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Foreword by the Editors of the Special Issue

The editors, guest editors, and advisory board members of Bulletin of Karaganda University, Chemistry
Series decided to dedicate this Special Issue to the 90™ anniversary of Doctor of chemical sciences, Profes-
sor, Academician of the National Academy of Sciences Esen Abikenovich Bekturov who has made an out-
standing contribution to physical chemistry of polymers. In the frame of the Special Issue entitled: “Special-
ty Polymers in Qil Industry, Bio-, Nanotechnology and Medicine” colleagues from China, Czech Republic,
Finland, Japan, Kazakhstan, Russia, Syria, UK, USA, and Uzbekistan share their research with readers of the
journal.

The contribution of Professor Esen Bekturov to the Physical Chemistry of Polymers is outlined in the
essay by Prof. Sarkyt Kudaibergenov (Institute of Polymer Materials and Technology, Kazakhstan). The
essay briefly describes the life path, scientific and pedagogical activities of Professor Esen Bekturov together
with his prominent contribution to R&D, role in the transfer of knowledge, and training of highly qualified
specialists.

A review by Prof. Vitaliy Khutoryanskiy from the University of Reading (UK) and coauthors consid-
ers the state of the art in synthetic, natural, and semi-natural polyampholytes, as well as their interpolymer
complexes with polyelectrolytes, proteins, DNA, non-ionic polymers including applications of these systems.
Historical background on polyampholytes and interpolymer complexes provides comprehensive information
on the current state of this subject.

A review by Marat Sagyndikov (Satbayev University, KazMunaiGas Engineering LLP, Kazakhstan)
and Prof. Randall Seright (New Mexico Institute of Mining and Technology, USA) describes important as-
pects and performances of polymer flooding based on a survey of recent projects combined with the
Kalamkas field experience. A comprehensive literature review allows optimizing the applicability of poly-
mer flooding technology in temperature, brine salinity, water source selection, oil properties, formation type,
and permeability.

The mini-review by Perizat Kanabekova and coauthors (Nazarbayev University, Kazakhstan) is fo-
cused on the use of electrospun nanofiber membranes for the development of lung-on-a-chip platforms. The
authors briefly introduce microfluidic and lung-on-chip devices, microphysiological systems and demon-
strate the perspectives of nanofiber membranes as a material for mimicking the basement membrane in the
lung tissue.

Prof. Hiroyuki Nishide and coauthors (Waseda University, Japan) highlight the polymer complexes for
electrocatalytic oxygen evolution. The paper discusses the prerequisites, characteristics, advantages and
emerging challenges of m-conjugated polymers as electrochemical catalysts to modify anodic current collec-
tors for water oxidation. It is demonstrated that the polymer complex of poly(ethylenedioxythiophene) and
phytic acid supported by a hydrophilic poly(2-hydroxyethyl methacrylate) efficiently generates oxygen
through anodic water oxidation.

© 2022 The Authors. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/) 5
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Continuation of a series of articles presented by Prof. Vladimir Lozinsky and coauthors
(A.N. Nesmeyanov Institute of Organoelement Compounds, Russian Academy of Sciences) is poly(vinyl al-
cohol) (PVA) cryogels derived from the urea-containing DMSO-solutions that can be applied as potential
drug delivery system. Using a chaotropic additive like urea the authors were able to fabricate the PVA
cryogels with high mechanical strength and thermal resistance. The release kinetics of model drug —
g-amino caproic acid from the drug-loaded PVA cryogels was evaluated. The suggested the concept of au-
thors may open a possibility for biomedical applications of PVVA-based cryogels.

Polymolecular complexes of natural polysaccharide — chitosan with Bombyx mori protein in agueous
solutions was studied by Prof. Sayera Rashidova and coauthors (Institute of Chemistry and Physics of Pol-
ymers of the Academy of Sciences of the Republic of Uzbekistan) with the help of FTIR spectroscopy. The
density functional theory (DFT) method was also used for analysis and evaluation of complexes formed be-
tween chitosan and amino acids (asparagine, threonine, serine, glutamine, alanine, tyrosine, histidine, and
lysine) isolated from the pupae of the silkworm Bombyx mori.

Researchers from the Shakarim University of Semey and Astana International University, Kazakhstan
(Prof. Binur Mussabayeva and Dr. Alexey Klivenko) presented the application of interpolyelectrolyte
complexes (IPEC) derived from chitosan and alginic acid for soil structuring. Treatment of soil by IPEC
improves wind resistance, humidity and decreases the water permeability. The results of vegetation and
field experiments in tillage treatment by IPEC showed a positive effect on the growth of radish of the Rubin
variety.

The article by Prof. Shimei Xu and coauthors (Sichuan University, Xinjiang University, P.R. China) is
focused on the reentrant phase transition of dual nanocomposite hydrogel composed of poly-N-
isopropylacrylamide/Laponite/SiO, (PNIPAM/Laponite/SiO,) upon shrinkage/reswelling process. The reen-
trant “coil-globule-coil” conformational and phase transitions of PNIPAM/Laponite/SiO, were attributed to
competitive hydrogen bonds between water and polar solvents. The obtained results are promising in many
applications for “on-off” switches, artificial organs and actuators in liquid environments.

Young Kazakh researchers in collaboration with Prof. Vladimir Aseyev (Department of Chemistry,
University of Helsinki, Finland) investigated the immobilization of ionic dyes — methyl orange and meth-
ylene blue — within the matrix of charge-imbalanced amphoteric nanogels consisting of non-ionogenic
(N-isopropylacrylamide), negatively charged (sodium salt of 2-acrylamido-2-methylpropanesulfonate) and
positively charged (3-acrylamidopropyltrimethylammonium chloride) monomers and studied the dye release
Kinetics as a function of temperature and ionic strength of solution. A delivery system developed in this
study may be a promising therapeutic platform for applications in pharmaceutics.

Oil displacement by amphoteric terpolymer consisting of acrylamide (AAm), 2-acrylamido-2-
methylpropanesulfonic acid sodium salt (AMPS) and (3-acrylamidopropyl) trimethylammonium chloride
(APTAC) was demonstrated in the article of Nurbatyr Mukhametgazy (Satbayev University, Kazakhstan)
and Prof. Heikki Tenhu (Department of Chemistry, University of Helsinki, Finland). The advantage of am-
photeric terpolymer AAm-AMPS-APTAC over hydrolyzed poly(acrylamide), that is traditionally used in
enhanced oil recovery, was shown at high salinity of oil reservoir.

Amidation of polyethylene-co-acrylic acid copolymer (PE-co-AA) by alkylamines and further applica-
tion as pour point depressants for waxy crude oils is reported by Dr. Serik Kozhabekov and coauthors (Ka-
zakh-British Technical University, Kazakhstan). The efficiency of the modified PE-co-AA copolymers as a
pour point depressant was tested with respect to highly wax crude oil from the Akshabulak field. The ob-
tained results expand our fundamental knowledge of polymer additives with respect to the highly paraffinic
oils of Kazakhstan.

Prof. Nurxat Nuraje and coauthors (National Laboratory Astana, Nazarbayev University, Kazakhstan)
prepared superhydrophobic self-cleaning coatings by a simple, facile and cheap method using easily availa-
ble materials such as poly(dimethylsiloxane) and TiO, nanoparticles. The wettability, particle size, and elec-
trokinetic potential of superhydrophobic materials were studied. These materials can potentially be used in
concrete fabrication as anti-ice paving slabs, building facades, roofs and waterproofing of buildings.

The molecular mechanism of binding of coumaric acid (CA) with polyphenol oxidase (PPO) was ex-
plored by Dr. Ming Guo and coauthors (Zhejiang Agriculture and Forestry University, China) by combina-
tion of spectroscopic and molecular modeling methods. According to the thermodynamic parameters, the
CA-PPO complex is predominantly stabilized by hydrophobic interactions and hydrogen bonds between the
interacting components.
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Dr. Alsu Akhmetshina and coauthors (Kazan National Research Technological University, Kazan,
Russian Federation) synthesized and characterized a series of aromatic oligoesters and oligoesteramides pos-
sessing liquid crystalline properties via high-temperature polycondensation of aromatic dicarboxylic acids
with 4-hydroxybenzoic acid (or 4-aminobenzoic acid) and 1,5-naphthalene diol. As a result, high thermally
stable polymeric materials in the range of 372-378 °C were obtained. The application area of liquid crystal-
line polymer covers the aerospace needs of today; they are an excellent candidate for printed circuit boards,
fiber optic strength members, and conductor reinforcements.

The team of authors led by Dr. Akerke Kazhmuratova (Karaganda Buketov University, Kazakhstan)
and Dr. Jiri Plocek (Institute of Inorganic Chemistry of the Czech Academy of Sciences, Czech Republic)
reported the facile synthesis of novel hydrogels based on unsaturated polyester and acrylic acid by reversible
addition-fragmentation chain transfer (RAFT) polymerization in dioxane. The structure, composition and
morphology of obtained polymers were evaluated by FTIR, NMR spectroscopy and SEM.

Prof. Meyram Burkeyev and coauthors from Karaganda Buketov University, Kazakhstan and the Insti-
tute of Inorganic Chemistry of the Czech Academy of Sciences, Czech Republic stabilized the gold and silver
nanoparticles by the copolymers of polypropylene glycol maleate phthalate with acrylic acid. The obtained
nanocomposites in the range of 35-50 nm exhibited antimicrobial activity with respect to gram-positive and
gram-negative bacteria.

Research team headed by Prof. Erkeblan Tazhbayev from Karaganda Buketov University, Kazakhstan
prepared polymeric nanoparticles based on polylactide-co-glycolide and anti-tuberculosis drug — isoniazid by
nanoprecipitation. The average size of nanoparticles varied from 93 to 869 nm. Incorporation of isoniazid
into the polymer matrix was confirmed by TGA and DSC. The degradation of polymer matrix followed by
drug release was evaluated at different pHs.

Theoretical approach, in particular the DFT method, was used by Dr. IInar Nurgaliev (Institute of Pol-
ymer Chemistry and Physics, Tashkent, Uzbekistan) to study the interaction between chitosan dimer with
ascorbic acid (AA) and sodium tripolyphosphate for fabrication of chitosan-ascorbate nanostructures. The
obtained results show that the complexation of chitosan dimer with AA proceeds through donor-acceptor
interaction, which is energetically favorable among all kinds of considered interactions. The applied model
can be used to control the size of the resulting nanoparticles of chitosan derivatives with organic acids, in-
cluding AA, and further develop the drug delivery system.

Dr. Anastassiya Mashentseva and coauthors (Institute of Nuclear Physics, L.N. Gumilyov Eurasian
National University, Kazakhstan) fabricated the composite track-etched PET-based membranes on copper
microtubes using various compositions of precipitation solution and various types of reducing agents such as
formaldehyde, dimethylamine borane, and glyoxylic acid. They were used as efficient catalysts for reduction
of Cr(VI) present in wastewater to Cr(I11) with a high yield of 95-97 %.

Metalloorganic framework (MOF) structures based on nickel and cobalt trimesinates were used for ad-
sorption of organic dyes, in particular, Congo red (CR) and methylene blue (MB) by Prof. Igor Uflyand and
Prof. Gulzhan Dzhardimalieva from Southern Federal University, Rostov-Don and Institute for Problems
of Chemical Physics RAS (Russia). Temperature-dependent adsorption degree of CR and MB was equal to
97 and 83 %, respectively. The adsorption mechanism of dyes was analyzed by empirical models of Temkin
and Freundlich, of which the Freundlich model was optimal. The calculated thermodynamic parameters re-
veal that the process is spontaneous and has an insignificant endothermic character.

Researchers from the Institute of Complex Processing of Mineral Raw Materials, Kazakhstan (Prof.
Abdurassul Zharmenov and Anas Houbi) in collaboration with the Higher Institute for Applied Science
and Technology, Damascus, Syria (Dr. Yomen Atassi) considered the ternary composite materials obtained
from poly(aniline), Nizn ferrite (NigsZnosFe,O4) and carbonyl iron using the sol-gel method and in situ
polymerization technique. The composite materials were characterized by FTIR spectroscopy, XRD and
SEM. In addition, the electromagnetic interference shielding and microwave absorption properties were
measured in the frequency region of 8.8-12 GHz.

