHx)s
with ethanol feeding

Previously, we demonstrated the biosynthesis
of P(BHB-co-3HHx) with 40 mol% 3HHx from
dodecanoic acid (C12 fatty acid) using recombinant
E. coli LS5218 harboring pBBRI1phaPCJ,.ABx.
(Table 1) (Ushimaru et al., 2015). This polymer
had a weight average molecular weight (M,) and
polydispersity of 1.8x10° and 4.8, respectively.
In this study, to lower the molecular weight of
biosynthesized P(3HB-co-3HHXx),
medium was supplemented with ethanol (5 g/L)

the culture

to induce CT reaction. As a result, the dry cell
weight and PHA content reached 1.1+0.1 g/L
and 58+1 wt%, respectively after 72 h of
cultivation (Table 1), and P(BHB-co-3HHx) with
a 3HHx fraction of 49 mol% and a M,, of 1.5x10*
(Table 2) was obtained. The M, of the polymer
obtained using an ethanol-supplemented culture
was two orders of magnitude lower than that
of the polymer obtained using a non-ethanol-
supplemented culture (Ushimaru et al., 2015). In

addition, the M,, was one order of magnitude lower

than that of the PHBHS base material (Table 2).
This low-molecular-weight PBHB-c0-49 mol%
3HHX) is referred to as sSPHBH49.

To further increase the 3HHx fraction,
instead of using dodecanoic acid, the culture
medium was supplemented with hexanoic acid,
a Co fatty acid, as a direct precursor for 3HHx.
A small amount of butyric acid, a C4 fatty acid,
was also added to allow the incorporation of
small amounts of 3HB into the polymer (Fig. 1).
Additionally, ethanol (10 g/L) was added to the
culture medium to lower the molecular weight of
the biosynthesized PHA. After 72 h of cultivation,
the dry cell weight and PHA content reached
1.7£0.1 g/L and 25+1 wt.%, respectively (Table 1).
The obtained P(3HB-co-3HHx) exhibited a high
3HHx fraction (86 mol%) and relatively low
molecular weight (M, 2.8x10%) (Table 2); it is
referred to as sSPHBHS6.

Characterization of P(3HB-co-3HHXx)s
by NMR

From the 'H- and “C-NMR spectra, the
molecular structures of the P(3HB-co-3HHXx)
samples were investigated. From the 'H-NMR
spectra, the copolymer compositions were
determined as listed in Tables 1 and 2. As in
the "C-NMR spectra, the presence of the 3HHx
comonomer caused a carbonyl peak to split into
multiplets. The carbonyl resonances around 168—
170 ppm were identified as belonging to 3HB*-
3HB, 3HB*-3HHx and 3HHx*-3HB, and 3HHx*-
3HHx, which are structures possibly existing
in the copolymer chain (Abe et al., 1994). The
randomness of the copolymer samples, described
by parameter D, was calculated as follows

(Kamiya et al., 1989):

D = (FyunxannxFsnpsn) (Fannxans M up-snmy) Q)]

where Fipncanno Faupauss Faunxans, and Fiupsuuy
represent the fractions of 3HHx-3HHx, 3HB-3HB,

— 447 —



Fakhrul Ikhma Mohd Fadzil, Makoto Kobayashi... Biosynthesis of Poly(3-Hydroxybutyrate-co-3-Hydroxyhexanoate)...

3HHx-3HB, and 3HB-3HHx diads, respectively.
The diad sequence distributions derived from the
carbonyl carbon were used to calculate D values,
shown in Table 3.

Altogether, the observed values were
consistently comparable with the -calculated
Bernoullian statistics applicable to statistically
random copolymerization. Based on the observed
D values, it is suggested that PHBHS is a slightly
blocky copolymer, while sSPHBH49 and sSPHBH&6

resemble random copolymers.

Blends of sPHBH49

and the base material

Using sPHBH49, polymer blending was
conducted with PHBHS as the base material.
Figure 2A shows the DSC results of the PHBHS
blends and the neat sSPHBH49 sample. Neat

Table 1. PHA biosynthesis by recombinant £. coli

sPHBH49 showed a weak 7, peak at —12 °C,
which is in good agreement with the reported
T, (-9 °C) for the closest 3HHx fraction
(53 mol%) copolymer (Feng et al, 2003).
On the other hand, sPHBH49 did not show
a T, peak, suggesting that it is an amorphous
polymer. As for the PHBHS blends, the 7,
peaks were observed at 142—144 °C and were
almost unchanged regardless of the blending
ratio. Meanwhile, the enthalpy of fusion (area
of the melting peak) tended to decrease as the
sPHBH49 content increased. Interestingly, the
cold crystallization temperature (7,.) of PHBHS
in the second heating scan decreased from
63 °C to 56 °C with the addition of 10 wt.%
sPHBH49, and the crystallization peak became
sharper. This implies that crystallization of

the blended sample became easier and faster,

E coli Ethanol Dry cell PHA PHA composition
sir:i)nl Fatty acid added z 73)0 wt. content (mol%) Reference
s (@D | wt%) [ 3HB | 3HHx
LS5218 | Dodecanoic acid (C12) . 12401 | 6244 60 40 USh‘n;‘)rl‘; etal,
LS5218 | Dodecanoic acid (C12) 5 1.1£0.1 58+1 51 49 This study
Hexanoic acid (C6), .
LSBJ butyric acid (C4) 10 1.7+0.1 25+1 14 86 This study

Cells were cultured in 100 mL M9 medium containing fatty acid(s) at 37 °C for 72 h. For the culture of LSBJ strain, glucose was
supplemented to support cell growth. The PHA content and composition were determined by GC and '"H-NMR, respectively, in
this study. 3HB, 3-hydroxyburyrate; 3HHx, 3-hydroxyhexanoate. Results are expressed as mean + standard deviation (n = 3).

Table 2. Thermal properties and molecular weights of PHA samples used in this study

Sample Thermal property?® Molecular weight
Polymer sample Source
name T, (°C) 7, (°C) | M, (x10% | M,/M,
P(3HB-co-5 mol% 3HHx) PHBHS 33 143 51 24 Kaneka Co,,
Osaka, Japan
P(3HB-c0-49 mol% 3HHx) sPHBH49 -12 -b 1.5 1.5 .
This study
P(3HB-co-86 mol% 3HHx) | sPHBHS86 -13 -b 2.8 1.7

T, glass transition temperature; 7,,, melting temperature; M,,, weight average molecular weight; M,, number average molecular

weight.
“Determined from DSC second heating scan.
® Not detectable.
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Table 3. Diad sequence distributions and D values of P(3HB-co-3HHXx) samples

PHA comoposmon Diad sequence distribution
Sample (mol%)
name 3HB*3HHx D value
*_ *_
3HB 3HHx 3HB*-3HB + 3HHx*3HB 3HHx*-3HHx
(observed) 0.89 0.10 <0.01 3.56
PHBHS 95 5
(calculated) 0.90 0.10 <0.01 -
(observed) 0.32 0.49 0.19 1.01
sPHBH49 51 49
(calculated) 0.26 0.50 0.24 -
(observed) 0.25 0.45 0.30 1.53
sPHBHS86 14 86
(calculated) 0.02 0.24 0.74 -

PHA compositions were determined by 'H-NMR. 3HB, 3-hydroxyburyrate; 3HHx, 3-hydroxyhexanoate. The observed
relative intensities were determined from the relative peak areas of the carbonyl carbon resonances in the 3C-NMR spectra.
The calculated values were obtained using Bernoullian statistics.

probably because of the promotion of primary
nucleation. When more sPHBH49 was added,
T,. shifted to the higher temperature side and the
crystallization peak became broader, implying
that crystallization became more difficult.
With the addition of up to 30 wt.% sPHBH49,
a single 7, was observed in the -2 to —4 °C
range. These blends appeared to be miscible
in the amorphous phase. However, when more
sPHBH49 was added, two T, derived from each
polymer were detected. Thus, the blended state

was partially immiscible.

Blends of sPHBHS6

and the base material

Using  sPHBHS6,
was also conducted with PHBHS5 as the base

polymer  blending
material. Figure 2B shows the second scan DSC
thermograms of the PHBHS blends and the neat
sPHBHS86 sample. Neat sSPHBH86 showed a weak
T, peak at —13 °C but did not show a 7,, peak,
suggesting that it is an amorphous polymer. For
the blends with 30 wt.% or more SPHBHS86, two
distinct 7, peaks appeared. Thus, it is apparent that
PHBHS5 and sPHBH86 are immiscible. Despite
this, crystallization occurred in all blended
samples regardless of the blend ratio without
changing 7,. The crystallization of PHBHS

occurred even after blending with amorphous
PHBHS6, but crystallization in the presence of
sPHBH86 was harder than that in the presence
of sSPHBH49.

Discussion

For the P(3HB-co-3HHx) blends, the two
polymers are reported to be miscible in the
amorphous phase when the difference in the 3HHx
fraction between these polymers is less than 20
mol%, but are immiscible when the difference is
larger than 30 mol% (Feng et al., 2003). On the
other hand, as mentioned earlier, low-molecular-
weight polymers are known to exhibit relatively
high miscibility with other polymers (Blumm,
Owen, 1995; Ohkoshi et al., 2000). Therefore,
to modify the material properties with a small
amount of additive, P(3HB-co-3HHx) with a
low molecular weight and a high 3HHx fraction
may be effective for polymer blending. This
study investigated how the thermal properties
can be changed by blending polymers with a
low molecular weight and high 3HHx fraction
P(3HB-co-3HHx), which were biosynthesized in
this study.

The crystallization behavior of the
P(3HB-co-3HHx) blends was evaluated using
DSC. The shift and unification of 7, is an

— 449 —



Fakhrul Ikhma Mohd Fadzil, Makoto Kobayashi... Biosynthesis of Poly(3-Hydroxybutyrate-co-3-Hydroxyhexanoate)...

endo —»
o

PHBHS : sPHBH49

100:0

90:10

80:20

70:30

50:50

0:100

-50 0 50 100 150
Temperature (°C)

t T T,

s '
'g ‘ ch PHBH5 : sSPHBH86
s '

} 100:0
N\JWJL_
K\__JN'__,J\__ 90:10

80:20
W‘\_
70:30
[ } }
50:50
{
\/\_,/ 0:100
-50 0 50 100 150

Temperature (°C)

Fig. 2. DSC thermograms (second heating scan) of (A) PHBHS5, sPHBH49, and its blends and (B) PHBHS,
sPHBH&6, and its blends. The samples were heated to 200 °C at 20 °C/min, quenched to —50 °C, and heated again

at 20 °C/min during the second scan

important indicator for understanding whether
the blended polymers are completely miscible
with each other in the amorphous phase. When
30 wt.% or more of SPHBH49/86 was added to
PHBHS, two distinct 7, peaks appeared in the
second scan thermograms (Fig. 2). These blends
were immiscible because of the large gap in
their copolymer compositions, as previously
demonstrated by Feng et al. (2003), even though
one of them is a low-molecular-weight polymer.
Initially, we expected miscibility between
PHBHS and the low-molecular-weight polymers;
however, poor miscibility was observed with
P(3HB-co-3HHx) biosynthesized using the CT
reaction.

DSC analysis revealed that crystallization
occurred on the lower temperature side in
the 10 wt% sPHBH49 blends. This implies
that crystallization of the blended sample was

promoted, probably because of easier primary
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Abstract. Biobased and biodegradable polyhydroxyalkanoates (PHAS) are promising alternatives to
common plastics. Due to their high production costs, only a minimal share of global plastic production
is composed of PHA. A major contributor to the high costs minimizing the potential to occupy a
larger market share is the downstream process. To obtain high recovery yields and pure products,
most approaches rely on large amounts of solvents. While short-chain-length PHA (sc/-PHA) is poorly
soluble in nonhalogenated solvents, medium-chain-length PHA (mcl-PHA) was shown to be soluble in
nonhalogenated solvents. In this study, an approach to recover poly(hydroxybutyrate-co-hydroxyhexanoate)
with acetone and 2-propanol was scaled up 30-fold to 300 g of lyophilized cells per recovery cycle. High
PHA purities of 90—100 % were reached from extractions at moderate temperatures from 30-58 °C. In
two-stage extractions, up to 100 % PHA was recovered, while the molecular weight was not reduced.
Solvents were recovered by distillation in a concentration step and after precipitation. Furthermore, the
material properties were analyzed. PHA recovered from the distillation bottom had an increased HHx
content compared to the first and second extractions using recovered solvents and was of low purity,

indicating efficient and pure precipitation of the recovered PHA during the 2-stage extractions.
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Annotanus. CHHTE3upyeMble MEKPOOPTaHU3MaMu Onopa3iaraeMble TOJIUTUIPOKCHAIIKAHOATHI
(IIT'A) stBnsiFOTCS MHOT0O0€IIAOIIEH abTepHAaTHBON 00BIYHBIM IIacTMaccaM. OnHAKO BBHICOKAS
croumocTh [I'A orpaHndnBaeT 0OBEMBI UX MHPOBOTO MPOU3BOACTBA. ONHOM W3 OCHOBHBIX MPUYUH
BBICOKHX 3aTpart, CBOASAIINX K MUHUMYMY BO3MOXKHOCTH 3aHSTh OOJIBIIYIO TOJIO PHIHKA, SIBJISIETCS
CIIOKHBIM U TOPOTOCTOSIIIAH MPOIECC U3BICUCHHUS IMOJTUMEPOB U3 KIETOUHON Onomacchl. J{is
MOJyYCHHU ST BBICOKHUX BBIXOJIOB U3BJICYCHHS U YUCTHIX 00PA3I[0B MOJUMEPOB HCIIOIB3YIOTCS OOJIbIINE
KonuuecTsa pactBopureiieil. [Tpu 3Tom n3BecTHO, 4TO KopoTKouenodeunble [1I'A mioxo pacTBopsitoTcs
B HEraJOT€HUPOBAHHBIX PACTBOPHUTENSIX, B TO BPEMs KaK CPeIHEIeTIOUYeTHbIe — PACTBOPSIIOTCS.
B sTOM HccnenoBaHy MPOLECC U3BJICYCHUSI COTIOJIMMEPa THAPOKCHOY THPATa M THAPOKCHTEKCaHOATa
C MCIIOJIb30BAHUEM alleTOHA U 2-TIporanoia Macurrabuposat B 30 pas (10 300 r nuoduin3upoBaHHOM
KJICTOYHOI MacChl Ha OMH UK u3BJIcueHus). Bricokas uncrora [IT'A (90-100 %) nocturayTa mpu
MPOBEJCHNH IKCTPAKIIUU IPU YMEepeHHBIX Temneparypax oT 30 mo 58 °C. Ilpu AByKpaTHON SKCTPaKIIUN
MTOJTHOTA M3BIIeUeHH monMepa nocturana 100 % 6e3 CHUKEeHHS 3HAYSHUH MOJICKYIISIPHOW MAaCCHI.
PactBopuTeNnu Bo3Bpamamy JJsi TOBTOPHBIX IIUKJIOB MMEPETOHKON Ha CTaIMU KOHIIEHTPUPOBAHUS
1 TIOCJIE OCaXKICHUS U3BIICUCHHOTO monMepa. [Ipoanain3mpoBaHbl CBOHCTBA ITOTYYCHHBIX 00pa3IoB
[T'A. [Tosnumep, U3BJICUCHHBII U3 OCTATOYHON OT AUCTHILISAIIMH (PPAKIIUH, TI0 CPABHEHHUIO C ITOJTUMEPOM,
[OJIyYEHHBIM B PE3yJIbTaTe ABYKPATHOM HKCTPAKIIUHU C TOBTOPHBIM UCIOJIb30BAHUEM PACTBOPUTEIIEH,
HMeEJT MOBBIIICHHOE COep)KaHUE (PpaKIIK MOHOMEPOB I'eKCAHOATa M HU3KYIO CTEICHb YUCTOTHL. DTO
CBUJCTEIBCTBYET 00 23PPEKTUBHOCTH OCAXKICHUS TOIMMEPA, H3BJICUYCHHOTO B IIPOLIECCE IBYKPATHON

3KCTpPaKLHH.

Kurouessle caoBa: [I(I'b-co-I'T), cpennenenogeunsie I1I'A, HeranoreHuNpoOBaHHBIE PACTBOPUTENH,

n3BiieueHue [1T'A.

— 455 —



Isabel Thiele, Jan Hendrik Rose... Scale-Up of the Downstream Process for Polyhydroxyalkanoate Copolymer...

BaarogapHocTu. D10 uccienoBanue puHaHCHpoBaiock DeepanbHbIM MUHHCTEPCTBOM 00pa30BaHMsI

1 Hay4HBIX HccnenoBanuil ['epmannn (Homepa rpanToB: 031B0798A n 031B0798C).

Hutuposanue: Tune, 1. MacmtabupoBanue npoiecca skctpakuuu cononumepa [I(I'b-co-I'T) HeranoreHnpoBaHHBIMH
pactBoputensimu / U. Tune, 5. X. Poys, b. 'yrumans, C. Todaitnu, J{. Hlerrens, T. Buamep, I1. Hoiibaysp, T. ['pumm,
C.JI. Punens //Kypu. Cub. dpenep. yu-ta. buonorus, 2021. 14(4). C. 454—464. DOI: 10.17516/1997-1389-0364

Introduction

Plastic pollution is a worldwide problem,
yet global plastic production is still increasing
and reached 359 million t per year in 2018, and
with it, the need for environmentally friendly
alternatives has increased. One of these
alternatives is biobased and biodegradable
(PHAs), which can

be produced from low-cost feedstocks with

polyhydroxyalkanoates

microorganisms (Riedel and Brigham, 2019,
2020).
PHA is either extracted from the cells or the

During downstream  processing,
surrounding non-PHA cell material is removed,
which was recently comprehensively reviewed
(Koller et al., 2013b; Gahlawat et al., 2020). In
this context, solvent-based PHA downstream
processing often relies on large amounts of
halogenated, mostly chlorinated, solvents,
which
footprint (Pérez-Rivero et al., 2019; Saavedra
del Oso et al., 2021).

PHAs are categorized based on the number

cause a very negative ecological

of carbon atoms of their monomer building
blocks. Monomers consisting of 3-5 carbon
atoms are termed short-chain-length (scl), and
monomers of 6—14 carbon atoms are termed
medium-chain-length  (mcl) (Steinbiichel et
al., 1992). Various scl-mcl-copolymers
be produced to obtain PHAs with tailored

properties, making them promising alternatives

can

to conventional plastics for various applications
(Chen, 2010). Specifically, the scl-mcl-copolymer
poly(hydroxybutyrate-co-hydroxyhexanoate)
(P(HB-co-HHx)) shows reduced -crystallinity,

reduced melting temperature and higher elasticity

compared to polyhydroxybutyrate (PHB) and
thus makes it suitable for further processing
(Noda et al., 2010). In seawater or soil, P(HB-
co-HHXx) degrades easily within months without
pretreatment (Chen, 2012; Shang et al., 2012).
Regarding downstream processing, mcl-PHA
and copolymers thereof are more soluble in
nonhalogenated solvents than sc/-PHA (Jiang et
al., 2006; Furrer et al., 2007; Cerrone et al., 2019).
Methyl isobutyl ketone, methyl ethyl ketone,
ethyl acetate and acetone were mainly reported
in combinations with precipitation solvents such
as ethanol, n-hexane or 2-propanol to precipitate
the extracted PHA that was recovered from dried
cells or wet biomass (Furrer et al., 2007; Riedel
et al., 2013; Bartels et al., 2020; Saavedra del Oso
etal., 2021).

Recently, a recovery method was developed
by Bartels et al. using acetone and 2-propanol
to achieve recovery yields up to 100% with
the possibility of separating and recycling the
solvents due to their zeotropic nature (Bartels et
al., 2020). In this work, the approach by Bartels
et al. (2020) was scaled up to process 300 g of
dried cells, and the recycling of the solvents was

assessed.

Material and Methods
Biomass for P(HB-co-HHx) recovery

Engineered Ralstonia eutropha Re2058/
pCBI113 cells (Budde et al., 2011) containing the
copolymer P(HB-co-HHx) were produced in a
150 L bioreactor utilizing waste fats of porcine
origin (ANiMOX GmbH, Berlin, Germany) as

the main carbon source adapting the cultivation
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strategy performed by Riedel et al. (Riedel et al.,
2015).

Extraction and precipitation

with acetone and 2-propanol

Bartels et al. (2020) recently identified
acetone and 2-propanol as a suitable solvent
and nonsolvent pair for the scl-mcl-copolymer
P(HB-co-HHx). The established volume to
weight ratio of 10:1 (acetone: freeze-dried cells)
was scaled up to a larger volume (Fig. 1). Cells
(300 g) and 3 L of solvent were added to a 5 L
round-bottom flask and rotated in a water bath
at 30-58 °C for 1 h in a rotary evaporator to
extract the PHA. Separation of the extract from
cell debris was performed by centrifugation
(4000 rpm, 10 min, room temperature) and
subsequent decantation. The separated extract
was concentrated using a rotary evaporator and
precipitated with 4 °C cold 2-propanol overnight.
PHA was recovered by centrifugation at 4000
rpm for 10 min and dried either at 50 °C, in a

vacuum pot or in a freeze dryer.

Two-stage extraction

Extraction was performed as described
above. Residual cells were dried at 50 °C and
pooled with similar residual cells, if necessary,
prior to the next extraction. The remaining
PHA from the residual cell material was
extracted under the same conditions as the first

extraction.

Extraction conditions

Different temperatures from 30 to 58 °C
different
(40—-68 % of the initial volume of acetone)
from the PHA extract were tested. Different

as well as solvent evaporations

2-propanol concentrations occurring either due
to the evaporation of acetone and subsequent
addition of 6 L of 2-propanol or varying addition

of 2-propanol were investigated. The final

concentrations of each solvent per recovery cycle

are given for the respective results.

Recovery yield determination

The recovery yield was calculated according
to Equation I:
RecoveryYield[%] =

_ extractedmaterial[g] % 100 M
" lyophilzedcells[g] x PHAcontent

Molecular weight characteristics

Molecular weight characteristics were
determined by gel permeation chromatography
(GPC) equipped with a differential refractive
(Merck-Hitachi, RI-Detector
L-7490) using two sequentially coupled columns
(Agilent PLgel 5 pum MIXED-C300 X 7.5 mm,

50 x 7.5 mm Guard). Polystyrene standards in the

index detector

range of 9.6-3187 kDa were used for calibration
(Agilent Polystyrol PS-1). PHA samples were

4

Extraction

ENC)
Concentration @
23
== l #0

Drying

<

S

Precipitation

<

Drying
Recycling

<

» Recycling

Fig. 1. Schematic description of the workflow to
recover scl-co-mcl-PHA from lyophilized cells using
acetone and 2-propanol
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weighed to obtain a concentration of 5 mg mL"!
in 2 mL of chloroform containing 2-butanone at
a concentration of 1 mg mL" in a borosilicate
tube (Borosilicate Screw Thread Culture Tube
with PTFE-Faced Rubber Lined Caps, @16 mm
x 100 mm, KIMAX®) and incubated at 55 °C
for 24 h (Hettich Lab Technology). After cooling
to room temperature, the samples were filtered
into an amber HPLC vial through 0.2 um PTFE
syringe filters. Analysis of 15 pL samples was
performed at 30 °C and a flow rate of 0.8 mL min"!
chloroform. Signal data points (#;) and respective
MW (M,) calculated by the calibration data were
used to calculate the number average (M,), weight
average (M,,), and dispersity values (P) according
to Equations 2—4 (Bartels et al., 2020):

Zi'(=1(ni - M;)

> S ®
X(n; - M7) )
v x(n; - M)
b= My
=M, ©)

Determination of PHA content,

molar HHx content and purity

The determination of PHA content by
gas chromatography (GC) was
described by Bartels et al. (2020) and performed

accordingly.

previously

Dry substance

and ash content determination

To check whether the PHA was fully dried
after precipitation and to ensure that no residual
solvent might interfere with further processing or
impact the melting temperature, dry substance
was calculated by balancing the weight of the
sample (0.6 g) that was dried as described in

this procedure and the weight after drying in an

oven at 105 °C. Samples were weighed every 2 h
until a constant weight was reached. Ashing was
performed by heating recovered PHA samples
in a muffle furnace (Phoenix Black Muffelofen,
CEM) for 5 h at 550 °C. After cooling to room
temperature, the ash content was determined by

weighing.

Results

In this study, scl-co-mcl-PHA recovery
using acetone as a solvent and 2-propanol as a
nonsolvent was scaled up by a factor of 30 to 300 g
of lyophilized cells. The nonhalogenated solvents
were separated and recovered by distillation and
utilized for further recovery cycles to increase
the sustainability of the process by reducing the
overall solvent usage. Recovery was performed
on different lyophilized cell materials (Batch 1
and Batch 2). The batches from different
cultivations had different PHA contents of 76.1
or 81.1 % with either 16.1 or 19.2 mol% HHx

content, respectively.

P(HB-co-HHx) extraction
at moderate temperatures and impact
of solubilized PHA concentration

and variation of 2-propanol concentration

As shorter extraction times were reported
to result in lower molecular weight reduction
at 21 and 70 °C (Bartels et al., 2020), PHA was
extracted for 1 h at 30-58 °C with different
subsequent  extract  concentrations  and
precipitation conditions (Fig. 2A). The solubility
is temperature dependent. At lower temperatures
of 30 °C, the recovery yield was 49 %, while an
extraction temperature of 58 °C resulted in a 1.5-
fold higher recovery yield of 78 %. The largest
increase in recovery yield was observed in a
temperature range from 30—40 °C (Fig. 2B). After
extraction at 40 °C, the PHA was concentrated
by 40 to 68 % of the initial volume of the extract

(Fig. 2C). When the extract was concentrated by
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Fig. 2. P(HB-co-HHX) extraction at moderate temperatures (A). Recovery yields depending on different extraction,
concentration and precipitation conditions; (B) extraction at 30—58 °C for 1 h; concentration by evaporation of
58.3 £ 0.6 % acetone and precipitation with 2-propanol at 4 °C (82.1 £ 1.3 % 2-propanol content in the solvent
mixture); (C) extraction at 40 °C for 1 h, increasing the concentration of solubilized P(HB-co-HHx) in acetone by
evaporation of 40—68 % acetone and precipitation with 58—77 % 2-propanol; (D) extraction at 50 °C for 1 h with
evaporation of 50 £ 0.6 % acetone and varying 2-propanol concentration from 70-90 %

40 %, less 2-propanol was added for precipitation
(17 % less, approximately 5 L instead of 6 L,
resulting in a concentration of 74 %). The most
concentrated extract was supplied with more
2-propanol (17 % more, 88 % (i. e., approximately
7 L)). Due to the higher concentration of the PHA
extract, precipitation becomes more efficient. By
realizing higher concentrations of PHA extract
(68 %), the recovery yields at 40 °C increased up
to a recovery yield of 77 %, which is comparable
to yields at 50 or 58 °C, where the PHA extract was

concentrated by approximately 58 %. Moreover,

by concentration of the solution in a rotary
evaporator, pure acetone is recovered before the
precipitation step, leading to a lower demand of
2-propanol to achieve a large volumetric excess.
To investigate whether the extracted PHA was
successfully precipitated, less acetone (50 %)
was evaporated after extraction at 50 °C with
subsequent addition of cold 2-propanol to achieve
70-90 % acetone in the mixture (Fig. 2D). With
increasing concentrations of 2-propanol, only
slightly improved recovery yields by 5 % were

achieved. The recovery yields were comparable
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to those of the extraction at 50 °C in the previous

section.

Two-stage extraction

Two to three batches of residual cells
from extractions at the same temperature
were pooled for a second extraction cycle. The
results were analyzed regarding purity, HHx
content, recovery yield and molecular weight

characteristics.

PHA purity and HHx content
High PHA purities in the range of 87.9—

100 % were reached in all experiments (Fig. 3A,
3C, Supplementary Table 1). No drastic changes
regarding the HHx content of the recycled
material in the first or second extraction cycle
were observed, nor were they observed in the
residual cells (Fig. 3B). On the other hand, a
slight decrease in the molecular weight was
noticeable (Table 1). This might be due to the

longer duration of PHA exposure to higher

temperatures and solvents or the lower solubility

of higher molecular weight polymers.

Recovery yield from two-stage extraction

at different temperatures

The recovery yields were obtained from
62 % at 30 °C up to 100 % at 50 or 55 °C
(Fig. 3D).

Generally, Batch 2 (19.2 % HHx; 81.1 %
PHA; higher MW) gave lower total recovery
yields after the second extraction compared to
Batch 1. This might be due to the temperature
dependency shown in the previous section and
to a smaller part the different starting material
properties, as the differences are minor. The
recovered product was clustered in two different
ranges of molecular weights depending on the
batch from which they were recovered. The
molecular weight and dispersity index were
shown to depend on the amount of PHA synthase
(Sim et al., 1997) and are therefore cultivation-

and strain-dependent.

Table 1. Molecular weight characteristics of the recovered PHA after the first and second extraction

PHA M, [Da] x 10° M, [Da] x 10° b []
Bl.1 1.88 +0.02 0.79 £ 0.01 3.39+0.07 1. Extraction
B1.2 2.06 +0.03 0.87£0.03 2.36+0.05
Bl.1+2 1.89 + 0.01 0.94 +£0.03 2.01 £0.05 2. Extraction
B1.3 1.90 £ 0.01 0.84 +0.01 2.26+0.03 1. Extraction
Bl.4 2.07 +£0.01 093 +0.14 2.27+0.26
B1.3+4 1.79 + 0.01 0.94+0.03 1.91 £ 0.04 2. Extraction
B1.5 1.99 £ 0.001 0.89 +£0.02 2.24 +£0.06 1. Extraction
B1.6 2.08 +0.05 0.82+0.03 2.54+0.04
B1.7 2.09 £ 0.02 0.87 +£0.04 2.42+0.08
B1.5+6+7 1.75 £ 0.01 0.86 +0.005 2.04 +£0.02 2. Extraction
B2.1 2.68 £0.04 1.12£0.05 2.39+0.07 1. Extraction
B2.2 270 +£0.04 1.20+0.01 2.25+0.01
B2.1+2 2.52+0.03 1.08 £0.01 2.32+£0.01 2. Extraction
B2.3 2.77+£0.02 1.26 £ 0.02 2.19+0.01 1. Extraction
B2.4 2.75+0.01 1.14 £0.04 2.42+£0.07
B2.5 2.70 £ 0.05 1.26 £ 0.02 2.15£0.06
B2.3+4+5 2.50+0.07 1.34 £0.03 1.86 £ 0.10 2. Extraction
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Fig. 3. Two-stage extraction of P(HB-co-HHXx) from lyophilized cells at 50, 55, 30 and 40 °C. PHA purity and HHx
content (Batch 1: 76.1 % PHA content, 16.1 mol% HHx; Batch 2: 81.1 % PHA content, 19.2 mol% HHx), Batch 1,
50 °C, B1.1, B1.2: 43.3 % evaporated acetone, final 2-propanol concentration: 77.9 %; Batch 1, 50 °C, B1.3, B1.4: 50 %
evaporated acetone, final 2-propanol concentration: 80 %; Batch 1, 55 °C, B1.5, B1.6, B1.7: 49.7-50 % evaporated
acetone, final 2-propanol concentration: 80—81.7 %; Batch 2, 30 °C, B2.1, B2.2: 54.5-60.7 % evaporated acetone,
final 2-propanol concentration: 81.4—83.6 %; Batch 2, 40 °C, B2.3, B2.4, B2.5: 50—59 % evaporated acetone, final
2-propanol concentration: 81.4—83.6 % (A). PHA and HHx contents in the residual cells after extraction (B). PHA
purity and HHx content after the second extraction (C). Recovery yields after two-stage extraction under different
conditions (D). Properties of the recovered material (E). Error bars indicate technical triplicates of GC samples.
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Coloration and bulk density

The bulk density, texture and coloration
of the recovered polymer were investigated.
Three grams of each recovery cycle (1 stage
extractions) is shown (Fig. 3E). More granular
material appeared more yellow in color and had a
lower bulk density. The material properties seem
to vary throughout all experiments without a
connection to purity or solvents and their content
in the mixture (Supplementary Tables 1, 2, and
3; Supplementary Figures 1, 2, and 3). Materials
with lower bulk densities are preferable because
they are more convenient to package, transport

and further process.

Moisture content before drying

After extraction and precipitation of the
PHA, the solvent mixture was decanted. The wet
PHA was dried using a freeze dryer or a vacuum
pot or was dried at 50 °C. The recovered PHA
was regularly (approximately every 30 minutes)
mixed and manually broken up into smaller pieces.
The drying process was done for 6 hours. The
solvent content of the wet mass was determined.
All samples contained 81-92 % moisture before
drying regardless of the extraction conditions

(Supplementary Table 4).

Product recovery
from the distillation bottom

After PHA

was recovered from the distillation bottom.

various recovery cycles,
Interestingly, PHA showed a higher molar content
of hydroxy hexanoate as well as a comparably

high molecular weight (Table 2).

Dry substance and ash content

Solvent residues might hamper further
processability of PHA. Because of the high
moisture content prior to drying, dry substance
and ash content were determined to ensure a pure
and dry polymer. As the material is recovered
from biological material, the inorganic content
remaining after ashing should be near zero. The
dry substance determination gave > 99 % dry
substance and < 1 % ash content for all recovery

cycles (Supplementary Table 4).

Discussion

The recovery method developed by Bartels
et al. (2020) was scaled up by a factor of 30 from
10 to 300 g of lyophilized cells as the starting
material. The concentration of the PHA extract
and 2-propanol excess was further investigated.
While it was previously reported that acetone
is evaporated until the viscosity increases, the
concentration of PHA in the extract impacts the
efficiency of the precipitation step. However,
increased temperatures or pressure contribute
short
extraction times (Koller et al., 2013a; Bartels et

largely to higher recovery yields in

al., 2020). However, high recovery yields might
be obtained at moderate temperatures due to PHA
extract concentration by acetone evaporation
and recovery after extraction. Therefore, the
energy demand is reduced, leading to a more
sustainable process: heating the water bath and
acetone to 55 or 58 °C has a 1.5- and 1.8-fold
energy demand compared to extraction at 40 °C,
respectively. A major drawback of solvent-based

downstream processing is the large amounts of

Table 2. Properties of the material recovered from the distillation bottom

PHA Purity [%] HHx [mol%] M, [Da] M, [Da] P[]
Distillation 69.03+8.36 2563124  2.97:0.03x10°  1.1+0.001x10° 27140.02
Bottom
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often halogenated solvents (Saavedra del Oso et
al., 2021). Evaporation and recovery of acetone
during the concentration step leads to a lower
demand for 2-propanol to obtain a large nonsolvent
excess to precipitate PHA. The concentration of
the extract was also shown to result in higher
recovery yields. Given the zeotropic nature of
the solvent mixture, acetone and 2-propanol were
separated and reused for multiple recovery cycles.
Fractions of up to 30% 2-propanol in acetone
were reported to still recover PHA adequately,
and even pure 2-propanol was able to extract
14.5% of P(HB-co-HHx) (Bartels et al., 2020).
Moreover, acetone extraction and 2-propanol
precipitation are suitable to obtain PHA with
low endotoxin content, making it utilizable for
medical applications (Furrer et al., 2007).