Prof. Galymzhan Mamytbekov and coauthors (Institute of Nuclear Physics, Kazakhstan) developed
hybrid composite materials based on poly-N-vinylpyrrolidone and agar-agar in the presence of plasticizers
(PEG-400, glycerin) and mineral filler bentonite by electron irradiation method. The structure of resulted
hybrid composites is defined as an interpenetrating network within which the mineral component is distrib-
uted as intercalated particles. The swelling and mechanical properties of composite hydrogels were studied.
It is expected that the hybrid composite hydrogels can be applied for tissue engineering and anti-burn hydro-
gel dressings with a wound healing effect and high bactericidal activity.
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A group of researchers led by Prof. Nigmat Ashurov from the Institute of Polymer Chemistry and
Physics (Uzbekistan) presented the properties of nanomaterials derived from the modified by maleic anhy-
dride isotactic polypropylene and two kinds of clay minerals — montmorillonite that differs in the interlayer
space. As a result, the formation of both intercalated and exfoliated nanocomposite structures was detected.
The physicochemical and mechanical properties of nanocomposites were evaluated by XRD, TGA, DSC,
and mechanical testing. The nanocomposites possess increased thermal stability and elastic modulus that are
interesting from the practical point of view.

The Guest Editors of this Special Issue would be extremely happy if the compiled articles reached their
goal and delivered a positive reader experience.

Information about Guest Editors”

Kudaibergenov, Sarkyt Elekenovich — Full Professor, Doctor of Chemical Sciences, Director of the
Institute of Polymer Materials and Technology, Atyrau-1, 3/1, 050019, Almaty, Kazakhstan; e-mail:
skudai@mail.ru; https://orcid.org/0000-0002-1166-7826;

Nuraje, Nurxat — Associate Professor, Doctor of Chemical Sciences, Head of the Laboratory of Ad-
vanced Solar Energy Materials and Systems, National Laboratory Astana, Nazarbayev University, Kabanbay
batyr avenue, 53, 010000, Nur-Sultan, Kazakhstan; e-mail: nurxat.nuraje@nu.edu.kz; https://orcid.org/0000-
0003-4751-2719

*The editor’s name is presented in the order: Last Name, First and Middle Names
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(*Corresponding author’s e-mail: skudai@mail.ru)

The Contribution of Professor Esen Bekturov
to Physical Chemistry of Polymers

The article is dedicated to the 90" anniversary of Academician Esen Abikenovich Bekturov, a prominent Ka-
zakhstani chemist who has made an outstanding world contribution to the physical chemistry of polymers.
His scientific interests focused on the study of water-soluble and water-swelling polymers, interpolymer and
polymer-metal complexes, polymeric catalysts and associates, polymeric hydrogels, molecular complexes of
polymers, nanomaterials and nanotechnology are summarized in numerous monographs published in Japan,
Germany, Poland, and Kazakhstan. The essay briefly reflects the life path, creativity, scientific and pedagogi-
cal activity of Professor Esen Bekturov, as well as the most important and prominent publications. His role in
the transfer of knowledge, training of high-qualified specialists, his contribution to Research and Develop-
ment (R&D), recognized by numerous International and Republican awards and participation at International
Conferences and Symposiums, are highlighted.

We shall not cease from exploration
And the end of all our exploring
Will be to arrive where we started
And know the place for the first time

“Four Quartets”
T.S. Eliot, Nobel Laureate

The Kazakh proverb says: “The deep river flows noiselessly”. The
life and scientific philosophy of the Doctor of chemical sciences, Profes-
sor, Academician of the Kazakh National Academy of Sciences, Laureate
of Kazakh State Prize, and Honored science worker of the Republic of
Kazakhstan Esen Bekturov fully corresponds to this truth. Professor Esen
Bekturov is a well-known specialist in the field of physical chemistry of
polymers in the scientific community of Kazakhstan and abroad, an ex-
tremely modest and cultured person who sets high moral standards for
himself and others, enjoys great authority in his family, among friends,
colleagues and disciples. On December 14, 2021, he celebrated his 90th birthday. The winged and sarcastic
phrase of the famous physicist, Nobel Prize winner P.L. Kapitsa: “... a scientist after 75 years is idolized, to
whom everyone prays”, is an exception for Professor Esen Bekturov, who is still active, works for the benefit
of his beloved science, generates and distributes fresh ideas, prepares and guides the younger generation for
independent Kazakhstan and leads an active lifestyle. Esen Bekturov was born in 1931 in the family of
Abiken Bekturov, who later became one of the first founders and academicians of the Kazakh SSR Academy
of Sciences and for 20 years was the first director of the Institute of Chemical Sciences (named after
A.B. Bekturov in 1991), and followed his father’s footsteps.
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After graduating from the Faculty of Chemistry of the Kazakh State University in 1954, Esen Bekturov
became an aspirant and in 1958 defended his candidate dissertation. His scientific advisor was the Academi-
cian of the Kazakh Academy of Sciences, Professor M.I. Usanovich, one of the founders of the acid-base
theory.

Esen Bekturov spent his postdoctoral period at the Moscow State University and Institute of
Elementoorganic Compounds under the patronage of Academician of the Academy of Sciences of the USSR,
Professor V.A. Kargin and Corresponding Member of the Academy of Sciences of the USSR, Professor
S.R. Rafikov. Preliminary, Esen Bekturov headed the group, and then in 1966, the laboratory of physical
chemistry of polymers at the Institute of Chemical Sciences was organized under the auspice of the founder
of the Kazakh school of polymer chemists, Academician of the Kazakh Academy of Sciences, Professor
S.R. Rafikov.

The subject of E. Bekturov’s doctoral thesis, which he defended in 1972, was devoted to the study of
hydrodynamic, conformational and molecular characteristics of amphiphilic polymers in solutions. He sum-
marized these results in the monographs “Ternary Polymeric Systems in Solutions”, “Synthetic Water-
Soluble Polymers in Solutions”, “Catalysis by Polymers”, and “Cationic Polymers” published in Kazakhstan,
Germany, and Poland [1-7].

In early 1970s, Professor Bekturov’s laboratory simultaneously with the research teams of the Moscow
State University and Waseda University (Japan) began to develop the still promising scientific direction of
the so-called interpolymer complexes as the products of interactions of two complementary macromolecules
stabilized by cooperative hydrogen bonds. As a logical continuation of such studies, the complexation reac-
tions of functional polymers with various low- and high-molecular-weight compounds (metal ions, surfac-
tants, dyes, drugs, polyelectrolytes, proteins) were initiated to create effective metal sorbents, metal-
supported polymeric catalysts, ion-conductive polymers, composite materials, ultrathin films. Investigations
in the field of polymer-polymer and polymer-metal complexes, molecular complexes of polymers, catalysis
by polymers and metal-supported catalysts have been published in the books and review articles by Springer-
Verlag, Huttig & Wepf in Germany [8-13]. The review article of Professors E. Bekturov and L. Bimendina
on Interpolymer Complexes, published in 1981 in the book “Advances in Polymer Science” (Springer), was
cited 580 times [3].

In 1986, Professor E. Bekturov and coworkers were awarded by Kazakh State Prize in the field of Sci-
ence and Technology for the cycle of monographs and books published on water-soluble polymers and their
complexes.

At present, the research topics of Professor E. Bekturov cover the stimuli-responsive gels and networks
of natural and synthetic polyelectrolytes, polymers for biotechnology, biomedicine, nanotechnology, and en-
vironmental protection [14-19].

In Soviet times, despite the existing “Iron Curtain”, Professor E. Bekturov took the courage to break
“the window to Europe”. Due to his deep knowledge of English, he gave plenary and invited lectures at lead-
ing scientific Centers and Universities in Japan, Turkey, Germany, Switzerland, Italy, Iran, Canada, and the
Czech Republic. Owing to his promotion of the achievements of Kazakh polymer chemists, the Laboratory
of Physical Chemistry of Polymers became a “Mecca” for scientists from various regions of Kazakhstan and
former Soviet Union countries and was recognized by foreign scientists.

For sixty-five years of scientific activity, Professor E. Bekturov has published about 950 articles and re-
views, including more than 100 papers published in English in peer-reviewed journals. He is the author and
co-author of 35 books published in Kazakhstan, Russia, Poland, Germany, and Japan, and 20 copyright cer-
tificates for patents of the USSR and Kazakhstan.

The transfer of knowledge and experience is one of the Life Credo of Professor E. Bekturov. He trained
more than two dozen candidates of sciences and nine doctors of sciences for the Universities, Research Insti-
tutes and Industries of Kazakhstan. During 2010-2021 Professor Esen Bekturov gave the lecture courses on
“Modern problems of polymer science” and “Physical chemistry of polymers” in English for Master and
PhD students of the Abai Kazakh National Pedagogical University [20, 21].

Professor E. Bekturov always pays attention to scientific organizations. For example, he was a perma-
nent member of the International Advisory Board of IUPAC Symposium on Macromolecule-Metal Com-
plexes, the International Symposium on Specialty Polymers. Esen Bekturov’s achievements in fundamental
science have been recognized by numerous awards and certificates of honor, including the Al-Khorezmi In-
ternational science and technique festival, the N. Bohr UNESCO gold medal (1997), the Kazakh State sti-
pend for outstanding scientists who contributed to the development of science and technique (2000), Nation-

10 Bulletin of the Karaganda University



The Contribution of Professor Esen Bekturov ...

al Independent Prize “Tarlan” in the nomination of science, K.I. Satpayev Prize for the development of spe-
cialty polymers for application in petrochemistry and nanotechnology (2019). According to the Web of Sci-
ence International Information and Analytical Platform, in 2019, Esen Bekturov, as a professor of the Abai
Kazakh National Pedagogical University, was awarded the title “Leader in publishing activities in the Web
of Science Core Collection over the past 5 years among pedagogical universities of the Republic of Kazakh-
stan”. He is Honorary Director of the Institute of Polymer Materials and Technology (1999), Honorary Pro-
fessor of the Pavlodar State University (2001) and Semey Shakarim University (2005). For his contribution
to the development of science in Kazakhstan, he was awarded the Medals “For Labor’s Heroism”, “Labor’s
Veteran” and “10 Years of the Constitution of the Republic of Kazakhstan™. In 2018, Al-Farabi Kazakh Na-
tional University published the book entitled “Oneremni emip” (“Exemplary Life”), dedicated to the life and
creative activity of Professor Esen Bekturov [22].

The Polymer Society of Kazakhstan, former students, colleagues and friends congratulate Professor
Esen Bekturov on his 90" birthday and wish him all the best in his scientific and personal life.

This is an updated version of Essay published previously in Macromol. Chem. Phys., 2006, Vol. 207,
P. 2165-2166. DOI: 10.1002/macp.200600320 [23].
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C.E. Kynaiibeprenon

IIpodeccop Ecen BekTypoBTHIH mojimMepJiepaiH
(pu3UKaAIBIK XUMHSACHIHA KOCKAH YJieci

Makana monuMmepiepIiH (U3MKalIbIK XUMHACHIHA QJIEMIIK YIeC KOCKaH KOPHEKTI Ka3aKCTaHIbIK XUMUK,
akanemMuk Ecen O0ikenyis! bekrypoBTeiH TyranbiHa 90 5xpUT TONMybIHA apHaiaFaH. OHBIH Ccylla epUTIH XKoHE
Cyoa ICIHEeTIH TIIOJMMepyiepre, HHTEPIOIMMEpP OKOHE IIOJMHMEp-MeTall —KeIIeHAepiHe, IOoJIuMep
KaTaJlM3aTopiapbl MEH acCOLMalUsIapblHa, IOJUMEp THIPOTrelbIepiHe, MOJUMEPIEPAiH MOJIEKYIAIBIK
KeIlIeH IepiHe HeTi3/leNreH, HaHOMaTepHaliiap MEH HAHOTEXHOJIOTHUSUIAp/BI 3epTTeyre OaFbITTalFaH FhUIBIMU
i3penictepi XKanonus, ['epmanus, [Tonpma sxone Kasakcranga »apblK KepreH FBUIBIME €HOEKTepIe jKoHe
MoHorpadusnapaa xapusuianrad. CoHbIMEH Katap, Makanana npodeccop Ecern BekTypoBTHIH eMip KOJIbI,
MIBIFAPMAIIBUIBIFEL, FUIBIMU-TIEArOTUKAJBIK KBI3METi, MaHBI3IbI KapHUsUIAaHBIMAAPH! 1a KbICKAlIa OepinreH.
Faneimuei Gimim Oepyneri, sKorapsl OUTIKTI MaMaHIApHABl Oaspilaydarbl pejli, FBUIBIMH-3EPTTEy JKOHE
ToXIpHOeniK-KoHCTpYKTOpibIK,  kymbictapra (F3TKJXK) kockam ymeci Typamsl aifteurraH, OipHemre
XaJIBIKapaJIbIK JKOHE PECITyOJIHMKAaIBIK MapanaTTapsl, XaJdbIKapaiblK KOH(epeHIMsuiap MeH CHMIIO3NyMaapra
KATBICKAHbI aTall OTUITeH.