In this study, no significant molecular weight
or purity reduction depending on temperature
was observed. Even though polymer solubility
is expected to decrease with higher molecular
(Terada 1999)
interaction between polar groups and hydrogen

weight and Marchessault,

bonding. For polar polymers such as poly(3-
hydroxyalkanoates, the minor differences in the
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Abstract. Application of bio-based materials in various fields is currently gaining momentum; and
lignin occupies a prominent place among such materials. Integrating lignin with synthetic plastics is an
innovative approach in the development of sustainable polymers. However, blending lignin with other
polymers is not an easy process because of its brittleness and low dispersibility. Grafting of lignin with
poly(methyl methacrylate) via atom transfer radical polymerisation enhances the miscibility of lignin
with other polymers. A number of publications describe the applications of electrospun lignin nanofibres
in various fields. Often discarded as an unwanted component this material has a vast potential for various
applications. With the advent of electrospinning technique, lignin-based nanofibres used as an alternative
to conventional lignin due to its exceptional property and thus find use in various biomedical as well
as electronic applications. Antimicrobial properties of these nanofibres could be exploited effectively
in the current pandemic situation. Numerous reviews have been lately published on lignin and lignin-
based materials. Most of them focus on the applications of lignin, that is why the idea of the present
review is to concentrate entirely on lignin-based nanofibres prepared by the electrospinning process

and consolidate the applications of these electrospun lignin nanofibres.
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Kparkuii 0030p 1o npuMeHeHHI0 HAHOBOJIOKOH JIMTHUHA,

MOJIYYEHHBIX 3JICKTPOCIIMHHUHTOM

A. Paman?®, B.1.C. Iupamx®,

N.C. dxasn®, A. Capurxa?®, K. /:ko3ed°®

“Vnusepcumem Ampuma

HUnous, Konnam

SUnoutickutl uncmumym KOCMUYECKOU HAYKU U MeXHOL02UU
HUnous, Tpuseanopym

AHHOTauus. B Hacrosiiee BpeMs CTPEMHUTENIBHO BO3PACTACT HCIIOIb30BAHUE B PA3IIHUHBIX 00IACTAX
MaTepuaioB Ha OMOJOrMYECKON OCHOBE, IMTHUH 3aHUMAET BaXXKHOE MECTO CPeI TAaKUX MaTepHAaJIOB.
Co3gaHue cCOelMHEHH I IUTHUHA ¢ CHAHTETHYECKUMU IUIACTUKAMHU MOXXHO PacCMaTpHUBaTh Kak
MHHOBAIIMOHHBII OIX0J1 B pa3paboTKe IKOJIOrnYecKH 0e30macHbIX nonuMepoB. OJJHAKO COeMHEHUE
JIMTHUHA C JPyTUMHE HOJIMMEPaMH — 3TO He MPOCTOMH MPOLece U3-3a ero XpyInKOCTH U HECIOCOOHOCTH
K XOpOIHeﬁ JUCTICPCUH. COHOHI/IMep JIMTHUHA C TTIOJJUMETHUIIMETAKPUJIATOM, HOquEHHLIﬁ IOCPEACTBOM
paauKaIbHON MOJUMEPU3aLUU C IEPSHOCOM aTOMa, MOXKET 00JIaZlaTh Jy4lleld CMELIMBACMOCTbIO.
B psizie HelaBHO Oy OIMKOBaHHBIX PA0OT OMMCAHBI EPCIIEKTHBBI IPUMEHEHHS B pa3IMUHBIX 00JIaCTIX
HaHOBOJIOKOH JINTHUHA, IOy YEHHBIX JIEKTPOCIMHHUHTOM. DTOT MHOr0o0emaonuii MaTepral
qacTo BBI6paCI)IBaIOT KaK HeXeJlaTeabHbIN KOMIIOHCHT, XOTs OH UMCCT OFpOMHLIﬁ NOTCHIUAJI JJIs
HCIIOJIB30BaHMS B pa3iauuHbIX cepax. C MOSIBICHUEM TEXHOJIOTHH IEKTPOCIMHHUHTA 10Ty 9aeMble
C €ro IOMOILbI0 HAHOBOJIOKHA Ha OCHOBE JIUTHHMHA Oarofaps UCKJIIOYUTEIbHBIM CBOHCTBAM CTaIH
HaxOIUTh IPUMEHEHHUE B Pa3JIMYHBIX 00acTsIX OMOMEIULMHBI U JIEKTpOHUKU. HaHOBOJIOKHA,
o0Jaarone aHTHMUKPOOHBIMH CBOMCTBaMHU, MOT'YT ObITh () (EKTHBHO UCIIOIb30BAHBI B HBIHEIIHEH
CUTyalluu NaHaeMun. B HacTosmee BpeMsi OnyOJIMKOBAHO MHOXXECTBO 0030POB, MOCBSILIECHHBIX
MPUMEHEHHIO JIMTHUHA U MaTePUaJioB Ha ero ocHoBe. M iest HacTosiero 0630pa COCTOUT B TOM, YTOOBI
MOJTHOCTBIO CKOHIICHTPHPOBATHCSI HA HAHOBOJIOKHAX Ha OCHOBE JINTHHHA, ITOJyYCHHBIX B IIPOLIECCE

QJICKTPOCIIMHHWHIA, 1 OXapaKTEpHU30BaTh obacTu ux NPpUMCHCHU .

KaroueBble ciioBa: QJICKTPOCIIMHHUWHT, IUTHUHOBBIC HAHOBOJIOKHA, YTJIEPOJAHBIC HAHOBOJIOKHA, Kpa(bT-
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Introduction

Lignins are aromatic polymers that occur
mainly in secondarily thickened plant cell walls.
Lignin is the second most abundant organic
polymer on earth after cellulose. It accounts for
approximately 30 % of the organic carbon existing
in the biosphere and is the main biorenewable
source of aromatic structures. It is the major
constituent of the plant body responsible for
inhibition of diffusion of enzymes into wood
and creates strong cell walls in plants. Lignin
is a complex amorphous highly branched
polymer. It consists of three phenylpropane
monomers, coniferyl, sinapyl, and p-coumaryl
alcohols which are termed as lignols. These
monolignols generate guaiacyl, syringyl and p-
hydroxyphenyl residues respectively in the lignin
polymer. The composition and ratio of lignols in
the structure of lignin is largely influenced by
both the nature of a plant and the environment
in which the plant dwells. Industrial lignins are
mainly classified as kraft lignin, lignosulfonates,
organosolv lignin and steam-exploded lignin
based on the preparation methods (Calvo-Flores,
Dobado, 2010). Following the go green trend,
researchers are keenly interested in replacing
synthetic materials with bio-based materials,
such as cellulose, lignin, tannin etc. (Dominguez-
Robles et al., 2020). Due to their high porosity
and large surface area, nanofibres have various
applications such as air filters (Chang, Chang,
2016), protective clothes (Baji et al., 2020), drug
delivering agents (Li et al., 2021), scaffolds (Wang
et al., 2018a), supercapacitors (Zhu et al., 2020),
catalists (Garcia-Mateos et al., 2018), solar cell
electrodes (Zhao et al., 2018) etc. Electrospun
lignin nanofibres deserve special attention because
of their biocompatibility, biodegradability and
magnificent selectivity (Gupta et al., 2015). The
nature of electrospun fibres crucially depends on
the attributes of the spinning solution, namely

its viscosity, electrical conductivity and surface

tension. If viscosity values are higher or lower
than the required value, bead formation will occur
instead of fibre formation (Kumar et al., 2019).
Using a suitable spinning solution with required
properties, electrospun nanofibres are produced,
then stabilised thermally and carbonised.

MilJung Cho et al. (2020) used flax lignin to
fabricate high performance electrospun carbon
nanofibre mats. Their work opens a new avenue for
utilisation of agricultural residue rich in flax fibre
as a source for production of electrospun carbon
nanofibres. Jose Francisco Vivo-Vilches et al. (2019)
used three different types of lignin to make carbon
nanofibres and analysed its ability as an electrode
material. All fabricated fibres were subjected to
electrochemical reactions and the samples prepared
from kraft and phosphorus lignin exhibited superior
properties.

Integrating lignin with synthetic plastics
can be considered a promising approach in the
development of sustainable polymers. However,
blending lignin with other polymers is not an
easy process because of its brittleness and low
dispersion in many composites. Grafting lignin
with poly(methyl methacrylate) via atom transfer
radical polymerisation improves the miscibility of
lignin with other polymers (Kai et al., 2015). Ying
Zhao et al. (2018) used lignin as the precursor to
develop flexible carbon nanofibre mats which are
used as a counter electrode for solar cells. The
outstanding features of the electrode are credited
to the exceptionally high surface area and low
charge transfer resistance of carbon nanofibre
mats made of lignin.

Numerous reviews on lignin and lignin-
based materials have been lately published.
Most of them focus on lignin applications. The
present review aims to concentrate entirely
on lignin-based nanofibres prepared by the
electrospinning process and consolidate the
information on the applications of electrospun

lignin nanofibres.
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Parameters involved in electrospinning

of lignin

As mentioned above, creation of the
appropriate spinning solution is very important
for production of nanoscale fibres using the
electrospinning technique. In 2007, Manuel
Lallave et al. (2007) published the first research
on the application of this technology to virgin
lignin devoid of any binders. In their work,
a lignin: ethanol solution of 1:1 w/w ratio
with a viscosity of 350 to 400 cPs was used to
make lignin fibres by following the coaxial
electrospinning technique. The diameter of the
fabricated fibre ranged between 400 nm and 2 pm.
The scanning electron microscopy (SEM) image
of the fabricated nanofibres is shown in Figure 1.
In addition, coaxial electrospinning method in a
triaxial configuration was used by these authors
to produce lignin hollow nanofibers (nanotubes).
The flow rates for ethanol sheath: lignin solution:
glycerine varied from 0.05/0.5/0.01 to 0.1/1/0.25
mL h'!, respectively. The tip-to-collector distance
was maintained at 20-25 cm, and an electrical
voltage of 12 kV was applied.

The common practice for producing lignin
nanofibres with enhanced properties is adding
binder polymers along with lignin. It was observed
that water soluble polymers, such as polyethylene
oxide (PEO) (Wang et al., 2020) and polyvinyl

alcohol (PVA) (Camiré et al., 2020), were ideal
as binders in the process of electrospinning of
lignin. Lignin-polyacrylonitrile (PAN) solutions
in the N, N-dimethylformamide (DMF) solvent
improve the electrospinning of lignin (Seo et
al., 2011). Seo et al. (2011) observed that upon
increasing the lignin content the viscosity of the
solution changed, which led to the formation of
beads and thicker fibres. R. Ruiz-Rosas et al.
(2010) fabricated lignin-derived carbon fibres
using platinum (Pt)-doped lignin: ethanol
solution for electrospinning. The tip-collector
distance was set as 20-25 cm, and the applied
electrical voltage was 12 kV. Maintaining such
conditions prevented the fibres from reaching
places other than the collector, thus facilitating
the collection of electrospun fibres. The obtained
lignin fibres were thermostabilised in an oxidising
environment. Then, the fibres were heated to
200 °C maintaining a heating rate of 0.05 °C/min
for about 36 hours. The obtained fibres exhibited
high resistance to oxidation because of the lack
of surface defects and fairly regular structure.
Oxidation resistance of lignin-derived carbon
fibres was slightly reduced due to the presence of
platinum.

Formation of uniform fibres by addition
of poly(ethylene oxide) (PEO) was studied
by lan Dallmeyer et al. (2014). The process

Fig. 1. SEM image of fabricated Alcell lignin electrospun nanofibres (Lallave et al., 2007)
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occurred at the tip-collector distance of 14 to
20 cm, the potential difference between 9 and
14 kV, and the continuous flow rate of 0.03
mL/min. The fabricated electrospun fibres were
thermostabilised under oxidative condition:
they were heated at a constant heating rate to a
temperature of 250 °C and held isothermally for
1 hour. The properties of the fabricated sample
suggested that lignin polymers have potential
applications as precursors for flexible carbon
electrodes. Figure 2 illustrates the process of
electrospinning of lignin and shows the SEM

images of the sample prepared by this method.

Applications

of electrospun lignin nanofibres

Applications of lignin fibres can be
significantly improved by converting them to
nanofibre structures. Electrospinning is a charge-
assisted technique that allows to do it. Lignin
nanofibre production is challenging because of
the complex lignin's structure, but electrospun
lignin nanofibres can be prepared using proper
combinations  and

solvent incorporating

secondary supporting polymers. These nanofibres

find applications in various fields of material
chemistry (Deeraj et al., 2021) (Table).

Camire et al. (2020) prepared electrospun
fibres of alkali lignin with the addition of
PVA polymer and investigated the adsorption
of fluoxetine (pharmaceutical contaminant)
in an aqueous solution. They used different
combinations of lignin and PVA and tested their
performance. The researchers observed that
nanofibres with a diameter of 156 nm adsorbed
70 %

This accounts for the removal of 32 ppm of

of fluoxetine in the tested solution.
contaminants in water.
Salamietal.(2017)obtained polycaprolactone
(PCL)/lignin nanofibres by changing the weight
percentage of lignin and used them to produce
They
observed that the mechanical properties of

scaffolds for biomedical applications.

lignin-loaded samples were better than those of
pure PCL samples. The introduction of lignin
to PCL scaffolds enhanced their hydrophobicity
and porosity. The authors determined that 10 %
lignin-loaded samples had better physical,
morphological and mechanical properties and

were ideal for cell tests. They concluded that these

Fig. 2. Images of electrospun lignin derived carbon fibres and their SEM images (Dallmeyer et al., 2014)
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Table. Elecrospun lignin nanofibres and their applications (PVA — Polyvinyl alcohol, PAN — Polyacrylonitrile,

PEO — Poly(ethylene oxide))

contaminants in wastewater

Elecrosplpnmg Solvent Applications Reference
material
Adsorption of
PVA-alkali lignin Aqueous solution of NaOH pharmaceutical Camir¢ et al., 2020

purification

PVA-lignin Dimethyl sulfoxide (DMSO) Microelectrodes Roman et al., 2019
PAN-lignin N, N-dimethylformamide (DMF) | Supercapacitor electrodes Zhu et al., 2020
PVA-lignin Water Absorbent for water Roman et al., 2019

Silver nanoparticles
loaded PVA-lignin

Methanol: Water (60: 40)

Antimicrobial agents

Aadil et al., 2018

PAN-enzyme
hydrolysis lignin (EHL)

N, N-dimethylformamide (DMF)

Binder-free supercapacitor
electrodes

Wang et al., 2018b

PCL-lignin

1,1,1,3,3,3-hexafluoro-2-propanol
(HFP)

Healthcare

Kai et al., 2017

PAN-lignin

N, N-dimethylformamide (DMF)

Supercapacitors

Jayawickramage et
al., 2019

PVA-alkali lignin

Water

Counter electrodes of dye-
sensitized solar cells

Ma et al., 2016

Kraft lignin-cellulose
acetate

Acetone: N,
N-dimethylcyclohexylamine (2:1
volume ratio)

Anode for high-performance
sodium-ion batteries

Jiaet al., 2018

PAN-lignin

N, N-dimethylformamide (DMF)

Electrodes for sodium ion
batteries

Jinetal., 2014

PEO-lignin / N-doped
(urea)

N, N-dimethylformamide (DMF)

Anode materials for lithium
ion batteries

Wang et al., 2013

PEO-kraft lignin

N, N-dimethylformamide (DMF)

Piezoresistive sensors

Wang et al., 2020

Kraft lignin

N, N-dimethylformamide (DMF)

Supercapacitor

Schlee et al., 2019

H;PO,-lignin

Ethanol

Catalysis

Garcia-Mateos et
al., 2018

PCL/lignin composites have excellent potential
for medical applications. Aadil et al. (2018) used
electrospinning to prepare silver nanoparticle
loaded PVA-acacia lignin fibre mats. Examining
morphological characteristics of the resultant
fibres showed that their average diameter was at
nanoscale. The presence of silver nanoparticles
was confirmed by XRD. The antimicrobial
activity of these fibres against Bacillus circulans
(MTCC7906) and Escherichia coli (MTCC739)
was investigated. In both cases, significant
antimicrobial activity was observed. The authors

concluded that these silver nanoparticle-loaded

fibres are potential materials for wound dressing,
membrane filtration, and antimicrobial fabrics.
Joo-Hyun Hong et al. (2019) prepared lignin/
PCL electrospun mats for antifungal treatment
of wood. Pathogenic fungi can deteriorate wood
and are responsible for timber loss, whereas
prevention of fungal attacks is costly. In their
work, lignin/PCL mats were investigated for
their anti-fungal properties against the sapstain
fungi, Grosmannia koreana, and Ophiostoma
floccosum. The authors report that mat-covered
pin sapwood showed better resistance to fungal

infection than unprotected sapwood. They also
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observed that these mats performed as good
mechanical protection against moisture. That
is why these environmentally friendly mats can
enhance wood trade globally. C.-Y. Chang and
F.-C. Chang (2016) focused on studying the
performance of lignin fibres as filter media. They
produced electrospun mats from lignin and lignin/
PEO combinations and investigated the filtration
efficiency of these mats. They determined that
composite filters created of lignin/PEO mats and
surgical mask filter layers had filtration efficiency
comparable to that of N95 respirators that filter
95 % of airborne particles. This allowed them
to conclude that these lignin/PEO mats have a

potential for air filtration applications.

Applications of lignin-derived

electrospun carbon nanofibres

Lignin is a low-cost biosource for preparation
of carbon nanofibres (Svinterikos et al., 2020).
Carbon materials derived from lignin have multi-
functional applications, especially in material
electronics (Zhu et al., 2020). Roman et al. (2019)
prepared lignin nanofibres from lignin, PVA,
and dimethylsulfoxide (DMSO) combinations
employing the electrospinning technique. The
obtained lignin fibre mats were carbonised, and
electrochemical measurements were carried
out. They also prepared lignin-based twisted
carbon nanofibres by twisting lignin nanofibres
precursor mats. The twisting level influenced the
electrochemical capacitance (from 330 mF-g' to a
few mF-g') and conductivity (from 11 to 22 S-cm™)
of the twisted carbon fibres. They concluded
that these twisted carbon nanofibres could be
promising candidates as microelectrodes.

Beck et al. (2017) prepared porous lignin
carbon nanofibre membranes for applications in
adsorptive water treatment. They determined
that the prepared nanofibre membranes had the
surface area of 583 m?/g, pore diameter of 3.5 nm

and pore volume of 0.29 cm?/g which enhanced

their adsorptive performance. They estimated
that energy consumption in water treatment could
be reduced by 87 % by using these nanofibre
membranes. Zhang et al. (2020) functionalised
lignin-derived carbon fibres with air plasma.
Prepared by this technique oxygen/nitrogen co-
doped lignin fibre electrodes exhibited good
specific capacitance (344.6 F/g). In addition, the
water contact angle was observed to decrease
by 64 %. Thus, these materials display excellent
electrochemical performance. Dai et al. (2019)
prepared electrospun lignin/polyacrylonitrile
derived carbon fibres with nitrogen-sulphur and
graphene by electrospinning, carbonisation,
and subsequent activation. They found the
exceptional supercapacitor performance of the
resultant material. They also observed that doped
carbon fibres increased the energy density (4.12 to
9.28 Wh kg') and barely reduced power density
of the obtained supercapacitor. Kai et al. (2015)
obtained lignin— poly(methyl methacrylate)
(PMMA) copolymers using the atom transfer
radical polymerisation technique, then blended it
with poly(e-caprolactone) and prepared nanofibres
employing the electrospinning technique.
of lignin-PMMA

copolymer loaded samples were observed to have

Mechanical performance
improved mechanical properties. The cell culture
studies on electrospun nanofibre mats showed
that they were biocompatible and helped in the
proliferation of cells. The authors concluded that
these materials have a potential in biomedical
applications. Zhang et al. (2019) investigated the
Safranine T (dye) adsorption of alkali lignin/
PVA composite membranes. The results indicate
that there are strong intermolecular hydrogen
bonds between lignin and PVA. The results also
show that the capacity of adsorption is improved
with an increase in pH and temperature of the
dye. Moreover, the absorption exhibited a close
proximity to Langmuir isotherm. The kinetics

was in accordance with pseudo second order type
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models. They also observed excellent desorption
behavior and concluded that these results indicate
that the prepared composite fibre membrane can

be used for dye removal.

Conclusion and prospects

The review clearly shows a number of ways
for effective utilisation of abiowaste material, such
as lignin, after its transformation into nanofibres
using electrospinning. Through careful choice of
the solvent and processing parameters lignin can
be converted into nanoscale fibres. Electrospun
lignin can also be used as a precursor of carbon

nanofibres. Carbonised as well as non-carbonised
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Abstract. Innovative post-harvest technologies are in demand to meet the requirements of farmers
and agricultural industries to ensure global food security and to avoid food wastage. Edible coatings
that can prevent food spoilage and/or enhance shelf life have taken on increasing importance. This
work involves the development of edible coatings based on easily available bio resources, chitosan and
nanocellulose, and utilizing their unique properties as an effective coating material. Aloe vera, known
for its antioxidant and antimicrobial properties, has been proposed as an active ingredient that can be
incorporated into the biodegradable film. Varying volumes of Aloe vera (0.25 ml, 0.35 ml, 0.5 ml, and
2.5 ml) were added to fabricate nanocomposite films by solvent casting. Transparent films were obtained,

and their morphology was analysed using scanning electron microscope (SEM). The incorporation
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of Aloe vera was confirmed in various spectroscopic studies, which clearly show reduction in light
transmittance for the nanocomposite films containing Aloe vera. The contact angle study showed an
increase in hydrophobicity initially. Maximum tensile strength was obtained with 0.25 ml of Aloe vera.
The potential use of nanocomposite solution as edible films was demonstrated in green chillies, which
showed lower weight loss after 3 days when compared with uncoated chillies. In the first phase of this
study, chitosan/nanocellulose nanocomposites enriched with Aloe vera have been proposed as a potential

edible food coating material.
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IPEIOTBPATUTh OPYY MHUIIEBBIX MPOAYKTOB U / I MPOTUTH CPOK X XPAHCHUS. ITO UCCIICIOBAHKE
MOCBSIILIEHO CO3/1aHuI0 AP (HEKTUBHOrO MaTepHaa JIIsl U3rOTOBJICHHS CheIOOHBIX MTOKPHITHI HA OCHOBE
JIETKOJIOCTYITHBIX OMOPECYPCOB C YHHKAIBHBIMUA CBOMCTBAMH — XUTO3aHA U HAHOIICILTIONO03bI. Aloe vera,
M3BECTHBIN CBOMMH aHTHOKCHUIAHTHBIMU M AaHTUMUKPOOHBIMU CBOUCTBAMHU, MPEIJIOKEH B KAUECTBE
AKTUBHOTO MHI'PEIHMEHTA, KOTOPBIH MOXKET OBITh BKJIIOYCH B OMOpasjaraeMyto IjeHKy. Pa3indnabie
00bembl akcTpakTa Aloe vera (0,25 mi, 0,35 mu, 0,5 Mt 1 2,5 MiT) 106aBIISITH IPH U3TOTOBICHUT
HAHOKOMIIO3UTHBIX TJICHOK METOJIOM JINThsI M3 pacTBOpa. Mop(oIorus oIy YeHHbBIX TPO3PAYHBIX MICHOK
M3ydYeHa C MOMOIIBIO CKAHUPYIOIIEH IIEKTPOHHON MUKpOCcKomnu. Britouenue Aloe vera B KOMIIO3UT
MOATBEPIKICHO PA3IUIHBIMHU CIICKTPOCKOIMUYSCKUMH HCCIICI0OBAHUIMU, KOTOPBIC TIOKA3aJIH CHUKCHHE
CBETOMNPOIYCKAHUS TUIEHOK HAHOKOMIIO3UTOB, cojepikaiiux 4loe vera. iccnenoBaHusi KpaeBoro yria
BBISIBUJIM YBEJIUYCHHE THAPOPOOHOCTH KOMITO3UTA. MaKCHMaIbHOC 3HAYCHHUE IIPOYHOCTH Ha Pa3pPhiB
MOJIYYEHO MPHU BKIIOYCHUH B cocTaB komio3uTa 0,25 mi Aloe vera. Bo3MOXHOCTB HCIIOJIb30BAHHUS
MOJIyYCHHOT'0 HAHOKOMITO3UTA B KAUECTBE ChEAOOHOMN IMJICHKH OI[CHCHA B OKCIICPUMEHTE C 3EJICHBIM
nepieM uniin. [ToKphIThIe MIIEHKO# 00pasiibl mepiia nokasaiu 0oj1ee HU3KYO MOTEPIo Beca yepes 3
JIHsI TI0 CPaBHEHHIO ¢ 00pa3iiamu 0e3 moKpeITHs. MccinenoBanue mpoaeMOHCTPUPOBAJIO MOTEHIIAAI
pa3paboTaHHOTO HAHOKOMIIO3UTA XUTO3aH/HAHOIIEIITI0I03a, 000ralleHHOr0 JOOaBKaMU IKCTPAKTA

Aloe vera, B kauecTBE MaTepHaJIa sl U3TOTOBJICHUS ChEeIOOHBIX MUIEBBIX MTOKPBITHH.
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Introduction microorganisms. As a major constituent of food

Consumer demands for high quality food are
increasing day by day. Different kinds of synthetic
materials or preservatives are used to enhance
the food quality, which in turn improves the shelf
life of the fresh food products by incorporating
substances that have strong antimicrobial and
antibacterial properties (Arvanitoyannis, 1999).
Food products are vulnerable to the attack of
microbial and bacterial microorganisms that will
reduce the nutritional value of food commodities.
There are many synthetic materials available in
the market like fungicides or insecticides that

protect the food commodities from harmful

coatings, chemicals are potential sources of food
adulteration. Chemicals usually enter into the
food supply chain in the form of antioxidants,
stabilizers, preservatives, and so on. It should be
emphasized that such chemicals can be malicious
in the long run. Nowadays most of the research
is aimed at developing bio based antibacterial
coatings that can be consumed without any side
effects (Geueke et al., 2018; Aloui, Khwaldia,
2016). Significance of edible coatings increased
due to their environment friendly nature and
their potential use in the food industry. Edible

films or coatings based on natural polymers or

— 477 —



Anjumol Kidangayil Sali, Aiswarya Payyapilly Ravi... Aloe vera Incorporated Chitosan/Nanocellulose Hybrid...

biopolymers cause no environmental issues,
as they are biocompatible and obtained from
agricultural and animal products like proteins,
gums, lipids, etc. They improve the quality of
food by limiting the migration of moisture,
lipids, flavours /aromas, and colours between
food components, carrying active ingredients
(e. g., antioxidants, antimicrobials, flavour), and
improving the mechanical integrity or handling
characteristics (Khwaldia et al., 2004; Joshy et al.,
2020b). Bioactive compounds such as essential
oils (EOs) are added into such coatings to improve
shelf life, prevent the growth of microorganisms,
and preserve nutritional value of food. EOs have
been found to exhibit excellent antimicrobial and
antifungal properties, which makes them a natural
alternative to fight against foodborne pathogens
and normal food decay caused by bacterial and
mould growth. The immobilization of the active
compounds in polymer can result in their high
concentrations on the surface of food in order to
achieve a longer storage time (Ju et al., 2019; Vu
et al., 2011). The prepared film coating should
be non-toxic and possess high barrier properties
to moisture, antibacterial properties, and high
transparency. Bio polymers such as chitosan are
easily available and are well known for their
antimicrobial, biodegradable, biocompatible,
and cost-effective properties (Joseph et al.,
2020b; Ramadan et al., 2020; Dutta et al., 2019).
Chitosan based films were produced by blending
with biopolymers such as polysaccharides or
proteins, by adopting solution-casting, layer-by-
layer, extrusion, and other techniques (Kumar et
al., 2020; Mohammadi et al., 2018; Fitch-Vargas
et al., 2016; Ribeiro et al., 2020).

Nanocellulose has gained increasing interest
for a wide range of applications in different fields
of engineering due to its renewability, anisotropic
nature, excellent mechanical properties, good
biocompatibility, tailorable surface chemistry,

and interesting optical properties (Iwamoto et al.,

2009; Joseph etal., 2019); moreover, nanocellulose
based edible coatings have been found to have
anticancer properties (Joshy et al., 2020a). The
most beneficial attributes of nanocellulose are
the green nature of the particles, their physical
and chemical properties, and the diversity of
applications that can be derived from this material
(Sultana et al., 2020; Joseph et al., 2020a). It is a
natural nanoscale product, and it also possesses
characteristics like special morphology and
high

specific surfacearea, rheological properties, liquid

geometrical dimensions, crystallinity,
crystalline behaviour, alignment and orientation,
mechanical reinforcement, barrier properties,
surface chemical reactivity, biocompatibility,
biodegradability, lack of toxicity, etc. (Lin,
Dufresne, 2014). Nanocellulose can be extracted
from natural sources and has antimicrobial
properties. Paper coatings with cellulose
nanofibrils have been shown to have resistance
to air permeance and enhanced tensile properties
(Azeredo et al., 2017). Films made of cellulose
nanofibrils (CNF) and cellulose nanocrystals
(CNC) have high mechanical strength and
outstanding oxygen barrier properties (Cherpinski
et al., 2018). Poor water barrier properties of
biopolymers like nanocellulose can be controlled
by combining with edible oils or essential oils
(Joshy et al., 2020b).

Aloe vera is well known for its medicinal
and therapeutic properties (Valverde et al,
2005). The predominant medical uses of the
orally ingested gel juice are against ulcerous,
gastrointestinal, kidney, and cardiovascular
problems and also to reduce the cholesterol and
triglyceride levels in blood. Due to its other
properties like anti-inflammatory and antibiotic
activities, it is also used against some diseases
(diabetes, cancer, allergy, AIDS) (Eshun, He,
2004). Aloe vera extract is tasteless, odourless,
and colourless, and, therefore, it can be used in

edible coating as an additive. Aloe vera contains
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many constituents, which results in anti-microbial
properties. Due to the presence of carbohydrates,
saccharides, etc., Aloe vera can form a barrier on
the fruit surface, which will considerably reduce
the respiration rate, decay rate, and water loss
(Misir et al., 2014). Aloe vera based coating was
used for enhancement of storage life and quality
maintenance of papaya fruits due to its antifungal
activity (Marpudi et al., 2011). Inner gel extract
of Aloe vera was shown to be effective against
Gram positive and Gram negative bacteria
(Habeeb et al., 2007; Sanchez et al., 2020b). A
study by Hazrati et al. (2017) showed that Aloe
vera gel was an effective coating material for
peach fruits during cold storage period. The
coating was effective against weight loss and
colour change (Hazrati et al., 2017). Strawberries
coated with banana starch-chitosan and Aloe
vera gel showed decreased decay rates under
commercial refrigerated conditions and shelf life
was found to increase up to 15 days (Pinzon et
al., 2020).

Films based on chitosan and nanocellulose
crystals have shown superior antimicrobial
characteristics (Amirabad et al., 2018; Naseri
et al., 2015). It is also reported that reinforcing
nanocellulose with other long-chain polymers,
such as chitosan, improves the quality of the
packaging material as well as ensures long
storage life (Sundaram et al., 2016). Chitosan/
polycaprolactone based bilayer films containing
grape seed extract and nanocellulose were used
to enhance the quality of chicken breast fillets.
The modified films showed antioxidant activity
and higher antimicrobial effect and further
restricted the growth of mesophilic aerobic and
coliform bacteria in fresh chicken breast fillets
(Sogut, Seydim, 2019). The effect of chitosan
based edible coating on post harvested fruit
quality of strawberry fruits showed that chitosan
treatment could inhibit oxidative enzyme activity

in strawberries during storage, and decay did not

begin in chitosan treated fruit 9 days longer than
in untreated fruit (Wang, Gao, 2013). A recent
study on chitosan/4loe vera combination for
extending shelf life of blueberries demonstrated
that addition of chitosan and Aloe vera enhanced
the shelf life of the fruits and showed the potential
to fight against fungi (Vieira et al., 2016). To the
best of our knowledge, rather few studies reported
the effectiveness of chitosan based nanocellulose
films as edible coatings incorporating Aloe vera
as an additive.

The right combination of new bio-materials
and preparation methods is significant for
improving the effectiveness of coating material to
preserve fruit and vegetables. This study details
the preparation of chitosan/nanocellulose based
films containing Aloe vera by solvent casting
method. The study was focused in this initial
phase on investigating the physicochemical
characteristics of the coating material along with
its effectiveness as an edible coating material for

vegetables stored in humid conditions.

Materials

Chitosan (Sigma Aldrich), nanocellulose
suspension (extracted from 1000 g of pineapple
leaf fibres and processed using an autoclave),
glycerol (Sigma Aldrich), Aloe
(AL KAMIL Factory for Natural Products),
glacial acetic acid (Emplura 99-100 %)).

vera oil

Preparation of chitosan
based nanocellulose film

Synthesis of nanocellulose suspension

Cellulose is obtained from raw material
taken for alkali treatment and bleaching, as this
will break the intermolecular and intramolecular
hydrogen bonding between the hydroxyl group of
cellulose and hemicellulose and can increase the
hydrophilicity of fibres (Abraham et al., 2011).

Nanocellulose was extracted from pineapple

leaves using the following procedures.
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(a) Alkaline treatment of pineapple fibre:
About 1000 g pineapple leaf fibres were collected
and processed using an autoclave set at 100 °C
for 1 hour (Mahardika et al., 2018; Cherian et al.,
2011). After that, steam explosion was done and
then the alkali treated fibres were exposed to water
until it reached neutral pH. The alkali treatment
process was repeated five more times and then
the treated fibres were completely neutralized
by washing with water and were subjected to
bleaching process (Cherian et al., 2010).

(b) Bleaching process: For bleaching
process, 1:1 mixture of the two solutions was
used. The solution A (1000 ml) consisted
of sodium hydroxide, acetic acid, and water
(26.5 g, 73.3 ml, and 900 ml, respectively) and
solution B (1000 ml) consisted of 1:3 mixture
of sodium hypochlorite and water (250 ml
and 750 ml, respectively). The bleaching was
carried out in an autoclave at a pressure of
1.5 kg/cm? at 100 °C for 1 hour. Fibres were
subjected to washing after the steam explosion
and the process was continued until the fibres
became clear white (the process was repeated
four times). Finally, the bleached fibres were
thoroughly washed using distilled water until
the odour of the bleaching agent had been
removed completely. The bleached fibres were
then subjected to oxalic acid treatment (Cherian
et al., 2011; Asrofi et al., 2017).

(c) Oxalic acid treatment: Acid hydrolysis
treatment was found to increase the crystallinity
and reduce the diameter of the fibres. 11 % oxalic
acid was used, and the bleached fibres were
treated with oxalic acid in an autoclave (1.5 kg/
cm?, 100 °C). The process was repeated six times,
and the treated fibres were washed with distilled
water. After neutralization, the fibres were
subjected to homogenization (Asrofi et al., 2017,
Fahma et al., 2011).

(d) Mechanical treatment: The extracted

fibres were suspended in distilled water and

stirred using homogenizer (10000 rpm for 5
hours), which resulted in 3.33 wt.% nanocellulose
suspension formation. The obtained nanocellulose
was analysed using FTIR, SEM, and TEM
(Chandra et al., 2016; Santos et al., 2013).

Preparation of solution

for edible coating film

For  preparing  nanocellulose/chitosan
solution (Sample 1, presented as NC/CH), varied
compositions of chitosan were weighed (0.5 g,
1.0 g, 1.5 g, 2.0 g) and kept in a beaker. Weighed
chitosan was dissolved in 3 % acetic acid solution
and kept overnight to get maximum solubility.
Nanocellulose suspension containing 3.2 g
solids in 100 ml water was added to the chitosan
solution at a 1:1 ratio. Then, around 30 ml of
water was added to the mix along with 2 drops of
glycerine. Water and glycerol acted as plasticizer.
The mixture was then stirred for 1 hour using
a magnetic stirrer. After that, the mixture was
homogenized for 10 minutes using a probe
homogenizer at 10,000 rpm. The homogenized
mix was sonicated in a probe sonicator for 10
minutes. After sonication, solution was cast.
Sample 2 (presented as NC/CH/V) was prepared
at a 1:0.25 ratio of chitosan and nanocellulose.
The procedure described above was used to
prepare Sample 2 except that different volumes
of Aloe vera extract (0.25 ml, 0.35 ml, 0.5 ml,
and 2.5 ml) were also added to the solution as an

additive before homogenization.

Characterization techniques

Scanning electron microscopy (SEM)

The morphology of the nanocellulose/
chitosan composite surface was examined at 15
kV under high vacuum conditions. A small part
of the sample was cut and kept on the aluminium
stage covered by carbon tapes, and then the
samples were coated with an ultrathin gold layer

(Au) using an ion sputtering machine.
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Fourier transform infrared spectrometry (FTIR)

FTIR spectra were collected using a Nicolet
6700 Fourier Transform infrared spectrometer
and measured over a 4000—650 cm™ range. Both
sets of samples (Samples 1 and 2) were examined.
For each sample, 200 scans were averaged with a

spectral resolution of 4 cm™.