C.E. Kynaiibeprenon

Briag npogeccopa Ecena bekrypoBa B (pu3H4ecKy0 XUMHUIO MIOJTUMEPOB

Cratbs mocBsnieHa 90-1eTHro co JaHSA pokacHUs akanemuka EceHa AOukeHoBHuYa bekTypoBa, BEIAIOIIETOCS
Ka3aXCTAaHCKOTO XMMHMKa, BHECIIETO BBIAAIONIMICS MUPOBOil BKIaa B (pU3HUECKyI0 XUMHUIO mojuMepoB. Ero
Hay4YHbIe MHTEPEChl, COCPEIOTOYCHHbIE Ha M3YYEHHH BOJOPACTBOPUMBIX M BOJOHAOYXAIOIMIMX IOJIMMEPOB,
HWHTEPIIOTUMEPHBIX U TOJIMMEPHO-METAIUINIECKUX KOMILIEKCOB, TIOJIMMEPHBIX KaTaIM3aTOPOB M aCCOLUATOB,
MOJMMEPHBIX THAPOTENEH, MOIEKYISAPHBIX KOMIUIEKCOB MOJIMMEPOB, HAHOMATEPHAIOB W HAHOTEXHOJIOTHUH,
0000IIIEHE B MHOTOYHCIICHHBIX MOHOTpadusaX, m3naHHbIX B Smonnu, ['epmannu, [Tomsme n Kazaxcrane. B
OouYepKe KpaTKO OTpPaKeHBI )KU3HEHHBIH ITyTh, TBOPYECTBO, HAyYHAsl M MeJarormdeckas AesSTeIbHOCTh MPo-
(eccopa Ecena bektyposa, a Takxke Hauboliee BaXXHbBIC U 3HAUUTENbHBIC MyOnukauu. [loka3aHsl ero poib B
nepefaye 3HAHWMA, MOJATOTOBKE BBICOKOKBATM(HIIMPOBAHHBIX  CIICIUATKCTOB, BKIAJ B HaydYyHO-
HiccIIeI0BaTeIbCKUE U ONBITHO-KOHCTpyKTOpckue pabotsl (HMIOKP), oTMeueHHbIe MHOTOYHCIEHHBIMU MEX-
JIYHapoOJHBIMU U PECHyOIMKAaHCKUMU HArpajiaMd, y4acTHeM B MEXAyHapOJHBIX KOH(GEPEHIHMIX M CHMIIO-
3UyMax.
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Interpolymer Complexes of Synthetic,
Natural and Semi-Natural Polyampholytes: A Review

This review is focused on synthetic, natural and semi-natural polyampholytes and their ability to form
interpolymer complexes with other polyelectrolytes and non-ionic polymers. It provides definition, classifica-
tion and overview of physicochemical properties of polyampholytes. The conformation and phase behaviour
of intrinsically disordered proteins and semi-natural polyampholytes derived from aminoacids is discussed.
The ability of synthetic, natural and semi-natural polyampholytes to form interpolymer complexes with wa-
ter-soluble polymers is considered. Most of the research in this area is focused on interpolyelectrolyte com-
plexes of polyampholytes with oppositely charged polyelectrolytes; however, there are also studies demon-
strating the formation of hydrogen-bonded complexes. The nature of the complexation is often affected by so-
lution pH and also isoelectric point of polyampholytes. The complexation between polyampholytes and other
polymers may lead to formation of colloidal dispersions (nano- and microparticles), liquid-liquid phase sepa-
ration (called complex coacervation), fully soluble polycomplexes or physically cross-linked gels. A substan-
tial body of studies in this area was focused on the complexes formed by proteins. Application of
interpolymer complexes formed by polyampholytes in biotechnology, medicine, encapsulation technologies,
separation science, biocatalysis, food science and pharmaceutics is discussed.

Keywords: polyampholytes, polypeptides, proteins, intrinsically disordered proteins (IDPs), intra-macro-
molecular complexes (intra-MMC), inter-macromolecular complexes (inter-MMC), interpolyelectrolyte com-
plexes, drug delivery, complex coacervation, gelatin.
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MIP: Molecularly-imprinted polyampholyte

NaPSS: poly(styrene sulfonate sodium salt)

NIPAM: N-isopropylacrylamide

PAA: poly(acrylic acid)

PDMDAAC: poly(N, N-dimethyl-N, N-diallylammonium chloride)
PDMAPS: poly[3-dimethyl(methacryloyloxyethyl ammonium propane sulfonate)]
PMPC: poly(2-(methcaryloyloxy)ethylphosphorylcholine

PAMPS: poly(2-acrylamido-2-methyl propane sulfonic acid)
PDMAPAA-Q: poly(3-acrylamidopropyltrimethyl ammonium chloride)
PEG: poly(ethylene glycol)

PVBTMAC: poly(vinylbenzyltrimethylammonium chloride)

VI: N-vinylimidazole

VCL: N-vinylcaprolactame

Review Plan

Inclusion and Exclusion Criteria: The present review is devoted to interpolymer complexes of synthet-
ic, natural and semi-natural polyampholytes with polyelectrolytes, proteins, DNA, and non-ionic polymers.

The review data mostly cover the publications from 1949 to 2022. However, some old literature sources
dated on 1896, 1929, 1934 are also cited. In addition to a survey of the prevalent literature, most attention is
paid to the authors’ own research into the field of polyampholytes and interpolymer complexes since 1981.
Acrticles in the relevant area were searched and analysed from the databases like Scopus, Web of Science,
PubMed etc. along with other online scientific search engines (Google Scholar). The keywords used for the
search were: “polyampholytes”, “polypeptides”, “proteins”, “intrinsically disordered proteins”, “DNA”,
“polyelectrolyte complexes”, “intra- and inter-macromolecular complexes”. No statistical methods were used
in this review.

Introduction

The analysis of literature published over the past half century shows that the number of publications on
polyampholytes generally continues to increase each year, starting from 1970. Figure 1 presents the data on
the number of publications and citations in this area.

Publications
suone)

Figure 1. Progress of publications and citations on polyampholytes according to the data of Web of Knowledge,
generated using the keywords “polyampholyte*” or “amphoteric polymer*”.

This review aims to present the analysis of literature on synthetic, natural and semi-natural
polyampholytes, focusing on their ability to form complexes with various water-soluble polymers of ionic
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and non-ionic nature. Examples of applications of these complexes in different areas are also presented and
briefly discussed.

1 Synthetic, natural and semi-natural polyampholytes

According to IUPAC terminology [1], ampholytic polymer is defined as a polyelectrolyte consisting of
macromolecules that contain both cationic and anionic groups, or corresponding ionizable groups. An
ampholytic polymer (synonym is polyampholyte) in which ionic groups of opposite signs are incorporated
into the same pendant groups is called, depending on the structure of the pendant groups, a zwitterionic pol-
ymer, polymeric inner salt, or polybetaine.

The intensive development of research on polyampholytes since 1950s included the pioneering studies
of Alfrey, Morawetz, Fuoss [2-4], Katchalsky [5-7], Ehrlich, Doty [8]. The interest to this type of polymeric
materials was due to several reasons. One of the reasons is the similarity of the hierarchical structure of am-
photeric macromolecules to structural organization of proteins [9, 10]. Second is the possibility of modeling
protein folding using synthetic polyampholytes [11]. Third is the advances in the synthesis of amphoteric
polypeptides [12-17] based on amino acids. Fouth is the possibility of preparing semi-natural
polyampholytes by modification of natural building blocks [18, 19].

Proteins are amphoteric biopolymers, which from polymer science point of view, represent copolymers
consisting of aminoacid (peptide) sequences (-NH-CHR—CO-), where their side groups (pendant groups)
have acidic, basic, hydrophilic or hydrophobic moieties while the terminal groups are capped with carboxylic
and amine groups. However, proteins have unigue structure, properties and functions that can only be
achieved in a living organism [20]. The number of possible conformations of globular proteins is exponen-
tially dependent on the number of aminoacid residues in their chain. Some specific functions of these biopol-
ymers can be successfully modeled using synthetic polyampholytes.

In the last years, mimicking the behavior of biopolymers through amphoteric macromolecules became
the subject of numerous discussions [21-24]. Among the natural polyampholytes the intrinsically disordered
proteins (IDPs) (also known as intrinsically unstructured proteins) attracted a great interest [25-29]. The
IDPs can adopt random coil, pre-molten globule, molten globule, and folded conformations in aqueous solu-
tions that can also exhibit transitions between each other [22]. The stimuli-responsive phase behavior of
IDPs is governed by relationships between the information encoded in their aminoacid sequences and en-
sembles of conformations [30]. Synthetic polypeptides derived from aminoacids belong to semi-natural
polyampholytes. Insertion of amino acids into the structure of synthetic polymers is an effective tool for the
design of different non-biological bio-mimetic polyampholytes with unique physicochemical properties [12—
19].

Synthetic amphoteric macromolecules comprise combinations of weak acid-weak base, strong acid-
strong base, strong acid-weak base or weak acid-strong base monomers. Conditionally they can be classified
as annealed, quenched, and betainic (or zwitterionic) types [31-40]. Annealed polyampholytes have acid-
base monomers that are ionized depending on pH, while quenched polyampholytes with strongly charged
cationic and anionic monomers retain their charges independently on pH. The “semi-annealed” or “semi-
quenched” polyampholytes are amphoteric macromolecules formed with weak acid/cationic or weak
base/anionic monomeric units. Betainic (or zwitterionic) polyampholytes are macromolecules with identical
number of acid-base (or fully charged anionic-cationic) species in the same monomer units. Polybetaines
may be grouped into polycarboxyl-, polysulfo-, and polyphosphobetaines [35, 36]. The macromolecules
formed with the compensation of the cationic-anionic monomer pairs without counterions also belong to
zwitterionic polymers [37] or polyampholytic ionic liquids [41, 42]. In the current literature the terms
“zwitterionic polyampholytes”, “polybetaines”, “zwitterionic polyelectrolytes”, “polyzwitterions” are also
widely used. Figure 2 illustrates the examples of synthetic polyampholytes with different chemical struc-
tures.
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Figure 2. Repeating units of annealed (1), quenched (2), zwitterionic (3, 4), quenched betainic (5),
annealed betainic (6) and self-annealed (or self-quenched) (7, 8) polyampholytes

Table 1 provides some examples of amphoteric polypeptides based on L-lysine, L-serine, L-proline, and
L-glutamic acid.

Table 1
Examples of amphoteric polypeptides
No. Structural units of polypeptide-based polyampholytes Name Refs
1 2 3 4
COOH OH OH
+N N Alternating amphoteric
1 " polypeptide obtained via | [43]
R,HN R,HN NH, the Ugi reaction
OH OH
COOH
o E)
o H : H Triblock amphoteric co-
2 k \4/\,4 » N polymer derived from [44]
2 H H /62 PEQ,,—PLLysg—PLGlug,
o
)
NH,
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Continuation of Table 1

1 2 3 4
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®
NH;
o
o
1-x x
y
Styrene copolymers con-
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ﬁ ﬂ ( CH2NH NH, and hyaluronic acid side

NHAc

CENERS

NHAc

chains

Semi-natural polyampholytes can be prepared by modification of natural polysaccharides, such as chi-
tosan, cellulose, starch, gellan, alginic acid, by introducing either carboxylic (sulfo) or amine (ammonium)
groups or both into their macromolecules [48-58]. For instance, to introduce sulfonate or carboxylic groups
into chitosan chain it was modified by 1,3-propane sultone, 5-formyl-2-furansulfonic acid sodium salt,

2-formyl benzene sulfonic acid sodium salt, 4-formyl-1,3-benzene disulfonic acid disodium salts [58] or so-

dium alginate [18]. An amine derivative of gellan gum, exhibiting polyampholyte character, was obtained by
functionalizing the polysaccharide backbone with pendant ethylenediamine moieties [59]. The physicochem-

ical properties of amphoteric macromolecules were characterized by spectroscopy, colorimetry, chromatog-
raphy, and rheological methods. Quaternized gellan derivatives were prepared by grafting N-(3-chloro-2-

hydroxypropyl)-trimethyl ammonium chloride onto gellan’s hydroxyl groups under alkali conditions at dif-
ferent gellan/N-(3-chloro-2-hydroxypropyl)-trimethyl ammonium chloride molar ratios [57].
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2 Interpolymer complexes of synthetic and natural polyampholytes

In early 1970™, V.A. Kabanov et al. [59], E. Tsuchida et al. [60] and E.A. Bekturov et al. [61] started a
new scientific direction, so-called interpolymer complexes (IPCs). IPCs are the products of interactions of
two complementary macromolecules stabilized by cooperative ionic and/or hydrogen bonds. The specific
interactions between macromolecules are important in biological systems and these assemblies are controlled
by intra- and inter-macromolecular (intra-MMC and inter-MMC) complexation [60]. The latest develop-
ments in the area of interpolymer complexation via hydrogen bonding are presented in the book entitled
“Hydrogen-bonded interpolymer complexes. Formation, structure and applications”, representing a collec-
tion of original and review articles written by recognized experts from Germany, Greece, Kazakhstan, Po-
land, Romania, Russia, UK, Ukraine, and the USA [62]. This book highlights many important applications of
interpolymer complexes in stabilization of colloidal systems, ecology, biotechnology, nanotechnology, med-
icine, and pharmaceutics.