Contact angle measurement

The hydrophilicity of edible coating films
before and after adding Aloe vera was measured
using digital contact angle analyser equipped
with a CCD camera (Pheonix-KGV-5000) at room
temperature. The films were placed on the stage
of the machine. The contact angle was measured
after carefully adding a water droplet (Milling-Q-
Water) on the surface of the scaffold by using the
software-controlled system. A series of images of
the solution droplet was taken and the contact angle
was measured accordingly. The measurements

were taken at 3 different portions of the sample.

Tensile properties

Tensile measurements were done on a
universal testing machine (Tinius Oslen H50K)
by setting a crosshead speed of 50 mm/min
and gauge length of 50 mm. Measurements
were performed at ASTMDS882 standard by
using rectangular specimens. Average values
were obtained from at least three successful
determinations. The testing was conducted at
23+2 °C and 50+5 % relative humidity.

UV-visible spectroscopy

UV-Vis spectroscopic studies of the samples
were carried out using a Shimadzu UV-2600 UV—
Vis spectrophotometer. For the study, 1 ml solution

of each sample was taken in a sample vial.

Weight loss study

The nanocomposite solution was applied on

green chillies purchased at a local market with

the objective of prolonging their shelf life during
storage. The assessment was based on weight
loss. The weight loss was measured for three days
with a three decimal precision weighing balance.
The value was expressed as a relative percentage
and calculated as weight loss (%) = (Wi— Wt)/Wi
*100 (where Wi is the initial weight and Wt is the

weight measured during storage).

Results and discussion

Solvent casting method was used for
fabrication of films (Saldanha, Kyu, 1987; Suh
et al., 2002; Kuila, Nandi, 2004). It included
solubilizing polymer in a suitable solvent
followed by casting the solution in a Petri dish
and then drying (Rhim et al., 2006). Suitable filler
materials like plasticizers, cross linking agents,
etc. were added prior to casting. Furthermore,
solution filtration, sonication, or centrifugation
for removing insoluble particles and air bubbles
were also performed. Solution casting method is
mainly used at laboratory scale to prepare films,
and further research is needed in order to analyse
its feasibility on commercial scale. The protocol
for preparation of Sample 2 is given in Fig. 1.

The films were dried at 40 °C for about 24
hours. The films were transparent and exhibited
uniform appearance and plastic-like properties
(Fig. 2, 3). All films were easily peeled off
from Teflon covered Petri dish. Increase in
the plasticiser amount made the films stickier.
Transparency of the prepared film will depend
on the amount of nanocellulose, as an increase in
nanocellulose content decreases the transparency
of the film (Xu et al., 2019; Cazon et al., 2018).
It can be safely assumed that chitosan is the
material that is responsible for better film forming
property.

SEM
composite films with 0.5 g, 1 g, 1.5 g, and 2 g

images of chitosan-nanocellulose

chitosan, respectively, are shown in Fig. 4 (a-d).

The nanocellulose fibres are clearly visible and
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Nanocellulose
solution —
water —
and 2 drops —

Chitosan in acetic acid

solution glycerol Aloe vera oil added to Obtained
solution at different solution
Chitosan : volumes stirred well
Nanocellulose
=1:0.25
Solvent cast and Sonicated for Homogenized
Ereparod filxii Kkept in oven for 24 10 mins 2 times for 10 mins 2
hrs at40° C times

Fig. 1. Flowchart for the preparation of edible coating films of sample NC/CH/V (sample 2)

-

Fig. 2. Transparency of (a) NC/0.5 CH, (b) NC/1CH, (c) NC/1.5 CH, and (d) NC/2CH films

Fig. 3. Transparency of (a) NC/CH/0.25V, (b) NC/CH/0.35V, (c) NC/CH/0.5V, and (d) NC/CH/2.5V films
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X800 20pm

X800  20pm

Fig. 4. SEM images of films of sample NC/CH with (a) 0.5 g, (b) 1 g, (c) 1.5 g, and (d) 2 g chitosan, respectively

250  100pm

Fig. 5. SEM images of films of sample NC/CH/V with (a) 0.25 ml, (b) 0.35 ml, (c) 0.5 ml, and (d) 2.5 ml Aloe vera

are distributed throughout the chitosan matrix,
and the fibre diameter varies from 3.96 um to
7.26 pm. These images clearly show that the
amount of nanocellulose fibre as filler is very
high in these compositions. Fillers are dispersed
in the matrix as multilayers and these contribute
to the high strength of the film and its stiffness.

It can be seen that the length of the fibres varies
in the nanocellulose suspension. Mechanical
properties of the film completely depend on the
amount of filler (Corsello et al., 2017; Khan et al.,
2012; Rubentheren et al., 2015). Fig. 5 shows SEM
images of films with varied compositions of Aloe

vera. The incorporation of Aloe vera made the
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film surface smooth. A coating-like appearance
is also seen on the substrate.
The FTIR

characterise the specific chemical groups present

spectra were recorded to
in each one of the materials and to analyse the
effect of chitosan addition on nanocellulose films.
The spectra of pure nanocellulose and chitosan
were used as the reference. Fig. 6A shows the
FTIR spectra of chitosan nanocellulose composite
films with 0.5 g, 1 g, 1.5 g, and 2 g chitosan.
The nanocellulose spectra contain typical bands
for cellulose. The region between 3600 and
3200 cm is assigned to OH stretching vibrations
with the maximum at 3343 c¢cm’!, which is related
to OH vibration due to hydrogen intramolecular
bonding (Salari et al., 2018). Absorption peak
in this range shows an increasing trend with the
molecular weight of chitosan. This increase is
due to the increase in hydrogen bonding between
chitosan and nanocellulose. The 30002800 cm'
region is related to CH and C-H, stretching
vibrations. This peak also shows an increase
in intensity with increased molecular weight of
chitosan (Balti et al., 2017). The 1500-1250 cm
region is related to CH deformation and OH out-
of-plane bending vibrations. The 1180—-800 cm'

region has the same pattern for the nanocellulose

and chitosan samples due to their similar
structure. This region is also sensitive to the
C-O and C-H stretching vibrations. Moreover,
there was a drastic increase in the intensity of
the absorption bands at 1054 and 1032 cm™ with
increasing molecular weight of chitosan (Khan et
al., 2012). This is due to the increased interaction
of nanocellulose with chitosan. However, other
changes, which occurred due to the increased
molecular weight of chitosan, were minor at 1538
and 1340 cm’, and their intensity increased with
increasing molecular weight of chitosan. The
main characteristic feature is the presence of
bands at 1610 cm™, which is related to stretching
of carbonyl group, while bands at 1740 cm™! are
related to ester-stretching (Salari et al., 2018).
Fig. 6B shows the FTIR spectra of chitosan-
nanocellulose composite films with different
amounts of Aloe vera. For comparative study,
spectra of neat chitosan (I g) and chitosan-
nanocellulose (1 g chitosan) without Aloe vera
are also included. Except chitosan-nanocellulose
film without Aloe vera, all other films show a
band at 3000-3600 cm’, which is attributed
to the hydroxyl groups of the adsorbed water
(Bajer et al., 2020). This band is broad in the
case of plain chitosan film. In composites with

L
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Fig. 6. (A) FTIR spectra of films of sample NC/CH with (2) 0.5 g, (b) 1 g, (c) 1.5 g, and (d) 2 g chitosan, respectively
and (B) FTIR spectra of samples with (a) 1 g chitosan only, (b) sample NC/CH with 1 g chitosan and then spectra
of samples NC/CH/V with (c) 0.25 ml, (d) 0.35 ml, (e) 0.5 ml, and (f) 2.5 ml Aloe vera, respectively
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Aloe vera, these bands become narrower. A
clear assignment of characteristic modes in this
spectral range is not trivial because the hydroxyl
stretching vibration bands overlap with the
vibrations of N—H stretching of chitosan. This
band can also be assigned to —OH stretching
groups of Aloe vera constituents (e. g. uronic
acid, mannonse or galactruonic acid) or phenolic
groups in traquinones such as aloinand emodin
present in Aloe vera (Torres-Giner et al.,
2017). Such a wide range may also indicate the
formation of intermolecular hydrogen bonds
caused by dipole — dipole attraction forces. It
can be assumed that in the studied systems, this
type of bonds may be formed between the same
(i. e., chitosan-chitosan) or various (4loe vera-
chitosan) molecule interactions.

Spectral region between 900 and 1200 cm™
has an intense absorption band. This band is
predominantly visible in the case of composites
with Aloe vera and in the plain chitosan sample.
These are present due to the C—-O-C bond
(in anhydrase glucose ring) stretching vibration
of polysaccharide in Aloe vera gel but also in
chitosan. This moiety, called «saccharide bandy,
is sensitive to some conformational changes and
is directly related to the crystal and amorphous
phase in samples. It has been reported that a small

band at ~ 1200 cm! is assigned to C—O stretching

vibration and intramolecular hydrogen bonding of
OH groups in chitosan (Arias et al., 2018; Anicuta
et al., 2010; Pawlak, Mucha, 2003). The band at
1200 cm™ in plain chitosan sample is shifted to
higher frequencies (1210 cm™) in the spectra of the
sample with 0.25 ml, 0.35 ml, 0.5 ml, and 2.5 ml
Aloe vera addition. It is probably due to some
interactions between chitosan and glycerol with
Aloe vera macromolecules through H-bonding,
which facilitates the mutual intercalation of
substrates. This characteristic band is also
sensitive to water content, and it shifts into higher
frequencies when water content increases (Bajer
et al., 2020, El Fawal et al., 2019).

UV-Vis adsorption spectra were recorded
to determine the optical properties of chitosan-
nanocellulose films as shown in Fig. 7A. Film
opacity is one of the important factors that
determine the quality of nanocomposite films.
Transparency/light transmittance of composite
films was measured between 200 and 800 nm,
using a UV-Vis recording spectrophotometer.
The films obviously showed transmittance values
in the range of both visible light (400—800 nm) and
ultraviolet light (200—400 nm) (Salari et al., 2018).
As we increased the molecular weight of chitosan,
the films showed an increase in absorbance and
therefore a decrease in transmittance (Fig. 7A)
(Valencia-Chamorro etal.,2011; Kayaetal., 2018).

——NCI0.5CH 7- ~—— NCICH/0.25V
3.0 A N :g: g:H B —— NCICHI0.35V
NGI2CH 6 —— NCICH/0.5V
__2.5- =5 ——NCICHI2.5V
3 854
£ 201 3
o €4
c @+
8 1.5- =
Q o
o 2 34
_8 1.0 < \
< 24
0.5+
14
0.0 —
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Fig. 7. UV—Visible spectra of (A) samples NC/CH and (B) samples NC/CH/V
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Fig. 7B shows the UV—Vis absorption spectra
of chitosan-nanocellulose films with different
quantities of Aloe vera extract. An adsorption
band between 250 and 350 nm is shown for the
films containing Aloe vera. However, no such
band was seen in the given range for chitosan-
nanocellulose films without Aloe vera. The
absorbance of nanocomposites near UV region
of 250 nm to 350 nm increases with an increase
in Aloe vera content (Fig. 7B). This absorbance
is notably higher in the case of 0.5 ml Aloe vera
incorporated film. In this region, the transmittance
decreases significantly. This reduction in the light
transmittance value in the UV region compared
to the chitosan-nanocellulose films without Aloe
vera confirms the UV absorption potential of
Aloe vera incorporated in the matrix. This will
certainly help to protect the food items from UV
degradation (Nieto-Suaza et al., 2019; Sanchez et

al., 2020a).
Contact  angle  measurements  give
the information about hydrophobicity or

hydrophilicity of materials. This property is

very important for their application as edible
coating materials, especially in food industry,
where the use of limited water permeability is
crucial to maintaining the durability of food
products (Noorbakhsh-Soltani et al., 2018). In
this work, wetting characteristics of chitosan
based nanocellulose composite films with
different compositions were studied. Wetting
characteristics such as work of adhesion, total
surface free energy, and spreading coefficient
were studied in detail.

Fig. 8 shows the contact angle images
of 0.5 g, 1 g, 1.5 g, and 2 g chitosan films. All
the samples show contact angle less than 90
degrees, indicating its hydrophilic nature.
The contact angles increase with an increase
in chitosan concentration up to 1.5 wt% and
after that, they are reduced. This may be due
to better interaction between nanocellulose and
chitosan through hydrogen bonding. However,
at a higher concentration of nanocellulose, the
presence of OH groups in nanocellulose makes

it more hydrophilic. A detailed analysis of the

©6=70.78"

Fig. 8. Contact angle images of films of sample NC/CH with (a) 0.5 g, (b) 1 g, (c) 1.5 g, and (d) 2 g chitosan,

respectively
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Fig. 9. Graph shows (a) contact angle v/s composition, (b) wetting energy v/s composition, (c) work of adhesion
v/s composition, and (d) spreading coefficient v/s composition of sample NC/CH

films was done by plotting other parameters like
wetting energy, work of adhesion, and spreading
coefficient (Fig. 9). It is evident that the maximum
contact angle is observed in the case of 1.5 g
chitosan composite and, thus, this composition
will have the highest hydrophobicity and lowest
surface energy.

According to the theory of wetting process,
if the solid—vapour interfacial energy is low, the
tendency of liquid for spreading will be less and,
thus, the system will be more hydrophobic. The solid
surface is rich in hydrocarbon molecules. The forces
that hold hydrocarbons together are much weaker
than the force that acts between water molecules.
A higher value for wetting energy means the liquid
will spread over the surface. So, the film with the
lowest wetting energy is less hydrophilic in nature.
This is a favourable characteristic for edible coating
application. The lowest wetting energy is shown by
1.5 wt% of chitosan, indicating more hydrophobic

nature as explained.

The work of adhesion (WA) is the work
required to separate the composite surface and
the liquid droplet. It is evident that film with 1.5 g
of chitosan will have the lowest value for work
of adhesion. Generally, the work of adhesion
is found to decrease with an increase in the
complexity of the composite and with a decrease
in interfacial bonding. The polar and non-polar
interactions across interface are a measure of
adhesion between the test liquid and composite
surface. Work of adhesion can be correlated to the
nanocellulose-chitosan interaction. The effective
dispersion of nanocellulose into the chitosan
matrix decreases the work of adhesion, and,
thus, an increment in the hydrophobic nature of
the composite can be seen. Spreading coefficient
gives the idea about the wetting and spreading of
a liquid on the surface of a solid. A positive value
of spreading coefficient indicates spontaneous
wetting and spreading of the liquid on the surface

of a solid, and a negative value indicates poor
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wetting. It also depends on the surface tension
of the test liquid: a liquid with high surface
tension would not spread much. Spreading
coefficient (Sc) values indicate that a liquid
will spontaneously wet and spread on the solid
surface if the value is positive, whereas a negative
value of spreading coefficient implies the lack of
spontaneous wetting. This means that there is a
finite contact angle (i. e., u>0). The polar—polar
interactions across the interface are a measure of
wetting. Spreading coefficient increases with the
amount of chitosan and, thus, hydrophobicity of
nanocomposites will be enhanced.

Fig. 10 presents the contact angle images
of chitosan-nanocellulose composite film with
0.25 ml, 0.35 ml, 0.5 ml, and 2.5 ml Aloe vera,
respectively. The contact angle shows an initial
increase, and above 0.5 ml of Aloe vera, it is
reduced. The quantified data of contact angle,
wetting energy, work of adhesion, and spreading
coefficient for Sample NC/CH/V are given in
Fig. 11. The data suggest that film containing
0.5 ml Aloe vera has favourable properties for
edible film such as high contact angle, low wetting

energy, low work of adhesion, and high spreading

coefficient, which results in hydrophobic nature.
It is evident from the analysis that addition of
Aloe vera oil enhanced hydrophobic nature of
films.

Fig. 12 shows the stress-strain graph of
chitosan-nanocellulose films with 0.5 g, 1 g,
1.5 g, and 2 g chitosan. From the graph, it is
clear that film containing 1 g chitosan has the
maximum strength, which indicates that this
particular composition has good dispersion of
nanocellulose.

Successful coating should provide adequate
mechanical strength to fruit and should be
free from minor defects. This attribute can be
accomplished by having a flexible coating that
is resistant to breakage and abrasion. Tensile
strength and elongation at break are parameters
that affect this property. Factors that are critical
to mechanical properties include polymer
structure, type of plasticizer, concentration of
plasticizer, molecular weight of coating forming
materials, types of solvent, and thickness of
coating. The tensile strength of chitosan-based
bio composite increased with molecular weight

of chitosan (Fig. 13). The increase in the TS

©6=71.03"

(<)

Fig. 10. Contact angle images of films of sample NC/CH/V with (a) 0.25 ml, (b) 0.35 ml, (c) 0.5 ml, and (d) 2.5 ml

Aloe vera, respectively
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Fig. 12. Stress v/s Strain graph of films of sample NC/CH

values of the nanocellulose reinforced chitosan  effective stress transfer at the nanofiber—chitosan
films can be attributed to two factors such as (1) interface (Valencia-Chamorro et al., 2011). The
the favourable nanofiber-chitosan interactions interaction between the anionic sulphate groups

and (2) the reinforcing effect occurring through  of nanocellulose and the cationic amine groups of
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chitosan might favour a good interface between
the matrix and the filler. This may lead to high
tensile strength values of the nanocomposite films.
The elongation at break of chitosan-based
bio composite increased with molecular weight
of chitosan (Fig. 13). Elasticity of composite
films is influenced by interaction of plasticizer
with chitosan matrix. Thus, as molecular weight
of chitosan increases, the interaction of chitosan
with glycerol and water increases, which will
result in increased elasticity or elongation at break
with increasing molecular weight of chitosan.
Fig. 14 shows the stress-strain curve of
composite film with 0.25 ml, 0.35 ml, 0.5 ml,
and 2.5 ml Aloe vera and pure chitosan film (1-

CH). The mechanical properties were enhanced

by the addition of Aloe vera into the composite.
Maximum ultimate stress is exhibited by the film
with 0.25 ml Aloe vera (Fig. 14). The curve of this
particular composition is ideal and film with this
particular composition will have better strength
for the application of edible coating.

For  further clarification plots of
composition v/s modulus, elongation at break,
and tensile strength graphs were analysed (Fig.
15). Tensile strength (TS, in MPa) indicates the
maximum tensile stress that the film can sustain;
elongation at break (E, in%) is the maximum
change in the length of a test film before being
broken; and elastic modulus (EM, in MPa) is a
measure of the stiffness of the film as a function

of Aloe vera incorporation. These mechanical
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Fig. 14. Stress v/s Strain graph of films of sample NC/CH/V
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compositions of Aloe vera

characteristics showed that by the addition of
Aloe vera when compared to the plain composite
film, a decrease in tensile strength was observed.
However, it is quite clear from the graph (Fig.
14) that the modulus of the material is enhanced
initially and tends to decrease with further
addition. The tensile strength and elongation at
break decrease with an increase in the amount
of Aloe vera added. But data of plain composite
films reveal that the tensile strength increases
with the addition of Aloe vera. Results suggest
that the optimum amount of Aloe vera needed
to get an ideal film with maximum strength and
elasticity is 0.25 ml.

The water content of fruits and vegetables
is a major factor in maintaining quality of
horticultural products. Low weight loss is
important in maintaining the fruit quality
over longer time. Weight loss is associated
with respiration and transpiration of moisture.
According to Lin et al. (2002), water loss in longan
fruit was mainly from the pericarp rather than
the aril (pulp). The water loss was also known to
positively correlate with the pericarp browning of
longan fruit (Lin et al., 2002; 2005). In this study,
weight loss of nanocellulose (NC)/chitosan (CH)/

Aloe vera coated samples and uncoated chillies

was determined for a period of three days
(Fig. 16).

NC/CH/0.25 V treated chillies were noted
to have relatively lower weight loss throughout
storage days, as compared to standard chillies
without any treatment and chillies treated with
NC/CH/0.35V. By Day 3, the weight loss of
uncoated chillies was 43.7 % and that of NC/
CH/0.25V coated chillies was 39.1 %. The weight
loss of chillies coated with NC/CH/0.35 V was
40.3 %. Incorporation of nanocellulose and Aloe
vera in the coating solutions shows a decrease in
the weight loss percent. The barrier properties
of coating film formed on the surface could
be increased by the addition of nanocellulose,
chitosan, and Aloe vera to coating solutions.
Chitosan/nanocellulose/4loe vera coated chillies
show that the prepared film is effective, and it
helps to enhance the storage life of chillies under

humid condition.

Conclusions

An bio

nanocomposite edible coating material was

environmentally  friendly
successfully fabricated utilizing chitosan and
nanocellulose with the addition of Aloe vera

as an antimicrobial agent, via solvent casting
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DAY-1
STD CHILLY-0.876g NC/CH/0.25V-0.983g NC/CH/0.35V-1.025¢

DAY-2
STD CHILLY-0.722g NC/CPUO.ZS:'-O.SSSg

DAY-3

STD CHILLY-0.593g

NC/CH/0.25V-0.686g

NC/CH/0.35V-0.710g

Fig. 16. Weight loss studies of uncoated and NC/CH/Aloe vera coated chillies for 3 days

technique. Due to the fibrous structure and
fine dispersion of nanofibers over the chitosan
matrix, there is an enhancement in properties
of nanocomposites after reinforcement. But at
higher filler loading, the properties decrease
probably due to agglomeration of these
nanofibers. Dispersion of nanocomposite is
visible from the SEM images. Also, optical
studies and UV visible studies show a nanoscale
Mechanical

dispersion in the composite.

analysis guarantees the strength of the
composite. Contact angle analysis demonstrates
that the material is water repellent, which is a
favourable property of edible coating materials.

Transparency of the film is a great advantage, as

we can provide a natural appearance to the fruits
or vegetables to be coated. Coating application
study using chilli gives a satisfying result, but
further modifications are needed to prepare a
better and promising material.

Chitosan based nanocellulose composite can
be effectively used as an alternative to synthetic
fruit coating. It can be used to increase the shelf
life and freshness of fruit as well. Moreover,
biodegradability is the main advantage of edible
over polymer traditional synthetics, as they can be
consumed with the products. Even if the films are
not consumed, they are completely biodegradable
and will not produce any detrimental effect on

the environment.
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Abstract. Unique physicochemical properties of nanoparticles make them a novel candidate in agriculture
and related areas. In the present work, we have studied the effect of casein stabilized metal and metal
oxide nanoparticles, viz. AgNPs, AuNPs, and CuONPs, on in vitro propagation of Scoparia dulcis
L. We have examined the effect of these nanoparticles on the callus induction, shoot regeneration, and
root regeneration capacity. It was observed that Ag, Au, and CuO nanoparticles had interacted with the
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Hcnonb3oBaHue cTa0UIU3UPOBAHHBIX KA3€eMHOM
HAHOYACTHUIl METAJIJIOB U OKCH/I0B METAJIJIOB
11 3(P(PeKTUBHOrO KYJIbTHUBHPOBAHUSA
in vitro Scoparia dulcis L.
K. P. Paxumo., C. Tomac,
H. Kanapukkaa, K. [[ikasuyanapaun

Yuueepcumem Maxammwr [ anou
HUnousa, Kommasam

AHHOTanUs. YHUKAJIbHBIC (U3NKO-XUMUYECKHE CBOMCTBA HAHOYACTHII ACTA0T UX IEPCICKTHBHBIMU
KaH/MaTaM¥ JJisl UCIIOJIb30BAHUS B CEJIbCKOM XO3SICTBE M CMEXKHBIX 00nacTsiX. B HacTosieit padote
HCCIIEIOBAHO BIMSHUE CTAaOMIN3UPOBAHHBIX Ka3€HHOM HAHOYACTHUI] METAJJIOB ¥ OKCHJIOB METAJIJIOB
(AgNP, AuNP u CuONP) Ha pocr in vitro Scoparia dulcis L. ViccienoBaHo BIUSHAE 3THX HAHOYACTHUI]
Ha MHAYKIHUIO KaJlTyca, pereHepaluio nmoderos n kopuei. [lokazano, yto nanogactuisl Ag, Au u CuO
M0-Pa3HOMY B3aWMOCHCTBOBANM C TKAaHAMHU U 00pa30BaBIINECS KaJJIYChl OTINYAINCH 110 I[BETY,
MPUPOJIE U TEKCType. HaHOYaCTHITHI TaKKe OKa3hIBAN BIHSHUC HA PETEHEPALIHIO TOOETOB 1 KOPHEH,
NPOAYKIHIO (PCHOIBHBIX COSAMHEHHI U COMEPIKAHUE XJIOPOGHILIA. DKCIIAHTHI TOKA3aTH XOPOIITUi
OTKJIMK Ha ipuMeHeHue HanouacTur CuO. OOpa3oBaBmIrecs KaJuTyChl OBLTH CIOCOOHBI K PereHepauu

noOeroB 1 KOpHel 0e3 CMEHBI CPeJibl.
KuroueBble ciioBa: Hanouactuilel, Ag, Au, CuO, Scoparia dulcis, vHIyKIus Kaaayca.
BaarogapHocTu. ABTOpPBI XOTEIU ObI BBIPA3UTh CBOIO OsiarogapHoCTh I1Ikosie OHOIOrHYecKuX HayK

yHI/IBGpCI/ITeTa M.T. 3a MNpeAOCTaBJICHUC CPpEACTBA IJId KYJIbTHUBUPOBAHUA TKaHeH JJIA yCIICHIHOI'O

3aBepIICHHS pabOTHI.

IuTtuposanue: Paxumon, K. P. Mcnons3oBanue cTaOMIN3MPOBAHHBIX Ka36MHOM HAaHOYACTHI] METAJIIOB H OKCHJIOB METAJITIOB
1t 3 QEeKTUBHOTO KyIBTUBHPOBaHUS in vitro Scoparia dulcis L./ K.P. Paxumoun, C. Tomac, H. Kanapukkan, K. [[xasuanapan
// Kypn. Cub. dpenep. yn-ta. buonorns, 2021. 14(4). C. 498-509. DOI: 10.17516/1997-1389-0367

Introduction Establishment of the totipotency of plant

Scoparia dulcis L. is an important plant,
which is used as herbal medicine to treat various
diseases like cancer, bronchitis, hypertension,
etc. Most of these biological properties are
attributed to the phytochemicals present in the
plant. Because of the high potential of S. dulcis
in traditional medicine, its large-scale production
through tissue culture is very important (Annie,
Jayachandran, 2008).

tissue, differentiation of callus, and vegetative
multiplication under controlled in vitro conditions
have opened a novel approach in the plant science.
Plant tissue culture is a versatile technique for
the development of plantlets in laboratory under
controlled conditions. The basis of the plant tissue
culture is the ability of plant cells to regenerate into
a whole plant. Plant tissue culture is mainly used for

the large-scale production of rare and endangered

— 499 —



Kalathil Rajan Rakhimol, Sabu Thomas... Casein Stabilized Metal and Metal Oxide Nanoparticles for the Efficient...

species. It can also be used to produce virus-free
plants from the shoot tip culture of virus infected
plants (Dagla, 2012).

Metal nanoparticles have their application in
various fields including medicine because of their
unique physicochemical properties. In agriculture,
the nanoparticles are commonly used as fertilizers.
Application of nanoparticles in tissue culture is very
limited (Sarkar et al., 2012). In our study, we try
to investigate the influence of synthesized metal
and metal oxide nanoparticles (Ag, Au, and CuO
NPs) on the callus formation in the tissue culture
of S. dulcis.

Previous studies revealed that the plants
could produce mineralized nanoparticles naturally
and these are required for growth. The study of
artificially engineered nanoparticles in plant growth
and development is a novel field of research and yet
to be explored. Large surface to volume ratio and
electron exchange engineering ability help them form
favorable interactions with biomolecules present
inside the cell (Sharma et al., 2012). Nanoparticles
have received tremendous attention as the material
for the improvement of crop yield (Jain et al., 2018).
Engineered nanoparticles are also used to deliver
agrochemicals and nutrients in a controlled manner,
which is essential for the growth improvement,
facilitating efficient utilization of nutrients and

disease resistance (Athanassiou et al., 2018).

Materials and Methods
Materials

S. dulcis, MS tissue culture medium, indole-3-
butyric acid (IBA), butyric acid (BA), mercuric
chloride, 70 % ethanol, NaOH, agar, distilled water,
casein stabilized nanoparticles [silver (AgNPs),
gold (AuNPs), and copper oxide (CuONPs)] were
used for the study.

Synthesis of nanoparticles

All the types

were synthesized by casein reduction method

three of nanoparticles

(Rakhimol et al., 2020). Casein was used as the
reducing agent. 10ml IM NaOH was prepared
and stirred well. 0.1 g of casein and 0.01 g of
precursors (AgNO;, AuCl;, and CuSO,) were
added, and the stirring was continued for
5 minutes. The solution was then incubated
for 12 hours at room temperature. It was then
centrifuged, and the supernatant was collected.
Then, it was lyophilized and suspended in

distilled water.

Characterization of nanoparticles

Nanoparticle synthesis was confirmed using
UV-Vis spectroscopy, and morphology of the
synthesized nanoparticles was analyzed using

transmission electron microscopy.

Source of explants

Fresh, healthy, young twigs of S. dulcis
were collected from Athirampuzha, Kottayam,
Kerala and Kottarakkara, Kollam, Kerala. The
plant herbarium was prepared and deposited
to Regional Herbarium Kerala, Department of
Botany, SB College, Changanassery; it acquired
the accession number 7639.

Surface sterilization of the explants

Healthy twigs of S. dulcis were washed
thoroughly under tap water for three to four
times to remove the dust and dirt from the
surfaces. Then, they were washed with 1 %
soap solution for 1 minute and, finally, with
water to remove the soap completely. After
that, the twigs were surface sterilized using
0.1 % mercuric chloride for one minute. To
remove the mercuric chloride from the surface,
they were rinsed with double distilled water
several times. All the glassware, forceps, and
blade holders were cleaned and kept in hot air
oven for preliminary sterilization followed by
the sterilization under ultraviolet radiation for

20 minutes in the laminar air flow chamber.
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The medium was sterilized in the autoclave
and the growth hormones were added to the
medium after sterilization. Hands were wiped
with 70 % ethanol before the experiments
(Ahloowalia et al., 2004).

Inoculation and incubation

of the explants

After the surface sterilization, the twigs
were transferred to a Petri dish containing
filter paper, where the stems were cut into
1 cm long explants and transferred into the
tubes with sterile medium containing growth
hormones, using sterile forceps. The tubes were
then sealed with cotton plugs and labeled. The
tubes with explants were then incubated under
cool white fluorescent light (1000 lux) (Annie,
Jayachandran, 2008).

The phytohormones, auxin and cytokinin,
were used separately and in combination for
the callus, shoot, and root regeneration. Various
combinations of IBA and BA were used to
identify the combination of phytohormone that
gave the best result. During the experiment,
time taken for the callus initiation, percentage of
response, and nature, color, and texture of callus
were determined. The experiment was carried
out with ten replicates. Fresh growth index (FGI),
callus frequency, and callus index were also
calculated (Kittipongpatana et al., 1998) using
the following equations.

Final fresh wt — initial fresh wt

Fresh G th Ind FGI) =
resh Growth Index (FGI) Initial fresh wt

Callus index = Fresh growth index x% of response

Subculture

The calluses were cut in sterile environment,
sub cultured in the same medium for callus
multiplication, and sub cultured in higher
concentrations of IBA and BA (10—15 mg/L) for
the shoot and root regenerations through indirect

organogenesis.

Treatment of tissue culture medium

with metal and metal oxide nanoparticles

Effects of Ag, Au, and CuO NPs in tissue
culture of S. dulcis were determined by adding
different concentrations of nanoparticles (2, 4, 6,
8, and 10 mg/L) into the tissue culture medium
containing the optimum concentrations of IBA
and BA for callus induction. Time taken for the
callus initiation, percentage of response, nature,
color and texture of callus, FGI, and callus
index were determined, and the values were
compared with control (callus in medium without
nanoparticles). Endophytic contamination in the
tissue culture medium was also detected in the
nanoparticle-treated and non-treated medium
within two weeks of inoculation (Khodakovskaya
et al., 2013).

Statistical analysis

The values expressed are mean +standard
error. ANOVA (analysis of variance) and SPSS
(statistical package for the social sciences) 10th
edition software were used for the analysis of
data.

Results and discussion

the same casein based
reduction method was used for the synthesis of
AgNPs, AuNPs, and CuONPs, the three types of
nanoparticles formed differed in size and shape.
AgNPs and AuNPs had a spherical shape with

13.5 and 3.5 nm diameters, respectively. CuONPs

Even though

were spindle shaped with 25 nm thickness (Fig. 1).
Different concentrations of auxins and cytokinins
were used for the callus formation of explants.
Callus formation showed a good response to IBA
and BA concentration of 4 mg/L, which was used
in all subsequent experiments (Table 1).

The tissue culture media (MS media)
containing optimum concentrations of hormones
for callus formation were supplemented with

different concentrations, viz. 2 mg/L, 4 mg/L,
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Fig. 1. UV-vis spectroscopy and TEM images of Ag NPs (a), Au NPs (b), and CuO NPs (c)

Table 1. Effect of IBA/BA on callus induction of Scoparia dulcis L. (CD value 5, p<0.01)

Minimum no. of days % of Callus
IBA (mg/L) | BA (mg/L) for callus inductior}ll reslgonse FGI index Nature of callus

1 | 20 50 9.076 453.8 Brownish green, soft,
’ ’ friable

15 15 20 50 26111 | 13055 |Brownish green, soft,
friable

2 2 17 62 21062 | 13058 |Brownish green, soft,
friable

2.5 2.5 14 60 31666 | 18999 |Brownish green, soft,
friable

3 3 11 76 43428 | 33005 |Brownishgreen, soft,
friable

35 35 1 93 44000 | 4092, |Brownish green, soft,
friable

4 4 7 100 52529 52529 Brownish green, soft,
’ : friable

45 4.5 9 100 39309 | 39309 |Brownishgreen, soft,
friable

5 5 9 100 25857 | 25857 |Brownishgreen, soft,

friable
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and 6 mg/L, of Ag, Au and CuO nanoparticles
and were kept for 30 days of incubation.
The nanoparticles played a major role in the
formation of callus, affecting the nature, color,
and texture of callus. Of the three concentrations
of nanoparticles, the 4 mg/L concentration was
found to give the best results (Table 2).

The addition of the AgNPs to the tissue
culture medium resulted in the formation of small,
creamy, yellow callus around the explants. The
callus formed was not very friable or compact.
AuNPs lead to the formation of brown friable
callus. However, the treatment with CuONPs
resulted in the formation of embryogenic callus,
which was compact and whitish green (Table 3,
Fig. 2).

We found that after 45 days of incubation,
the callus treated with 4 mg/L CuONPs started

to form micro shoots from the embryogenic
callus. It was an advantage, as the callus did not
need to be transferred to a shooting medium for
regeneration. 4 mg/L concentration of Ag, Au,
and CuO NP showed the optimum influence
on callus initiation. Callus showed a delayed
and weaker response to 2 mg/L concentration
of nanoparticles. At that concentration of
nanoparticles, the chance of contamination was
higher compared to other concentrations. The
contamination was reduced as the concentration
of nanoparticles was increased. However, higher
concentration of nanoparticles reduced callus
regeneration capacity.

Incubation of callus in the medium containing
4 mg/L of Ag, Au, and CuONPs showed that
the CuONPs accelerated the shoot regeneration

process, and multiple shoots were regenerated on

Table 2. Effect of Ag NPs, Au NPs, and CuO NPs on the callus formation

Nanoparticles (mg/L) IBA/BA (mg/L) Mll};?:ﬁﬁ:gﬁziigigays % of response

2 4/4 7 94
AgNPs 4 4/4 7 100

6 4/4 7 96

2 4/4 9 91
AuNPs 4 4/4 7 100

6 4/4 7 99

2 4/4 8 100
CuONPs 4 4/4 7 100

6 4/4 7 98

Table 3. Difference in color, texture, and nature of the callus after the treatment with nanoparticles

Treatment Texture of callus Color of callus Nature of callus
Cr?:r:f)(;a(r‘:;gl}; 2;1 t Friable Brownish green Soft
AgNPs Moderately friable Creamy yellow Soft
AuNPs Friable Brown Soft
CuONPs Compact Whitish green Hard
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b

Fig. 2. Effect of Ag, Au, and CuO NPs on callus regeneration of Scoparia dulcis L. (a) callus formed in the
medium with 4 mg/L IBA and 4 mg/L BA (control). (b) callus formed in the medium treated with AgNPs, (c)
callus in the medium treated with AuNPs, (d) callus in the medium treated with CuONPs

the callus after 45 days of incubation. Initiation
of root regeneration could be observed after 50
days of incubation on the same medium. 4 mg/L
AgNPs also induced regeneration of shoots after
45 days of incubation. But only 2 or 3 shoots
were regenerated and the shoots were not healthy.
Root regeneration did not occur in these calluses.
However, the callus treated with 4 mg/L Au NPs
did not show any change even after 60 days of
incubation (Fig. 3). It was observed that young
leaflets formed from the calluses treated with both
AgNPs and CuONPs showed a reduction in green
color as compared to the untreated plantlets (Fig.
4). It might be due to the reduction in chlorophyll
content of the nanoparticle-treated calluses. But
as the plantlets were growing, they turned green.
These observations suggested that the nanoparticle
treatment could reduce the chlorophyll content of
younger leaves only (Fig. 5).

We effect
concentrations (8 & 10 mg/L) of synthesized

examined the of higher
nanoparticles on callus formation of S. dulcis
explants. We found that the callus formation was
low compared to 4 and 6 mg/L concentrations
of nanoparticles. After 25 days of incubation,
regeneration of callus stopped and blackening of
callus occurred (Fig. 6). It might be because of
the effect of nanoparticles on cellular metabolism
of the callus.

In our study, we observed that casein
stabilized metal and metal oxide nanoparticles
could tune the color, texture, and nature of callus.
There were many studies addressing the effect of
Ag and Au NPs on seed germination (El-Temsah,
Joner, 2012; Arora et al., 2012; Kumar et al., 2013)
but no study was devoted to the effect of these
nanoparticles on the regeneration of calluses
and their morphology. The mechanism behind
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Fig. 3. Shoot and root regeneration of callus treated with nanoparticles. (a) multiple shoot regeneration of the
callus treated with 4 mg/L CuONPs after 45 days of incubation, (b) root initiation of the shoots grown in the
medium containing 4 mg/L CuONPs after 50 days of incubation, (c) shoot regeneration on the callus grown in
medium containing 4 mg/L of AgNPs after 45 days of incubation

Fig. 4. Difference in the color of the shoots developed from (a) callus grown on medium without nanoparticles;
(b) callus grown on medium with CuONPs

— 505 —



Kalathil Rajan Rakhimol, Sabu Thomas... Casein Stabilized Metal and Metal Oxide Nanoparticles for the Efficient...

Fig. 5. (a) Reduction in the green color of plantlets grown on medium containing CuONPs (after 40 days); (b,
¢) Regaining of green color of the leaflet as it gets older (after 45 and 50 days, respectively)

Fig. 6. Blackening of the callus grown on the medium containing 8 mg/L AgNPs (a), AuNPs (b), and CuONPs (c)

after 15 days of incubation

the interaction of these metal nanoparticles
with the plant tissue is unknown. Of these metal
nanoparticles, CuONPs showed the greatest
positive effect on the callus, shoot, and root

regeneration.

Interaction of copper with plants was
studied by many research teams, showing that
lower concentration of copper was beneficial
or essential for the growth of plants. But higher
concentration of copper inhibited the growth and
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metabolism of plants by the production of a large
amount of oxygen free radicals, which interfered
in the important cellular metabolic pathways.
There was only a small difference between the
minimum, optimum, and lethal concentrations
of copper in the plants (Mocquot et al., 1996).
Our results were also comparable with this. At
2 mg/L CuONPs, the callus formation was slow
and less responsive. However, the treatment with
4 mg/L of CuONPs showed fast and productive
results. At this concentration, we observed the
formation of embryogenic callus within 30 days
of incubation, shoot regeneration within 45 days
of incubation, and root initiation within 50 days
of incubation in the same medium. However, at
a concentration above 4 mg/L, the response was
delayed and blackening of the callus occurred at
a concentration of CuONPs above 8 mg/L. Thus,
the minimum concentration of the CuONPs for
the response in the tissue culture medium was 2
mg/L, and the optimum and lethal concentrations
were 4 mg/L and 8 mg/L, respectively. When
compared with the shoots that developed in
the standard tissue culture medium, the shoots
grown on the medium containing CuONPs
were less green. Earlier studies revealed that
the chlorophyll pigment of the younger leaves
may be affected by copper (Ouzounidou, 1994;
Caspi et al., 1999; Zengin, Kirbag, 2007; Shakya
et al., 2008; Ke et al., 2017). That might be the
reason for reduction in green color in younger
leaves. However, the increase in green color of
the leaflets indicated that they could regain the
chlorophyll content as they were growing. Higher
concentration of copper had an inhibitory effect on
the root elongation (Nair, Chung, 2015) but most
of the studies revealed that lower concentration
of copper had no effect on the rooting of shoots
(Yuan et al., 2013). However, our observation
clearly demonstrated that CuONPs had an
important role in the rooting of the shoots by

allowing the root formation without changing the

auxin and cytokinin concentrations in the tissue
culture medium. That was due to the unique
physical and chemical properties of the CuONPs.
Recent studies on Cu and CuO NPs showed an
increase in the callus regeneration of the plants
after the treatment with optimum concentrations
(Abdel-Wahab et al., 2019; Ibrahim et al., 2019).
Our findings also showed good agreement with
these results. The size and shape of nanoparticles
play a great role in their biological properties
(Albanese et al., 2012). Spindle shape of the
synthesized CuONPs may be also a reason for
their excellent plantlet regeneration capacity.

The color of the callus grown on the
nanoparticles changed because of the effect of
nanoparticles on phenolic secretion of the callus.
Studies revealed that at the higher phenolic
secretion, the tissue will be browner, and the callus
growth is inversely proportional to the phenolic
secretion (Ozyigit, 2008; Reis et al., 2008). Our
results showed a good agreement with these
findings. Callus formed on the medium containing
AuNPs was brownish in color with reduction in the
regeneration capacity. Callus treated with CuONPs
showed a very good regeneration capacity and it
was whitish green in color.

All the three nanoparticles showed a dose and
time dependent effect. A concentration of 4 mg/L
was found to be the optimum concentration of the
nanoparticles for their maximum effect. Above
a particular concentration, all the nanoparticles
showed a dose and time dependent toxicity on the
callus. The higher concentration of nanoparticles
allowed the explants to regenerate the callus
for a limited period of time, but after that, they
inhibited the growth and caused the blackening
of the callus. Nanoparticles, along with their
effect on callus formation, decreased the extent
of contamination in the tissue culture medium.
Explants on the tissue culture medium without
nanoparticles were prone to fungal and bacterial

contamination to a greater extent. Contamination
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occurred after 10-15 days of inoculation of
explants, confirming the presence of endophytic
fungi and bacteria. However, treatment with all
the three types of nanoparticles (AgNPs, AuNPs,
and CuONPs) tremendously reduced the bacterial
contamination, proving that the metal and metal
oxide nanoparticles are also promising candidates

to prevent the endophytic contamination.

Conclusion

The effect of nanoparticles on in vitro micro
propagation of plants is a novel area of research.
To the best of our knowledge, this is the first
attempt to study the effect of nanoparticles on

callus regeneration. Our study confirmed that the
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Abstract. Neurovascular unit (NVU) is an ensemble of brain cells (cerebral endothelial cells, astrocytes,
pericytes, neurons, and microglia), which regulates processes of transport through the blood-brain
barrier (BBB) and controls local microcirculation and intercellular metabolic coupling. Dysfunction of
NVU contributes to numerous types of central nervous system pathology. NVU pathophysiology has
been extensively studied in various animal models of brain disorders, and there is growing evidence
that modern approaches utilizing in vitro models are very promising for the assessment of intercellular
communications within the NVU. Development of NVU-on-chip or BBB-on-chip as well as 3D
NVU and brain tissue models suggests novel clues to understanding cell-to-cell interactions critical
for brain functional activity, being therefore very important for translational studies, drug discovery,
and development of novel analytical platforms. One of the mechanisms controlled by NVU activity is
neurogenesis in highly specialized areas of brain (neurogenic niches, NNs), which are well-equipped
for the maintenance of stem/progenitor cell pool and proliferation, differentiation, and migration of
newly formed neuronal and glial cells. Specific properties of brain microvascular endothelial cells,
particularly, high content of mitochondria, are important for establishment of vascular support in NVU
and NNs. Metabolic activity of cells within NNs and NVU contributes to maintaining intercellular

communications critical for the multicellular module integrity. We will discuss modern approaches to
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development of optimal microenvironment for in vitro BBB, NVU and NN models with the special

focus on neuroengineering and bioprinting potentials.
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Annorauus. HeiipoBackymnspHas enuauna (HBE) — 3T0 cOBOKyITHOCTE KJIETOK TOJIOBHOTO MO3Ta
(uepeOpanbHBIC YHIOTEINANBHBIE KJISTKH, aCTPOLUTHI, IEPUIIUTHI, HEHPOHBI, MUKPOTJIN ), KOTOPHIE
PEryJIHpYIOT IPOIECCHl TpaHCIopTa Yepe3 reMaTosHedannuecknii 6aprep (I'96), KoHTpoNHpyIOT
MECTHYI0 MUKPOLIUPKYJISIHIO, MEXKIIETOUHYI0 MeTabou4eckyto cBsi3b. JJuchynknus HBE cnocoberByeT
BO3HHKHOBEHUIO MHOTHX THIIOB MTATOJIOT MU IEHTPAIBHON HEpBHOU cucTembl. [laTodusmonorus HBE
IIMPOKO U3yUYeHA Ha Pa3IUYHBIX MOJEAX 3a00neBaHuil Mo3ra Ha )KUBOTHBIX. B HacTosmiee Bpems
TIOSIBJISICTCS BCE OOJIBIIIE CBUETENBCTB TOI0, YTO COBPEMEHHBIE MOIXO/IBI C HCIIOIb30BaHUEM MOJIeNIeH in
vitro HanboJee NepCreKTUBHBI AJIsl OLIEHKH MEXKJIETOYHBIX KoMMyHuKanuii BHyTpu HBE. PazpaboTka
COCYAMCTO-HEPBHBIX enuHull Ha yune uin I'Db Ha yune, a Takxe 3D HBE u Mmonenu Tkanu mo3ra
oOecreunBaroT HOBbIE MOAXO/bI K TOHMMAHUIO MEKKICTOYHBIX B3aMMOACHCTBUN, KPUTHIESCKUX IS
(YHKIIMOHAJIBHON aKTHBHOCTH MO3Ta, TI09TOMY OHH OYEHb BasKHBI JJISI TPAHCIIALMOHHBIX HCCIIEI0BaHNH,
OTKPBITHSI JIEKAPCTB U CO3J]AHM S HOBBIX aHAJTUTHYECKUX T1aTGopM. OTHUM U3 MEXaHH3MOB, KOTOPBIH

KOHTPOJIUPYETCA aKTUBHOCTBIO HBE, SIBIIACTCA HeﬁpOI‘CHeB B Y3KOCIICHIUAJIU3UPOBAHHBIX o0macTsax
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Mo3ra (Hefiporennbie Hu, HH), KoTopble citykaT HCTOYHUKOM 15 TOACPIKAHUSI ITyJia CTBOJIOBBIX/
MIPOTEHUTOPHBIX KIETOK, poiudepanuu, tuddepeHIranui 1 MATPAlu HOBOOOpa30BaHHBIX HEHPOHOB
U I'NIMAJIBHBIX KJICTOK. CHCHI/I(I)I/I‘ICCKI/IG CBOMCTBA OHAOTCINAJIBHBIX KJICTOK MUKPOCOCYIOB I'OJIOBHOT'O
MO3ra, B YaCTHOCTH BBICOKOE CONIepKaHUEe MUTOXOHIPUH, BAYKHBI JIIS1 CO3AHUS COCYIUCTOH TOIACPKKA
npu HBE u HH. Metabonuueckas aktiuBHOCTb KieTok BHYTpu HH 1 HBE cnioco0cTByeT nogaepxanuio
MEXKKJICTOYHBIX KOMMYHUKAIHHA, KPUTHYSCKH BaXKHBIX IS IEJIOCTHOCTHA MHOTOKJICTOYHOTO MOJTYJISL.
B paboTe 00Cy)Iar0TCss COBPEMEHHBIE MTOIXO/bI K pa3paboTKe ONTHMAIbHON MUKPOCPEIBI IJIs in Vitro

mogueneit 'Ob, HBE u HH. Oco6oe BHHMaHKe yieleHo NepcreKTHBaM HepOnHKEHEepHHU 1 OHoTeyary.

KuaroueBbie ciioBa: MO3TI, MOJECJIb FGMaTOI-)HLIG(I)aHI/I‘{eCKOFO 6apLepa in VitI'O, MOJCIIN «MO3I' HA YHIIC»,

KapKkac.

BaarogapnocTn. Pabora 6pu1a nopnepxkana I'pantom Ne HIII-2547.2020.7, npucysxnennsiv [Ipesunenrom
Poccuiickoit @enepanuu Benymum HayuHbIM KoJuiekTUBaM Poccuu, I'ocy1apcTBEHHBIM 3alaHUEM
Ha uccienoBanus (MuHucTepcTBO 311paBooxpanenus Poccuiickoit denepanyu, 2018-2020) u I'panTom

Ne M/1-3923.2019.7, mpucysxaeanbsiM [pesuaentom Poccuiickoit denepainil MOJIOIBIM TOKTOPaM HayK.

Huruposanue: Canmuna, A.b. CoBpeMEHHBIE METOIBI H MATCPHAIBI MOJICTHPOBAHS TKAHEI MO3ra U TeMaTOdHIE()ATHICCKOTO
Oapwepa in vitro / A.b. Canmuna, H. A. Manunosckas, B. B. Canmun, E. JI. Xunaxesa, E. A. Tennsamuna, A. 1. Mocsruna,

A.B. Moprys // Xypn. Cub. ¢penep. yn-ra.buonoruns, 2021. 14(4). C. 510-525. DOI: 10.17516/1997-1389-0368

Introduction

Current achievements in neurobiology
and biotechnology brought us novel approaches
to deciphering the mechanisms underlying
brain activity. Growing evidence indicates that
application of new protocols of brain tissue
reconstruction in vitro might shed light on
molecular and cellular events determining the
phenomenon of brain plasticity. Development
of in vitro brain-on-chip models, in vitro blood-
brain barrier models, or cerebral organoids leads
to significant progress in basic, translational, and
clinical neurosciences (Kilic et al., 2016; Bang et
al., 2019).

In vitro brain tissue models suitable for
application in pharmacology, toxicology, stem cell
research, etc., should be based on the minimally
acceptable functionally competent brain unit
called the neurovascular unit (NVU) (Muoio et
al., 2014). The NVU is an ensemble of brain cells

(cerebral endothelial cells, astrocytes, pericytes,

neurons, and microglia), which regulates
processes of transport through the blood-brain
barrier (BBB) and controls local microcirculation
and intercellular metabolic coupling. It is
commonly accepted that dysfunction of NVU
contributes to numerous types of central nervous
system pathology including brain ischemia,
neurodegeneration, neurodevelopmental disorders,
depression, epilepsy, etc. (Iadecola, 2017;
McConnell et al., 2017). Such changes are usually
associated with the impairment of astroglia-driven
metabolic regulation of neuronal and endothelial
cells, cell-to-cell communications, development
of neuroinflammation, and BBB breakdown
(Tohidpour et al., 2017; Salmina et al., 2021). NVU
pathophysiology has been extensively studied in
various animal models of brain disorders, and
there is growing evidence that modern approaches
utilizing in vitro models are very promising in
the assessment of intercellular communications
within the NVU.
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Multiple in vitro NVU and BBB models are
currently available in 2D format (NVU on a dish
or plate), 3D format (transwell system with inserts
covered with permeable membranes; hydrogel-
embedded models, etc.), or in microfluidic format
(systems with more or less complex architecture of
the chip allowing establishment of cell perfusion
and reproduction of changes in BBB cells induced
by fluid rheology, i. e. shear stress or reactive
oxygen species production in endothelial cells)
(Salmina et al., 2021). For example, microfluidic/
microphysiological systems have been created to
reproduce different brain tissue compartments:
blood, brain, and cerebral spinal fluid (Alcendor
et al., 2013). Moreover, recent years brought
us new models based on cerebral organoids
obtained from induced pluripotent cells (Jeong
et al., 2020), which offer new approaches to
constructing brain-on-chip or neurogenic niche-
on-chip models.

Development of NVU-on-chip or BBB-on-
chip and 3D NVU and brain tissue models
suggests novel clues to understanding cell-to-cell
interactions critical for brain functional activity,
being therefore very important for translational
studies, drug discovery, and development of
novel analytical platforms (Alcendor et al., 2013;
Maoz et al., 2018; Bhalerao et al., 2020). The
chips used for NVU and BBB modeling are made
from polydimethylsiloxane (PDMS), collagen,
gelatin, fibrin, polycarbonate, polypropylene,
polycaprolactone/graphene,  polylactic  acid,
etc. (Osipova et al., 2018; Bhalerao et al., 2020;
Mantecon-Oria et al.,, 2020). The main idea of
choosing the material for a model is to mimic
the extracellular matrix properties critical for
NVU functions (basement membrane in the
case of BBB), that is why numerous materials
have been already tested for their compatibility
with NVU/BBB cells. For instance, porous
polycaprolactone/poly (D, L-lactide-co-
glycolide) (PCL/PLGA) microfluidic perfusion

system was shown to serve as a vasculature
network, and other types of NVU cells were
co-cultured in a collagen matrix wrapping the
vasculature network to produce the vascularized
neural construct (Yue et al., 2020). Some models
allow reproducing the gradient of molecules
regulating cell development or proliferation,
i. e. lactate embedded into photopolymerized
gelatin scaffolds, as we showed before (Salmin
et al., 2017). In other cases, microarchitecture
of channels within the chip allows separating
different parts of cells, i. e. neuronal soma and
axon; therefore, more accurate modulation of cell
activity can be performed (Bang et al., 2019).
The past decade opened new opportunities
in modeling the brain tissue in vitro. Development
of isogenic NVU/BBB models from induced
pluripotent stem cells (iPSCs) might be useful
for the generation of personalized brain tissue
models suitable for diagnostic and therapeutic
properties (Canfield et al., 2019). Application
of 4D bioprinting promises novel approaches
to reconstructing some elements of activity-
dependent or stimuli-induced brain plasticity in
vitro (Esworthy et al., 2019; Warren et al., 2021).
However, modern in vitro NVU/BBB models
have some technical difficulties that should be
overcome. For example, obvious advantages
of microfluidic in vitro NVU/BBB models like
reproduction of «blood and cerebrospinal fluid
flow» or achievement of higher integrity of the
brain microvascular endothelial cells (BMECs)
monolayer are diminished by another problem:
culturing of NVU cell types on microfluidic chips
changes their gene expression profiles caused by
aberrant surface-to-volume ratios and substrate
materials, as it was shown recently (Middelkamp
et al., 2021). iPSCs-derived endothelial cells
exhibited compromised
(Lu et al., 2021) and might be not applicable
for the current BBB studies. Thus, to study the

expression pattern

mechanisms that control functional competence
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of NVU/BBB cells is of great importance for
neurobioengineering and neurobiotechnology.

In general, placement of BBB cells in
a transwell, hydrogel-based, or microfluidic
platforms results in the formation of cell layers
whose functional competence would depend on
the combination of various factors: availability
of nutrients and oxygen, preserved expression
pattern of ion channels, transporters, enzymes,
transcription factors and other signaling
molecules, and the presence of regulatory growth
factors and cytokines in the medium. Structural
and functional integrity of the BBB could be
further assessed using different approaches like
measurement of the transendothelial electric
resistance (to ensure establishment of integral
barrier), analysis of metabolite levels in the
extracellular space in different compartments
of the model, and evaluation of the barrier
permeability with easily identified compounds
or complexes (i. e. Lucifer yellow, dextrans,
liposomes, fluoresceins, and labeled xenobiotics)

(Alcendor et al., 2013).

General characterization of functional
and metabolic status of NVU

Identification of NVU as a self-supporting

module in the brain means the association

Neuron

Progenitor cells

@@

Astrocyte —
Y °

Endothelial cell

of all events recorded in it with changes in
local microcirculation or permeability of the
BBB (Fig. 1). In modern neurobiology, this is
interpreted as the occurrence of several important
(patho) physiological phenomena:

1) neuron-astroglial metabolic coupling:
activated neurons stimulate astrocytes as
glycolytically active cells that produce lactate,
which is utilized by neurons, converted into
pyruvate, and used in the Krebs' cycle to further
ensure the operation of the mitochondrial electron
transport chain (Mangia et al., 2009; Descalzi et
al., 2019);

2) gliovascular control: an increase in the
local concentration of extracellular lactate as a
product of astrocytic metabolic activity leads to
vasodilation needed for efficient oxygen supply
in active brain regions (Mendrinos et al., 2008);

3) metabolic control of cerebral endothelial
cells by pericytes and perivascular astroglia,
the
(paracellular and transcellular) of the BBB,

enabling a change in permeability
for the formation of a microenvironment in the
tissue, which promotes the functional activity of
neurons (Salmina et al., 2019);

4) mechanisms implying a local increase
in the BBB permeability in the brain tissue,

for instance, in neuroinflammation (associated

™)

Oligodendrocyte

Microglia

Blood vessel

Fig. 1. Structure and composition of the neurovascular unit and the blood-brain barrier
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with glial cells polarization), in neurogenesis
(in neurogenic niches supporting the survival
of neuronal stem and progenitor cells, or
their activation followed by proliferation,
differentiation, and migration), or in cerebral
angiogenesis (based on the recruitment of
endothelial progenitor cells and development of
new vessels in active or affected brain regions)
(Salmina et al., 2014; Tohidpour et al., 2017).

All of the above phenomena are based on
quick and significant changes in the metabolic
status of NVU/BBB cells, which are not studied
in detail; however, the most critical characteristics
of NVU cells should be taken into consideration
when multicellular ensembles are going to be
established in vitro.

BMECs are characterized by a higher content
of mitochondria compared with endothelial
cells in extra-brain localization; however, in a
«resting» state, the main source of energy for
them is glycolysis. Both glycolysis and oxidative
phosphorylation (OXPHOS) are activated by
pro-angiogenic stimuli in reparative cerebral
angiogenesis or in activity-mediated cerebral
angiogenesis (Malinovskaya et al., 2016). In
addition, enhanced utilization of fatty acids
further increases energy production in activated
BMECs to support cell proliferation (Potente,
Carmeliet, 2017). Disturbances in the glycolytic
and mitochondrial activity of endothelial cells
in cerebral microvessels lead to suppression of
the angiogenic program and BBB breakdown
and, presumably, disrupt the mechanisms of
gliovascular control in the NVU (Chaitanya et al.,
2014; Yetkin-Arik et al., 2019). Endothelial cells
can respond to extracellular lactate of astroglial
or peripheral origin due to expression of receptors
for cell-derived lactate (GPR81 receptors) and
monocarboxylate transporters (MCT), which
ensure the uptake and release of lactate through
the cell membrane. Alterations in GPRS81 or

MCT expression are usually associated with

BBB leakage and aberrant astrocyte-endothelial
interactions, for instance, in neuroinflammation
(Boitsova et al., 2018). Furthermore, disturbances
in mitochondrial dynamics in endothelial cells
(fusion and fission of mitochondria, mitochondrial
biogenesis, and mitophagy) contribute to
diminished angiogenesis and development of
endothelial dysfunction (Shenouda et al., 2011;
Xiang et al., 2021). In addition to excessive
energy-producing metabolism, mitochondria in
BMECs contribute substantially to generation
of reactive oxygen species, which are considered
now not only as inducers of oxidative stress, but
also as cell signaling species (Itoh et al., 2006;
Zhang, Gutterman, 2007). Moreover, endothelial
equipped with NADPH-oxidases
(NOX), including dual oxidases (DUOX), which

are the major sources of hydrogen peroxide and

cells are

reactive oxygen species negatively affecting BBB
permeability, but which might be also required
in low concentrations to maintain the resistance
of cerebral endothelium to the harmful effects
of bacteria and viruses (Cahill-Smith, Li, 2014;
Carvalho, Moreira, 2018; Anasooya Shaji et al.,
2019). Another population of NOX-expressing
in the NVU/BBB
pericytes: their NOX4 plays an important role

cells is represented by
in supporting proliferative activity, which is
necessary for angiogenesis and barriergenesis
(Kuroda et al., 2014). In general, pericytes largely
depend on their own glycolytic activity rather
than on mitochondrial respiration. However,
during hypoxia, pericytes can become glucose
donors or even mitochondria donors for damaged
perivascular astroglia (Trudeau et al., 2011;
Salmina et al., 2019).

Perivascular astroglia, which is in close
contact with BMECs and pericytes and with
NVU neurons, is characterized by extremely high
glycolytic activity and lactate production needed
for efficient neuron-astrocyte metabolic coupling

(Salmina et al., 2015). Release of lactate from
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astrocytes ensures local hyperemia in active brain
regions and supports neuronal ATP production via
rapid conversion of lactate to pyruvate and acetyl-
CoA in activated neurons. It is generally accepted
that astrocytes are able to accumulate glycogen to
quickly provide themselves and other NVU cells
with glucose in the event of an insufficient supply
of glucose from the blood (Matsui et al., 2017).
Lactate produced by astrocytes is captured by
neurons and utilized for mitochondrial activity;
this is ensured by expression of MCTs for lactate
and pyruvate in almost all of NVU cells, which
support the influx and efflux of metabolites
depending in the current needs of cells (Salmina
et al., 2015). In addition to glycolytic activity,
astrocytes can maintain their OXPHOS for a
long time, even under unfavorable conditions,
and even serve as donors of mitochondria for
damaged neurons, for instance, in severe brain
ischemia (Hayakawa et al., 2016). Suppression
of mitochondrial activity in astrocytes leads to
disruption of the mechanism of capture of excess
glutamate supplied to the extracellular space by
activated neurons, resulting in the development
of excitotoxicity and neuronal death (Voloboueva
etal., 2007).

Neurons have been traditionally considered
as cells whose activity is mainly determined
The

of mitochondria are

by mitochondrial energy production.

maximum number
concentrated in neurons in the perisynaptic
zone, thereby reflecting the high demand of ATP
and mitochondria-provided Ca2+ handling for
synaptic neurotransmission and plasticity (Lee et
al., 2018). Disruption of mitochondrial activity in
neurons is an essential component of ischemia,
brain damage, and chronic neurodegeneration,
and modulation of mitochondrial dynamics is
rather beneficial for the restoration of neurological
deficits (Motori et al., 2020). Being stimulated,
neurons are able to increase the production of

ATP due to glycolysis and even to transfer excess

lactate to other NVU cells (Diaz-Garcia et al.,
2017).

Microglia are characterized by complex
metabolism affected by glia polarization:
activated microglial cells depend on glycolytic
ATP production rather than mitochondrial
respiration. Activation of microglia promotes the
assembly of intracellular inflammasomes and the
expression of redox enzymes (NOX) involved
in the generation of reactive oxygen species.
Therefore, conversion of resting microglia to
activated ones is accompanied by fragmentation
of mitochondria followed by release of fragmented
mitochondria to trigger astroglial activation and
propagation of inflammation (Joshi et al., 2019).
However, excessive production of reactive oxygen
species facilitates elongation of mitochondria
and might significantly affect mitochondrial
dynamics (Katoh et al., 2017).

Oligodendrocytes  are  predominantly
glycolytically active cells. They consume
glucose and lactate during myelination,

and glycolysis begins to dominate over the
mitochondrial respiration soon after completion
of the myelination program, probably to prevent
excessive generation of reactive oxygen species in
active mitochondria (Fiinfschilling et al., 2012).
Expression of the MCT in oligodendrocytes is
necessary for axonal maintenance, therefore
oligodendroglia-derived lactate is important for
preventing axonal dystrophy (Fiinfschilling et al.,
2012).

Metabolic plasticity of NVU cells depends
on extracellular matrix (ECM), particularly, in
the case of BBB, and the basement membrane
(BM) composition and porosity affect energy
metabolism of cells. BM consists of several types

of ECM proteins: collagen IV, laminin, nidogen,

collagen XVIII, matrix metalloproteinases
(MMPs), growth factors (i. e. VEGF) and
cytokines,  thrombospondins,  fibronectins,

lectins, etc. It has a thickness up to 200 nm and

— 516 —



Alla B. Salmina, Natalia A. Malinovskaya... Modern Methods and Materials for Modeling Brain Tissue and Blood-Brain...

numerous pores with the diameter from 5 nm
to 8 um (McConnell et al., 2017, Logsdon et
al., 2021). In the parts of BMECs non-covered
with pericytes, the BM contacts directly with
perivascular astroglia and endothelial monolayer
(McConnell et al., 2017). NV U cells are sensitive
to BM and ECM composition, but the sensitivity
mechanisms differ from each other. Very
recent findings suggest that ECM may affect
mitochondrial dynamics in adjacent cells: ECM
stiffening promotes mitochondrial fusion and
suppresses mitochondrial fission in a DRPI-
dependent manner (Chen et al., 2021). This
might be due to sensing of ECM composition
by intracellular mitochondria connected via
cytoskeletal proteins (De Cavanagh et al., 2009).
Another type of functional coupling between
ECM/BM and NVU cell metabolism is based
on CD147 activity. CD147 (basigin) is expressed
in neuronal, glial, and endothelial cells, and it
promotes MMPs activation and amyloid precursor
protein (APP) proteolysis due to functional
association with gamma-secretase (Uspenskaya
et al., 2018). Therefore, it is not surprising that
aberrant expression of CDI47 in NVU cells
accompanies pathologically enhanced cerebral
angiogenesis, development of neuroinflammation,
and BBB breakdown in experimental Alzheimer's
disease (Morgun et al., 2020). At the same time,
CD147 regulates lactate transport associated with
MCT transporters in the NVU (Uspenskaya et
al., 2018). Therefore, activation of CD147 would
result either in MMPs-mediated degradation
of ECV/BM and loss of BBB integrity or in the
activation of MCT1-, MCT4-mediated lactate and
H+ efflux from glycolytically active cells (Kirk
et al., 2000), presumably leading to prevention
of intracellular accumulation of lactate and H+
The latter might be important either for lactate-
driven changes in local microcirculation or for
maintaining high level of glycolysis and NV U cell

proliferation. It should be taken into consideration

that ECM and BM composition is greatly
affected in brain diseases, 1. e. in Alzheimer's
type neurodegeneration (Thomsen et al., 2017).
Therefore, application of BM analogues in the
in vitro models of NVU/BBB/neurogenic niches
(NN) could be inaccurate in reconstructing the
impairments specific for the brain pathology.
Thus, in NVU/BBB in vitro models, cell
metabolic activity should be supported with the
optimal microenvironment, including soluble
factors in media, and composition of ECM/BM
or their analogues. Are these conditions fulfilled
in the current in vitro models? It has now become
clear that reproduction of the microenvironment
supportive for efficient metabolic interactions
between NVU/BBB cells could be achieved
in rather complex systems like those based on
2 or more compartments, or in microfluidic
chambers. For instance, in 3 coupled chips
developed by (Maoz et al., 2018), mechanisms
of influx across the blood—brain barrier (BBB)
and to the brain parenchymal compartment and
efflux across the BBB have been successfully
reproduced. In that system, the BBB chip
contained BMECs and pericytes, the brain chip
contained mixed population of primary neural
cells (dopaminergic, serotoninergic, GABAergic
etc.), and in the coupled NVU chip, an endothelial
medium (artificial blood) was placed to flow
across the BBB chip, while neuronal medium
(artificial cerebral spinal fluid) flowed through the
perivascular compartment. The authors were able
to develop functionally competent BBB and to
preserve some parts (glycolysis, TCA, synthesis
of GABA) of the linked metabolism of NVU
cells, as it was confirmed by metabolomics (Maoz
et al., 2018). Another approach was reported in
(Huang et al., 2020), where a simpler system,
made of primary astrocytes and BMECs, was
used to get metabolomic profiling of endothelial
cells in hypoxia. The authors demonstrated

that astrocytes have greater capacity to rapidly
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respond to the environmental stress whereas
BMECs keep their metabolic activity at the
baseline level and do not activate anaerobic ATP
production, presumably to maintain the barrier
intact. Therefore, BMECs appear to be more
«metabolically rigid» compared to astrocytes in
the NVU (Huang et al., 2020).

Cerebral organoids, which in recent years
have been widely used to study brain activity
and development, can be also considered as an in
vitro NVU model. Development of brain region-
specific cerebral organoids and assembloids
(complex of various organoids) is a new step in
the advancement of this technology (Jeong et
al., 2020). However, there are some significant
problems in the application of organoid

models into translational studies. Actually,
metabolism of cells within organoids is greatly
compromised due to the absence of vessels
(endothelial progenitor cells are not produced
simultaneously with neuronal and glial cells
because of their different origin). Therefore, the
core cells within the organoids undergo hypoxic

alterations leading to mitochondrial dysfunction,

apoptosis, and necrosis. Recent attempts at the
development of vascularized organoids, i. e.
based on iPSCs-derived BMECs, offer new
opportunities in the construction of personalized
BBB-on-chip models since these cells show some
characteristics of BBB cells (Cakir et al., 2019;
Kumarasamy, Sosnik, 2021).

Angiogenesis and neurogenesis
at the NVU

As we have shown above, NVU cells
effectively cooperate and support each other in
their metabolic needs, particularly when they
are activated. Two general plastic processes in
the developing and adult brain — neurogenesis
and angiogenesis — closely associate at the level
of NVU (Sawada et al., 2014), and their efficacy
depends on the integrity of NVU metabolism
(Fig. 2).

It is that in rodents,
development of BBB begins at E10-17, the
controlled permeability is formed by E21, but

well-known

the development of tight junction machinery in

BMEC:s continues even in the postnatal period.

NEUROGENESIS

lactate

Neuron

ANGIOGENESIS

Blood vessels

Fig. 2. Association of neurogenesis and angiogenesis at the level of neurovascular unit. Abbreviations: BMEC —
brain microvessel endothelial cell, NSC — neural stem cell, NPC — neural progenitor cell, VEGF-A — vascular
endothelial growth factor, VEGFR — VEGF receptor, ECM — extracellular matrix
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In humans, BBB markers appear at the 8" week

of embryogenesis, however, barriergenesis
lasts up to 2-3 weeks of postnatal development
(Malaeb et al., 2012). The most important point
is that prenatal and early postnatal barriergenesis
begins only after the establishment of the pool of
neural stem cells (NSCs)/neural progenitor cells
(NPCs) in the developing brain, and vascular
and neural structures develop and mature
simultaneously (Paredes et al., 2018). Molecules
produced by developing immature neural
cells stimulate specific patterning of sprouting
capillaries and induce BBB characteristics in
early BMECs (James, Mukouyama, 2011). Within
the NVU, neuronal and astroglial cells affect
angiogenesis in different modes. Specifically,
loss of astroglial coverage results in excessive
angiogenesis in the early postnatal brain (Ma et
al., 2012). Thus, cerebral angiogenesis at the
earliest stages of brain development tightly
couples to synaptic activity and remodeling
(Su et al., 2020). And vice versa, the germinal
zone vasculature in the embryonic brain controls
the balance between NPC self-renewal and
production of new neurons irrespective of the
oxygen-supplying ability of vessels (Tata et al.,
2016). So, it is not surprising that the similar
phenomenon is — at least partially — reproduced
in the adult brain: functional activity of cells
within the neurogenic niches (subventricular
zone, SVZ, and subgranular zone, SGZ) depends
on the preservation of vascular scaffold and
local BBB permeability (high in the SVZ and
low in the SGZ) (Pozhilenkova et al., 2017).
In brain ischemia, loci with enhanced BBB
permeability serve as multiple newly-established
neurogenic niches along the ventricular system
of the brain (Lin et al., 2015). The same outcome
might be achieved by treatments affecting BBB
integrity, i. e. transcranial focused ultrasound-
induced reversible BBB breakdown stimulates

hippocampal neurogenesis (Mooney et al., 2016).