Formation of intra-MMC and inter-MMC complexes with participation of synthetic polyampholytes
was reviewed in [63]. The complexation between statistical polyampholyte derived from copolymer of
2-methyl-5-vinylpyridine-acrylic acid (2M5VPy-AA) and poly(acrylic acid) (PAA), was first studied by
V.A. Kabanov et al. [64]. It was found that the common cooperative system with ionic and hydrogen bonds
between the 2M5VPy-AA and PAA is responsible for inter-MMC formation (Fig. 3).

Figure 3. Schematic representation of formation of inter-MMC between copolymer of 2M5VPy-AA and PAA

The competition between the intra-MMC and inter-MMC was established in the mixture of N-methyl-
diallylamine-maleic acid (MDAA-MA) and poly(N,N-dimethyl-N,N-diallylammonium chloride)
(PDMDAAC) at pH = 3.9 corresponding to the isoelectric point (pH,ep) of alternative polyampholyte [65].
As revealed from *C NMR and Raman spectra, some parts of carboxylate anions of MDAA-MA are in-
volved in the formation of intra-MMC while some other parts form inter-MMC between carboxylate anions
of MDAA-MA and quaternary nitrogen atoms of PDMDAAC.

Alternating copolymers of N, N-dimethyldiallylammonium and alkyl (or aryl) derivatives of maleamic
acids were used to form complexes with PAA and poly(styrene sodium sulfonate) (NaPSS) [66]. It was
found that the polyelectrolyte-polyampholyte complexes form compact core-shell particles and preserved in
aqueous solution as a result of liberated edges from the carboxylic groups of polyampholyte.

The complexation of amphoteric dendrimers with linear and crosslinked anionic and cationic polyelec-
trolytes was studied by Zansokhova et al. [67, 68]. The efficiency of binding of polyampholyte dendrimers
by oppositely charged linear or crosslinked polyelectrolytes was determined by the competition between in-
tra-dendrimeric zwitterions and interionic salt bonds of functional groups of dendrimers and polyelectrolytes.

Formation of both intra-MMC and inter-MMC stabilized by cooperative ionic bonds is mostly specific
for block polyampholytes [69-72]. It was found that the phase diagram of BPA-cationic polyelectrolyte sys-
tem is dependent on the inter-MMC concentration and pH and may result in the formation of solution, gel or
precipitate (Fig. 4).
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Figure 4. Phase diagram of inter-MMC composed of BPA and cationic polyelectrolyte —
poly(vinylbenzyltrimethylammonium chloride) (PVBTMAC) (a) and schematic representation of phase
transitions in dependence of inter-MMC concentration and solution pH (b). Reprinted from [64]

The complexation of polyampholyte gels with linear polyelectrolytes and/or between polyelectrolyte
gels and linear polyampholytes is a less studied subject [74]. It is expected that the mechanism of sorption of
polyelectrolytes by amphoteric gel is similar to the diffusion of linear polyelectrolytes within the oppositely
charged polymer networks. Penetration of macromolecules into the hydrogel proceeds via “race-relay ion
transport” (or “ion-hopping transportation”) mechanism leading to a gel deswelling. The swelling-deswelling
behavior of amphoteric gel made of maleic acid (MA), N,N’-dimehyldiallylammonium chloride (DMDAAC)
and diallylamine (DAA) was studied in the absence and presence of NaPSS [67]. The pristine amphoteric gel
MA-DMDAAC-DAA shrinks at pHgp ~ 4.6 while the swelling degree of the inter-MMC composed of am-
photeric gel MA-DMDAAC-DAA and linear NaPSS is minimal in a wide pH range between 3.5 and 8.5
(Fig. 5). It increases significantly in the strongly acidic and alkaline regions. The complex of MA-
DMDAAC-DAA with NaPSS contracts over a wide range of pH because NaPSS present in the network acts
as an additional physical crosslinker.
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Figure 5. pH dependent swelling of amphoteric gel MA-DMDAAC-DAA (1)
and inter-MMC formed between MA-DMDAAC-DAA and NaPSS (2) in pure water. Reprinted from [64]

Chen et al. [75] studied the complexes formed by poly(zwitterion) — poly[3-dimethyl(methacryloyl-
oxyethyl ammonium propane sulfonate)] (PDMAPS) with polymeric anion: poly(2-acrylamido-2-methyl
propane sulfonic acid) (PAMPS) or polymeric cations: poly(3-acrylamidopropyltrimethyl ammonium chlo-
ride) (PDMAPAA-Q) and x,y-ionene bromides (x =3,6; y=3,4). They found that the complexation of
PDMAPS with PAMPS substantially increases the viscosity to form a network and decreases the upper criti-
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cal solution temperature (UCST) while PDMAPS-PDMAPAA-Q complexes first decrease the UCST and
then increase without formation of the network.

The formation of inter-MMC between anionic diblock (AMPSNa-APTAC)g:-(AMPS)e; (denoted as
P(SA)e:1Se7) and cationic diblock (AMPSNa-APTAC)q;-(APTAC)gs (denoted as P(SA)q1Agg) polyampholytes
was studied by Yusa et al. [76]. They form stoichiometric inter-MMC micelles in aqueous solution (Fig. 6).
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Figure 6. Structure of random copolymers of 2-acrylamido-2-methyl-1-propanesulfonic acid sodium salt-co-(3-acryl-
amidopropyl)trimethylammonium chloride-block-2-acrylamido-2-methyl-1-propanesulfonic acid sodium salt
(AMPSNa-co-APTAC-b-AMPSNa) and 2-acrylamido-2-methyl-1-propanesulfonic acid sodium salt-co-(3-acryl-
amidopropyl)trimethylammonium chloride-block-(3-acrylamidopropyl)trimethylammonium chloride
(AMPSNa-co-APTAC-b-APTAC) (a) and formation of inter-MMC micelle (b). Adapted and redrawn from Ref. [76]

The inter-MMC vesicles were also prepared from mixtures of aqueous solutions of diblock copolymers
with a hydrophilic poly(2-(methacryloyloxy)ethylphosphorylcholine (PMPC) block and either a cationic
(APTAC) or anionic (AMPSNa) blocks [77]. Both inter-MMC micelles and vesicles may be considered as
suitable carriers for pharmacologically-active compounds and used as drug delivery systems.

The presence of charged groups in natural and semi-natural polyampholytes, including proteins, results
in a possibility of their involvement in specific interactions with oppositely charged polyelectrolytes of either
synthetic or natural origin in solutions. If a solution of polyampholyte is mixed with solution containing op-
positely charged polyelectrolyte this will often lead to the formation of interpolyelecrolyte complexes
(IPEC). These IPECs depending on the nature of interacting species, their concentration in solutions, compo-
nent ratio and environmental factors (pH and ionic strength of solution, solvent nature and temperature) will
be formed as fully soluble associates, colloidal dispersions (nano- or micro-particles) or physically-cross-
linked gels. In some cases, these interactions may also cause liquid-liquid phase separation called complex
coacervation. The studies of these interactions date back to 1896, when Kossel reported the first observations
of precipitation of egg albumin with addition of oppositely charged protamine [78]. In 1920-1930,
Bungenberg de Jong et al. [79, 80] published several studies on the interactions between gelatin and gum
arabic and observed liquid-liquid phase separation and formation of complex coacervates. The research of
IPECs formed by natural and semi-natural polyampholytes has substantially progressed since these early
studies with numerous reviews and monographs published [81-84].

The main driving force for the formation of these IPECs is electrostatic attraction; therefore, polyelec-
trolytes would not interact with proteins of the same net charge unless they have non-uniform charge distri-
bution [83]. The electrostatic attraction between proteins and polyelectrolytes could potentially be complete-
ly suppressed in solutions with high ionic strength. For example, titration of 0.5 g/L solution of bovine serum
albumin (BSA) with 0.5 g/L solution of strong cationic polyelectrolyte poly[2-methacryloyl-
oxy)ethyl]trimethyl ammonium chloride (PMADQUAT) result in formation of cloudy mixtures in the ab-
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sence of inorganic salt (Fig. 7); however, the maximum turbidity in this mixture is lower when the ionic
strength of solution is increased to 0.05 [85]. When the ionic strength of solutions increased to 0.2 and 1,
mixing BSA and PMADQUAT does not result in appearance of turbidity. This could be either because the
complexation is completely suppressed in this system or the polycomplex formed is fully soluble.
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Figure 7. Turbidimetric titration curves of 0.5 g/L PMADQUAT solutions by 0.5 g/L
BSA with different ionic strength: 0 (1), 0.05 (2), 0.2 (3), and 1 (4). Reprinted from [85]

The appearance of turbidity in protein-polyelectrolyte solution mixtures indicates the presence of the
complexation but it does not show whether this interaction leads to formation of solid colloidal particles
(precipitation) or liquid droplets (complex coacervation). Complex coacervation is a special case of this in-
teraction, resulting in formation of two phases; one of those is dense and rich in protein and polyelectrolyte,
whereas another one is dilute and contains an equilibrium mixture of protein and polyelectrolyte [82]. A cen-
trifugation of the mixture and visual observation can be used to distinguish between precipitation and
coacervation.

Polyampholyte-protein interaction of random- and block polyampholytes based on N,N-dimethylamino-
ethylmethacrylate-co-methacrylic acid-co-methylmethacrylate (DMAEM-MAA-MMA) with soybean tripsin
inhibitor (STI), ovalbumin, ribonuclease and lysozyme was comprehensively studied [86]. The most favora-
ble region of interaction of polyampholyte and protein is between their isoelectric points. An increase in the
salt concentration suppresses polyampholyte-protein interactions confirming that the main driving force of
self-aggregation is electrostatic [87]. The study of the supernatant and precipitate has shown that only about
10 % of the protein precipitates with the random polyampholyte DMAEM-MAA-MMA, while 90 % of the
protein remains in the equilibrium liquid. While block polyampholyte DMAEM-MAA-MMA gives the op-
posite trend with 90 % of precipitation of protein [88]. Separation of protein mixture using random triblock
polyampholyte DMAEMgMMA,MAA s was reported in [89-91]. In this method proposed for protein sepa-
ration by precipitation, a polyampholyte should be added to a mixture of two proteins to be separated, one of
which should have a net negative charge and the other one should be with a net positive charge. A prerequi-
site in the process is that the two oppositely charged proteins do not interact strongly with each other. De-
pending on the net charge of the polyampholyte used, one of the proteins will form a complex with the
polyampholyte, resulting in precipitation, while the other one will remain in a supernatant phase. The pro-
tein-polyampholyte precipitate formed can be isolated and redissolved at a different pH. Then, protein and
polyampholyte can be separated from each other by precipitating the polyampholyte at the pH . The separa-
tion of protein mixture can be also performed at the pH,ep of block polyampholytes. Through this method,
one of the blocks of the polyampholyte will interact with the oppositely charged groups of the protein, while
the main chain (or other block) — with another protein charge as shown in Figure 8 [64]. In both cases pro-
tein release will occur at the pH,er of BPA due to the formation intra-MMC between anionic and cationic
blocks within one macromolecular chain.
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Figure 8. Separation of protein mixture at the pH,ep of BPA. Reprinted from [64]

Uptake/release of cytochrome C by random and “core-shell” polyampholyte microgels consisting of
N-vinylcaprolactame (VCL), itaconic acid (1A) (VCL-IA “core” part) and N-isopropylacrylamide (NIPAM),
N-vinylimidazole (VI) (NIPAM-VI “shell” part) [91] and sorption/desorption of NaPSS by “core-shell”
polyampholyte microgels composed of anionic — an itaconic acid monomethyl ether (NIPAM-co-MIA)
“shell” and cationic — N-(3-aminopropyl)methacrylamide hydrochloride (NIPAM-co-APMH) “core” was
carried out in [92]. The isoelectric points pH,ep of random and “core-shell” polyampholyte microgels (VCL-
IA/NIPAM-VI) were replaced near of pH ~ 6.0. Random and “core-shell” polyampholyte microgels were
loaded with cytochrome C at pH 8.0. The pH triggered protein release results show that cytochrome C
releases at the pHier (pH ~ 6.0) much faster for both polyampholyte system due to formation of intra-MMC
between oppositely charged groups of amphoteric macromolecules. The uptake and release of NaPSS by
“core-shell” amphoteric microgels was observed at pH 2.0 and 11.0, respectively. Strong binding of NaPSS
with cationic fragment of APMH in “core” of NIPAM-co-APMH requires high pH 10 for full deprotonation
of APMH groups to dissociate the amphoteric microgel-NaPSS complexes.