How can the concept of tightly coupled
neurogenesis and angiogenesis/barriergenesis
be implemented in NVU modeling? Actually,
the basic idea is to construct the reliable in vitro
model of the neurogenic niche with the vascular
support (Winkelman et al., 2021). In this context,
appropriate  ECM would greatly affect the
reliability of the model since it was demonstrated
that ECM composition controls self-renewal and
prologeration of stem cells (Guilak et al., 2009).
Application of various materials in the microfluidic
models allowed identifying the most suitable
conditions for integrating neurogenesis and
angiogenesis: matrigel mixed gel promoted NSC
differentiation into neurons, whereas capillary-
like structures were formed in the fibrin-matrigel
mixed gel by co-culturing BMECs and human
mesenchymal stem cells (MSCs); then, a 3D NVU
model, as a triculture system made of NSCs,
BMECs, and MSCs, was constructed from neural
and vascular compartments in the microfluidic
device (Uwamori et al., 2017). Another approach
was demonstrated in the spheroid BBB model:
chitosan- or gelatin-based substrates were used
to generate the 3D NSC/BMEC co-spheroids
with pro-angiogenic potential (Han et al., 2019).
We demonstrated that neurogenic activity of
NSCs co-cultured with astrocytes and BMECs
within the NN in vitro model implanted into
hippocampus could be efficiently regulated by
optogenetic stimulation of ChR2-expressing
astroglia (Morgun et al., 2021).

The next step in the development of in vitro
NN models is their application in regenerative
neurology. Thus, considerable research has
focused on bioprinting potential of NVU/NN
models and cerebral organoids. One of the biggest
challenges in this field is to create the «building
blocks» that would resemble the structure of
the real NVU or NN, and this depends on the
availability of new materials as substituents

of the ECM/BM (Potjewyd et al., 2018). The
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following biomaterials are now tested for NVU/
NN scaffolds in the context of 3D bioprinting
technology: collagen, gelatin, fibrin, hyaluronan,
and PEG (Potjewyd et al., 2018). Their physical
and chemical properties can be modified via
cross-linking, introduction of some modifying
agents, or changing the porosity and stiffness.
For instance, the presence of specific amino acid
sequences (Arg—Gly—Asp (RGD) and Ile-Lys—
Val-Ala—Val (IKVAV)) is important for integrin
and laminin functions within the NVU ECM or
BBB BM (Potjewyd et al., 2018). Decellularized
natural ECM can be used for in vitro NVU and
BBB modeling, particularly, for the development
of vascular support of stem cell differentiation
(Hoshiba et al., 2016), whereas poly-lactic acid-
based scaffolds provide metabolic support of
cells, particularly, for astrocytes (Pavia et al.,
2019). Anyway, the technology of 3D and 4D
bioprinting is a promising tool for NVU/BBB/
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mimic brain plasticity. Once this issue has been
resolved, there will be considerable progress in
the development of in vitro models suitable for
personalized testing of drug candidates, studying
the molecular mechanisms of brain development
and function, developing neuromorphic systems,
and using 3D bioprinting protocols in basic,

translational, and clinical studies.
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Abstract. Chronic venous insufficiency is a common condition that affects people of different ages.
Trophic ulcers are a complication of venous insufficiency which is difficult to treat. Therefore, development
of new, combined methods of treatment using coatings that have both antibacterial and wound healing
properties is a topical issue. The article presents a comparative analysis of clinical trials of wound
coatings based on bacterial cellulose (experimental group 1), cellulose loaded with silver (experimental
group 2), and «Hydrocall» (control group) in treatment of trophic ulcers in patients with chronic venous
insufficiency. Application of all types of wound coatings demonstrated a positive dynamics of healing.
Complete epithelialization was observed in experimental group 2 by the 42nd day, whereas in patients
of the control group, epithelialisation was not complete by the 45th day. Thus, application of wound
coatings based on cellulose loaded with silver shortened the epithelialisation process and trophic ulcers

healing, which justifies to their efficiency and practicality.
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Pe3yabraThl NPMMEHEHUS PAHEBbIX MOKPBITHH
HA OCHOBe 0AKTEPUAJIBbHON 1EeJTH0J103bI,
HAI'PY’KEHHO! HAHOYACTHLAMU cepedpa,
y 00JILHBIX C AJINTEJIBbHO HE3AKUBAKOIIIUMHU
TPOPHUUIYECKUMH SA3BAMHU
Ha (pOHE XPOHUYECKOM BEHO3HOM HEI0CTATOYHOCTH
H.M. TroxTteBa, 10. C. Bunnuk,
H. C. CouoBbeBa, A.Il. 3yes, JI. A. IloJsie:xxaeB
Kpacnospckuii cocyoapcmeennwiii MeOUYUHCKUU yHUgepcumem

um. npo. B. @. Boiino-Aceneyxoeo
Poccuiickaa ®eodepayus, Kpacnospck

AnHoTanus. PacnpocTpaHeHHOI NaTONOrUEN CPpeau HACEIIEHHS Pa3IMYHOTO BO3PacTa ABIAETCS
XpOHHUYECKasi BEHO3HAasl HEJOCTATOYHOCTh. Tpoduyeckue si3Bbl — OCIOKHEHHUE BEHO3HOM
HEJOCTATOYHOCTH, JICUEHHE KOTOPBIX COMPSIKEHO C OOJNBIIMMHU TPYJHOCTSIMU. B cBsI3H ¢ 5THM
aKTYyaJIbHOI ocTaeTcs pa3padoTKa HOBbIX, KOMOMHUPOBAHHBIX METOJ/IOB JICYCHHSI C IPUMEHEHHEM
MIePEBSI30YHBIX CPEJICTB, 00JIa1aI0NINX OJTHOBPEMEHHO aHTHOAKTEPHATBHBIMU M PAHO3AXKHUBIISIOIINMHI
CBOWCTBaMH. B cTaThe mpeacTaBieH CpaBHUTEIbHBINA aHAJINU3 PE3yNbTaTOB KIMHUYECKUX UCTIBITAHUN
PaHEBBIX OKPBITHH, OCHOBOW KOTOPBIX SIBJISICTCS LEJIII003a OMOJOTHYECKOTO MTPOUCXOK ICHHU S
(uccnenyemas rpymnna 1) v He/UTr0103a, HArpy KEeHHas cepedpoM (Mcciaeayemast rpyina 2), B CpaBHCHUU
C PaHEBBIM MOKPBITHEM «[ MAPOKOII» y OOJIBHBIX C JUIMTENIBHO HE3a)KMBAIOIIUMHU TPOYUUSCKUMHU
s3BaMH Ha (pOHE XPOHMUYECKOIl BEHO3HOH HEI0OCTaTOYHOCTH. B pe3yibraTe mpuMEeHEHUs pa3InyHbIX
PaHEBBIX MOKPBITUN BO BCEX CIyYasiX OTMEUEHA MOJIOKHUTEIbHAs JTUHAMUKA T€UEHUS] PAHEBOTO
mpoIiecca, OJHaKO B TPyNIe CPaBHEHUS K 45-M CyTKaM SMUTEIU3AIMSI HE 3aBEPIINIACH, B TO XKe
BpeMs B UcclleyeMol rpynme 2 k 42-M cyTKaM HacTyIHIa MOAHAS SIUTENU3alus AIUTEIBHO
HE3)KMBAIOUINX Tpopudyeckux s13B. TakuM 00pa3oM, paHeBbIe MOKPHITHSI HA OCHOBE IEJII0JIO3bI,
Harpy»XeHHOW cepeOpoM, MO3BOISMIOT JOOUTHCS COKPAIIEHUS CPOKOB 3a)KMBIICHUS U SIUTEIU3AUN

TPOPHUUECKUX SI3B, UTO CBUACTEILCTBYET 00 3P (PEKTUBHOCTH U 1[eJI€COO00PA3HOCTH UX ITPUMCHCHHUS.

KaroueBbie cJ10Ba: paHEBOE MOKPBITHE, TPOPUUECKAs SI3Ba, MEIITI0I03a, HAHOCEPEOPO.

Iutnposanue: Troxtera, H. M. Pe3ynbraTsl npuMeHEHNs PaHEBBIX MOKPBITUI HAa OCHOBE OaKTEpUaTbHON ICIUITFONIO3HI,
Harpy>KeHHOI HaHOYaCTHIIAMHU cepedpa, y OOJIBHBIX C JUTHTEIBHO HE3a)KMBAOMIMMH TPOYUIESCKUMHU A3BaMH Ha (oHe
XpOHHYECKOH BeHO3HOH HepocTaTounocTr / H. M. Troxrtesa, }O.C. Bunnuk, H. C. ConoBseBa, A.Il. 3yes, JI. A. Ilonexaes
// Kypn. Cub. dpenep. yn-ta. buonorns, 2021. 14(4). C. 526-532. DOI: 10.17516/1997-1389-0369

Beenenne OCIIO)KHEHUH y OOJBHBIX C XPOHUUYECKOU BEHO3-

OnHa M3 Cepbe3HBIX MPOOJEeM MEIUIM-  HOW HEeI0CTAaTO4YHOCThIO. Tpoduueckue s3BbI

HbI — IIOHCK 3(1)(1)GKTI/IBHBIX METOIAOB JICHCHUA HUXXHUX KOHC‘IHOCTeﬁ, O6YCJ'IOBJ'IGHHLIG Hapy-
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HIEHUEM B pabOTe BEHO3HOM CHCTEMBbI, 00pPEKatoT
TaKUX NALUCHTOB Ha JJIMTEIBHBIN IEPUOJ Jieye-
HUSI, @ CIIeJIOBATENIbHO, CTPAJaeT KaueCTBO JKU3-
HU. BpllleykasaHHash MaTONOTHs JOCTaTOYHO
pacrpocTpaHeHa Cpey HaceJIeHHs Pa3InYHOro
Bo3pacta (bmarutko u ap., 2004; Bogdanets et
al., 2007; Bogomolov, Slobodianiuk, 2013).
JleueHue BEHO3HBIX TPOPHUYECKHX S3B —
JUIMTEJIbHBIN U TPYJOEMKHUU MPOLEcC, MOCKOIb-
Ky sIBJICHUS, BbI3BAaHHbBIC TPOPHUYCCKHMHU Hapy-
HICHUSIMU, KpallHE TSDKEIIO MOAJAI0TCS JCUCHU IO
(Foctumes, 2007; Olson et al., 2002). B cBsi3u
CO CJIOKHBIM M JUTMTEIBHBIM JICYUCHHEM IPOJIO0JI-
JKAKOTCSl HAyYHO-UCCIICIOBATEIbCKHE H IPAKTH-
yeckre padoThl, HAlpaBICHHbIE Ha MOUCK OIl-
TUMAaJIbHOTO METOJa, IMO3BOJISIOIIEr0 CHHU3HUTh
cpoku (a3 paHEBOro MpoIEecca W YMEHBIIUTh
JUTATENIBHOCTh CTAllMOHAPHOTO M aMOyJaTop-
HOro JjedeHus. Jlisi JOCTHXKEHUS >KelaeMoro
spdekra NpUMEHsEMbIE PaHEBbIC MOKPHITHS,
MepeBsI30UHbIE  CPEJCTBA JIOJDKHBI  00J1aZaTh
OJIHOBPEMEHHO HECKOJIBKHMH CBOWCTBAMH, IO-
CKOJIbKY B MHOM cCllyyae JMHAMHKa B JICUCHUU
cirabononoxutensHast (Jndupos, 2008; Cappugi
et al., 2014). dapmareBTHYCCKHE KOMIIAHUHU
MPEACTABIISIOT MHOXKECTBO PAHEBBIX IMMOKPBITHIHA,
TaKHMX KakK eju, TyOKH, IUIEHKH, INIEeHKOOoOpasy-
FOLIHE KOMITO3ULIUH, THIPOKOJIJIOH I, TOPOIIKH,
nacThl, KOMOMHALIMK PA3JIMYHBIX MaTepUaJoB,
00JIaIA0IIUX PAIOM MPEUMYLICCTB, B OTINYHE
OT TPaJUIMOHHOM MapJiM, CETKH, HETKAHOTO I10-
notHa (JIeaues u ap., 2015; Robson et al., 2006).
OnTUMagbHBIMU CPEACTBAMU B JICUCHHUU
JUTATEIIPHO HE3a)KUBAIOMIMX TPOPHUYESCKUX SI3B
Ha (DOHE XPOHHMYECKOH BEHO3HOW HEIOCTATOY-
HOCTH SIBJISIFOTCS| PAHEBBIC TIOKPBITHUS, IPEACTAB-
asronme coboit cBoeoOpa3HyIo JIEKAPCTBEHHYIO
¢dopmy. [lpuMeHeHHe TaKUX MOKPBITHH IO3BO-
JSI€T 3HAYUTENBHO MOBBICHUTH 3(PPEKTHBHOCTD
aedeHust. PazpaboTaHbl 1 pa3padaThIBArOTCS HO-
BbIE MaTepHalbl, aKTUBHO NPUMEHSIOTCS MOJIH-

MCPBI OHOJIOIHYECKOT0 U OCJIJI0JI03a MI/IKp06HO—

ro MPOUCXOXKACHUS, YTO MO3BOJSET YJIYULIUTh
pe3yabTaThl U MPOTHO3BI JICUCHHSI 32 CYET BO3-
JICHCTBUSI OIHOBPEMEHHO HECKOJIBKUX CBOWCTB
(bymueBckuii u np., 2017; Ambrozy et al., 2013;
Volova et al., 2018).

KomOuHamust paHeBbIX HOKPBITHH C pas-
JIMYHBIMU TIperapataMu JOCTAaTOYHO MepCIeK-
THBHOE HalpaBJIeHUE HAYYHOH JesTeNbHOCTH,
HOCKOJIbKY TMOJIOKUTEIBHBIX PE3yJIbTaTOB Jieue-
HUs OOJIBHBIX C JUINTENBHO HE3a)KMBAIOUIMMHU
TpoUYECKUMHU sI3BaMU Ha (OHE XPOHHUYECKOM
BEHO3HOW HEIOCTATOYHOCTH YAAETCS NOCTHYb
B pa3bl OBICTPEE 110 CPABHEHHUIO C KJIACCHYECKU-
MU METOJaMH JICUCHHUSI.

Llenb paboThI — YIYUIIUTh PE3yJIbTATHI Jie-
YeHWS OONBHBIX C HHPHUIIMPOBAHHBIMHE TPOQIIe-
CKHUMHU s13BaMU Ha (DOHE XPOHUYECKOW BEHO3HOU
HEJIOCTATOYHOCTH C MOMOIIIBIO BBICOKOTEXHOJIO-
TUYHBIX PAHEBBIX MOKPBITHI OWOJIOrHYECKOro
MIPOUCXOXKJICHHsI. BbuIM TpoBeneHbl KIIMHHYE-
CKME UCIBITAHUS PAHEBBIX NOKPBITUI, OCHOBOM
KOTOPBIX CIYKUT LEITI0JI03a ONOJIOrnYecKoro
HNPOMCXOXKJCHUS W ILEJUII0NI03a, HarpysKeHHas
cepeOpoM, B CPaBHEHHUH C PAHEBBIM IOKPHITHEM
«'unpoko» y OOJBHBIX C JUIMTEIBHO HE3aXKH-
BAIOLIMMH TPOPHUUECKUMHU 3BaMHU Ha (POHE XPO-

HUYECKON BEHO3HON HEJOCTATOYHOCTH.

MarepuaJibl U METObI

PaboTa HOCHT KIIMHUYECKNH XapaKkTep, BbI-
MOJIHCHA HA KJIMHUYECKON 0a3e kadeapbl o0meit
xupypruu umenu npo¢. M. . I'yneMaHa B XH-
pyprudeckom otaenaeHun Ne 2 YY3 «Kb «PXI-
Menunuaa» ropon KpacHOSpCK» COBMECTHO
¢ kaeapoit MenuIMHCKO# Onosoruu MHCTHTY T
(byHIaMEHTaIFHON OMOJIOTHH W OMOTEXHOJIOT U
CoV.

B wuccnenosanue ObIIM BKJIOYEHBI Ia-
IUEHTHl C JUIMTEIbHO HE32)KHBAIOUIUMHU TPO-
(¢uYecKUMH sI3BaMM  HIDKHUX KOHEYHOCTEH
Ha (hOHE XPOHMUECKOW BEHO3HOM HeIoCTaTo4-

HOocTH (n=45). ['pynmy cpaBHEHHS COCTaBH-
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nu OompHBIE (n=15), y KOTOpPHIX B KadecTBE
paHEBOrO MOKPBITHS OBLIM  HCIOJIB30BaHEI
noBsizku  «['mupokos», wucciaenyemas Tpyi-
ma | (n=15) — ¢ TmpUMEHEHUEM IICJLITIOI03HI
MHUKPOOHOTO TPOUCXOXKJESHUS, HCCleayemMas
rpynna 2 (n=15) — ¢ mpuMeHeHHEeM KOMOHU-
Haluu cepedpa M IEJJII0JI036I MUKPOOHOIO
npoucxoxaeHns. OOpa3ubl  OakTepHANBHOU
tesuti0s03sl (BI1) monyuensr B Cubupckom de-
JepajbHOM yHUBepcuTere (mateHT PO Ha u3o-
operenue Ne 2568605

Komagataeibacter xylinus — mpogyueHT 0akTte-

«Itamm OGaxTepuit

PHUATBHOM ETI0N03bI»).

I'pynmbel  OONBHBIX  OBIIM  COIOCTABUMBI
1o BO3pacTy, noiy, (ase paHeBoro mpoiecca
n momanu pad. Cpoku HaONIOAEHUS 3a Talu-
eHTamMu Konebanuch ot 14 1mo 42 cyt. Mertonsl
WCCIIEIOBAHUS BKJIIOYAIN KIMHHYECKYIO OIICH-
Ky paHeBOro Ipolecca, IUIAHUMETPUIO paH,
pH-merputo. Craructuueckast oOpaboTka pe-
3yJBTAaTOB MPOBEACHA C MOMOIIBIO MaKeTa Mpo-
rpaMM Statistica 6.1. [l oneHKH HOpMabHO-
CTH pACIpENeTCHUs] HCIONb30BANN KPUTEPHil
Tanupo-Yunxka. J{yist onucanusi UCHOIb30BATH
cpemHee W CTaHJapTHOe OTKJIOHeHHe (M=o),
CPaBHEHHE NPOBOJIIIN C TIOMOIIBIO MTapaMeTpH-
YECKUX METOJOB CTAaTUCTHKH, MPEABAPUTEIHHO
OLICHWBAsl PABEHCTBO [UCIEPCHU C TOMOIIBIO
kputepus JleBeHa. 3HAUMMBIMU CUUTAJIN pa3iiu-

yust npu p<0,05.

Pe3ysabTaThl 1 00CYKIEHHE

[lpumeneHre KOMOMHALIMM  LIEJUTIOJIO3bI
MUKpPOOHOTO TPOUCXOXKJAEHHS M cepebpa Io-
3BOJIIET ONTHUMHU3MPOBATH PAHEBOM TMpoIiecc,
COKPAaTHUTbh BPEeMsI ITOSBJICHUS U 3aIIOJHEHUS PaH
3peNioil TpaHyIsIMOHHOW TKaHblO Ha 3 u 3—14
CYTOK COOTBETCTBEHHO, ITOBBICUTh YaCTOTY SITH-
Tenu3anuu Ha 28,7 % MO CPaBHEHHUIO C TPajau-
LIMOHHOHM Tepanueil. Y Bcex OOJBHBIX IpPHU II0-
CTYIUICHHHM B CTAI[MOHAp OTMEYaJiCsl BBICOKHI

YPOBCHb 3HZ[OF€HHOI>1 WHTOKCHUKAIIUH. CorracHo

aHAJIN3y Pe3yJITATOB KJIMHHUKO-Ta0OpPaTOPHBIX
mmokasaresieil OONBHBIX HCCICTYeMOH TPyIIbl 2
Ha BTOpBIE CYTKH C HadaJia JIeYeHUs 0TMe4aaoch
CHIDKEHHE TeMIIepaTyphl Tela, a K 6—7-M CyTKam
rokaszareiau npubiamxkanuch kK Hopme. Jlocro-
BEPHOE CHIXEHHUE ITOKa3aTeslell 3HI0TOKCHKO3a
OTMEUEHO y’K€ Ha TPEThU CYTKH HAOIIONEHUS.
KonnyecTBO JICHKOIUTOB B KPOBH Yy OOJBHBIX
HCCNEAyeMON TPyHIbl 2 0 JIEYSHUS] COCTaBUIIO
18,5£1,2x10%1, a k 10-M cyTKam Jie4eHUst STOT
IOKa3aTeab HE IMPEBHIIIA] HOPMAJIBHOTO yPOB-
Hs — 8,7+1,2x10%m (p<0,05). B nepBsie cyTKH Jie-
YEHUs JICUKOLUUTAPHBI MHIEKC MHTOKCUKALIUU
coctaBisin 5,22+2.10 en., Ha poHE MTPOBOAMMOTO
nedenus goctoBepHoe (p<0,05) cHIKEHHE STOTO
nokasaress 10 2,97+0,41 ex. npoucxoauo K ms-
TBIM CYTKaM.

Junamuka nokasareneii pH Ha done mpu-
MEHEHHsI Pa3JInYHbIX CHOCOOOB MECTHOI'O BO3-
JEHCTBHS HAa PaHEBOH Iporiecc ObLIa pa3TudHON
(tabm. 1). biarogapss KOMOMHHPOBAHHOMY METO-
Iy JICYCHU S C TPUMEHEHNUEM PaHEBOT'O ITOKPBITHS
Ha OCHOBE 0aKTepHaJIbHOM 11eJUTF0JI03bI B COUETa-
HUU C HAaHOCEPeOpOM, K 6-M CyTKaM IOKa3aTeb
pH cTaHOBuUICS HEUTpPATIBHBIM, a K 14-M cyTkaMm
cpela CTaHOBHMJIACh CIIA0OKUCIION, TPHOINKAsICh
B TEYCHHE PAHEBOI0 Mpoliecca K HauboJsiee OnTH-
MaJIbHBIM 3HAUCHHSIM.

[TnanumeTpus TpopuUECKHX SI3B, pacyer
unpaekca JI.H. Ionoso#, pH-merpusi mo3Bossi-
JIM OLEHUTh KJIWHHMYECKOE TEUYEeHHE IpoIlecca.
Cucrema OLEHKHM JMHAMHUKHU PaHEBOIO MpoLec-
ca npezacrasieHa B Tadi. 2. [Ipu knuHHYECKOi
OILIEHKE TEUCHMsI PAHEBOTO IPOIecca YUHUTHIBA-
JINCh TaKUE KPUTEPUH, KaK CPOKH UCUE3HOBEHU S
OTEKa, MOSBIICHUE SAMHUYHBIX TPaHyJISAIU, 3a-
MOJTHEHUE TPOPHUUECKUX SI3B 3PEJIOi I'paHyJIs -
OHHOMW TKaHBIO, HAYAJIO SMUTENN3ALNN U HACTY-
IIJIEHUE TIOJIHOM SNUTENN3al U,

PesynbpraThl  JIeueHHWsS ~ TOKa3alH, YTO
B TpyIlle CpPaBHEHHUS MEPEXOa PaHEBOrO IPO-

mecca BO BTOpPYyI0 a3y OBT JUIMTEIbHBIM,

— 529 —



Nadezhda M. Tyukhteva, Yuri S. Vinnik... Treatment of Non-Healing Trophic Ulcers in Patients...

Tab6nuua 1. lunamuka pH pan y 6onbHbix B rpymie cpaBHenus (I'C) u uccnenyembix rpynnax (MIN)

Table 1. Dynamics of wound pH in patients of control and experimental groups

Cpok permerparn pH T'pyrmmst 60IBHBIX
Irc uri ur 2
Mo neuenus 8,43+0,12 8,71+£0,10* 8,77+0,09*
6-¢ cyTKH 8,02+0,28 7,74+0,24* 7,73+£0,24%*
14-e cyTku 7,11£0,31 6,63+0,22* 6,33+0,36*
21-e cyTkH 6,80+0,25 5,42+0,45* 5,27+0,44*

* — TOCTOBEPHOCTH pa3Inyus MKy UCCIeNyeMOil rpynnoi u rpynnoi cpasHenus (p<0,05).

Tabnuna 2. MeToamKa OICHKH PE3yJIbTaTOB JICYCHUS

Table 2. Evaluation criteria for treatment results

PesynbraThl leueHus
Kpurepun onenku VYnosaersopu- | Heynosierso-
Xopouue
TeNbHBIE pHUTETbHBIE

Vcue3noBenne nepngokasbHOTO OTEKa, CyT. <4 5-8 >9
IlosiBneHue eAMHUYHBIX I'PAaHYIISIUI, CYT. <6 7-10 > 10
3anonHeHue paH 3pesioil rpaHyISUOHHON TKAHBIO, CYT. <10 11-16 >16
[losiBneHue kpaeBoil ANUTENNU3ALUHY, CYT. <1 12-17 > 17
[lonnas snuTenusanus, cyT. <30 31-35 >35
Wunexc JI. H. ITonosoii Bo II u 111 paszax panesoro npo-

bi ) ¢ p p >4 3_4 <3
necca,%

Tabauua 3. Ouenka pe3ynbraros jieueHus B rpymnie cpasHenus (I'C) u uccaenyemoii rpymme 2 (MI'2)

Table 3. Treatment results in the control and experimental group 2

PesynbraTs! neuenns (% namueHToB)
Kpurepnn oleHKH JHHAMHKH Xoporue VnosierBopuTenbHble | HeyqoBIeTBOPHTENBHbBIC
rc ura2 Irc ur2 rc ur2

VcuesnoBenne nepudoKaibHOTO ) 7 4 5 11 3
oTeka 46,7 %) | (26,6 %) | (33,3 %) (73,4 %) (20 %)
[osiBieHNEe eAMHUYHBIX TPaHYIIS- ) 7 4 8 11 )
Ui (46,7 %) | (26,6 %) | (53,3 %) (73,4 %)
3amnoJIHeHUEe paH 3pesion rpaHyJs- ) 5 5 10 10 )
LIMOHHOM TKaHbBIO (33,3 %) | (33,3 %) | (66,7 %) (66,7 %)
[osiBieHne KpaeBoil SmUTENH3A- ) 5 3 8 12 2
nuu (33,3 %) | (20 %) (53,3 %) (80 %) (13,3 %)
TTosiHast SUUTENN3ALHS 4 > > 8 6 2

t (26,6 %) | (33,3 %) | (33,3 %) | (53,3 %) 40,1 %) (13,3 %)

y 6 (40,1 %) GONBHBIX K 45-M CyTKaM SHUTENN- 2 CBHJETEIHCTBOBAJA O JOCTH)KEHHH XOPOIIUX
3a1s He 3aBepminiach (tadi. 3). OueHKa CKO- U YJOBJICTBOPUTEIBHBIX PE3yJIBTATOB — K 42-M

pOCTH 3a)KMBIICHHSI paH B HCclienyeMoi rpymmne  cytkam y 13 (86,7 %) mammeHTOB HACTymHJIa
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2 3

Puc. KnuHnyeckne mnpumepsl NpUMEHEHHUs paHeBbIX NOBsi3ok: 1 — OombHast E., 56 ner. [lnurenbHo
He3aXXMBaroIas TpouyecKas s3Ba Ha JICBOW I'OJICHHU, 5-¢ CYTKHM — OUHUILECHHUE [[HA A3Bbl, HAMEUEHBI IPOLECCHI
KpaeBoii anurtenusannu; 2 — 6onpHoU D., 66 net. JUInTeNbHO He3aXKHBaroLlas Tpopuueckas s3Ba Ha MpPaBon
rOJICHH, 6-€ CyTKHU — OYHUILCHHE JHA S13Bbl, HAMEUEHBI IIPOLIECChI KPaeBOM dnuTenn3anuy; 3 — 6onbHol 1., 45 ner.
JlnuTenbHO He3akuBarowas Tpopuyeckas A3Ba, 9-e CyTKH — 3peiible PO30BbIC I'PaHYIIALMH, AKTUBHASL KpaeBast
SMUTEIU3ALUS

Fig. Clinical examples of the use of wound coatings: 1 — Patient E., 56 years. Long-term non-healing trophic
ulcer of the lower third of the left leg, 5th day — cleansing of the bottom of the ulcer, marginal epithelialisation
is outlined; 2 — Patient F., 66 years. Long-term non-healing trophic ulcer of the lower third of the right leg, 6th
day — cleansing of the bottom of the ulcer, marginal epithelialisation is outlined; 3 — Patient ., 45 years. Long-
term non-healing trophic ulcer, 9th day — mature pink granulation, active marginal epithelialisation

MOJTHAs SMUTENN3alusl JJINTENbHO HE3aKUBato-
mux Tpoduueckux sA3B. Ha pucyHke mpencras-

JICHBI KIMHUYECKUEC TPUMEDPHI.

3akJouenne

[MpumeneHne KOMOMHHUPOBAHHOTO METO-
Ja JIEYCHHSI, BKIFOUAIONIEEe PAHCBOC MOKPHITHE
HAa OCHOBE I[EJUTIOJIO3bI MUKPOOHOTO MTPOUCXOK-
JCHHS U cepedpa, MO3BOJISACT JOCTUYD OOJIBIINX
YCIIEXOB B JICUCHUH OOJIBHBIX C JJIUTEIBHO HE3a-
JKUBAOIUMUA TPOPHUUECKUMH s3BaMU Ha (OHE
XPOHUYECKOW  BEHO3HOW  HEIOCTATOYHOCTH
B CpaBHEHHH C JPYTHMH BBIIICIIPEICTABICH-

HeIMH MeTozamu. Ilponcxoaut Gosee ObICTpoe

Crnucoxk nurepatypsl / References

U MHTCHCHBHOE OYMIIEHHE W OIIUTENNU3ALNS
Tpo(pUYECKHUX $I3B, TMOKPHITHE SIBISCTCS MO0~
OveM MaTpHIlbl i O0O0pa30BaHMs HOBBIX TKa-
Heit. CMeHa TOBSI3KM MeHee OOJIe3HeHHa ISt
MaIyeHTa, Ha MOBEPXHOCTH LEJUII0NIO3bI yJia-
JISIFOTCSL HEKPO3bl M ()PArMEHTHI Pa3pylICHHBIX
kJyieToK. Llemnrono3a MUKPOOHOTO MPOMCXOXK/Ie-
HUsI B KOMOMHAIINH ¢ cepeOpoM o0ramaeT psaoM
BXHBIX (YHKIHMH: CIYXKHUT OapbepoM MpPOTHUB
BO3HUKHOBEHUSI BTOPUYHBIX HH(EKIUH, Orpa-
HUYHMBACT IOTEPIO KUJAKOCTH U OJHOBPEMEHHO
C 3THM 00ECIeYrBacT HEOOXOMUMYIO a’palfuio
paHbl, a CJIe/I0BATENBHO, U YCKOPEHHE MPOLIECCOB

34KUBJICHUA TAKUX PAH.

bnarutko E.M., Bypmuctpos B.A., KonecaukoB A.Il., Muxaiinos 0. 1., Poauonos I1.I1.

(2004) Cepebpo 6 meouyune. HoBocubupck, Hayka-Llentp, 254 c. [Blagitko E. M., Burmistrov V. A,
Kolesnikov A.P., Mikhailov Yu.l., Rodionov P.P. (2004) Silver in medicine. Novosibirsk, Nauka-
Centr, 254 p. (in Russian)]

bynnesckuit A.B., IlBeruxoBa JI.H., Annpee A.A., Kapanutesn A.P., Uysu A.O. (2017)
OubIT NMpUMEHEHHs MOOMIBHOTO mpuiokeHus «+WoundDesk» nnsi oneHkw AMHAMUKH pemnapa-
LU 3KCIEPUMEHTANBHBIX paH. Moodenuposanue, onmumusayus u UHGOPMAYUOHHbIE MeXHOI02UlU,
5(1) [Budnevskiy A. V., Andreev A.A., Tsvetikova L.N., Karapityan A.R., Chuyan A.O. (2017) The

— 531 —



Nadezhda M. Tyukhteva, Yuri S. Vinnik... Treatment of Non-Healing Trophic Ulcers in Patients...

practice of use of +WoundDesk mobile application for evaluation of experimental wound repair
dynamics. Modeling, Optimization and Information Technology [Modelirovanie, optimizaciya
i informacionnye tekhnologii], 5(1) (in Russian)]

Toctumes B.K. (2007) Hughexyuu 6 xupypeuu: pykosoocmeo oas eépauei. Mocksa, ' DOTAP-
Menua, 761 c. [Gostishchev V.K. (2007) Infections in surgery: a guide for physicians. Moscow,
GEOTAR-Media, 761 p. (in Russian)]

Jubupos M. JI. (2008) XpoHnyeckasi BEHO3HAsI HEIOCTATOYHOCTh U TPO(PHUUCCKUE S3BBI Y Ia-
LIMEHTOB MOXHUJIONO M CTapyeckoro Bo3pacta. Cnpagounux noaukiuHuueckoeo epaua, 6: 39—42
[Dibirov M. D. (2008) Chronic venous insufficiency and trophic ulcers in elderly and senile patients.
Outpatient Doctor's Guide [Spravochnik poliklinicheskogo vracha], 6: 39—42 (in Russian)]

Jleunes U.V., bepcanos P. V., Cunosa M. M. (2015) Maiiogui u A€BUT — dTHOMATOT€HETUYECKHE
MPEINOCHIIKA IPUMEHEHHUSI B KOMIUIEKCHOM JICUeHUH Tpoduueckux s13B. Becmuux MAHODB, 20(3):
34-39 [Lechiev I. U., Bersanov R. U., Sipova M. M. (2015) Mayodil and Aevitum — etiopathogenetical
background application in treatment of venous ulcers. Bulletin of the International Academy of Ecology
and Life Safety [Vestnik MANEB], 20(3): 34-39 (in Russian)]

Ambrozy E., Waczulikova 1., Willfort A., Boehler K., Cauza K., Ehringer H., Heinz G,
Koppensteiner R., Maric S., Gschwandtner M. E. (2013) Healing process of venous ulcers: the role of
microcirculation. International Wound Journal, 10(1): 57-64

Bogdanets L. 1., Berezina S.S., Kirienko A.I. (2007) Conception of «humid» healing of venous
ulcers. Khirurgiia, 5: 60—63

Bogomolov M. S., Slobodianiuk V.V. (2013) Treatment of trophic ulsers of different etiology.
Vestnik khirurgii imeni I.I. Grekova, 172(5): 34—40

Cappugi P., Comacchi C., Torchia D. (2014) Photodynamic therapy for chronic venous ulcers.
Acta Dermatovenerologica Croatica, 22(2): 129-131

Olson M. E., Ceri H., Morck D.W., Buret A.G., Read R.R. (2002) Biofilm bacteria: formation
and comparative susceptibility of antibiotics. Canadian Journal of Veterinary Research, 66(2): 86—92

Robson M. C., Cooper D.M., Aslam R., Gould L.J., Harding K.G., Margolis D.J., Ochs D.E.,
Serena T.E., Snyder R.J., Steed D.L., Thomas D.R., Wiersma-Bryant L. (2006) Guidelines for the
treatment of venous ulcers. Wound Repair and Regeneration, 14(6): 649—662

Volova T.G., Prudnikova S.V., Sukovatyi A.G., Shishatskaya E.I. (2018) Production and
properties of bacterial cellulose by the strain Komagataeibacter xylinus B-12068. Applied Microbiology
and Biotechnology, 102(17): 7417-7428



Journal of Siberian Federal University. Biology 2021 14(4): 533—-540

DOI 10.17516/1997-1389-0370
YK 577.121.2:628.47

Microbiological Degradation
of Poly(3-Hydroxybutyrate) Films
in Different Edaphoclimatic Zones of Siberia
Svetlana V. Prudnikova*

Siberian Federal University
Krasnoyarsk, Russian Federation

Received 10.08.2021, received in revised form 25.09.2021, accepted 12.11.2021

Abstract. The urgency of handling plastic waste is escalating every year and the problem can be only
solved using an integrated approach. Replacing non-degradable materials synthesised from fossil fuels
with carbon-neutral biopolymers can reduce non-biodegradable waste, CO, emissions and energy use.
However, even completely biodegradable biopolymer materials will stay in the environment for a long
time since the rate of their biodegradation depends on many factors. The paper evaluates the influence
of edaphoclimatic and microbiological factors on the biodegradation rate of biopolymer films from the
poly(3-hydroxybutyrate) [P(3HB)] when exposed to soddy-carbonate, cryogenic, and agrogenically
transformed Siberian soils. A principal component analysis showed that in different soils, characterised
by specific temperature, moisture content, pH values, biogenicity and abundance of microorganisms,
the kinetics of mass loss of P(3HB)-films were primarily determined by the temperature- precipitation
ratio and it increased as the content of humus in soil increased. The maximum rates of film mass loss
0f 0.63 £ 0.09 and 0.93 £ 0.01 mg - day' were detected in agrogenic soils. No correlation between mass
loss of the films and the total number of microorganisms was found. A phylogenetic analysis revealed

differences in the composition of primary P(3HB)-degrading microorganisms in different soil types.