The complexation of zwitterionic monolithic column derived from crosslinked N,N-dimethyl-N-
methacryloxyethyl-N-(3-sulfopropyl)ammonium betaine with proteins (lysozyme, ovalbumin, conalbumine,
cytochrome C, and myoglobin) leads to efficient separation of lysozyme by changing the pH of mobile phase
[94].

Molecularly-imprinted polyampholyte (MIP) hydrogels based on nonionic acrylamide, anionic AMPS
and cationic APTAC were used for selective separation of bovine serum albumin (BSA) and lysozyme [95].
It was established that the best sample for sorption of BSA is amphoteric hydrogel with excess of APTAC
while for sorption of lysozyme the polyampholyte gel with excess of AMPS is more suitable. The sorption
capacity of amphoteric hydrogels with respect to BSA and lysozyme is 305.7 and 64.1-74.8 mg per 1 g of
hydrogel, respectively. Desorption of BSA and lysozyme from MIP template conducted in 1M aqueous NaCl
was found to be 82-88 %. The separation of BSA and lysozyme from their mixture was performed using
MIP templates. The study of adsorption-desorption of polyampholyte hydrogels adjusted to either BSA or
lysozyme shows that the mixture of BSA and lysozyme can be efficiently separated using MIP hydrogels.

Polyampholytes are able to bind polynucleotides and oligonucleotides, such as siRNA, or DNA, and de-
liver to mammalian cells for the treatment of genetic-based diseases [96]. The literature analysis indicates
that synthetic polyampholytes are less studied with respect to gene delivery compared to cationic polyelec-
trolytes (Fig. 9) [48]. Several types of BPA, especially highly charged BPA composed of linear
poly(ethyleneimine) (LPEI) and poly(methacrylic acid) and low charge BPA composed of LPEI and
poly(glutamic acid) [97], multi-stimuli-responsive chiral-achiral amino acid-based block copolymers
composed of poly(N-acryloyl amino acid) and poly(vinyl amine) [98] and comb-type polyampholyte consist-
ing of a poly(L-lysine) backbone and hyaluronic acid side chains [99] were tested with respect to DNA de-
livery. It was found that the efficiency of DNA delivery is increased and toxicity is reduced relative to com-
plexes formed between polycations and DNA (or siRNA). The delivered DNA (or siRNA) is effective in in-
hibiting specific gene expression in cells. In the context of DNA delivery, the release mechanism of DNA
from inter-MMC is shown in Figure 10 [100]. The resulting BPA-DNA may aggregate with the formation of
“core-shell” structure where the “core” part is the inter-MMC formed between cationic block of BPA and
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anionic DNA, while the “shell” part consisting of the anionic block preserves the solubility of BPA-DNA
complexes in water and simultaneously prevents interaction with proteins. The cooperative intra-ionic con-
tacts between anionic and cationic blocks prevail over the inter-ionic contacts between cationic block and
DNA at or near the isoelectric point (pHep). As a result, anionic and cationic blocks of BPA form intra-
MMC themselves and DNA releases. Ff intra-chain interaction between anionic and cationic blocks of BPA
(intra-MMC) dominates over inter-chain interaction between BPA and DNA (inter-MMC) the latter can be
detached from BPA-DNA complex and released at the pH,er of BPA.
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Figure 9. Gene delivery mechanism into the cell by
polycomplex formed between cationic polymer and
siRNA. Reproduced from [48] with permission from
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Figure 10. Schematic routes of BPA-DNA complex
formation and proposed release mechanism of DNA
at the pH,ep of BPA. Adapted and modified from [100]

Dove Medical Press Ltd

Skorikova et al. [101] studied the formation of inter-MMC between sulfated chitosan, a polyampholyte
with amine and sulfo groups, and 2,5-ionene bromide. The turbidimetric titration of 2,5-ionene bromide with
chitosan sulfate (CS) at pH = 2.5 and 11.5 indicates that the composition of MMC is different in acidic and
alkaline regions. At acidic pH only a half of sulfate groups participate in the formation of nonstoichiometric
complex because the rest exists in the form of intra-MMC. At alkali pH the composition of polyelectrolyte
complexes is stoichiometric because all sulfate groups are involved in formation of inter-MMC. Formation
of inter-MMC between cellulose-based polyampholyte and PDMDAAC was studied by Elschner et al. [102].
The inter-MMC exhibited pH-responsive character, was switchable in a physiologically relevant pH range
and is a promising nanocarrier in the field of drug delivery.

Protein-polyelectrolyte complexes with participation of proteins (insulin and glucose oxidase), antimi-
crobial peptide (LL-37), polysaccharides (heparin and alginate), and synthetic polyelectrolytes (NaPSS and
poly(allylamine hydrochloride)) were assembled by layer-by-layer (LbL) technique [103]. It was_shown that
the adsorption behavior and the multilayer growth are strongly dependent on the nature of the protein and
polyelectrolyte used. Integrating proteins in LbL thin films is sometimes challenging due to their amphoteric
nature and is beneficial for surface modification with hard-to-immobilize proteins and peptides.

In addition to interpolyelectrolyte complexes formed by natural and semi-natural polyampholytes with
oppositely charged polyelectrolytes, there are also reports on the complexes stabilised by hydrogen bonding.
One of the early reports of the complexation via hydrogen bonding is the study on the interactions between
pepsin and poly(ethylene glycol) (PEG) by Kokufuta and Nishimura [104]. They established that addition of
PEG to pepsin leads to the increase of reduced viscosity of enzyme solution, when the solutions had a pH of
3; however, this increase in viscosity was not observed at pH 4.5. The authors interpreted these observations
as a formation of water-soluble complexes, in which ether groups of PEG bind to carboxylic groups of the
enzyme via hydrogen bonding. Later, Xia, Dubin and Kokufuta [105] reported the use of quasi-elastic light
scattering measurements to confirm the complexation between pepsin and non-ionic polyethylene glycol via
hydrogen bonding. Subsequently, Azegami et al. [106] reported the formation of complexes between human
serum albumin (HSA) and PEG, in which several HSA macromolecules are bound to PEG chain at pH 2.
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Based on these studies of complexation between proteins and PEG the following structural organisation for
these complexes was proposed (Fig. 11).

PEG
chain

Figure 11. Structural organisation of protein — PEG complexes (a) and mechanism of hydrogen bonding between pro-
teins and PEG under acidic conditions (b). Protein molecules are shown as spheres in these images

Later, Matsunami et al. [107] also reported the complex formation between various proteins (HSA,
ovalbumin and lysozyme) and non-ionic poly(N-isopropylacrylamide). They established that hydrophobic
interactions play an important role in the formation of these complexes.

3 Application of interpolymer complexes derived from synthetic,
natural and semi-natural polyampholytes

Multifunctional nature of polyampholytes and their diverse physicochemical properties open humerous
opportunities for applications, including the use of materials resulting from their complexes with other poly-
mers. One of the most widely industrially used polyampholytes is gelatin, which is a product of partial hy-
drolysis of collagen, present in bones, cartilage and skin of slaughter animals. It is industrially one of the
most important semi-natural polyampholyte with unique set of physicochemical properties. The properties of
gelatin depend on the method of its production either through acid or alkaline-based processes. The gelatin
prepared using the alkaline process exhibits the isoelectric point in the region of 4.8-5.2 (gelatin B), whereas
gelatin A, manufactured via the acid process, will have the isoelectric point at 7-9 [108, 109]. The unique
ability of gelatin to form concentrated (up to 40 w/v %) and relatively non-viscous aqueous solutions at
50 °C and their quick gelation upon cooling is one of the main reasons for its wide application in pharmaceu-
tical and food industry (Fig. 12).

Cooling

- >

<

Heating

Solution Gel

Figure 12. Reversible gelation in 40 w/v % solutions of gelatin upon changes in temperature

The complexation of gelatin with oppositely charged synthetic and natural polyelectrolytes received a
lot of attention since the pioneering studies by Bungenberg de Jong et al. [79, 80]. The classical gelatin —
Arabic gum system forming complex coacervates received a lot of interest for the preparation of microcap-
sules delivery of drugs and other active ingredients. For example, Chang et al. [110] reported encapsulation
of camphor oil together with polystyrene into gelattin-gum Arabic microcapsules. Shaddel et al. [111] re-
ported microencapsulation of black raspberry water extracts by double emulsion technique prior to complex
coacervation to stabilise anthocyanins under harsh processing and storage conditions. Complexes of gelatin
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with gum arabic are also promising for applications as food additives, stabilisation of dairy products, for in-
creasing water retention capacity in meat products, and as emulsifiers in ice creams [112].

Interpolyelectrolyte complexes formed by gelatin and oppositely charged polyelectrolytes can also be
used in the design of solid dosage forms for drug delivery. For example, Moustafine [113] studied the
complexation between gelatin and weakly cross-linked poly(acrylic acid) in aqueous solutions. These com-
plexes were then isolated in solid state and compressed into tablets with and without a model drug
(diclofenac sodium). The studies of swelling of these tablets in phosphate buffer (pH 7.5) demonstrated that
the swelling degree of the matrices decreases with increase in the polyampholyte content in the dosage form.
When the behaviour of these tablets was studied in acidic media (pH 1.2), imitating the environment in the
stomach, these dosage forms undergo erosion. The release of the drug from these tablets was also found to
correlate with gelatin/poly(acrylic acid) ratio in the dosage form.

Complexes of polyampholytes with other polymers are also found interest as nano-vehicles for drug de-
livery. For example, an interesting application of protein — polyelectrolyte complexation was reported by
Al-Saadi et al. [114]. They studied an alternate deposition of bovine serum albumin (BSA) and glycol chi-
tosan on the surface of magnetic iron oxide nanoparticles, forming a multi-layered coating. Using circular
dichroism technique, it was demonstrated that the secondary structure of BSA present in the formed multi-
layer coating remains unaltered and the protein was capable of binding small drug molecules such as diaze-
pam, ibuprofen and warfarin. The drug binding constants (K) measured for BSA deposited on the magnetic
nanoparticle surface are almost identical to the K values typical for native protein. The authors considered
the application of layer-by-layer deposition of protein — polyelectrolyte complexes as a method promising
for developing magnetically-driven drug delivery systems, which may be used for protein delivery. Lomova
et al. [115] utilised the complexation between bovine serum albumin and tannic acid to prepare biodegrada-
ble capsules using a layer-by-layer deposition approach. Hydrogen bonding was proposed to be the main
driving force for the complexation between BSA and tannic acid. These capsules were prepared using CaCO;
microparticles as a sacrificial template. Calcium carbonate microparticles were prepared by the reaction be-
tween CaCl, and Na,CO; in the presence of fluorescently labelled BSA as a model drug. Then a multi-
layered coating with 6 bilayers was formed on the surface of these microparticles using the layer-by-layer
complexation between BSA and tannic acid. Subsequently, these particles were treated with ethylenediamine
tetraacetate to extract CaCOj3. These microcapsules were discussed as a promising vehicle for applications in
drug delivery and cosmetics.

The complexation of proteins with polyelectrolytes and selective phase separation in these systems can
be successfully used to isolate specific proteins from their mixture. For example, Wang et al. [116] studied
the efficiency of separation in the mixtures containing proteins bovine serum albumin, B-lactoglobulin,
y-globulin, and ribonuclease A using their complexation with poly(diallyldimethylammonium chloride).
They established that the selectivity of separation depends on pH and increases with molecular weight of
cationic polyelectrolyte and reduction in solution ionic strength.

Other applications of polyampholyte-polymer complexes include systems with immobilised enzymes,
where complexation with polyelectrolytes can boost their catalytic performance. This could potentially be of
importance for enzymes used in complex multicomponent formulations, such as laundry, food, pharmaceuti-
cal or cosmetic applications. For example, Thiele et al. [117] reported the observation of the enhancement
effects in catalytic activity of a nonspecific subtilisin protease upon its complexation with poly(acrylic acid)
and poly(L-y-glutamic acid).

Conclusions

It is expected that understanding of the fundamental relationships between the microstructure and prop-
erty of synthetic, natural and semi-natural polyampholytes can expand our knowledge and cause the renewed
interest of both theorists and experimentalists in advanced experimental and theoretical investigations. Future
possibilities regarding polyampholytes may be related to semi-natural polyampholytes that can be prepared
through modification of such natural polysaccharides as chitosan, cellulose, starch, gellan, and alginic acid,
among others, through introduction of either carboxylic (sulfo) or amine (ammonium) groups, or both, into
the macromolecular chains. A further potential development in polyampholytes in our mind will include in-
trinsically disordered proteins (IDPs), which belong to strong polyampholytes, polypeptide-based
polyampholytes and polyampholytic ionic liquids. Inter-macromolecular complexes of polyampholytes are
the products of complexation between linear and crosslinked synthetic polyampholytes, of random, regular,
graft, block and dendritic microstructures, with polyelectrolytes, proteins and polynucleotides. The applica-
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tions of interpolymer complexes formed by various polyampholytes are currently growing, with particular
interest in microencapsulation technologies, food and pharmaceutical industries, protein separation and for-
mulation of enzymes.
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E.A. Bekrypos, P.1. Mycradun, C.E. Kynaiitbeprenos, B.B. XytopsHckuit

Kacanapl, TAOUFU JKIHE KAPTHLIAN TAOUFU MOJIMAM(OJTUTTEPIIH
HHTepnoJuMepJi kemenaepi: oy

by mony »acanapl, TaOUFHM JKOHE JKapThUIail TaOWFM mojuamQonuTTepre, onapiablH 0acka MOIHANIEKTPO-
JUTTEPMEH JKOHE MOHMBIK eMecC IMOoJMMepliepMeH KellleH Ty3y KabineriHe apHanraH. [Tonmmamdonutrepaiy
aHBIKTAMachl MeH KJIacCH(pUKAIMACH Oepiiin, omapaslH (H3MKa-XHMUSUIBIK KACHETTEpiHEe KbICKAIIA IOy
JKacaJdFaH. AMUH KbILIKBUIIAPbIHAH albIHFAH 1IIKI pEeTCi3 aKybl3Zap MEH JKapTbUlail TaOHFU
noaaMpOIUTTEPAIH KOHPOPMAHSUIIBIK koHE (ha3aiblk cunaTramanapsl Oepinrer. [llomy sy Herisri Oemimi
noarnaMpoauTTepi Oap MoMMMepli KemeHIEpIiH Ty3ulyiHe apHamraH. OcChl callalafFbl 3epTTEeYNCpIiH
KOIILTIrT Kapama-Kapchl 3apsiITajlFaH IOJIMAIEKTPONUTTEPl 6ap MoNMaMpONnTTepAiH MOIHAICKTPOIUTTIK
KeIlleHIepiMeH YChIHBUIFaH; ajlaiiia, o[edueTTep/e cyTeri OainaHpIcTappIMeH TypaKTaHFaH KOMIUIEKCTEPIiH
TY31Iyl Typansl MaiMerTep e 6ap. Byt xkarnaiina kerreHaep Ty3inry Taburatsl kebiHece epitinainiH pH-MeH
nonuaMpOoNIUTTEPAIH H303JEKTPIiK HYKTeciMeH aHblKTanansl. [lomumamdonurrep MeH Oacka monumepiep
apachIHAAFbl KEUICHICPAIH TY31Iyi KOJUIOMATBHIK IUCHEPCHSUIApABIH (HAaHO- JKOHE MHUKPOOOIIIEKTEPIiH)
Ty3UTyiHe, CYWBIK-CYHBIK TUII OOHBIHIIA (a3aHBIH OeiiHyiHe (KEIIeHAl KOoalepBalys Jen aTajiajbl), TOJBIK
EpUTIH KeIIeHJEPIiH, COHIai-aKk (U3MKaNbIK TIrUIreH TelblIepAiH maiiaa OomyblHa oKelyli MyMKiH. By
callaiaFbl 3epTTEyJepAiH eadyip Oemiri akybpI3map TY3€TiH KemeHaepre apHamrad. [lommamdonutrepmniy
MHTEPHOJIMMEPIIK KeUICHIEPiH OHOTEXHOIOTHAAA, MEIUIIHHA/IA, HHKAICYJISIIUS TEXHOJIOTHACHIHAA, SPTYpIi
Kocnanapsl 0elly FHUIBIMBIHZA, OMOKaTaiau3le, TaMaK FBUIBIMBIHZA JKOHE (apMalleBTHKaaa KOJJIaHBLTYHI
TaJKbUIAHFaH.

Kinm ce30ep: momnaMpoauTTep, MOIMIENTUATED, imKi perci3 Oemoktap (IPB), imki-makpomonekyanap
apaislk kemenzep (imki-MAK), makpomonekynansik apansik kemenaep (MAK), HHTepIoIMIIeKTPOIHTTIK
KeLIeHAEep, ASPUIIK 3aTTapabl XKETKi3y, KSIICH 1 KoalepBaLusl, )KeIaTHH.

E.A. bextypos, P.U. Mycradun, C.E. Kynaitdbeprenos, B.B. XyropsHckuii

HNHTepnouMepHble KOMILIEKCHI CHHTETHYECKHUX,
NMPHUPOIHBIX U MOJYIPUPOAHBIX NOJIUAM(POJIUTOB
00630p

JlaHHBIA 0030p MOCBSIIEH CHHTETHYECKUM, NPHUPOJHBIM H IOJIYIPUPOAHBIM MOIHaM(OINTAM U HX CIOCOO-
HOCTH K 00pa30BaHHIO KOMIUIEKCOB C IPYTUMH MOJUAJICKTPOIUTAMH U HEHOHHBIMH MOJNHMepaMHu. J{aHbl om-
pezenenue 1 KnaccH(UKauus moinaM(oInToB, MPUBEACH KPAaTKUH 0030p UX GU3HKO-XUMHYECKHX CBOWCTB.
Ommcano koH(OpManMoHHOE U (pa3oBoe NMOBEACHHE BHYTPEHHE Pa3yIOPsIOYEHHBIX OSJIKOB M MOTYIPHPOI-
HBIX MOJIMaM(OIUTOB, TOMYYEHHBIX M3 aMUHOKHCIOT. OCHOBHAsI YacTh 3TOro 0030pa MOCBsIIeHa 00pa3oBa-
HHIO TTOJIMMEPHBIX KOMIUIEKCOB ¢ mojraMdoauTaMy. BoNBIIMHCTBO McclieoBaHMil B 9TOH 00iacTh mpen-
CTaBJICHO ITOJHUIJICKTPOJIMUTHBIMHA KOMIIJICKCAMU l'lO.]'lI/IaM(bOJ'II/ITOB C INPOTUBOIIOJIOXKHO 3aps>KEHHBIMU I10JIM-
UEKTPOIUTAMH; OJJHAKO B JIMTEPAType UMEIOTCA M CBeAeHUs 00 00pa3oBaHMM KOMIUIEKCOB, CTaOWIM3UPO-
BaHHBIX BOJIOPOJHBIMH CBSI3AMHU. [IpHposia KOMIUIEKCOOOpa30BaHUS B JaHHOM CIIy4ae 4acTO ONPEeNsieTcs
pH pacTtBOpa, a Takke M303JIEKTPUUECKON TOUKOH monramdonnutoB. KoMmiekcooOpazoBaHue MexXIy MOIH-
am(boIUTaMH U JPYTUMH MOJTUMEPaMH MOXKET MPUBOJUTH K (POPMUPOBAHHIO KOJUIOUTHBIX AUCHIEPCHI (HAHO-
¥ MHKPOYACTHUIIBI), (ha30BOMY pa3[eIeHHUIO [0 TUITY KHUAKOCTh—KHIKOCTh (Ha3bIBAEMOMY KOMILIEKCHOW Koa-
nepBaryeii), 00pa30BaHHIO TOJHOCTHIO PACTBOPHMBIX KOMIUIEKCOB, a TaKKe (PU3MUECKH CIINTHIX reiel. 3Ha-
YHUTENbHAS YaCTh UCCIIEA0BAHUI B 3TOI 001acTH MOCBSIIEHA KOMIUIEKCaM, o0pa3oBaHHBIM Oenkamu. O6cyx-
JC€HO MIPUMCHCHUEC UHTCPIIOJIMMEPHBIX KOMIIJIEKCOB l'lOJ'II/IaM(bOJ'II/lTOB B 6I/IOT€XHO.]'[OFI/II/I, MCIHIIMHE, TCXHOJIO-
TUSIX MHKAMCYJIMPOBAaHKS, HayKe O pa3JeeHIN pa3InyHbIX cMecel, OHoKartanuse, MUIIeBoil Hayke U (apma-
LIeBTHKE.

Kniouesvie cnosa: nmonnamoIHUTHI, TONUNENTHIB, BHYTPEHHE pa3yHopsA0UeHHbIe OeNIKH, BHYTPHUMAKpPOMO-
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Review of Important Aspects and Performances
of Polymer Flooding versus ASP Flooding

Polymer flooding is a promising and effective chemical Enhanced Oil Recovery (CEOR) technology. Polymer
flooding is especially cost-effective, whereas other chemical flooding methods, such as Alkaline Surfactant
Polymer (ASP), are not profitable and cause serious on-site problems (scaling, uptime decrease, injectivity is-
sue, hard-breaking emulsions). Recent papers in the literature mention ~30 field polymer floods. Most of
them reported technical success. Although, polymer flooding has been applied ~60 years and it still requires
further investigation to provide improvements. Thus, this paper describes important aspects and performances
during polymer flooding based on a review of recent projects, combined with the Kalamkas field experience.
A comprehensive literature review examines the applicability range in temperature, brine salinity, water
source selection, oil properties, formation type, and permeability. Water source selection has an essential role
during pilot/field project design and is one of the most responsible technical and economic success decisions.
Polymer slug design has been extensively analyzed especially for the high viscosity oil fields; the selected
oil/polymer viscosity ratio was usually much less than one. We placed significant emphasis on clarifying ob-
served high polymer injectivities. We conducted feasibility studies of some reported ASP floods to clarify
that this technology is not profitable at current oil prices. Also, we performed TAN analysis of three Kazakh-
stan oil fields for screening of ASP flood.

Keywords: polyacrylamide, polymer flood, chemical enhanced oil recovery (EOR), alkaline surfactant poly-

mer (ASP), feasibility study.
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List of abbreviations

ASP: alkaline surfactant polymer
ATBS: Acrylamide-Tertiary-Butyl Sulfonate
bbl: barrels of oil

Ca’*: calcium

CO,: carbon dioxide

cp: centiPoise

Da: Daltons

EOR: enhanced oil recovery

ESP: electrical submersible pumps
HEC: hydroxyethylcellulose
HPAM: hydrolyzed polyacrylamide
IFT: interfacial tension

kg: kilograms

km?: kilometers square

m: meters

m?®/d: cubic meters per day

md: milliDarcy

mg KOH/g: milligrams of potassium hydroxide per gram of oil
Mg®*: magnesium

MW: molecular weight

N,: nitrogen

NVP: N-Vinyl-Pyrrolidone

OOIP: original oil in place

PCP: progressing-cavity pumps

PF: polymer flooding

ppb: parts per billion

ppm: parts per million

PV: pore volume

RF: recovery factor

SP: surfactant polymer

STOIIP: stock tank oil initially in place
TAN: total acid number

TDS: total dissolved salts

Review Plan

Inclusion and Exclusion Criteria: The present review is focused on polyacrylamides and biopolymers
used in oil and gas industry as a displacement agent to enhance oil recovery from the reservoirs.

The review data mostly cover the technical papers and publications with the current polymer flooding
experience. Thus, over the 50 papers were investigated to collect the main data from the polymer field pro-
jects. Most of them were taken from the leading oil and gas resource OnePetro. A lot of scientific journals
from sources such as Scopus and Web of Science were also cited. The keywords used for the search were
‘chemical EOR’, ‘polymer flooding’, ‘polyacrylamides’, ‘polymer injectivity’, ‘chemical stability of poly-
mers’, ‘thermal stability of polymers’, ‘polymer flooding field results’ etc. No statistical methods were used
in this review.

36 Bulletin of the Karaganda University



Review of Important Aspects and Performances of Polymer ...

Introduction

Only 3-5 % of global oil production can be attributed to enhanced oil recovery (EOR) [1]. This fraction
is expected to grow, even for reservoirs with harsh conditions that do not allow for efficient oil production
[2]. There are commonly several directions of EOR [3]: gas (CO,, N, hydrocarbon, immiscible), thermal
(steam, hot water, in-situ combustion, SAGD), chemical (polymer (P), surfactant polymer (SP), alkaline sur-
factant polymer (ASP) floods) and others (microbiological). Gas injection is used as an agent for a pressure
maintenance system, and usually starts near the beginning of the field production (secondary recovery). Also,
a central aspect is the availability of a gas source. For example, most EOR gas projects in the USA, Canada,
and China are neighboring huge CO, reservoirs/fields [4, 5]. Some operators inject gas for utilization pur-
poses and mask it as an EOR technique [6-8]. Thermal EOR is generally effectively applicable for heavy oil
fields, where viscosity ranges from 100-10 000 cp or even higher. However, implementation of thermal
methods is mainly limited by heat losses [9-11]. Heat losses can occur due to the initial reservoir condition
(high thermal conductivity of the upper and/or lower impermeable layers, reservoir depth), development
stage (high formation water saturation near injection wells), and infrastructure (well construction type, com-
pletion, tubing). Also another critical issue is the obtainability of the freshwater source. In contrast, chemical
EOR does not have the limitations mentioned above. Hence it has been widely used in sandstone fields, es-
pecially at the late development stage. Furthermore, polymer flooding (PF) is often the most feasible chemi-
cal EOR technology. Especially, polymer flooding has prominence, where ASP/SP flooding is not profitable
and causes serious on-site problems (scaling, uptime decrease, injectivity issue, hard-to-break emulsions)
[12-15]. In addition, this paper describes the economic viability of ASP flooding based on some field case
studies from the literature.