Keywords: poly-3-hydroxybutyrate, biopolymers, biodegradation, soil conditions, soil microbiology,
P(3HB)-degrading microorganisms.
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Muxpoouosiornyeckasi Aerpajganus JIeHOK
U3 noJu(3-ruAporcudyTHpaTa)
B Pa3JIMYHBIX NOYBEHHO-KJIMMaTH4YecKHuX 30Hax Cudupn
C.B. IlpyanukoBa

Cubupckuil hedepanvhvlil yHugepcumem
Poccuiickasa ®@eoepayus, Kpacnospck

Annoranmsi. [Ipobnema oOpamieHns ¢ IUITACTUKOBBIMH OTXOJIAMHU €XKErOfHO 000CTpsieTCst U TpedyeT
KOMILJICKCHOTO TOJXO/la K €€ pelIeHHI0. 3aMeHa CHHTETHYECKMX MarephajioB, IOJYyYeHHBIX
W3 MCKOIIAeMOr'0 TOIUIMBA, HA YIJIEPOAHO-HEHTpaJbHBIE OMOIOIMMEPHI MO3BOJIUT YMEHBUIUTH 00BEM
CTOMKHX K OHOPa3JIOKEHUIO OTXOJ0B, CHU3UThH BbIOpOochl CO, M KOJIMYECTBO MOTPEOIISIeMOil SHEPIUH.
OpnHako TeMITbl OMOZIETPAAIN U3/ICNTUH 13 OMOIIOIIMMEPOB B OKPY>KaroLIei cpee 3aBUCST OT MHOTHX
(hakTOpOB, MOITOMY B IPHPOIHBIX YCIOBHSX J@)Ke MOJHOCTBIO OMOpasjiaraeMble MaTepHasbl MOTYT
COXpAHSTBCA JUIUTENbHOE BpeMs. B pabore mpoBeseHa OlEHKa BIMSHUS ITOYBEHHO-KIMMAaTHYECKHX
U MHUKPOOHMOJIOTHUECKUX XapaKTePUCTUK Ha TEMITbl OMOZIerpaialiuy IUICHOK M3 OuornoiauMepa noiu(3-
ruapokcuOyTupara) [[1(3I'B)] mpu skcro3unmy B CHOMPCKHX ITOYBaX: IEPHOBO-KapOOHATHOM, KPHOTCHHON
U arporeHHo-npeoOpa3oBaHHON. AHaW3, MPOBENCHHBII METOAOM TJIABHBIX KOMIIOHEHT, IIOKa3all,
YTO B MOYBAX PA3HOTO THUIA, XapaKTEPU3YIOMINXCS ONPEACICHHON TeMIepaTypoll, yBIIa)KHEHHOCTBIO,
3HaYeHUssMU pH, OHMOreHHOCTBIO M OOWJIMEM MHKPOOPraHW3MOB, CKOPOCTh YOBUIM MAacChl IICHOK
n3 I1(3I'b) B mepBylo ouepens ompenesiach COOTHOIICHHEM TEMIEpaTypbl W KOJIWYECTBA OCAIKOB
U yBEJIMYHMBAJACh IPH TOBBILICHUN COACPKaHHs T'ymyca B Mo4uBe. MakCHMallbHbIe TEMIIbl YOBLIH
macchl wieHok — 0,63+0,09 u 0,930,013 mr-cyt! — ObUTH 3apEruCTPUPOBAHBI B arpOreHHBIX MOYBAX.
I[TokazaHO OTCYTCTBHE KOPPEJIALMHU YOBUIN MacChl INIEHOK ¢ OOLIEH YHCIEHHOCTHIO MUKPOOPTaHU3MOB.

dutoreHe THYECKUM aHAJIN3 BEISIBUJI OTIMIHS B Ha60pe TICPBUYHBIX ACCTPYKTOPOB B pa3HbIX THUIIAX ITOYB.

KuroueBble cj10Ba: moiau-3-ruipokcuOy THpar, OnonoaruMepsl, Onoaerpaaanus, IOYBEHHbIE YCIOBHS,

mukpo6uoorus noussl, [1(3'B)-paspyiuaromme MUKpOOpraHU3MBbI.

BaarogapnocTu. Pabora BhinonHeHa B pamMkax ['ocynapcTBeHHOro 3a1annss MUHUCTEPCTBA HAY KU
u BeIcIIeTo oOpa3oBanus Poccuiickoit @enepannu Cubupckomy denepaibHOMY YHUBEPCUTETY
Ha 2020 rox (mpoekt Ne FSRZ-2020-0006, Tema npoekta «bruoiorndecku akTUBHBIC BEIIECTBA

B OKOJIOTHYCCKHUX, OHMOTEXHOJIOTHYECKUX U MCIUIIMHCKUX CI/ICTeMaX»).

Huruposanue: [Ipynuukosa, C. B. MukpoOuonornyeckas aerpaiamus miIeHoK u3 noiau(3-rugpokcuOyTupara) B pa3indHbIX
MoYBeHHO-KIUMaTndeckux 3oHax Cubupu / C. B. [Ipyauuxosa / XKypu. Cud. dpenep. yH-ta. buonorus, 2021. 14(4). C. 533-540.
DOI: 10.17516/1997-1389-0370
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BBenenne

Bricokme TeMImpl pocTa KOJUYeCcTBa MOJTH-
MEpHBIX OTXOJIOB, IOJy4aeMbIX U3 HEBO30OHOB-
JISIEMOTO CBHIPBSl M CTOHKHX K OHOpa3lIOKCHHUIO,
noOykJAlOT HCCIeIoBaTeNell HCKaTh HOBBIC
AKOJIOTHYECKU YHCTHIC U Oe30MacHbIe MaTepHa-
JIbl — OUOMNOJIMMEPBI, IPOU3BEACHHbIE OHOJIOTH-
YECKUM IyTEeM U CIIOCOOHBIE K OMOmerpaaaluy.
Hcnonb3oBaHue OHOMOIMMEPOB yMEHBIIAET 3a-
BHCHUMOCTH OT UCKOIIAEMOT'0 TOILIHBA, COKpAIIa-
€T BBIOPOCHI YITIEKUCIIOTO ra3a U, TaKUM o0pa-
30M, CHIDKaeT yriepomsbiil cien (Meereboer et
al., 2020).

Homuruapokcuankanoatsr (IIT'A), B ToMm
yuce nonu(3-ruapokcudyrupar) [I1(3IB)], — ato
YHUKAJTBHBIA KJIACC XMUMHYCCKUX COCNUHCHHIA,
B TIOJIHOW Mepe COOTBETCTBYIOIIUI oOmpesele-
Huto «ouomonumepsd» (Koller, Mukherjee, 2020;
Nandakumar et al., 2021). HecmoTpst Ha TO 4TO
[I(3I'B) akTHBHO MPOABHUTACTCS B KAUECTBE 3aMe-
HUTEJSl CHHTETUYECKUX IUIacTMacc, ero Ouoje-
rpajaIys B OKpY Karoliei cpee 3aBUCUT OT MHO-
rux (haKTOpoB U TPEOYET ONPEIeNICHHBIX YCIOBHA
(Meereboer et al., 2020). Bpems pa3moxxeHus u3-
JeIH 13 OMOTIOIMMEPOB MOXKET 3aBUCETh OT HX
MOP(OIOTUH, HTOPUCTOCTH, CTEIICHH KPUCTAILTIY-
HOCTH TIOJIUMEpA, TEMIIEPaTyphl OKpY Karomen
cpenbl, pH, KOHIEHTparuu coyeil, MUKpPOOHOI
IJIOTHOCTH, OuopasHooOpasust u mnp. (Fernandes
et al.,, 2020; Koller, Mukherjee, 2020). Anammu3
JIUTEPATypPbl NOKa3bIBAET, YTO WACAJIBbHBIE YCIIO-
BUs 1J1s1 ecTecTBEHHOrO pasyoxeHus [IT'A ouenn
OI'PAaHMYEHBI, YTO 3aTPYAHSET BbIJCICHUE KJIIO-
4eBBIX ()aKTOPOB, OMPEACIISAIONINX CKOPOCTh OHO-
Pa3JI0KEHUS IOJIMMEPHBIX U3JEIIHUMN.

Lenp paGoTHI — OILICHKA BIIMSHUS YCIOBHIA
9KCIO3UIIMM HA TEMIIbl OMOAerpajanuy IMiIeHOK

u3 [I(3T'b) B cubupckux movBax pa3HOro TUIMA.

MarepuaJibl U METO/bI

O6pasusl [1(3I'B) B Buze mieHOK momernia-

JA B CETYHATBHIC IMAKCTBI U3 OPraH3bl U pa3Me-

IaJId B OXapakTepu3oBaHHYO Mmo4By. OOuIyto
YHUCJICHHOCTh MHMKPOOPTaHU3MOB B HCXOZHOM
nouBe (OMY) yuuThIBajIu Ha MSICOMENTOHHOM
arape OOIICHPUHATHIMM METOAAMHU IT0YBEH-
HOW MHUKPOOHOJIOTHH, OaKTEepUU-IECTPYKTOPBI
[(3T'b) BBIOCNsTH W3 W3OIUPOBAHHBIX KOJIO-
HUW METOJIOM IPO3PAaYHBIX 30H HAa MHUHEpPAJb-
HOM arape ¢ J00aBJICHHEM IOPOIIKOOOPa3HOTO
monumepa (Mergaert et al., 1993). Ilomumep-
HBIE TUICHKH SKCIIOHMPOBAJIN B MIOYBAX PA3HOTO
THUIA: JIECHAs AEPHOBO-KapOoOHaTHAA (1Ba y4acT-
Ka C pa3HOH KHCIOTHOCTBIO TOYBBI B paiioHe
r. KpacHosipcka), kpuoreHnas mouBa (Ioc.
Typa, LlenTpanbHasi DBeHKUs), M0JEBAsT MOYBA
arpodepHoO3eM KPHOTCHHO-MHUIEIIISAPHBINA (T10C.
Munwnno, KpacHosipckuii kpai) u oropomHas
CHUJIBHO arporeHHO-IpeoOpa3oBaHHas Mmo4Ba (C.
Cy66ortuno, Kpacnosipckuii kpaif). Cpok sKcro-
3UIMH 3aBUCEJI OT MHTCHCUBHOCTH JErpajaliuu
U CTETEHU PA3JIOKEHMsI TUICHOK: B KOHTPOJINPY-
€MBIX yCJIOBHSAX OIBITA C arPOT€HHBIMHU MOYBa-
MU B TEIUINIE SKCHEPUMEHT amwics | mecs,
B €CTECTBEHHBIX YCJIOBHAX HATYypPHOTO O3KCIIe-
pumenTta — ot 3 1o 15 mecsaues. B xone skcne-
pUMEHTa PErUCTPUPOBANH  CPEAHECYTOUYHYIO
TeMIepaTypy, CyMMapHOe KOJINYECTBO OCaIKOB,
pH mousennoro pactsopa (mo 'OCT 26423-85),
coaepxkanue rymyca (mo 'OCT 26213-9); yobuib
Macchl IJIGHOK ONpeNeNsUIM Ha aHaJluTH4Ye-
CKHX Becax 4-ro kyacca ToyHocTH Adventurer
AR2140 (Ohaus, CIIIA) u paccuuThIBaJIM 110 Pa3-
HOCTH MCXOJHOM M KOHEYHOH Macchl 3a BpeMs
skcnosuuu (Mr-cyt™!). UaeHTu(huKanuo BuI0B
OaKTepH-1eCTPYKTOPOB MPOBOAMIN METOJIOM
cekBeHupoBanusi rena 16S pPHK mo Conrepy
1 UCTIOJNB3YS IPOTpPaMMy ITOUCKA TOMOJIOTHYHBIX
BLAST  (https://blast.

ncbi.nlm.nih.gov). ®unoreHeTnyeckuii aHaIN3

MOCJIEIOBATEIbHOCTEN

oaktepuii-nectpykropos I1(3I'b) BeinonHen me-
TomoM Onmkadmmx coceneit (Saitou, Nei, 1987)
B makete mporpaMm MEGA Bepcun X (Kumar

et al., 2018). Craructuueckyo oOpabOTKy pe-
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3yJIBTATOB MPOBOJMIINA C IIPUMEHEHUEM I1aKETOB
nporpamm Excel MS Office 2019, R Bepcus 4.0.3
u RStudio Bepcus 1.3.1093.

Pe3yabrarsl 1 00cyxkaeHue

[penpiaymme IoKa-

3a71,

HCCIIEIOBAHUS
yto Ouopaspymenune I[I['A 3aBucut
OT MOYBEHHO-KJIMMATHYECKUX YCIIOBHH CPEJIbI,
MHUKPOOHOW COCTaBJSIONICH TOYBBI, a TaKXKe
THMa mojauMepa U (GOpMBI HMOIMMEPHOIO H3-
nenust (Boyandin et al., 2012). buogerpananus
[IT'A B mouBax Cpenneit Cubupu MoXxeT 3HAYH-
TEJIBHO BAPHHPOBATHCS, 4YTO 00YCIIOBICHO PE3KO
KOHTHHEHTAJBHBIM KJIMMaTOM PeruoHa u 00ib-
IIMMHU aMIUTMTYJJaMH TeMIIepaTyphl U KOJIUYe-
CTBa 0CAJKOB B pa3HbIe Tonbl. Jlake MmpH BbI-
COKOH CpEIIHECYTOUHOM TeMmIlepaType BO31yXa
Je(QUIUT BIATH MOXKET CyIIECTBEHHO CHUXKATh
CKOpOoCTh Omomerpamanuu. Tak, B JIEpPHOBO-
kapOoHATHOU

MOYBE, XapaKTEepU3YIOMIEHCs

HEBBICOKHMM COJepKaHueM rymyca (2,6 %), mpu
ONarompusATHBIX JJIs POCTAa MHKPOOPraHU3-
MOB YCJIOBHMSIX U JOCTAaTOYHOM YyBJIAXKHEHHO-
cte mouBHl (20-25 %) 4mMCIeHHOCTh OaKTepHit
6bu1a BeicOKOM — oT 10810 10° KOE- 1! mouBs
(tabm. 1). OTo mpuBesno K ObICTPOH yOBIIN Mac-
cel mwiaenok I1(3I'B) — ot 0,17 mo 0,36 mr-cyt'.
Ecnu temmeparypa Oblia BbIIE CPEJHEMHO-
rOJIETHUX 3HA4YCHHUU, a KOJIHMYECTBO OCAJKOB
MEHBLIE HOPMBI, 3TO IIPUBOIMIIO K CHHIKCHUIO
YUCJICHHOCTH OaKkTepuil Ha 2-3 mopsAKa U Mea-
JICHHOMY Pa3pyIICHHIO TOJIUMEPHBIX IJICHOK —
0,06-0,07 mr-cyr! (rabm. 1). CienoBarensHo,
xapakTep OuoJerpagaly MOJUMEPHBIX H3Je-
JIMW B IPUPOAHBIX YCIOBUSIX OTIUYACTCS OT Te-
OpPETHYECKH BO3MOXKHOTO.

Jlpyrasi cuTyauusi CKJIaJbIBaeTCsl B KOH-
TPOJIMPYEMbIX YCIOBUSAX: B arpodepHo3eMax,
OorarblX TyMycOM M C JOCTyHHbIMH (popmamu

a30Ta, NpU CTaOMIM3UPOBAHHOW TemIiepaType

Ta6nuua 1. XapakTepucTHKa yCIOBUN 3KCITO3UIITMH MOJTUMEPHBIX TJICHOK B CHOMPCKHX MOYBaX

Table 1. Characteristics of exposure conditions of polymer films in Siberian soils

Konu- | Cpenne- . V6b11b MacChl
. Conep- Cpox YECTBO | MECSIYHAs OM™, . | II(3T'B)-nneHok,
Paifon/ Tun nouBs! KaHHue 9KCIHO- pH | maa KOET 1
rymyca, % | 3UIUH 0CaLKoB, | TeMricpa- ouBbI (N=5) MEeyT
y ? MM Typa, °C (n=6)
r. Kpacuosipck / 3 Mecsna 190 17,0413 6,9 0,27+0,02 0,06+0,01
JepHOBO-KapOOHATHAs (2010 1) V=D 75 3,402 0,07+0,02
2,6
6,1 133,0+47,0 0,17+0,03
3mecanal ,q | jsgisy
(2007 1) 7.3 | 1470,0+80,0 0,360,06
moc. MuHHHO / arpo- 1 Mecs
YepHO3eM KPUOTCHHO- 8,7 (2016 Fl; 750 21,010 | 7,5 16,3+£5,2 0,63+0,09
MHLEIUTS PHBII k
c. Cy66oTuHo / | Mecst
CHJIBHO arporeHHo- 17,4 (2016 FI; 750 21,0£1,0 | 6,6 66,3+29,5 0,93+0,01
npeodpazoBaHHasn ’
moc. Typa/ 15 1,9+0,2¢ 0,004+0,001¢
KpHOT'CHHasI MecsIeB
8,8 2880 9,5¢5,7* | 5,1
(2017— 2,4+0,3¢ 0,008+0,001¢
2018 rr.)

* OMUY — o6uiee MUKPOOHOE YHCIIO.

® VyureiBaeTCs 32 JETHUI IEPUOA (HIOHB-AaBI'YCT).
¢ CeBepHBIii CKIIOH SKCIIO3UIIUHU.

4 TOKHBIHM CKJIOH DKCIIO3UIUHA
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21 °C u BnaxHOCTH MOYBHI okoyio 50 % (mo-
TIOJIHUTEIIBHBIN TOJUB ITOYBBI) aKTHBHOCTH MU-
KpoOHBIX aemonamMepas Bospactana u II(3I'B)
IUIEHKU OBICTpO pas3pymanuch — B 1,7-14,7
pasza ObICTpee MO CpaBHEHHIO C Ouojerpasna-
Uell B €CTECTBEHHBIX YCIOBUSAX B JIEPHOBO-
KapOoHaTHBIX mouBaX. CTAaHOBUTCSA BIOJHE
OXKMJ]aeMbIM, UTO B ITOYBaX B paiioHe noc. Typa
NpU HU3KOM CpeIHEMECSYHON TeMmIepaType
B JICTHUH IEpHOA JaXke B YCIOBUSIX JOCTATOY-
HOTO YBJIQXXHEHHS TOYBBI MU 00ECIEUCHHOCTH
MHKPOOPraHU3MOB a30TOM (hepMeHTaTHBHAS
AKTUBHOCTh OCTaBajlaCh Ha HH3KOM YPOBHE
1 yOBLIb Macchl IUICGHOK 3a JIBa BEreTalllOH-
HBIX Ce30Ha Oblja KpaiiHe MaJjlo3HaYMTelIbHA —
4-8 mMKr-cyT.

Ananu3 6uopaspymenus mieHok II(3I'B),
MIPOBEJICHHBI METOJOM TIJIaBHBIX KOMIIOHEHT,
moKasaj, 4TO ABE NEepPBBIC TTIABHBIE KOMIIOHEH-
THl B CyMMe MNOKpsIBaroT 83,8 % naucnepcun.
HauGonpmuii BKJag B MNEPBYI0 KOMIIOHEHTY
BHOCSAT II€pEMEHHbIE YOBIIb Macchl IUICHOK,
TEeMIIepaTypa U KOJUYECTBO 0CaJKOB (Tadi. 2).
Bo BTOpy0 TJIaBHYIO KOMIIOHEHTY BHOCHT
BKJIaJl COZIepKaHUE TYMyca B IOYBE U 3HAYCHUE
pH. OOmass 4MCIEHHOCTP MHUKPOOPTraHW3MOB
(OMY) BHOCHUT MaKCHMaJIBHBIN BKJIAJl B TPETHIO
KOMIOHEHTY. Ha rpaduke rimaBHbIX KOMIOHEHT
(puc. 1) moxa3aHo, 4TO MPOEKIMU MOYB PA3HO-

o0 TUIla PpacOpeAcCIArOTCd Ha pa3HbIX Yy4YacCT-

Tabnuma 2. Bkaaa nepeMeHHbBIX B TJIaBHBIC KOMIIOHCHTHI

kax rpaduka. HampapieHue CTpenku yObLIN
Maccel oOpasmoB [I(3I'B) coBmamaer ¢ mpoek-
IHeH TOYEK, COOTBETCTBYIOIIMX arpOreHHO-
TpaHcOpMUPOBAaHHEIM  mouBaM. JlepHOBO-
kapOoOHaTHBIC TOYBHI B paiione I. KpacHosipcka
dbopMHpYIOT O0IHIA KIacTep, 30Ha KPHUOTCH-
HBIX IOYB pacrosaraercsi o0ocoOieHHo. Psin
aBTOPOB TOATBEPIKAAIOT, YTO THII TOYBHI BIIU-
seT Ha aerpaganuio [IIA. Hampuwmep, B mecua-
HOM IOYBE C HU3KOU BIIAXKHOCTHIO U IEDUIIHTOM
OpraHM4ecKkoro BellecTBa jerpananus Ouo-
MTOJIMMEPHBIX MaTEPHUAJIOB IMPOTEKAET Topasao
MCEAJICHHEC, 9CM B IPYTHUX ITOYBCHHBIX TCCTaAX,
TOr/la KaK B MOJIEBbIX NouBax paznoxenue [1TA
moxketr gocturarh 100 % (Meereboer et al.,
2020).

CkopocTh (hepMEHTATUBHBIX PEAKIHH I10-
YBEHHBIX ~MHKPOOPTaHU3MOB  KOpPPEITUPYET
¢ TeMIlepaTypoi, IpHUYeM HAUJIYUIIUE MOKa3a-
TEIH NIEeNOJIMMEepa3sHOW aKTHBHOCTH HaOIIOma-
FOTCSI TIPH ONTHUMAJIBHBIX IJII MUKPOOPTaHH3-
MOB COYCTaHHUSX TEMIIEPATypbl M BIIAXXHOCTHU
(Mtibe et al., 2021). Pacuer koa¢pdunueHTon
KOPPEISIUU MMOKa3all, 4TO yOBIIb MAacChl ILIe-
HOK KoppemupoBana (p<0,001) ¢ Temmepary-
poit (r=0,80), xonmmuectBoM ocamkoB (r=0,89)
u cojepxkanueM rymyca (r=0,75). Koppensius
¢ pH Opura cma6oit (r=0,40; p=0,02). Hecmo-
Tps Ha TO 4TO Aerpanainus obpasuos [1(3I'B)

IIJICHOK B MNOYBC HNPOUCXOAUT IOH ﬂeﬁCTBHeM

Table 2. Contribution of variables to the principal components

Bxuan,%
Ilepemennsie - - - -

Dim.1 Dim.2 Dim.3 Dim.4
pH 7.87 35.43 7.57 8.27
T'ymyc 13.34 26.48 6.41 5.80
Temneparypa 22.47 9.85 9.81 20.64
Ocanku 26.71 5.27 0.20 56.08
oMY 0.07 22.96 70.09 0.19
VYObLUIb Macchl 29.54 0.004 591 9.01
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PCA - Biplot

Dim2 (27.4%)

Tun noyssbl

[ AepHoso-kapBowaTHas
ArpoyepHO3em KPUOTEHHO-
MULENNAPHDIA

CunbHO arporeHHo-
pH P
npeoBpasoBaHHas

KpuorenHas

Temneparypa

Dim1 (56.4%)

Puc. 1. Ananu3 Qu3NKO-XMMHUYECKUX CBOWCTB MOYBBI M yOblIN Macchl o0pasuoB [1(3I'B) B pasubIx paiioHax

Cl/l6l/lpl/l MCTOAOM I'JIaBHBIX KOMIIOHCHT

Fig. 1. Principal component analysis of soil physical and chemical properties and mass loss of P(3HB)-samples in

different soil types in Siberia

MHKPOOHBIX (pEpMEHTOB, MHTCHCHBHOCTH pas3-
pYIIEHHS IUIGHOK HE TOKa3ajia KOPPEeIAlHIo
C YHCICHHOCTBIO MUKpoopranusmos (r=0,01;
p=0,95). D10 yka3piBaeT Ha HEOOXOAUMOCTH
MPUHUMATh BO BHMMAaHHE HE TOJBKO UMCIICH-
HOCTb, HO U aKTHUBHOCTh MHKPOOPTAHH3MOB,
a TaK)Ke HaJu4ue B MHUKPOOHOM cooOIecTBe
MNEPBUYHBIX AECTPYKTOPOB, MPOLYLHPYIOUIUX
[T'A-genonmmepasel. [IpoBeneHHBIH (huitore-
HETHYECKHUI aHaJIU3 BBIABII OTJIMYHS B HAbope

MEPBUYHBIX JIECTPYKTOPOB B PasHBIX MMOYBAX
(puc. 2).

Haubonee pasHooOpa3HBIM OBLI COCTAB Jc-
CTPYKTOPOB B arpOreHHbIX OYBAX, OH BKJIIOYAJI
MpecTaBuTeNeH KitaccoB Actinobacteria, Bacilli,
[-Proteobacteria, y-Proteobacteria. B nepHOBO-
KapOOHATHBIX OYBAX IMpeodIaaany mpoTeodak-
TepHH U NMpeAcTaBUTeNnu poaa Bacillus. Cnenyet
OTMETHTB, YTO BHJOBOIl COCTaB IECTPYKTOPOB
B KPHOTEHHBIX MOYBaX TaKke OblJ pazHooOpas-
HBIM M BKJIIOYaJ IPEICTaBUTENCH M3 pa3HbIX
KJIACCOB. DTO YKa3bIBaeT HAa BBICOKUH MHKPOO-
HBI{ NOTEHI[MAJI KPHOTCHHBIX IT0YB K OHozerpa-

nanuu n3aenuii uz [1(3I'6).
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M Variovorax paradoxus IBP-SB5(HQ689680)
‘ Variovorax paradoxus EvS-2(MK371082)
Variovorax sp. 3HB-30 (K7321697)
Acidovorax sp. 3HB-40 (KT321698)
® Mitsuaria sp. 3HB-1p (KT321692)

‘ Paraburkholderia sp. EvS-6(MK371084)
r @ Achromobacter sp. 3HB-3p (KU052944)
100 Achromobacter sp. 3HB-20 (KU052950)
— M Stenotrophomonas maltophilia IBP-SL14(HQ689694)
10l — 0 Stenotrophomonas rhizophila EvN-2(MK371072)
B Acinetobacter schindleri IBP-SL13(HQ689693)
— ® Pseudomonas sp. D18-1 (MK300053)
100 L[— B Pseudomonas sp. IBP-SB8(HQ689683)
9% ’ Pseudomonas sp. EvN-10(MK371079)

1o [l Bacilius sp. IBP-SL8(HQ689689)
Bacilli | @ Bacillus cereus D18-4 (MK300054)
100 |—‘: Bacillus pumilus EvN-11(MK371080)
100 @ Bacillus licheniformis D18-5 (MK300055)
93 @ Nocardia sp. 3HB-5p (KU052945)
. ) 45’|—|: @ Rhodococeus erythropolis EvN-9(MK371078)
Actinobacteria
® Pseudarthrobacter sp. D18-7 (MK300057)
100 @ Streptomyces albolongus 3HB-7p (KT321696)
ﬂ ‘ Streptomyces prunicolor EvS-9(MK371087)
100 Streptomyces sp. 3HB-10 (KU052949)

Puc. 2. ®unoreHeTnyeckoe epeBo, MOCTPOCHHOE Ha OCHOBE mocienoBarenbHOocTei 16S pPHK Gakrepmii-
nectpykropos II(3'B), pacripocTpaHeHHBIX B Pa3HBIX THIIAX 0YB B CrOMpH; MacmTad yKa3plBaeT KOJINIECTBO
3aMeH HYKJCOTHIOB Ha CailT; MU(PHI ITOKa3bIBAIOT JOCTOBEPHOCTH BETBIICHUS, YCTAHOBICHHYIO C IIOMOIIBIO
OyTcTpen-aHanu3a; 0003HaYeHHe MapKepOB JJIsl TUIIA OYBHI KaK Ha puc. 1

B-Proteobacteria 100

81

99

y-Proteobacteria

—

0.05

Fig. 2. Phylogenetic tree based on 16S rRNA sequences of P(3HB)-degrading bacteria common in different types
of soils in Siberia; the scale bar indicates the number of nucleotide substitutions per site; the numbers show the
branching accuracy determined using bootstrap analysis; markers for soil types as in Fig. 1

axmoyenne TpoM Oaktepuii-nectpykropos [1(3I'6). Hecmotps

Pe3ynbraTel HccleZoBaHMH IIOKa3alH, YTO
HanOosee ONaronpHsTHBIE YCIOBUS JUIS IeTpajia-
1 [1(3I'B) ckmaipIBaroTCst B arpOreHHBIX MOYBAX,
XapaKTePHU3YIOMIMXCSl JOCTaTOYHBIM YBIIAXXKHEHU-

€M, BBICOKOH OHMOT€HHOCTBIO M IIMPOKHUM CIICK-

Ha KpalfHe He3HAYUTENIbHYIO YObLIb MacChl IIJIEHOK
B KPHOTCHHOH II0YBE, TAKCOHOMHYECKOE Pa3HOO-
Opasue BUJIOB, 00JIaJAIOIINX JIETIOJIMMEPa3HON aK-
THBHOCTBIO, YKa3bIBaeT Ha HAIMYHC [OTCHIIHAJA

KPHOTeHHBIX 1oYB Kk Ononerpaganuu [1(3I'b).
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Abstract. The problem of the steady food supply to the population is becoming particularly pressing
in the face of a projected decrease in the specific area of agricultural land per resident. In an effort to
increase crop yields, agriculture depends mainly on chemical plant protection agents (PPAs), which
produce strong negative effects. The research activities need to be concentrated on developing the
alternative plant protection technologies that will ensure a sufficient crop yield increase. Based on
statistical data of the Food and Agriculture Organization of the United Nations (FAO) and studies and
analytical reviews on protection of agricultural crops, the present work describes current market trends
in the global crop protection industry: the volume and dynamics of the global PPA market, the regional
distribution of this market, and the consolidation of key producers. Recent years have seen a decrease
in the number of new chemical PPAs entering the market due to the greater research effort devoted
to novel crop protection technologies, in particular genetically modified crops (GM crops), biological
PPAs, and other alternative technologies, which are being developed and put on the market in response
to increasingly stringent regulations in agrochemistry and ecology. Recommendations are made to
producers of agrochemicals that will allow them to remain competitive and contribute to satisfaction

of the growing demand for agricultural products.
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I'mo6anbHast MHAYCTPHUSA 3aIIUTHI PACTEHU

O.H. HInmanknii

Hnuemumym skoHomuku u opeanuzayuu
npomviuiienno2o npouzeoocmea CO PAH
Poccuiickas ®@eoepayus, Hosocubupck
Huemumym ouochuzuxu UL} KHI] CO PAH
Poccuiickasa ®@eodepayus, Kpacnospck
Cubupckuil hedepanvuvlii yHugepcumem
Poccuiickasa ®@eodepayus, Kpacnospck

AnHotanus. [IpoGiemMa ycTOHYHUBOro odecrneyeHus NpoJOBOIbCTBUEM HACCICHHS CTAHOBHTCS
0COOEHHO aKTYyaJIbHOW B YCIOBHSX NPOTHO3HUPYEMOI'0 YMEHBIICHHS YACIbHOU MJIOMAqH
CEeIbCKOXO3AUCTBEHHBIX 3€MeJIb Ha OAHOTO XUTes. s NOBBIMECHUS YPOKAHHOCTH
B PACTEHHEBOJICTBE IIMPOKO UCIIOJIB3YIOTCS B OCHOBHOM XMMHYECKHUE CPEJICTBA 3aIUThl PACTCHHH
(C3P), umeroniue cepbe3nbie HeraTuBHbIC 3 dekThl. [lepen HaydIHBIM COOOIIECTBOM CTOUT 3a/1a4a
pa3paboTaTh ajJbTEePHATHBHBIC TEXHOJOTHUHU 3aIUThl PACTEHUH, KOTOpbIE oOecreyar aeKBaTHbIH
poct ypokaiiHoctu. Ha ocHoBe craTtuctrdeckux nanueix FAO (Food and Agriculture Organization
of the United Nations — [IpojioBoIbCTBEHHAS U CEIBCKOX03s1HCTBEHHAs oprann3anns O0beMHEHHbIX
Hanuit), ny6iauKanuii 1 aHAaJTUTUYSCKUX 0030pOB [0 TEME 3aIIUTHI CeIbCKOX035HCTBEHHBIX
pacTeHuil B pabOTE OMUCHIBAKOTCS TEKYIIHE PHIHOYHBIC TCHACHIIMH B r100aibHOM oTpaciu C3P:
o0beM U THHAMUKa MUpoBoro peiaka C3P, perrnonanbHoe pacnpeesieHue 00beMOB 3TOTO PhIHKA,
KOHCOJIMJAIMsI KJIIOYEBBIX IPOU3BOAUTENCH. YCTAHOBIICHO, UTO B ITOCJIEIHUE IOl COKPATUIIOCH
YHCJIO MOCTYIANIMX HA PHIHOK HOBBIX XuMH4eckux C3P BenencTue TOro, 4To 00jiee HHTCHCHBHO
CTaJM pa3padaThIBaThCsl HOBBIE TEXHOJIOTHHU 3AIIUTHI CEJIbCKOX035HCTBEHHBIX KYJIBTYP, B YaCTHOCTH
TeHHO-MOAU(UIPOBAHHBIE KYIBTYpbl, Onosorndeckue C3P u qpyrue ajpTepHaTHBHbBIC TEXHOIOTHH,
KOTOpBIE pa3pabaThiBAIOTCS U BBIBOJISITCS HAa PHIHOK B OTBET Ha Bce OoJiee KECTKHE HOPMBI
peryJiupoBaHus B 00JaCTH arpPOXUMHUH U 3KOJIOruu. [IpuBeieHbl PEKOMEH AN IIPOU3BOAUTEISAM
C3P, koTOpbIE MO3BOJIST UM OCTABATHCSI KOHKYPEHTOCHOCOOHBIMH U Y4aCTBOBATh B YJOBJIECTBOPEHUH

pacTymiero caupoca Ha CCHLCKOXOBHﬁCTBCHHyIO MNpoAYKIHUIO.

Kar4eBsble cJ10Ba: MeCTUINIEI, TI00aBHBIC PRIHKU CpeAcTB 3ammuThl pacteHuii, HMUOKP, HoBbie

TCXHOJIOTHUH 3allUThI paCTeHHﬁ.
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BaaropapHoctu. Pabora BBIMONHEHAa 3a CYET CPEACTB MerarpaHTa «ArpolpenapaTsl HOBOTO

TIOKOJICHUSI: CTpaTerusi KoHcTpyupoBaHusi u peanuzauusi» (Cormamenne Ne 074—02-2018-328)

no IToctanosnenuto IlpaBurensctBa PO Ne 220 ot 9 ampens 20210 r. «O mMepax Mo MpHUBICUYCHHIO

BCAYHIUX YUCHBIX B BY3bl Poccun».