The principle of polymer flooding is to increase the viscosity of injected water and thereby develop a
more favorable mobility ratio between displacing water and oil in place [16]. This approach reduces or
avoids water fingering caused by geologic heterogeneities [17]. The favorable conditions for effective im-
plementation of polymer flooding have been changed and improved by the augmented understanding of its
mechanism over the last 60 years. The aim of this paper is to understand how the range of these conditions
has changed and the current stage of development. The paper reviews some parameters such as oil viscosity,
reservoir temperature, permeability, water ion composition, salinity, polymer concentrations, and injected
volumes. Observations on required injection volumes have been described based on the Kalamkas oilfield
experience. Water source selection has an essential role during pilot/field project design and is one of the
most responsible technical and economic success decisions. Polymer slug design has been extensively ana-
lyzed, and it has been shown that achieving a unit oil-polymer viscosity ratio is not required, especially for
high viscosity oil fields. Nevertheless, achieving a unit mobility ratio is desirable (to minimize viscous fin-
gering), although it is not always practical because of injectivity constraints. Therefore, we placed significant
emphasis on clarifying observed high polymer injectivities. Also, we performed a total acid number (TAN)
analysis of three Kazakhstan oil fields for screening for ASP flood.

1 Polymer Flood Implemented Reservoir Conditions

Reservoir Depth, Temperature, and Salinity. Table 1 summarizes the main reservoir characteristics
of many recent field projects. It can be seen that the majority of polymer flood projects are conducted in rela-
tively shallow reservoirs with a depth of 1 600 m (except the Abu Dhabi case of 2 650 m). The reason is that
shallow reservoirs have lower temperatures, which promotes polymer stability. Polymer degradation can be
substantial at high temperatures (over 70 °C according to [18]). Thermal degradation of partially hydrolyzed
polyacryl amides usually involves increased hydrolysis of HPAM amide groups, leading to precipitation with
divalent cations (Ca®*, Mg?®"). Incidentally, salinity and hardness often exhibit a linear relationship, which
was obtained by analysis of several projects shown in Figure 1. Data were taken from fields such as West
Koyot, Pelican Lake, Buracica, Bohai bay, Kalamkas, and others. Moreover, the interactions of hydrolyzed
polymers with divalent cations lead to the reduction of polymer coil size. As a result, a decrease in solution
viscosity or even polymer precipitation occurs [19, 20]. However, the inclusion of copolymers/monomers
such as ATBS (Acrylamide-Tertiary-Butyl Sulfonate) and/or NVP (N-Vinyl-Pyrrolidone) enhances the
thermal stability substantially [21-23] and allows polymers to be tolerant up to 120 °C. According to the ta-
ble, many polymer flooding projects, especially in Kazakhstan, are conducted using monomer-modified pol-
ymers and show promising results even at high salinities [24-28].
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Figure 1. Relationship of water hardness to water salinity from different polymer flood projects

Formation Permeability. The permeability of reservoirs affects the molecular weight (MW) of poly-
mers used. The weight and size of polymer molecules are critical since larger polymer molecules tend to
plug in relatively small pore throats, reducing the permeability and solution concentration. This process is
called mechanical entrapment, which negatively affects the propagation of polymer in the reservoir [2, 17,
29]. Theoretically, less retention is expected as permeability increases. Therefore, experience-supported rec-
ommendations for polymer selection depending on polymer weight have been made by Wang et al. [30]. The
minimum permeability required for successful polymer flooding is in the range of 100-300 md, and MW
should generally be not greater than 17-25 million Daltons. This statement is supported by Table 1, where
the permeability is mostly greater than 100 md, while the average permeability is around 2 000 md.

Oil viscosity. Recent years in the history of polymer flooding (especially in Canada) have made it clear
that achieving a favorable mobility ratio close to 1 or less is not always the primary goal, but to reduce it as
much as possible. As many field experiences show, injecting the same or close viscosity to live oil may be
unnecessary. The fact that end-point relative permeability to water is usually much less than that to oil is of-
ten used to justify why the injected polymer viscosity can be less than oil viscosity. This approach has been
applied to Canadian fields, where oil viscosity reaches 15 000 cP, and a “favorable” mobility ratio cannot
even be achieved. Nevertheless, the experience of oilfields such as Pelican Lake, Seal, Mooney, East Bodo,
etc. shows that polymer flooding can effectively produce more oil even if the oil is heavy. Many of these
fields experienced an unsuccessful thermal injection, which becomes non-profitable in deep and/or thin res-
ervoirs and requires a lot of energy [31]. Besides that, the design of the injected polymer viscosity is com-
monly based on the optimum economic output (i.e., net present value) according to reservoir modeling and
feasibility studies. Some of these concepts are presented in literature sources [28, 32, 33].

Table 1
Polymer flooding conditions in world projects
. Formation Temper- PO- | permeabil- Brine Live oil
# Field Status Depth, m | thickness, o TOSItY, | d salinity, | viscosity,
m ature, °C % ity, m ppm e

1 2 3 4 5 6 7 8 9 10

1 [Marmul, Oman [34-36] Field scale (Al | 550-675 - 46 |25-30|100-2000| 4600 90
Khalata)

2 |Milne Point, Alaska, USA| Pilot (J-Pad) 1082 3-5.5 21.7 32 |500-5000| 27500 300

[37-39]
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Continuation of Table 1

. Formation Temper- Po- Permeabil- Brine Live ol
# Field Status Depth, m | thickness, or| FOSItY, . d salinity, | viscosity,
m ature, °C % ity, m ppm cp
1 2 3 4 5 6 7 8 9 10
3 |Captain (offshore), UK Pilot (SUCS) 914 <36.6 30.5 31 5000 N/A 80
[40-42]
4 |Dalia/Camelia (offshore), |Pilot (DAL-710,| 800-1 6-10 | 45-56 - >1000 |117700| 1-11
Angola [43, 44] 713, 729) 000
5 |Daging, China [32, 45] Field scale 1000 6.1 45 25 1100 3 000- 9
7 000
6 |Shengli, China [46] Field scale 1230 [7.9-305| 71 33.5 1800 3900 | 50-150
7 |Shuanghe, China [47] Pilot (Dong- 1460 25.2 72 20 422 4 356 7.8
Gudao)
8 [Bohai bay, China [48] Pilot (Layer 1) | 1300- | 15-25 65 31 2000 9374 | 24-452
1600
9 |Tambaredjo, Suriname Pilot (Block-X) | 375-425| 13.7 36 33 3 000- 10000 | 300-1
[49] 10 000 100

10 |East-Messoyakhskoe, Pilot (T1-sand) 800 15-50 16 |28-30| 50-5 000 N/A 111
Russia [50]

11 |Matzen, Austria [51-53] | Pilot (PK1-3) 1150 20 50 |20-30 500 25000 19

12 |Carmopolis, Brazil [54, Pilot (8 TH) 700 50 50 |12-22 100 20000 | 70-120
55]

13 |Canto do Amaro, Brazil Pilot 500 8 55 22 204 500 7
[54, 55]

14 |Buracica, Brazil [54, 55] | Pilot (Pilot-1) 305 20-40 60 20 | 150-400 | 33000 11
15 |Diadema, Argentina [56, | Pilot (Pilot-1) 900 4-12 50 30 500 16 000 100
57]

16 |El Corcobo, Argentina Pilot 650 0.5-18 38 |27-33|500-4 000 | 46 000 |160-300
[58, 59]
17 |Bockstedt, Germany [60] Pilot 1200 15 54 [24-30] 2000 186 000 | 11-29
18 |East Bodo, Canada [9] Pilot 794 3.2 27 30 1000 |25000-| 600-2
29 000 000
19 |[Mooney, Canada [61, 62] | Pilot (11-14 |875-925| 3-5 29 26 1500 N/A | 300-600
pattern)
20 |Seal, Canada [10, 62] Pilot 600-650 8.5 20 [27-33| 3000- N/A 3 000-
5800 7000
21 |Caen, Canada [10, 63] Pilot 930 2.9 21 | 26.5 |500-2000| 13509 | 69.5-99
22 |Wainwright, Canada [64] | Pilot (Suffield 650 - - 30 300 72 000 |100-200
area)
23 |Pelican Lake, Canada Pilot (B pool) |300-450| 1-9 12-17 |28-32|300-5000| N/A 1 650—
[11,65] 15000
24 |Mangala, India [66-68] Pilot (NE-5) 600 24-40 <62 |21-28| 5000 7140 9-22
25 |Abu Dhabi [69] Single well in- | 2650 20 >93 |20-30| 10-1 000 |>200 000 1
jection test
26 |Nuraly Pilot 1550 10 81 19 368 57 000 0.91
27 |East-Moldabek, Kazakh- Pilot scale 250 10 25 35 1500 140 000 400
stan [25]
28 |Zaburunje, Kazakhstan Pilot (FM1) 875 10 38 30 |230-1000 | 145 000 20
[25]
29 |Kalamkas, Kazakhstan Industrial pilot 746 10-20 39 28 946 136 211 16
[24, 27, 28] scale

Note — all 29 fields are sandstone reservoirs except the Abu Dhabi (carbonate-limestone) oil field.

Figure 2 shows a radar diagram of the major screening parameters for polymer flooding, showing the
polymer flooding applicablity range. Wide ranges are associated with most parameters, and the ranges have
been expanded due to the growth in the understanding of the technology and its refinement during the past
60 years. However, temperature and depth of formation remain the weakest side of polymer flooding. Even if
new monomer-modified co- and terpolymers are showing promising laboratory results [22, 23, 70-72], there
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are no real field implementations where the formation temperature is greater than 109 °C [73]. Nevertheless,
the radar chart provides an excellent visual representation of observations made previously in this work.

Oil viscosity, cp

Temperature,® C Permeability, md

Depth, m Salinity, ppm

== Arithmetic average = =@=Maximum =@=Minimum

Figure 2. Main screening parameters for polymer flood according Table 1

2 Polymers and Injection Parameters

Polymers used in EOR. Table 2 summarizes the main injection parameters during the polymer flood-
ing. According to many authors [2, 16, 17, 74], there are two main types of polymers in terms of their origin:
synthetic polymers or polyacrylamides (PAM) used in paper production and biopolymers used in the food
industry as a thickener. In early polymer flood applications, polyacrylamides were used much more frequent-
ly than biopolymers due to their efficient manufacturing environment and commercial availability. This ten-
dency continues till these days because over 95 % of polymer floods are based on polyacrylamides. Also, it
is essential to highlight that polyacrylamide is mainly used in its partially hydrolyzed form (HPAM). The
main representative of biopolymers is xanthan gum (derivation of micro-organism Xanthomonas campestris)
[75, 76], which is characterized by semi-rigid molecules, whereas the structure of polyacrylamide molecules
is flexible long chains [77]. Understanding the structure of molecules and microscale studies reveals each
polymer type’s key features. Thus, the primary polymer parameters, such as stability to temperature, high
water salinity, mechanical degradation, biodegradation, dissolvability, viscosifying characteristics, adsorp-
tion to the rock surface, etc., are noted.

There are many laboratory and simulation studies [78-81] that confirm HPAM benefits in viscosifying
characteristics, biodegradation, and injectivity over biopolymers. Alagic et al. [80] states that biopolymers
are often sensitive to biodegradation, and it is important to protect them against potential microbial degrada-
tion. On the other hand, Al-Murayri et al. [82] indicated that biopolymers are more stable in the presence of
oxygen and H,S in any concentration, while high concentrations limit stability for HPAM. Seright and
Skjevrak [83] suggest that HPAM degradation can be mitigated by keeping dissolved oxygen at an undetect-
able or acceptable level (as close to zero as practical). For this reason, modern polymer injection units pro-
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vide nitrogen blanketing in the polymer preparation system to prevent air contact with the solution [26]. Spe-
cialized equipment for HPAM solutions was also mentioned in many works [37, 44, 84]. For example, Ab-
bas et al. [84] argue that specialized equipment is essential in the field conditions to overcome problems with
dissolving HPAMs (e.g. fish-eyes and gels). In contrast, such dissolution problems are not observed for
hydroxyethylcellulose (HEC) biopolymers. Seright et al. [85] confirmed that xanthan solution is more re-
sistant to mechanical degradation showing pseudoplastic behaviour during coreflooding experiments. In ad-
dition, synthetic HPAMs lack thermal and brine hardness stability, as will be discussed below. However, the
main conclusion for the polymer’s limitations is made by Ryles [18] who observed that the main challenge
lies with high temperature rather than high salinity. Despite these disadvantages, HPAM is still the most
widely used polymer in the world. An internet search suggests that ~4x10° Ibs of HPAM/PAM is produced
each year, whereas only ~4x10" Ibs of xanthan is produced. Thus, HPAM production (and availability) is
roughly 100 times greater than xanthan (the most extensively produced biopolymer). The price of xanthan
(per weight) is 3—6 times greater than that of HPAM. This information is from a combination of internet and
confidential sources.