Hurtuposanue: Hlnmanxuii, O. H. Tnobaneuas nuaycrpus 3amutel pactenuit / O. H. lumankuii / XKypu. Cub. dexnep. yH-Ta.
Buonorus, 2021. 14(4). C. 541-549. DOI: 10.17516/1997-1389-0371

BBenenne

[Iporuozupyemsiii MOCEBHBIX

IepuIuT
IIoNIaAei Jisi POM3BOACTBA IPOJOBOILCTBHS,
JIOCTaTOYHOTO [IJIsi TIPOMUTAHUS OOJNBIIET0 KO-
JrYecTBa Mojei (oxunaercs, 9to k 2050 r. unc-
JICHHOCTh HACEJCHHS MHpa JOCTHTHET IOYTH
10 mMupx 4enoBeK), onpeaeaseT HeoOXOaMMOCTh
MTOBBITIICHUS] 3PPEKTUBHOCTH TEXHOJOTHI pac-
TEeHHeBOJCTBA. [Ipennonaraercs, 4To pelieHUe
ATOH MPOJOBOJIIECTBCHHON MPOOIEMBI TOTIOHH-
TEJIBHO OCJIOKHUT U3MEHEHHE KJIMMAaTa, KOTOpOe
yIpoKaeT pacTeHHUEBOJCTBY B IejoM. Bo BceM
Mupe norepu ypoxas B 2050 r. o cpaBHEHHIO
¢ 2000 r., xak o)KHJaeTcs, cocTtaBsaT 24 % s
KyKypy3bl, 11 % mns puca, 9 % nis kaproderns
n 3 % nns mmennnsl (nationalgeographic.com).
[Ipu coBpeMEHHBIX TeMIIaX MPOU3BOJICTBA CEJIb-
CKOXO3SMCTBCHHOH MPOAYKIINHA HEBO3MOXKHO CO-
XpaHsTh OallaHC CIIpoca U MPeJJIoKEH s Ha Hee.
Js pemreHus 3THX IpodiieM HeoOXOIUMO TPH-
MeHATh Oojiee 3(Q(EeKTHBHBIC CEIbCKOXO3SH-
CTBEHHBIC TEXHOJIOTHH U HOBBIE CPE/ICTBA 3aIl[U-
1ol pactennit (C3P).

Lenp paboThl — aHATU3 TEKYIIETO COCTOS-
HUsA MUpoBoro peiaka C3P, ero TMHaMUKH U TEH-
JCHITNI B 00JIACTH HOBBIX TEXHOJOTHH 3aIUTHI
pacteHuil W BBIPa0OTKAa KOHKYPEHTOCIIOCO0-

HBIX PEKOMEHIAIIHIA.

JluHaMuUKa, K/J104YeBble TeHeHIUH
r1002JIbHOT0 PHIHKA

CPEeACTB 3AIUTHI PACTeHUH

CoBpeMEHHBI  yPOBEHb  CEIIbCKOXO3sIH-

CTBCHHOI'0 IMPOU3BOACTBA HEBO3MOXCH 0e3

npumernenuss xumudeckux C3P (Oerke, 2006).
Muposoii peiHok C3P B menom pacrer, HECMO-
Tps Ha JIOKAJIbHBIEC IEPUOJIbI CHUIKEHUS (puc. 1).
Ha puc. 2 noka3zaHno pacrnpeneiaeHue 10jei peru-
oHanbHBIX PeIHKOB C3P B 1998 11 2018 rr. Ha Ce-
BepHy10 AMepuky B 1998 r. npuxonuinocs 26,2 %
Muposoro peiaka C3P; x 2018 r. ata gons cHH-
sunace 10 16,7 %. Hons EBpomneiickoro peiHka
cHM3munack ¢ 25,9 no 23,4 %, HO B pamMKax 3TUX
uudp noreps oMM Ha 3peiblX peiHKax EC-15
Oblia Oosee 3HAYUTENBHOH. DTOT IOKa3aTelb
ObUI YaCTUYHO KOMIICHCHPOBAH 32 CUET pOCTa
Ha pbIHKax Oosee o3 HuX HOBbIX ujieHoB EC.
Jlonst A3um Ha MHPOBOM pBIHKE YBEJIH-
4ulach Onarojapsi pa3BUBAIOIIMMCS CTpaHaM,
a nonu peiHkoB Snonun, FOxuoit Kopen u As-
CTpaJiuu CHU3MIUCh. Hamboisiee 3HauMTeIBHOE
YBEJIMUCHHE JIONU NPUXOAUTCS Ha JIaTWHCKYIO
Awmepuky. Ha puc. 3 kpynHe#mune HallMOHAlb-
Hble pelHKH C3P 0TCOpPTHpPOBaHBI 10 BEJIMYMHE
COBOKYITHOTO TOAOBOTO IPHUPOCTa B MECTHBIX
BasrfoTax 3a 5 net (¢ 2013 mo 2018 r.). Hanbomnb-
I pOCT IMOKa3aJid PAa3BUBAIONINECS PBIHKU
AprenTtunsl, Poccun u Pymbinuu. Ipu aTom st
3peIBIX PBHIHKOB IOJIOKHUTEIBHBIC TOKA3aTenn
3aukcupoBansl TONBKO s Menanun, Uranumy,
Ascrpanuu, CIIIA u Benukodbpuranuu.
OcHOBHas IPHYNHA TOTO, YTO Ha PA3BUBAIO-
LIMXCS PhIHKAX HaOirogaeTcs 0ojiee 3HAYUTEIb-
HBIA POCT, 3aKJIIOYAETCsl B TOM, YTO BO MHOTHX
n3 3Tux crpad C3P npuMeHs0TCA B KOJIUYECTBE
HUXKE ONTHMAJIBHOTO YPOBHS, HEOOXOAMMOTO
JUTSL TOCTHDKEHU S TIOJTHOTO TIOTEHIHAa ypoKaii-

Hoctu. Ilo MEpC YyJIYHYHICHUSA DKOHOMHKH 3TUX
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Puc 1. Peinok C3P: ucropuueckue nanusie 20012017 rr. u perHounsiit nporuo3 2022 r. (FAOSTAT; Phillips,

2020)

Fig. 1. 2001-2017 crop protection history and 2022 market forecast (FAOSTAT;, Phillips, 2020).
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Puc. 2. Pactipenenenne peraka C3P (%) mexnay pernonamu B 1998 n 2018 rr. (FAOSTAT)

Fig. 2. Crop protection regional market development from 1998 to 2018 (% share) (FAOSTAT)

CTpaH pacTeT 00bEM NMPHUMEHEHUH, YTO IPUBO-
JUT K POCTY pbIHKA. MHOTHE U3 Pa3BUBAIOIINX-
Csl PBIHKOB OPHUEHTHPYIOTCS Ha Oojiee JemieBble
XUMHYecKue mnpenaparsl. Ha 3penbix pblHKax
ontumanbHbele ypoBHH C3P yxe mcnonb3yrores
U, CIIEI0BATEIIEHO, UMEETCS MaJI0 BOSMOXKHOCTEH

JUTSL TaJIbHEHIIero pocTa. DTH PBIHKH, KaK IIpa-

BMJIO, PACTYT TOJIBKO BCIIE€ACTBUE 3aMEHbI CTAPbIX
MpernapaToB HOBBIMH. 3aIIUTa TOJIE3HOH OHOTHI,
YyeJIoBeKa U OKpY Karolle cpe/ibl B LIEJIOM OT He-
TaTHBHOTO BO3ACUCTBUS XMMHUYECKHUX TMpenapa-
TOB SABJISIETCS KJIIOUEBOW 3a1a4€il HOPMATUBHOTO
peryJiupoBaHusi B 00J1acTH COBPEMEHHOM arpo-

xumun. [IpaBuia, peryiaupytommue o00poT Xu-
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Puc. 3. Ton-20 cTpaHOBBIX PBIHKOB: IpOLEHTHOE M3MeHeHue peiHkoB C3P 2018/2013 B sokanbHOIl BajiioTe

(FAOSTAT)

Fig. 3. Top 20 country markets: 2018/2013 local currency change (FAOSTAT)

muueckux C3P BO MHOIMX peruoHax, BKJIFOUast
CIIA u eBponeiickue CTpaHbl, C KaXIbIM TOIOM
CTaHOBATCA Bce Oonee crTporumu. Pesynbrar
BIUSHHS HOPM DPETYJIHPOBAHHUS Ha 3BOJIIOLMIO
C3P 1eMOHCTPUPYIOT CIEAYIOUIUME JaHHbIE.
Ecnu B 1950-X IT. cpeHue HOPMBI BHECEHUS XH-
mudeckux C3P cocrabmsinu 1200, 1700 u 2400 ¢
JICUCTBYIOLIET0 BEIIECTBA HA reKTap (I/ra) CooT-
BETCTBEHHO ISl (DYHTHIIMJIOB, WHCEKTHIIMJIOB
u repounuaos, To K 2000-M IT. cpeaHHe HOPMBI
BHECEHUS OSTUX MECTHIMIOB OBIIM CHUXXCHBI
10 100, 40, u 75 r/ra. DTa TEXHOJOTHYECKAS DBO-
JIIOIUST 03HAYAET, YTO KOJIMYECTBO COOTBETCTBY-
IOMINX JCHCTBYIOIIMX BEIIECTB, UCHOIB3YEMBIX
B PACTEHHUEBOJCTBE CErOJHS, IPUMEPHO HA 95 %
ke, ueM B 1950-x rr. (McDougall, 2018). DT
JaHHBIC JIEMOHCTPHUPYIOT 3HAYMTEIBHBIN IIpO-
rpecc B pa3paboOTKe M BBIBEJCHMHM Ha PBIHOK
HOBBIX U Oosiee 3(PQPEKTUBHBIX XHUMHICCKHX
[IpenaparoB Julsl 3aluuThl pacTeHui. Jlns pas-
pabOTKM 1 BBIBEJICHHS HA PHIHOK JIFOOOT'O HOBO-
ro mpemnapara oObIYHO HeoOXoauMo Oonee Jie-

CATH JICT, U OTO Tpe6yeT 3HAYUTCIIbHBIX 3aTpaT

Ha HUP u OKP, koTopble oeHuBarOTCs OpsiIKa
100-350 muH monn. CHIA Ha oguH mpemapar.
BeposTHOCTH TOBEICHHST HOBOT'O JICHCTBYIOIIE-
r'0 BEIIECTBA IO PETHCTPAIIMHU OIEHUBAETCS KaK
o21HO U3 npuMepHo 160 Thic. coeauneHuit. Takum
00pa3oM, KaXIoW KOMIIAaHHH, pa3padaThIBaio-
mieil HOBBIC TpemapaThl, MPUXOIUTCS €KETOTHO
WHBECTUPOBATH CYMMY CPENICTB YKBUBAJIEHTHYIO
7-10 % ot ob6bema cBoux mpomaxk B HUOKP.
K npumepy, B 1995 1. pacxomabsl Ha pa3paboTKy
HOBBIX IIPEIapaToB JJIS 3allUTHl PACTEHUU CO-
craBuiu 152 muH gonn. CIIIA, a 3aTpaTsl Bpeme-
uu Ha HUOKP — 8,3 roga. bonee mo3guue oneH-
KH, cornacHo ompocy 2010-2014 rr., oTpasunu
poct nokazareneit 10 286 muH goinapos CIIIA
u 11,3 roga coorBetcTBeHHO (McDougall, 2016).

C cepenunbl 2000-x rr. 6omee 50 % co-
BOKYITHOTO 00BEMa PBIHOYHBIX MPOJAK IPH-
XOIHUTCA Ha MATh-CEMb KOMIIAHUH — IJHICPOB
B OTpPACIEBBIX CErMEHTax CeJCKIHH CEeMSH
1 pou3BoicTBa arpomnpenaparos (Fuglie, 2012).
B 2013 1. «Oomnplas mecrepka» KOMIAHUI KOH-

TpolpoBasa cBbille 75 % MHPOBOrO arpoxu-
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MHYECKOT0 pbIHKa, 63 % phIHKA CEMSH, a TaKKe
WHBECTHPOBaja MPUOIU3UTEIBHO 2/3 oT obmiei
CYMMBI 3aTpaT Ha MCCIIEIOBaHUS U Pa3paboTKu
CeMsSIH M NEeCTUIUIOB. 3aTpaThl «OOJBIION IIe-
CTEpKM» KOMIIAaHWM Ha MCCIENOBaHUSA U paspa-
00T1ku B 15 pa3 mpeBblnanu OromkeT MuHHCTEP-
cTBa cenbckoro xo3saiictea CIIA Ha mpoBeneHue
AHAJIOTMYHBIX HaydHbIX wuccienoBanuit (ETC
Group, 2015).

HNHHOBanmoHHbIE pa3padoTKu

B 00J1aCTH 3aIIUTHI pacTeHMit

AHanu3 nyonuKanuil B mpeaMeTHOH obma-
CTH TIO3BOJIMJI BBISIBUTH MPOPBIBHBIC HAIlpaBie-
HUS pa3pabOTKU HOBBIX CPEJCTB M TEXHOJOTHU
3aIllUTBl PACTCHUIl, COOTBETCTBYIOIIUE COBpE-
MEHHBIM TPEeOOBaHUSM arpoXHMMHYECKOTO pe-
TYJIMPOBaHHS, B KOTOPBIX Hamboliee aKTHBHO
B HaCTOAIIEC BpPEMs MPOBOAATCA HAYUYHBIC HC-

CJIICIOBaHU .

Buonozuueckue cpeocmea

3awunsl pacmeHuzZ

3HaYUMBIM TPEHAOM pPBIHKA  SBISICTCS
poct cermenta C3P Ouonormueckoro mnpouc-
XOKJICHUSI, KOTOPEIC B OTIMYUE OT XHMHIECKHIX
CPEJICTB 3alIUTHI MPEICTABISIOT COOON KUBBIE
00BEKTHI UM €CTCCTBEHHBIE OMOJIOTMYECKH aK-
TUBHBIE COCJUHEHUsI, CAHTE3UPYEMbIC KUBBIMHU
oprarm3Mamu. [IpenmmyiiecTBa OHONIOTHUSCKUX
C3P — BbICOKasl JUIMTEIBHOCTH JCHCTBUS, OT-
CYTCTBHE aKKyYMYJSIIUA B PACTEHUSAX; OTCYT-
CTBHE MIPUBBIKAHUS K HUM BpeauTenei; obnana-
HHE CIIOCOOHOCTBIO PACIICIUISATh PACTUTEIbHBIC
OCTaTKH; TIOBBIIIEHUE HWMMYHHTeTa. OmHAKO
ouonoruueckre C3P He cBOOOMHBI OT HELOCTAT-
KOB, KOTOpBIE€ BJIMSIOT Ha WX PHIHOYHBIN yCIIEX.
Kaxk mpaBuito, OHU He CIOCOOHBI YHUYTOXKHUTB TO-
MYJSIAI0 BPEAUTEN S UM MATOTeHa TOJHOCTBIO,
a TOJIBKO CHUKAIOT UX BPEIOHOCHOCTH; CKOPOCTh
nevictBus Omonornueckux C3P, kak mpasuio,

HIDKE XUMHUYECKUX; Onomorndeckast 3QPeKTuB-

HOCTH NIPUMEHEHHUS 3aBUCHUT OT YCIOBHH Cpenbl
(TeMriepaTypbl, BI@XHOCTH); HMX IIPUMECHCHHE
TpeOyeT MOBTOPHBIX 00pabOTOK, KOTOPbIE HEOO-
XOJIMMO TTOBTOPSITh YaCTO — M3-3a JIOKEH, BBICO-
KOM OCBEIIEHHOCTH, KOJeOaHWH TeMIepaTyphl.
Pa3mep priaka Ouonorngeckux C3P moka oTHO-
CUTENBHO HeBeNuK. B 2016 1. oH cocTaBisiiI Bcero
5,6 % peiaka C3P, nokassiBasi CKpOMHBIE IPOJIA-
U oTneNibHbIX npenaparos (Nishimoto, 2019).
CorylacHO OTYETY MapKETHHTOBOI'O areHTCTBA
BCC Research (BCC Research, 2018), mupoBoii
poiHOK Ononornueckux C3P B 2016 1. oueHuBaII-
cs1 B 3,42 mupa posut. CHIA, v o mporuosam, J10-
crturuer 14,62 mapn gomn. CILIA x 2025 1.

Ipenapamoi ¢ mednenHvIM
U KOHMPOAUPYEMBIM 8bICE0DOIICOEHUEM

OeliCmsywWux eeujecms

Eme onHa agpTepHaTHBHAS TEXHOJIOTHUSA 3a-
IIUTHI PACTCHUI — 3TO IPUMCHEHHE TIPEIapaToB
C KOHTPOJIMPYEMbIM BBICBOOOXKACHUEM JCHCTBY-
rowero BeuiectBa. TexHonoruss C3P koHTposu-
PYEMOro BBICBOOOXKICHHUS: «KOMOHMHAIHS OHO-
JIOTUYECKN aKTUBHBIX JCHCTBYIONIUX BEIISCTB
U HaIOJIHUTENS, OOBIYHO MOJUMeEpa, KOTOopas
MMO3BOJIICT JIOCTABJIATH Wpermapar K MUIICHU
C KOHTPOJHUPYEMBIMH CKOPOCTSIMH B TEUEHHUE
oIpesieNIcHHOTo reprona BpeMeHu» (Rajan et
al., 2020). 1151 KOHTPOJIUPYEMOI'O BBICBOOOXK Ie-
HUSI TIMPOKO HUCIIONB3YIOT TEXHUKY MHUKPOHH-
KarcyJInpOBaHUS, TOTHMMEPHbIE MUKPOKATICYJIBI
u rugporenu. OcHoBHOe mnpeumymectso C3P
KOHTPOJHMPYEMOI'0 BBICBOOOXKJICHHSI 3aKJIIOUa-
€TCS B TOM, YTO OHHU TO3BOJISIOT MEIJICHHO JIO-
3UpOBaTh JCHCTBYIONIME BEIIeCTBa, OOecredn-
Basl JUIUTEIBHOCTh WX JCHCTBUSA B KOJTUYECTBAX,
HEOOXOIMMBIX ISl JIOCTHIKEHUS HYIKHOTO d(-
(hekTa, He 3arps3HsISA OKPYKAOIIYIO CPELy.

Jng co3maHMs >KOHOMHYECKH ITPUBIEKa-
TeabHBIX C3P KOHTpOIMpPYyeMOro BBICBOOOXK-
JCHUST HEOOXOAUMO pEILICHHE psiaa MpoodiieM.

HepBoe, CTOMMOCTb CUCTEM KOHTPOJIHUPYEMOTO
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BBICBOOOXKICHUSI OOBIYHO BBICOKA IO CpaBHe-
HHUIO C TPAJULIHOHHBIMU XUMHUYCCKUMH IIpe-
napatamMu, 4YTO OOYCIJIOBJIEHO TEXHOJOruen
¥ MaTepHalaMH, HCIIOIb3YEeMBIMH I UX KOH-
cTpyupoBanus. [loaToMy a1 KpynHOMacmTab-
Horo mpousBoiactsa C3P koHTpomupyemoro
BBICBOOOXKIGHHUST TpPeOyIOTCI SKOHOMHUYECKH
nmpuemMieMble OuopasiaraeMbie B TPHPOITHBIX
yCIIOBUAX MaTepuaibl. Bropoe, B HacTosmee
BpeMsi B OCHOBHOM 151 pa3zpaboTku C3P kon-
TPOJIUPYEMOI'O BBICBOOOK/ICHUSI HCIIOJIB3YIOT
WHEPTHBIE IOJIMMEPHI, KOTOPHIE HE SIBIISIOTCS
OuopasiaraemMpiMi. BMecTo Takux Mmarepua-
JIOB CIIEAYeT HCIIOIb30BaTh OHoOpasiaracMmbie
MOJIMMEPHI, TOCKOIBKY MPOAYKTHI HX pa3IoxkKe-
HHS HE TOJBKO MPEIOTBPAIIAIOT 3arpsi3HCHHE,
HO ¥ MOBBIIIAIOT MJIOAOPOUE TOUBHI M CEITHCKO-
XO3SIHCTBEHHBIX KYJIBTYP, OTHAKO aCCOPTUMEHT
U IOCTYITHOCTh TAKMX MaTE€pPHAJIOB ITOKA HU3KU.
B o0030pe mapketuHroBOrO areHTcTBa Market
Data Forecast (Market Data Forecast, 2020) mo-
KazaHo, 4To B 2019 r. pazmep MUPOBOIO pPbIH-
ka C3P ¢ KOHTPOJMPYEMBIM BBICBOOOKICHH-
eM cocraBui nopsaka 1,83 mupn nomn. CHIA.
K 2025 1. mporuosupyetcs pocT no 2,78 Mipa
noin. CIIA c¢ exerogusiM temnom 7.4 %. Te-
KyIlas peIHOYHAS JO0Js 3TUX MPOAYKTOB IOKa
cocTaBisgeT MeHee 3 % OT pa3Mepa phIHKA XU-
muaeckux C3P (68,6 mapa monn. CIIA (BCC
Research, 2020). CoryracHo MaTepuaiam uccie-
JIOBaHMsI MapKeTHHIroBoro areHtctBa Market
Data Forecast, npouzBoactsom u npojaxeit C3P
KOHTPOJIMPYEMOTO BBICBOOOXKACHHUS 3aHUMa-
oTes cnenyromue komnanuu: BASFSE, Bayer
AG, The Dow Chemical Company, DuPont,
ADAMA

Agricultural Solutions Ltd, Arysta Life Science

Monsanto  Company, Syngenta,
Corporation, Sumitomo Chemical Co. Ltd. 9To0
CBHUJETEILCTBYET O TOM, YTO IPAKTUYECKH BCE
KpyHHeHIIne arpoXuMU4YecKue KOMIIAHUU BO-
BJICUEHBI B IMPOABHIKCHUE JAHHBIX MHHOBAIU-

OHHBIX IIpenapaToB.

PexoMeHnmanum npou3BOIUTEISIM

CPEACTB 3alUThl PACTEHHH

3a mocnenuue 70 €T UHHOBALlMM B arpo-
TEXHOJIOTHSIX U3MEHMIIN CEIbCKOX03HCTBECHHBII
PBIHOK W JKM3Hb MUJUIHAP/AOB JIOAECH BO BCEM
Mupe. 3a yKa3aHHBIH NEPUOA B LIEJIOM II100aTh-
Has IPOU3BOAUTEIBFHOCTh CENBCKOIO XO3SHCTBA
6onee yem ynsomnack (Kurth et al., 2020). ITpu
9TOM B TIOCJIEHHUE T'OABI TEMITBI HHHOBAIIUHN Cpe-
JIY KPYITHBIX arpOXUMHYECKHX KOMIIAHHUH, TIpo-
m3BoAsAmux C3P, 3HAYMUTENBHO 3aMEIJIMIIUCH.
HekoTopble aHaJIMTHKH PBIHKA IIPOTHO3UPYIOT,
YTO 4epe3 AeCATh JIeT TOJIBKO OAHA W3 TATH
KPYTHEHIINX arpOXUMHYECKUX KOMITaHHUH OCTa-
HETCS B YHCJIEe BEIYIINX UTPOKOB phIHKA. Ecmn
KkpynHble npousBoauTenu C3P xotat uzdexarsb
9TOM y4acTH, OHU JIOJKHBI IPeo0pa3oBaTh CBOH
HUOKP mozpenu cefiyac B ciaelyoMKUX Hampas-
JICHUAX:

[TepBoe, OpHEHTHPOBATHCS HA PEIICHHE pe-
AJbHBIX MpoOJIeM KIMEeHTOB. KoMmaHuu JOIK-
HBI CTaBUTh IOTPEOHOCTH KIIMEHTOB HA INEPBOE
MECTO, PacIIMPUTh CBOM HOPT(ENH MPOIyKTOB
C TIOMOIIBIO YCITyT, KOTOPBIE MOTYT OBITH aJam-
THPOBaHbl K MHJAMBUIYaJIbHBIM MOTPEOHOCTSIM
KJINEHTOB 1 KOTOpBIE 00ECIIeUNBAIOT HATIISAHbIC
MIOJIOKUTEIBHBIC Pe3yabTaThl. KoMmanuu momx-
HBI BBIITYCKATh 1 IPOABUTATH MPOLYKTHI, YCIyTH
U METOJbI, KOTOPbIE MOAJEPKUBAIOT yCTONYH-
BOE CEJIbCKOE XO3SHCTBO, KOTOpPBIE MOTYT €Ile
00JIbIIIE COKPATUTh HCIIOIb30BAHNE XUMUYECKHX
JCUCTBYIOIINX BEUIECTB, U OHU JOJDKHBI IIPO-
JaBaTh MHTErPUPOBAHHBIC MAKETHI MPOIYKTOB,
MpeqHa3HAaYCHHBIX JUIsI KOHKPETHBIX IOTPeO-
HOCTEH KIJIHNEHTOB. ATPOXHMHUYECKHM KOMIIa-
HUSM CIEJyeT HAnpsMylo B3aUMOJEHCTBOBATH
C peanpHBIM CEKTOPOM PAaCTEHHUEBOJCTBA U CO-
TpyAHHYATH B pa3padorke HOBBIX C3P u TexHo-
JIoruil ux npumeHeHus. Ilpu 3ToM KomMnaHusIM
HEoOX0MMO HalTH IPABUIIBHBIN OaJlaHC MEXKTY
YIOBJIETBOPEHUEM TPeOOBAaHUA HHAMBUAYAIb-

HBbIX 3aKa34YMKOB U HCO6XOI[I/IMOCTLIO pa3pa60T-
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KM IIPOJYKTOB M PEIICHH, KOTOpPbIE MOT'YT OBITh
CTaHJAPTU3UPOBAHbl B paMKaxX IIHPOKOH KIIH-
EHTCKOM 0asbl JJIsl MOJYUYSHHs] MaKCHMaJbHOU
LIEHHOCTH.

Bropoe, crnenyer CKOHIEHTPUPOBATHCA
Ha pa3pabOTKe peleHuil ¢ HamOompLIel I10-
TEHIHAJbHOH IIEHHOCTBIO. ATPOXHMHUYECKHE
KOMIAHUU JOJDKHBI HAYUHUThCA IPABUIBHO
pacctaBisaTe mpuoputetsl B cBoux HIOKP,
a 3aTeM pacrpeneniaTb HeoOXxoaumble (uHaH-
COBBIC M KaJPOBBIE PECYPCHl IS AOCTUIKCHHS
HauboJiee BBITOAHBIX BO3MOXHOCTEH. Pecypchl
HUOKP momxHBI OBITH COCPEAOTOUYCHBI HA pe-
LIEHUU CaMBIX OOJBIINX MPOOIEM, C KOTOPBIMH
CTaJKMBAIOTCS PACTCHHUEBOJBI, a HE Ha COXpa-
HEHUU Hacjlequss KOMIAHUH. DTO, BEPOSTHO,
noTpedyeT CMEIIeHHS! 3HAYUTEIbHBIX PECypCOB
OT HEKOTOPBIX BHYTPEHHHUX PaHEe MOMYISPHBIX
MpOrpaMM, B paMKax KOTOPHIX OOJbIIE HE pa3-
pabaThIBalOTCS HOBBIE TPOAYKTHI C BBICOKOM
LIEHHOCTBIO U BHECEHUs U3MEHEHUU B JIEUCTBY-
romue mexanusmsl ynpasienus HUOKP u npo-
LIECCHI MPUHSATHS PEIICHUH.

Tperbe, uenecoobpaszHo OanaHcHpOBATH
BHyTpeHnHne HUOKP ¢ BHemIHMMH MHHOBAIU-
samu. KpynHble arpoXMMHYECKHE KOMIIAHHH,
MOMUMO TPOJOJIKEHUST CBOMX COOCTBEHHBIX
pa3paboOTOK BHYTPH KOMIITAHHWH, TAKXKE OJIK-
HBbI ”HBECTHPOBATH B MEPCHEKTUBHBIC MOJIOIBIE
KOMIIaHUH C MTOMOIIBI0 CIENU(DUIHBIX I OT-
KPBITBIX HHHOBALMi Mojesnei (puHaHCHpPOBa-
HHS, TaKMX KaK BHYTPEHHHUE MOApa3JeicHUs
KOPIOPATHUBHOTO BEHYYpHOro kamurtana. Jms
3TOro MOTpedyeTcs BhIIEICHNE PECyPCOB, HEOO-
XOAMMBIX U151 3 (PEKTUBHOTO MOMCKA BHEITHUX
BO3MOXKHOCTEH M HOBBIX TEXHOJIOTHM, a TaK¥kKe
JUISL OBICTPOTO TPOJBHIKEHUS IPOLIECCOB C TEM,
Komnanusm

4TOOBI BOCIIOJIB30BATHCS HMH.

CJeIyeT PacCMOTPETh HECKOJIBKO BAapHUAHTOB:

paBHbIE TAPTHEPCKHE OTHOLICHUS; CHCJIKH,
OPHEHTHPOBAHHBIE HA IIOMOILIb HEOOIBIINM
KOMITaHHUSIM (UHAHCHPOBATH CBOM HCCIIEI0Ba-
HUSI B KOHKPETHBIX 00NACTSX; COTPYJHUYAThH
C YHHBEPCHUTETAaMH, TOCYZapCTBEHHBIMH Y4-
PEeXICHUSIMH U HEIPaBUTEIbCTBEHHBIMU Opra-

HU3aIHUIMHU.

3akJouenne

Ha ocHoBe aHanm3a TEKYIIEro COCTOSHUS
mupoBoro peiaka C3P, ero auHaMuKH ¥ TEH-
JCHIUH B 00JaCTH HOBBIX TEXHOJOTHH 3AIIUTHI
pacTeHuil TOKa3aHO, YTO IJIOOAJNBHBIH PBIHOK
xumnueckux C3P yBenumuuBaeTcsi, 4TO COIpPO-
BOJKJIA€TCSl HETaTHBHBIM BO37ICHCTBHEM Ha He-
LesieBble OMOOOBEKTH W OKPYIXKAIOIIYI0 Cpery
B 1enoM. KitoueBble TeHAEHUMHU TIT00aIbHON
oTrpacau npousBoiactsa C3P Brirouwaror ycu-
JIMBAIOIIEECs] PETyJIHpPOBAaHHE, POCT pacxo-
noB Ha HUOKP u Goppdy 3a no0aBiieHHYIO
CTOMMOCTh MEXAY BEIYIIMMU KOMIIAHUSMHU-
MIPOU3BOJUTEISIMU, YTO HPUBOJUT K KOHCOJIH-
JaIuu KpynmHeHmux ydacTHUKOB. Ilapanmens-
HO C BBITYCKOM TPaJAMIMOHHBIX XHUMHUYECKUX
NECTULIMJIOB aKTyallMu3upyeTcs pa3paboTka HO-
BBIX CPE/CTB M TE€XHOJOTHH 3aIIUTHI pacTEHUH,
BKJIIOYAsi pa3paboTKy OHMONECTHIMIOB U OHO-
yoOpeHuil, KOHCTPYHPOBAHHUE MPENapaToB HO-
BOT'O MOKOJIGHUS C MEJIJICHHBIM U KOHTPOJIHUpYye-
MBIM BBICBOOOXK/ICHHEM JAEHCTBYIOLINX BEIIECTB.
CrenaH BBIBOA O TOM, YTO JJIsI 00eCIEYeHUs
KOHKYPEHTOCIIOCOOHOCTH HOBBIX CPEJICTB M TEX-
HOJIOTUM 3alUThl PACTEHUN U YIOBJIETBOPEHUS
pacTyIIero Cupoca Ha CEIbCKOXO3SHCTBEHHYIO
OPOAYKIIMIO  HEOOXOIUMO
Ha peIIeHHEe pPeajbHbIX PodIieM moTpeduTenei,

OPHUCHTUPOBATHCA

pa3pabaTbIiBaTh pENIeHUs C BBHICOKOW MOTEHIIU-
aJBPHON ICHHOCTBIO, OajlaHCHpPOBAaTh BHYTPCH-

aue HUOKP ¢ BHEIIHUMHU HMHHOBAIIMSIMH.
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Abstract. The paper presents the results of a feasibility study of long-term herbicidal and fungicidal
preparations deposited with a degradable microbial poly-3-hydroxybutyrate polymer base. Deposited
pesticides, tribenuron-methyl and tebuconazole, were introduced into soil simultaneously with seeds of
spring wheat Novosibirskaya 15. The control included a pre-sowing treatment of grain with the commercial
fungicide «Bunker» and spraying the crops in the tillering phase with the herbicide «Mortira». The
feasibility studies have shown that pre-emergence soil application of deposited pesticide preparations
ensured cost savings in wheat production of 327.34 roubles per 1 ha, decreased the cost price of the
product and increased the profitability of production by 66.1 % as compared with the traditional use of
commercial pesticide preparations. Thus, elimination of pre-sowing seed treatment and spraying crops
with herbicides during the growing season accompanied by a wheat yield increase resulted in reduced
costs of production. Additionally, application of deposited pesticides may reduce the risk of uncontrolled

spread and accumulation of xenobiotics in the biosphere.
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HOBOI'0 NIOKOJICHUA
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AHHoTanus. [IpoBeneH TeXHUKO-IKOHOMUYECKUHM aHATU3 Pe3yJIbTaTOB MHOHEPHBIX MOJIEBBIX
HUCTIBITAHUH TOJITOBPEMEHHBIX NECTUIIUAHBIX MPEnapaToB repOMIUIHOT0 U QYHTUIIUTHOTO
JNeHCTBUSA, JENOHUPOBAHHBIX B MOJUMEPHYIO OCHOBY C UCIOJB30BAHUEM Pa3pyIlIaeMoro
MHKPOOHOT0 MoMMepa NoJn-3-ruApoKcudyTupara. JlenoHnpoBaHHble TepOnIua TpuOEHYPOH-
MeTHJI U QYHTUIUA TeOYyKOHA30J ObIJIN BHECEHBI B IIOUBY OJJHOBPEMEHHO C CEMEHAMU SPOBOM
nmennnsl HoBocubupckas 15. KoHTposiem ciy’Xuio npenrnoceBHOe NpOTpaBInBaHUE 3€pHA
KoMMepUYecKuM QyHTruuaoM « ByHKep» U ONphICKUBaHKE MTOCEBOB B (ha3y KyIlEHUs repOrLInIOM
«MopTupa». TeXHHKO0-?KOHOMUYECKHE UCCIEA0BaHNS MTOKA3aIH, YTO JOBCX0I0BOE T'PyHTOBOE
NpUMEHEHHE JEeMOHUPOBAHHBIX MTECTUI[MIHBIX MpenapaToB o0ecrneuynBaeT SJKOHOMHUIO 3aTpar
pu ee nmpousBoacTBe Ha 327,34 py0. Ha | ra u CHHIKEHHE CEOCCTOMMOCTH MPOAYKITUH, TOBEITIIAS
peHTabeIbHOCTh MPOU3BOJACTBA HA 66,1 % 110 CPAaBHEHUIO C TPAJAUIIMOHHBIM ITPUMEHEHUEM
KOMMEPUYECKUX NMECTULHAHBIX IIPenapaToB. JTO CBSI3aHO C UCKIIIOUCHUEM 3aTpaT Ha ONEpalnu
0 IPOTPABINBAHUIO CEMSH U ONMPHICKUBAHUIO PACTECHHUI B IEPHOJ BET€TALNH, a TAK)KE yBEIUUCHHEM
ypOKallHOCTH MIIEeHUIbl. BHeIpeHne B NpakTHKY ACMOHNPOBAHHBIX MECTHIIN/IOB HAIIPABICHO
Ha CHMKEHHE PUCKA HEKOHTPOJHMPYEMOIr0 PacClpOCTPAHEHUS U aKKYMYJISIIHU KCEHOOMOTHKOB

B Onocdepe.
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KJioueBble ¢JI0Ba: TEXHUKO-DKOHOMHYECKUI aHaJIn3, ICMOHUPOBAHHBIC IECTULIUIHBIC ITPEIIapaThI,

IIOJICBBIC UCIIBITAHH S, IIOCCBBI ﬂpOBOI\/‘I NIICHUIIBI.

BaarogapHocTu. PaGoTa BEINONHEHA 3a CYET CPEACTB METa TPaHTA « ATpoITpenapaTsl HOBOTO TOKOJICHUS:

cTparerust KOHCTpyupoBanus u peanuzanns» (Cornamenue Ne 074—-02-2018-328) no [TocranoBneHuo

IIpaButensctBa PO Ne 220 ot 9 ampens 2010 r. «O Mepax 1Mo MpUBJICYCHHUIO BEAYIUX YUCHBIX B BY3HI

Poccuny».

Iutuposanue: [llaponarosa, A. B. TexHuKo0-3K0HOMHYECKast OLlEHKA 3G (HEKTHBHOCTH IPHUMEHEHNUS TIECTHIMIHBIX MTPErapaToB
HoBoro nokoienus / A.B. lllaponatosa, E. A. Bproxanosa, O. H. llumanxkwnii / XKypn.Cu6. dpenep. yn-ta. buonorus, 2021.

14(4). C. 550-559. DOI: 10.17516/1997-1389-0372

BBenenne

HeoOxomuMoCTh  HapamuBaHusi 00BEMOB
PacTeHNEeBOJICTBA, B IEPBYIO OUepelb POU3BO/I-
CTBA 3€PHOBBIX KYJIBTYp, AUKTYETCSl POCTOM Ha-
CeJICHUsI, JJI1 KOTOPOro 3€pHO SIBJISIETCS OJHUM
U3 TJIaBHBIX HMCTOYHUKOB IMPOAYKTOB IMHTAHUSI,
a TaK)Ke paCIIMPEeHHEM MOTPEOUTENbCKON Oa3bl
JKUBOTHOBOJICTBA U [ITUIIEBOJICTBA, TJIE 3€PHO OJTUH
U3 OCHOBHBIX KOMIOHEHTOB KOpMOB. COBpeMeH-
Hasi IPAKTHKA B OCHOBHOM 0a3UpyeTcst Ha MprMe-
HCHUM XUMUYECKHX CPEICTB 3alIUThl KyJIbTHBH-
PYEMBIX PACTEHUH, BKITFOYAIOIIEM IIPEIITOCEBHOE
MPOTpaBIIMBAHKE [I0CAJI0YHOIO MaTepHuajia u 00-
pabOTKy pacTeHUil ONPHICKUBAHUEM PACTBOPAMHU
MECTHUIIMJIOB B TIEPHUOJL Bereranuu. IHTeHCHBHbIC
TEXHOJIOTHH BEJICHHSI CEIIbCKOTr0 XO3sicTBa Tpe-
OyIOT NPUMEHEHHsI O'POMHOIO KOJHYECTBa pas-
HOOOpa3HBIX XUMHUYCCKUX BEIICCTB I OOPHOBI
C BPEAMTENSIMU, COPHSKAMU W BO30YIAMTENSIMU
Oone3Hell KyJbTUBUPYEMbBIX BHJIOB. Maciita0Obl
MPOM3BOJICTBA M IPUMEHEHUS MECTULUI0B BO3-
pacraloT Bo BceM Mmupe. Temmbl pocta oObema
MPOU3BOACTBA TMECTUILIMIIOB COCTaBISAIOT 6,9 %
B rox (http:/agropravda.com/news/chimiya-dla-
pochvy/1473-mirovoj-rynok-pesticidov-k-2019-g-
sostavit-759-mlrd). ITpn sTom He 6oxnee 10 % npu-
MEHSIEMBIX U BHOCHMBIX B OKPYKAIOIIYIO CpPEIy
MECTUIUJIOB JOCTUTAIOT eI, OCHOBHAs Macca
9THX BELIECTB aKKyMYJHpyeTcs B Ouoioruue-

CKHX 06L€KTaX, 3arps3HA€T HOYBbI, BONOCMBI,

BBI3bIBAET I'MOEJIb ITOJIE3HBIX OPraHM3MOB, YTO Ha-
pylIaeT paBHOBECHE B IMPHUPOIHBIX IKOCHCTEMAX
(Hansen et al., 2004; Damalas, Eleftherohorinos,
2011; Mineau, Whiteside, 2013). Xumudeckue
HECTHUIIM/IBI HE CHIELU(PUYHBI, BbI3BIBAIOT THOEIb
HELEJICBbIX OPraHU3MOB, YaCTO TOKCHYHBI IS
JKUBOTHBIX M YEJIOBEKa, a TaK)KEe CIIOCOOCTBYIOT
(OPMHUPOBAHUIO YCTOHYMBBIX MOMYJISLUA COp-
HSIKOB M (DPMTONATOTEHOB, YTO MPUBOJUT K HEOO-
XOAMMOCTH YBEJIHYECHHS KPAaTHOCTH 0OpaboTOK
¥ HOPM pacxoyia npenaparoB. YKkazaHHbIE 00CTOs-
TENBCTBA M BBICOKAsi SKOHOMHYECKasl 3aTPAaTHOCTh
XUMHYECKOH 3alIUThI BHI3bIBAIOT HEOOXOIUMOCTh
pa3pabOTKU IKOJIOrHYECKH Oe30IaCHBIX CPEICTB
U CIIOCOOOB MX IPUMEHEHUS JUUIsl CHUYKEHHSI Tie-
CTHLMJIHOTO Mpecca Ha IPUPOIHBIC SKOCHCTEMbI
U OKPYIKAIOIIYI0 CPEey B LIEJIOM.

HoBelllinM  HampaBlIieHHEM  HCCIIEI0Ba-
HUIl sBIIgeTCsl pa3paboTKa IpernapaToB HOBOTI'O
MOKOJICHHSI C KOHTPOJIUPYEMbIM BBIXOIOM aK-
THUBHOT'O Hayajia 3a CYeT HCIIOJb30BaHMS B Ka-
YecTBE MaTpUKca (OCHOBEI) OHMOpa3pymIaeMbIX
MaTepHalioB, KOTOpbIE pPa3pyllaloTcs B IOYBE
MO/ BO3JCHUCTBHEM MOYBEHHOW MHUKPO(IOpPHI
J10 Oe3BpEHBIX IIPOYKTOB M 00ECIIEUNBAIOT I10-
CTENICHHBIA U JJUTEIbHBIA BBIXOJ HECTHIHIOB
B mnouBy. [IpenmymiecTBa Takux (opM BKIIO-
YalOT: MPOJIOHTMPOBAHHOE ICHCTBHE Mpernapa-
TOB, YTO MPHUBOJIUT K COKPALICHUIO KOJIHYECTBA

O6pa6OTOK NOCCBOB; MNPOAJICHHUEC AKTHUBHOCTU
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HECTaOMJIBHBIX MECTHUIIN/IOB; CHUKEHUE TOKCHY-
HOCTH JUIsI OMOTHl W HAKOIUICHHS TECTHIUIOB
B TPOpHUECKUX LEIMIX; MPeodpa3oBaHue KU[-
KuxX (GopM B TBEpAYyIO, YTO AelacT 0e30macHBIM
UX NPUMEHEHHE W O0JIeryaeT TPaHCIOPTHPOB-
Ky (Controlled release of pesticides..., 2020;
Nanopesticides. .., 2020).

[lepcreKTHBHOCTh HOBBIX IPEMapaToB IS
3aIIUThl PACTEHUH U BO3MOYKHOCTb X IIPAKTHYE-
CKOT'O HMCIIOJB30BAHUS HE TOIBKO OMPEICIISTIOTCS
OuoJIOrnYecKOi dPPEKTHBHOCTHIO B CPABHCHUHU
C TPaJWIMOHHBIMH CPEJICTBAMH M TEXHOJOTHSI-
MU MPHUMEHEHHs, HO B 3HAUMUTENIBHOU Mepe 3a-
BHCSAT OT TEXHUKO-IKOHOMHYECKHX TOKa3aTenen
UX IPOM3BOACTBA M MPUMEHEHHUSI.

Lenp HacTosmielt padOTBI — TEXHHUKO-
OKOHOMHUYECKasl OIIEHKa pe3yJbTaTOB ITHOHEP-
HBIX TIOJEBBIX HCHBITAHHHA JOJTOBPEMEHHBIX
HNECTULUIHBIX IPErnaparoB, JAEHOHHMPOBAHHBIX
B pa3pylIacMyr NOJHUMEPHYIO OCHOBY, KOTO-
pble OHOKPATHO BHOCSAT B MOYBY C CEMEHHBIM
MaTepHaJioM, B CPaBHCHHUH C TPaIUIIHOHHBIMU

TCXHOJIOTUAMU 3alllUThI CEJIBbCKOX03IHCTBEHHBIX

KYJBTYD.

MarepuaJibl U METO/bI

TeXHUKO-3KOHOMHYECKUIN aHajau3 BbIIOJI-
HEH 110 pe3yJIbTaTaM IOJIeBEIX UCIIBITAHUH (BeTe-
TalMoHHBIN ce30H 2020 I.) coriacHO HOpMaTUB-
HOIT nokymeHTanuu (MunbkoB, 2014; Map4yeHKO
u ap., 2016; PykoBoACTBO IO MPOBEACHHIO...,
2018). TloyseBble MCHBITAHUS BKJIIOYATN TECTH-
LUIHBIE CPEJICTBA B JBYX (hopMax — CBOOOJHBIC
KOMMEpYeCcKue mpemaparsl (KOHTPOIb) U IKC-
HNepUMEHTaJbHbIE (OPMBI B BHJE T'PaHyl, Je-
IIOHUPOBAaHHBIE B OCHOBY M3 pPa3pylIacMoro
HOJIU-3-THAPOKCUOY THpaTa, CHHTE3MPOBAHHOIO
cornmacHo (ITarent P® Ne 2439143) no pazpabo-
TaHHOW W 3amareHToBaHHOW TexHonorum (Ila-
TeHT PO Ne 2733295).

HcnbiTanbl pazpaboTaHHbie JOPMBI CHCTEM-

HOoro repbumuna tpudenypor-metun (TPHUB)

u cucremHoro ¢gynrunuga redykonaszon (TOb),
KOTOPBIM HCHBITHIBAIM B KOMILIEKCE C TepOu-
uuaom B (TPUB+TOB); nectuiuasl npoussese-
uel B Kurae (pupma Xi'anTai Cheng Chem Co.,
Ltd). B xoHTpoJIe UCTIONIB30BaIM KOMMEPUECKHUE
aHayord (repOMIUAHBIN npemnapar «MopTupa»
u GyHrunmaHelid npemnapar «byHkepy, npowus-
BozicTBO (upmbl «ABryct», Poccus). IlonmeBsie
HCIBITaHUS MPOBEICHBI B Ipuropoae Kpacuosp-
cka Ha 0aze yueOHOro xo3sicTBa « MUHAEPINH-
ckoe» DOI'BOY BO «KpacHosipckuii rocynap-
CTBEHHBIN arpapHblii YHHUBEPCUTET» Ha SPOBOM
nureHune copra Hopocubupcekas 15. B akcnepu-
MEHTAJIBHBIX TPYIIax ACHOHUPOBAHHBIC IIECTH-
LM/TbI BHOCHJIM B MOJTOTOBJIEHHYIO U OXapaKTe-
PH30BaHHYIO [IOYBY OJJHOKPATHO, OHOBPEMEHHO
C CEMEHaMM MILIEHUIbl. B KOHTpoOJE 1OCEeBHOI
MaTepHall 3a CyTKH JI0 TI0ceBa OB MPOTpPABIICH
pacTBopoM mpenaparta «byHKep»; MOCeBBI mIe-
HULH B a3y KyIieHus ObLIH 00padoTaHBI pac-

TBOPOM TepOHUITUIHOTO TIpenapara « MopTupay.

Pe3yabraTsl u 00cyxkaenue

TeXHUKO-IKOHOMUYECKHI aHAJINU3 BKIIO-
Yajl. TEXHOJOTHYECKHE KapThl CTPYKTYPBI 3a-
Tpar IpH IPOU3BOJACTBE IIICHUIBI B 3aBHU-
cuMocTi OT (DOpMBI M CcHoco0a IPUMEHCHHS
MECTHIMIHBIX [PENapaToB; XapaKTEePUCTHKY
3aTpaT Ha MPOM3BOJACTBEHHBIC OICPALUU IPU
[POU3BOJICTBE IIIEHHIIBI C KCIOIb30BAHUEM
KOMMEPYECKHUX U JICIOHNPOBAHHBIX IIPEIAPaToB;
[OKa3aTeau HKOHOMHYECKOH 3SPPEKTHBHOCTH
MPUMCHEHHUS JICIIOHUPOBAHHBIX MECTUIUIHBIX

IIpenapaToB.

Texnonozuueckue kapmuvl CMpYKmMypol
3ampam npu npou3eoocmee nuleHuybsl
6 3asucumMocmu om ¢popmul u cnocoda

NPpUMEHEHUA necmuuu()Hblx npenapamoe

OmnpeneneHne SKOHOMUYECKOH A(PQeKTHB-
HOCTH TIPUMEHEHHS JENOHHPOBAHHBIX IIECTH-

OUOIHBIX OpernapaToB BKJIHOYACT CPaBHCHHUC
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MPOM3BOACTBEHHBIX 3aTPAT 10 BCEM TEXHOJIOTH-
YECKHUM OIIEPAIUSIM, HCIIOJIb3YEMbIM ITPH ITPOH3-
BOJICTBE 3E€PHOBBIX KYJIbTYp B arpocexrope PO.
Pacyer sxoHOMmueckor 3ddexkTuBHOCTH 0Oa3m-
pyeTcs Ha OIpelesieHHH MaTepHalibHbIX U TPO-
W3BOJICTBEHHBIX 3aTpaT HA CAUHHILY IJIOIATH
U €JUHUIY CEJIbCKOXO351MCTBEHHON NPOAYKIIWH,
CPaBHEHHE YPOXKaHHOCTH M ce0eCTONMOCTH I10-
JYYeHHOW NpoAyKIiuu, peHradenpHocTu. [Ipo-
W3BOJICTBEHHBIE 3aTpaThl IpPH BO3JCIIBIBAHUH
UCIIBITYEMbIX CEJIbCKOXO3SIIICTBEHHBIX KYJBTYP
OIIpEJeNICHbl 110 COCTAaBJICHHBIM TEXHOJIOTH-
YECKMM KapTaM, KOTOpbIE BKIIIOYAIOT MPSIMbIE
3aTpaTrhl, COCTOSIINE W3 3aTpaT HAa OCHOBHYIO
00paboTKy IOYBBI, MPEANOCEBHYI0 00pabOTKy
(kynpTHBaIUsA, 00pabOTKa CEMsH, IOCEB), TIPU-
MEHEHHUS XMMHKATOB B TEUYCHHE BereTaluw,
yOOpKY ypoxKasi.

Hns

0 MPOU3BOACTBY 3C€pHA MIICHHUIBI B Ka4€CTBEC

pacueTra TEXHOJOTHYECKHUX  KapT
MoKa3aTensl B3sTa MOCEeBHas Iuom@anas B | ra
1 JJaHHBIE TI0 YPOKAHHOCTH, ITOJIy4EeHHBIE B T10-
JeBbIX ucnbITaHusX (Tadna. 1). OCHOBHBIMH
CTaTbsIMH 3aTparT INPH IIPOU3BOJICTBE MPOTYK-
U PACTEHHUEBOJCTBA SBISIOTCS OIJaTa TPy-
Ja ¢ OTYUCICHHUSIMHM Ha COIMAJIbHBIC HYXJBI,
MaTepuajbHBIE 3aTPaThl, B TOM YHCJIE 3aTpa-
THl Ha CEMEHA, IOproYe-CMa3ouHbIe Marepua-
JIBI, XUMHUYECKHE CPEACTBA 3aIIUTHl PACTEHUH,
9JIEKTPOIHEPTUIO U AP., aMOPTHU3ALHNS, 3aTPATHI

Ha TeKyI_[II/Iﬁ PEMOHT CCIBXO3TCXHUKH U TPOYUEC

3aTpaThl, BKJIIOYAIONIHE OOIICITPONU3BOACTBEH-
Hble W OOLIEX03sHCTBEHHbIE pacxonsl. lcxo-
I U3 COCTaBJICHHBIX TEXHOJIOTHYECKHUX KapT
10 BO3/IEIBIBAHUIO 3€PHOBBIX KYJIBTYp B TaOII. 2
IPUBECHBI IIPOU3BOJICTBEHHBIE 3aTPAThI U ceOe-
CTOMMOCTh HPOM3BEICHHOW mpoxykiuu. Hau-
OoublIMe 3aTpaThl MPH IPOM3BOJACTBE IIICHH-
L6l UMEJI MECTO B TOJIOKHUTEIEHOM KOHTPOJIE
(B BapuaHTE C MPOTPABIMBAHHEM CEMSH IIpe-
napaToM «ByHKep» M ONpPBICKHBAHHEM ITOCEBOB
npenaparoM «Moptupa») — 13013,32 py6. Ha |
ra. Camble HU3KHE 3aTpPaThl MTOJTYUYCHBI B 3KCIIE-
PUMEHTAIBHOM BapHaHTE IMPHU HCIOIb30BAHUU
rpanyn TPUB — 12482,11 py6. Camas Huzkast ce-
0ecTOMMOCTD 3epHa MIICHHUIbI OIYYEeHa B IKC-
NIePUMEHTAJILHOM BapuaHTe, B KOTOPOM MOJIyYe-
Ha camas BbICOKas ypOXKalHOCTb MIICHHUIIBI TPU
WCIIOJIb30BaHUM KOMIUIEKCHBIX TpaHyl. KO-
HOMHSI 3aTpaT B AKCIEPUMEHTANBHBIX I'PYIINax
OTHOCHUTEJILHO KOHTpoJiel cocTaBuiia oT 180,92

1o 327,43 py6. Ha 1 ra.

Xapaxmepucmuka 3ampam

Ha NPoU3800CmMeeHHble Onepayuu
npu nPouU3800Cmee NUUEHUYbL

€ UCNONb308AHUEM KOMMEPUECKUX

u ()enOHMpOGaHHbIX necmuuudnblx npenapamoe

Onpezernenbl 3arparbl Ha | ra HOCEBOB
sspoBoii mineHuIsl HoBocubupckas 15 (tadim. 3).
Pacyer SKCIUTyaTal[MOHHBIX 3aTPaT IO BBIPAIIH-

BaHUIO MIICHHUIBI MPOU3BCIACH I10 Kaﬁ(HOﬁ OT-

Tabnuna 1. YpoxaitHOCTh sipoBoii mmieHuibl HoBocuOupckas 15 mpu pasnudHbIX GopMax U crnocobax
MPUMEHEHUS IECTHINIOB B YCIOBUAX MOJEBIX UCIIBITAHUN

Table 1. Yield of spring wheat Novosibirskaya 15 under different regimens of pesticide treatment in field trials

Bapuant YpoxkaitHOCTB, 11/Ta
KoHTpons (onpeIcKHBaHUE TOCEBOB repounuaoM «MopTupay» B (a3e KyIIeHHs) 32,5+0,5
KonTpouns (mpoTpaBiuBanue ceMsiH GyHIHIHI0M « ByHKep» U onphICKUBaHHE 31.140.4
HOCEeBOB repounnaom «Moptupa» B pa3ze KyIeHus) T
OkcnepuMeHT (BHeceHUe rpanyn TPUB B mouBy mpu nmocese) 33,6+0,5
OkcnepuMeHT (BHeceHue rpanyn TPUB+TOb B mouBy npu mocese) 42,34+0,5
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Tabnuna 2. CocTaB OCHOBHBIX CTaTeil 3aTpaT Ha BbIPALMBAHKE IILICHULIBI X CE0ECTOMMOCTSD 1 11 3epHa, pyo., Ipu
pasnudHbIX Gopmax 1 criocobdax MPUMEHEHUs IECTHIIN/I0B

Table 2. Main cost items for wheat production and cost price of 1 centner of grain under different regimens of

pesticide application, roubles

Bapuant
Kontpouns
KonTtpoinb (mpoTpaBiIMBaHUE DKcrepuMenT DKCIEPUMEHT
CrarbH satpar (omphICKMBaHUE | CeMsTH (QyHTHIIHIOM (Hecene (BHECCHME
MOCEBOB «ByHkep» rpanHyn
repOuIuaIOM U ONIPLICKUBAHUE rﬁ aE);iIOZ;I/eI)B TPUB+TDOb
«Moprtupay) | MOCEBOB TepOUIIHIOM P MpH TIOCEBE)
«Moprtupa»)

1. Omnara Tpyna
C OTYUCIICHUSMHU
Ha COIMAJIBHBIC HYXKJIbI 21043 2151,7 1880,6 1898.5
2. MarepuanbHble 3aTpaThl —
BCETrO 4810,8 4888,0 4797,2 4922.8
B T. 4. CEMCHA 1350,0 1350,0 1350,0 1350,0
roproye-cMa304Hble MaTepraibl 2211,3 2211,3 2120,5 2120,5
XUMHUYECKHE CPEICTBA
3aIUTHl PACTCHUH (CEMEHHOTO
MaTepHala) 280,0 362,8 - -
3JIEKTPOIHEPTUs 52 6,2 5,4 6,8
aBTOTPAHCIOPT 161,1 154,5 166,4 207,8
BOJIa Ha IPOM3BOJCTBECHHBIC
HYXKIbI 3,2 33 - _
MEJIKMI HHBEHTaph 800,0 800,0 800,0 800,0
JETIOHNPOBaHHBIC MTECTULIUTHBIC
Tpenaparbl - - 355,0 437,8
3. AMopTH3anus 1549.,4 1558.,4 15249 1533,0
4. Texymuii peMOHT 1681,5 1688,1 1662,2 1666,2
5. Ilpoune 3aTpaTst 772,7 783,1 761,8 776,0
6. OO0I1IEeTPON3BOICTBEHHBIC
1 00IIEX03SIIICTBCHHBIC PACXOIbI
(20 %) 1913,7 1943.9 1855,3 1889,3
Bcero 3atpar Ha | ra nocesa
MIICHALIBI 12832.,4 13013,3 12482,1 12685,9
CebecTonmocTs 1 11 3epHa 394.8 4184 371,5 299,9

JEIIBHOW TEXHOJOrm4eckor omepanuu. OOmas
CyMMa JKCILTyaTallMOHHBIX 3aTpaT Ha TEXHOJIO-
THYECKYIO ONEPAIHIO IIOCEB» B pacyeTe Ha 1 ra
BO BCEX BapHaHTaX UCXOJs U3 BBIIICIIPUBEICH-
HBIX pacueToB cocTaBuia 901,18 py0. Dkcrury-
aTallMOHHBIE PACXObl HA BHITIOJTHEHHUE TEXHOJIO-
TUYECKOH OIepaliil «OIPHICKUBAHUE ITOCEBOB
repouIuIaMu» B KOHTPOJBHOM BapHUaHTE paB-

Hsutach 572,13 pyo.

CTOMMOCTh JICTIOHHPOBAaHHBIX (hopM TIe-
CTUIIUOB 3aBUCHUT OT CTOMMOCTH IOJHMEpa
(IT3I'b), xoTopasi, B CBOK OUYEpeab, 3aBUCHT
OT TEXHOJIOTHM CHHTE3a, TUIa cyOcTpara, cTe-
MICHU OYNCTKH MOJIMMEPa U Ip. B mpuBeaeHHbIX
pacdeTax HCIOIb30BAaHBI JaHHbIC aHATU3a MH-
POBBIX PHIHKOB. /17151 pac4eTOB IPUHSTHI JaHHBIE
10 CTOMMOCTH TeXHUueckoro noaumepa (95 %

quctoThl) B 60 pyO./xr (https:/russian.alibaba.
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Tabnuua 3. CTpykTypa 3aTpaT MpH BO3ACIBIBAHHH IIICHUIBI TI0 OCHOBHBIM TEXHOJOTHYCCKUM OIMEPALIHSIM
(py6. Ha 1 ra) npu pa3audHbIX HopMax U Croco0ax MPUMEHEHHUS TIECTUIIH/IOB

Table 3. Costs structure in wheat production under different regimens of pesticide application, roubles per 1 ha

IIpoTpaBiauBanue | OnpbicKUBaHUE " IMoces ¢ o1HOBPEMEHHBIM
CeMSsH MOCEBOB roro BHECCHUEM I'paHyII
Crarbu 3aTpar IMoces 0 TpeM
Gynrunumzom repOunu oM I'panynel | I'panyisl
onepanusam
«ByHkep» «MopTupa TPUB TPUB+TOb
1. OcHoBHas
U JOIIOJIHUTCIIbHAs
3apadoTHaA IIaTa | ) o 39,33 165,15 477,33 272,85 272,85
C OTUYUCJIICHUSIMHU
Ha COIIMaJIbHBIC
HYKIbI
2. AMopTuzanus 146,21 10,38 11,65 168,24 146,21 146,21
3. Texymuii 150,19 7,26 10,00 167,45 150,19 150,19
PEMOHT arperara
4. l'oproue-
CMa304HEIE 289,02 - 74,86 363,88 289,02 289,02
Marepualibl
5. DNeKTpodHEpTHs - 1,26 - 1,26 - -
6. XUMHKATBI - 82,83 283,23 366,06 355,00 437,80
7. Hpoune mpamsie |, o) 7,05 27,24 77,20 42,91 42,91
pacxoabl
Bcero 3arpar 901,18 148,11 572,13 1621,42 1256,18 1338,98

com/product-detail/polyhydroxyalkanoates-
pha-resin-pha-granule-fully-biodegradable-
materials-pha-60407456188). Pacxon monumepa
B COCTaB€ I'PAHYIMPOBAHHBIX MECTUIUIOB CO-
craBua 1,25 Kr/ra, CTOUMOCTh COOTBETCTBEH-
HO: rpanynel TPUB 355 py0./ra; xomriekc-
TPUB+TDB 4378 py6./ra.

3KCHJ’IyaTaHI/IOHHH€ 3aTpaTbl Ha OICpaluio

HbIE TpaHYIbI
«T0CEB» C OJHOBPEMEHHBIM BHECEHHEM TIpa-
nyn TPUB B skcriepuMeHTalIbHOW I'pyHIe co-
craBmin 1256,18 py06.; KOMIUIEKCHBIX TPaHYI
TPUB+TOb — 1338,98 py6.

ComnocTaBieHue 3aTpaT MpH ABYX UCCIE0-
BAaHHBIX CIIOCO0aX XMMHYECKOH 3aIlMThI HOCe-
BOB TIIIEHHUIBI C MPUMEHEHHEM KOMMEPUYECKUX
1 9KCIIEPUMEHTAJIBHBIX (POPM MECTUIIUIOB AAHO
BTabm. 3. DKCITyaTallMOHHbBIE 3aTPATHI PHY BHIPa-
[IMBaHWH MMIICHULBI C YIETOM TEXHOJIOTHIECKUX
oTepaIii «IoceB» U «IPOTPABINBAHNE CEMEH-

HOTO Marepuayia» B cyMMme paBHbl 1049,29 pyo.

[Ipu npuMeHEeHUH Omepaluii Mo yXoay 3a moce-
BaMmH (TIOJIBO3 BOJIBI, MIPUTOTOBIICHUE PACTBOpa
JUISL OTPBICKMBAHUS W OIPBICKUBAHHUE MTOCEBOB
repOuIUIaMu) 00Ias CymMMa 3KCIIIyaTallHOH-
HBIX 3aTpar Ha | ra cocraBuia 1621,42 py0. Ta-
KUM 00pa3oM, IPH UCIIOJIE30BAHUH TEXHOJIOTHU
XUMHUYECKOMN 3al[UThI IOCCBOB MIICHUIIBI C IIPH-
MEHCHHEM JICTIOHMPOBAHHBIX  MECTUIUIHBIX
[pernapaToB B CPaBHCHHHM C TPAIUIIHOHHBIMH
TEXHOJIOTHSIMU 3aTpaThl cOKpamatorces ¢ 1621,42
1o 1256,18 py06./ra uau 1338,98 py0./ra B 3aBu-
CUMOCTH OT COCTaBa T'paHyJ, COOTBETCTBEHHO,
C OHUM TrepOUIIUIHBIM MIPEHapaTOM MU B KOM-
miekce repounua+gyarunu. [loces ¢ omHOBpe-
MCHHBIM BHECCHHEM B [OYBY JCIOHUPOBAHHBIX
MECTUIIAIOB BMECTE C CEMCHHBIM MaTepHUAJIOM
SKOHOMHYECKH BBITOJICH, TAK KaK IIPH 3TOM IIPO-
HCXOIUT COKpAIICHHWE SKCIUTyaTAllMOHHBIX 3a-
Tpat ¢ 11,8 10 9,4 % 1o cpaBHEHUIO ¢ 3aTpaTamMu

IpH OCYHICCTBJICHNU KOMILJICKCA pa60T 110 IToCe-
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BY, IPOTPABIMUBAHUIO CEMSIH U OINPBICKUBAHUIO

ITOCEBOB TCPOHITIIAMH.

Tlokazamenu skonomuueckotl dppexmusnocmu
npumeHenus: 0enoOHUPOBAHHBIX

necmuuudyblx npenapamoe

Jl1st oueHKH SKOHOMHYECKOH (P (peKTHB-
HOCTH JICTIOHMPOBAHHBIX IIECTHIMIHBIX Mpe-
NapaToB IPOM3BEACH pacdeT SKOHOMHYECKHX
roKazaresel IPOr3BOJICTBA POy KIIHH, BKIIIO-
YaroUU  ypOXKAMHOCTh CEIbCKOXO3SIUCTBEH-
HOM KYJBTYpBHI IO OOBIYHOW (OOIIETTPUHSITOI)
U OKCIEPUMEHTAJIbHOH TEXHOJOIMH XUMHUYe-
CKOM 3aIIMTHI IIOCEBOB SIPOBOH MIIEHUIIBI C yUe-
TOM: OIIpE/IeJICHUsI POU3BOICTBEHHBIX 3aTpaT

Ha enuHHIy Tutomanu (1 rektap) u Ha cebe-

CTOUMOCTH | II MPOWM3BEACHHOW MHPOAYKIIHH;
mosrydyeHHOW mpuObutk Ha 1 Ta u 1 11 mponyk-
LMH; YPOBHSI PEHTAOEIBHOCTH MPOU3BOACTBA
MPOAYKINH paccMaTpPUBaeMOll CelIbCKOXO3sHi-
CTBEHHOH KYJIBTYDBI.

[Tokazarenn sKoHOMUYECKOH 3P PeKTHBHO-
CTH TPOM3BOJCTBA 3€pHA MIICHHUIIBI MO TPaau-
LIMOHHON M SKCIIEPUMEHTAJIBEHON TEXHOJIOTHIM
naHbl B Ta0n. 4. HecMoTpst Ha TO 4TO B 3KCIe-
PUMEHTAJIbHOM BapuaHTE C IPUMEHEHHEM KOM-
IJICKCHBIX TECTHULHIHBIX IpernapaToB B BHJE
IpaHysl MX CTOMMOCTH BBINIE IO CPABHEHMIO
C TpaHyJlaMH, COJEPKAIIIMHU TOJIBKO OMH Tep-
6unn, ce0ecTOMMOCTS | I MIIEHHIIBI B 3TOM Ba-
puanTe cHkeHa Ha 19,3 % c yueTtom momydeH-

HOI1 60JIee BEICOKOW YPOKaWHOCTH IIICHUITBI.

Tabnuua 4. Iloka3zarenn dKOHOMHUYECKOH I(PPEKTHBHOCTH MPOM3BOACTBA 3epHA MIICHHUIBI MPH PAa3INIHBIX

(dopmax u crocodax MPUMEHEHHU S TIECTHIINIO0B

Table 4. Indicators of economic efficiency of wheat grain production under different regimens of pesticide

application
Bapuantst
KOHTDOME KonTpons DKCIIEpUMEHT
(OHpLICKII)/IBaHI/Ie (TpoTpaBIMBaHHE CEMSH
Ioxasarenn HOCEBOB ¢ynruuunom «byrkep» | Buecenue Buecenue
repouIIIOM 1 ONPBICKHBAHUE rpanyn TPUB | rpanyn TPUB +
«MopTipa) TI0CCBOB IrepONIINIOM npu nocese | TOb mpu nocese
pTHP «Moptupa»)
[loceBHnas niouaab
MIIIEHHUIIBI, Ta 1,0 1,0 1,0 1,0
YpoxkaitHOCTb MIIEHULBI,
nclra 32,5 31,1 33,6 42,3
3arpaTsl cpeacTs Ha 1 ra
oceBa MIICHUIB, pyO. 12832,40 13013,32 12482,11 12685,89
CebecTonMoCTh
npousBojcTBa 1 11 3epHa, pyo. 394.8 418,4 371,5 299.9
CpenHsis IeHa peanu3anuu
1  3epHa, pyo. 700,0 700,0 700,0 700,0
[pubseine Ha 1 11 3epHa, pyo. 305,2 281,6 328.5 400,1
Joxon Ha | ra mocesa
HIICHUIBL, pYO. 22750,0 21770,0 23520,0 29610,0
[onydeno mpuObuTH Ha 1 ra
3epHa, pyo. 9919,00 8757,76 11037,60 16924,23
VYpoBeHb peHTa0eIbHOCTH
[IPOU3BOACTBA MIIEHULIBL, % 77,3 67,3 88.4 1334
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B nenom nony4ennas npuObuTh Ha 1 11 3epHa
MIICHUIBI ¥ Ha | ra rmocesa MIISHMIIBI M0 IaHHO-
My BapHaHTy cocTaBuia cooTBeTcTBeHHO 400,]
u 1692423 py6. mpu ypoBHE peHTaOEIBHOCTH
npousBoacTBa mmeHuisl 1334 %. D710 BhIIIe
YPOBHS peHTA0CIBHOCTH IIPH IPONU3BOCTBE MPO-
JOYKIMHM B KOHTPOJILHOM BapHaHTE ¢ KOMMepue-
CKHMH TIpernapaTaMy M TaK)Ke MPU HCIIOIb30Ba-
HUH IPAHYJI TOJIBKO C OJJHUM repOutuomM. Takum
00pa3zoM, IPUMEHEHHE TEXHOJIOIMH BbIpalliBa-
HUSI MIIEHUIIBI C UCTIOIb30BaHUEM JICTIOHPOBAH-
HBIX MECTHLUAHBIX MPEIapaToB, B 0COOCHHOCTH
IIPU KOMIUIEKCHOM COJIEp)KaHMH B HUX TepOHLIna
u QyHTHIM A, ABIISeTCS HanOomee 3 eKTHBHBIM
M0 CPAaBHEHUIO C TPAJAUIUOHHBIMHU TEXHOJIOTHS-
MH, a TaK)K€ TEXHOJIOTHEH, TPH KOTOPOH MpHuMe-

HAIOT I'paHyJIbl TOJIBKO C OTHHUM Fep6I/II_II/I}IOM.

3akJjoueHue

BrimmonrHeHHBIE  TEXHHUKO-3KOHOMHUYCCKHE

HCCJIICAOBAaHHA TIIOKa3ajlnd, YTO JOBCXOIOBOC

IPYHTOBOE IIPUMEHEHHE JIEHOHHPOBAHHBIX
NECTULIHMAHBIX TMPEernapaToB 3a CUET HCKIoYe-
HUS 3aTpaT Ha ONepalyy 10 MPOTPABINBAHUIO
CEeMSH M OMNPBICKUBAHUIO PACTCHHIl B NEPHOT
BEreTaluy, CONPOBOXKAAIONICECS yBEIHUCHH-
€M YPO’KaHHOCTU KYJIbTYPbl SPOBOW INILEHUIbI
copra HoBocubupckas 15, obecreunBaer 3Ko-
HOMMIO 3aTpaT IPU TNPOU3BOACTBE IIICHHUIIBI
Ha 327,34 py6. Ha | ra. OTo cHMXaeT cebecTo-
UMOCTh HPOAYKIMU U TOBBIIIAET pPEeHTAOENb-
Ha 66,1 %

IO CPAaBHCHUIO C IPUMEHECHUEM KOMMEPUCCKUX

HOCTb TMPOU3BOACTBA TIICHUIIbL

NECTUIHUAHBIX MPeMapaToB MO TPpaaAULHOHHBIM

TCXHOJIOTHUAM.
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