A major factor that aids the application of polymer flooding is the current price for large HPAM pur-
chases (~$2-2.5/kg) is actually less than that in 1980 (~$4-5/kg). This fact is remarkable because the Con-
sumer Price Index in the USA (the average cost of goods and services) has more than tripled since 1980.
Much of the credit for keeping HPAM prices must go to the HPAM manufacturers. However, some credit
must also be given to several large-scale polymer floods (Daging, Mangala, Pelican Lake) that played a sig-
nificant role in providing the market and promoting low-cost polymers. Interestingly, the primary justifica-
tion (used by big oil companies) for eliminating EOR in 1986 was that the “cost of chemicals would always
rise in direct proportion to the price of oil”. The reality of HPAM price history emphasizes that technical and
economic advances can upend conventional wisdom at a particular time.

Polymer Injection Design. A literature review reveals that polymer concentrations were in a wide
range of 300-2 750 ppm and, on average, was 1 570 ppm, as shown in Fig. 3. Furthermore, the viscosity
range was 3-300 cp and in average was 41 cp. Only a minority of field projects used polymer viscosity high-
er than 40 cp. On the other hand, some projects used relatively low polymer concentrations and achieved
considerable viscosity because low-salinity (or fresh) water was used [86-88] (#26 line in Table 2). The se-
lection of the process water source is paramount and should satisfy the following concepts: 1) compatibility
with reservoir rock & fluids (no clay swelling/migration) should occur; 2) low cost and existing infrastruc-
ture; 3) high potential production capacity; 4) salinity (especially divalent cations) as lower as practical; 5)
chemical stability; 6) dissolved iron, oxygen, TDS, oil contents as low as possible (absence is an ideal case);
7) if dissolved iron exists in the process water dissolved oxygen level should be controlled as low as possible
(at a maximum <200 ppb based on [83] and <46 ppb based [89]).

Polymer Injectivity. Injectivity issues are important and of high current interest in polymer flooding
technology. Besides creating a high-pressure displacement front in-situ, providing a sufficient injection rate
is also essential. Moreover, in unfractured vertical injection wells, simple Darcy-law calculations reveal that
polymer injectivity relative to water should be reduced by at least 80% [85]. In contrast, most field projects
summarized in Table 2 reported relatively high polymer injectivity. Furthermore, the Kalamkas field case
[24] demonstrated that polymer injectivity was roughly 4 times greater than water injectivity. Previous work
has shown that the viscoelastic (or shear-thickening) behavior of HPAM polymers occurs at high fluxes, and
as a consequence induces a fracture to form and extend in the well [90]. The presence of fractures during the
polymer flood is consistent with the fact that most of the worldwide polymer flood projects inject into verti-
cal wells above the formation parting pressure [33, 85, 87, 91-93]. In contrast, if fractures or fracture-like
features are not present during polymer injection, achieving a favorable economical injection rate and ac-
ceptable voidage replacement ratio (e.g., the same as during a waterflood) are not practical. Also,
Sagyndikov et al. [27] have demonstrated that these induced fractures reduce polymer mechanical degrada-
tion to a level that mitigates this degradation concern in a field setting.

Thomas et al. [94] have investigated injectivity prediction difficulties by reviewing some polymer field
projects. The authors conclude that improving injectivity prediction is needed as pessimistic predictions are
often obtained and can lead to the evaluation of polymer volumes that can be injected. The paper suggests
further investigations using simulation processes, especially in reconsidering reservoir properties such as
near-wellbore fractures and modeling polymer rheology and its features. Table 2 represents a modified sum-
mary of the polymer projects injectivity data presented by Thomas et al. [94].
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Polymer formulation and injectivity of PF projects

Table 2

) Polymer | Mw, mil- Polymer con-| Polymer |  Porcess Injection o
# Field . centration, | viscosity, |water salini- 3 Injectivity issues
type lion Da rate, m*/d
ppm cP ty, ppm
1 2 3 4 5 6 7 8 9
1 |Marmul, Oman HPAM 18-20 - 15 4500 250-750* No (fractures)
2 [Milne Point, HPAM N/A 1 600-1 800 45 2 500 350 and Initially no (de-
Alaska, USA 95* creased after 7
months)
3 |Captain HPAM 18 ~2 000 20 - 4710 then No
(offshore), UK 2041*
4 |Dalia/Camelia HPAM 12-16 900 2.9 25 000 2 385* No
(offshore), 52 000
Angola
5 |Daging, China HPAM N/A | 2000-2 500 | 40-300 700 0.14-0.2 | Mostly no (hydrau-
PV/yr** | lic fracturing ap-
plied if needed)
6 |Shengli, China HPAM 17 2000 25-35 3900 - -
7 [Shuanghe, HPAM N/A 1090 93 at 3 rpm| fresh water - -
China (S625+S52
5)
8 |Bohai bay, Associative 20 1750 77.6-131 - - -
China polymer
9 |Tambaredjo, HPAM N/A <2 500 45 then 500 150-450* No (fractures)
Suriname Flopaam 125
3630S
10 |East- HPAM 20 1830 30at7.34 - 150* No
Messoyakhskoe, s-1
Russia 80 at res.
cond.
11 |Matzen, Austria | HPAM 5-10 800 16-4.6at| 23000 400* No (fractures)
Flopaam res. cond.
3630S
12 |Carmopolis, HPAM 5-10 1000 30 500 165* No
Brazil
13 |Canto do HPAM 5-10 750 10 - 200-300** No
Amaro, Brazil
14 |Buracica, Brazil | HPAM 20 500 40 100 60-120** No
15 |Diadema, HPAM N/A | 1500-3 000 70 16 000 1 000** No
Argentina Flopaam
3630S
16 |El Corcobo, HPAM N/A 500 20-25 1044 1 000** No
Argentina
17 |Bockstedt, Biopolyme| 18-20 300 25 - 135** No (after
Germany r reperforation and
Schizophyl acidizing)
lan
18 |East Bodo, HPAM 20-25 1500 50-60 - 200* No (horizontal
Canada wells)
19 |Mooney, HPAM 20 1500 20-30 - - No (horizontal
Canada wells)
20 |Seal, Canada HPAM 20 1000-1500 | 25-45 2500-11 - No (horizontal
Flopaam 000 wells)
3630S
21 |Caen, Canada HPAM N/A 1300 32 15 287 800* No
Flopaam
3630S
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Continuation of Table 2

.. | Polymer con- | Polymer Porcess A
# Field Polymer M.W‘ mil- centration, | viscosity, |water salini- '“Jec“g’“ Injectivity issues
type lion Da rate, m°/d
ppm cP ty, ppm
1 2 3 4 5 6 7 8 9
22 |Wainwright, HPAM 20 2 100-3 000 25 72 000 - No (after installing
Canada booster pumps)
23 |Pelican Lake, HPAM 20 600-3 000 13-25 - - No
Canada Flopaam
(2006-...) 3630S
24 |Mangala, India HPAM 18-20 | 2500-3000 | 15-20 5400 ~740* No
(2014-...) Flopaam
3630S
25 |Abu Dhabi HPAM N/A 500-2 400 | 1.2-5,5 | >200 000 144* No
(ATBS)
26 |Nuraly (2014- HPAM 14 500 6 1300 80-220* No
2019) Flopaam
5115 VHM
AL-777
27 |East-Moldabek, | HPAM N/A 2400 23 140 000 50* No
Kazakhstan Flopaam
(2019-..) 1630S
28 |Zaburunje, HPAM N/A 1950 15 135 000 T740** No
Kazakhstan
(2014-...)
29 |Kalamkas, HPAM 14 2 000 24 98 722— 300* No (fractures)
Kazakhstan R-1 and 108 914
(2014-...) Superpushe
r K129

Note: * — injection rate for 1 well; ** — full field injection rate.

Polymer concentration, ppm

Injection rate, m3/g

Polymer viscosity, cp

Injected pore volume, % Polymer MW, million Da

=0 Arithmetic average =~ =®=Maximum =®&=Minimum

Figure 3. Polymer injection parameters for polymer flood according Table 2
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Polymer viscosity and slug design. Determining the desired viscosity of the polymer solution is a key
objective of designing the polymer flooding project since it strictly affects project feasibility. A simple
method to estimate desired viscosity has been developed by Sorbie and Seright [95]. As the authors say, the
base-case method helps to determine the target polymer viscosity by simply multiplying waterflood end-
point mobility ratio times the permeability contrast (highest permeability divided by the lowest permeability.
Thus, the measurement of water and oil relative permeabilities is a key for the polymer flood design.

Table 3 summarizes the main reservoir development parameters (mobility ratio & permeability con-
trast) in the comparison of PF design (viscosity, slug size), implemented conditions (number of injectors &
producer, watercut) and an achieved result (incremental recovery factor — RF).

As the polymer solution is a shear-thinning (non-Newtonian) agent, it is strongly recommended to con-
sider its apparent viscosity (dependent on the shear rate). Typically, polymer viscosities are evaluated at a
shear rate of 7.34 s™* which has been accepted as the industry standard (corresponds to 6 rpm of UL adapter
on Brookfield viscosimeter). In fact, typical shear rates in reservoir conditions (deep from well perforations)
can be lower (depending on permeability, well spacing, and injection rate), so the apparent viscosity could be
higher. In addition, reservoir temperature should be considered while measuring the polymer solution viscos-
ity since the higher the temperature, the lower the viscosity is expected.

Sheng [96] and Seright [33] show that over the 60-year history of polymer flooding, the concentration
and volume of polymer injection have increased over time. Whereas the slug volume in the 1960-1980 peri-
od was around 5-17 % of the pore volume, in the last 20 years the volume has reached 120% (Daging field,
PRC). The increase in volume is due to the absence of a residual resistance factor effect, i.e., the absence of a
post-effect when polymer wells are converted to water injection. Testing on physical reservoir models has
shown that the viscous fingering of the polymer bank has occurred in the high permeable zone, thereby not
involving the low-permeable zone. This phenomenon has been clearly demonstrated by a field example from
the Kalamkas field [27].

Horizontal wells for polymer flooding. Up to the mid 1990s, before the widespread use of horizontal
wells, accepted screening criteria [97] advocated that 150 cp was the upper limit of oil viscosity for polymer
flooding applicability. The introduction of horizontal wells has allowed polymer flood applications with
much higher oil viscosities [11, 33, 87, 98]. In particular, horizontal wells considerably increase injectivity,
reservoir access, and sweep efficiency, relative to vertical wells.

Table 3
Reservoir development parameters accepted for polymer flooding projects
4 Field MEQ.?. Perm. Polymer \I/n j:ected 1/p* :)N?ter glét Incremental
¢ F?atlicgty Contrast| viscosity, cP Opli/me’ ¢ oor/g ' RF, %
1 2 3 4 5 6 7 8 9
1 |Marmul, Oman (2010-...) ~40 10:1 15 — 27/ ~90 ~10 expected
2 |Milne Point, Alaska, USA >20 10:1 45 - 2/2 ~65 ~10 expected
(2018-...) (horizontal)
3 |Captain (offshore), UK 31 - 20 - 11 85 ~16
(2011-2013) (horizontal)
4 |Dalia/Camelia (offshore), - 10:1 29 0.5 3/~ >40 3-7 expected
Angola (2010-...) expected | (deviated)
5 |Daging, China (2008-...) 9,4 4:1 40-300 0.4-1.2 — 95 15-18
6 |Shengli, China (2008-2013) - — 25-35 >0.4 55/84 95 3.7
7 |Shuanghe, China - 4:1 93 at 3 rpm 0.4 - 91 10.4
(1994-1999)
8 |Bohai bay, China (2005-...) — 4:1 77.6-131 0.31 10/35 >80 7.1
9 |Tambaredjo, Suriname - 12:1 | 45then 125 0.65 3/9 80 11
(2008-2015)
10 |East-Messoyakhskoe, Russia 30 - 30at7.34s* 0.1 2/4 >90 -
(2017-2019) 80 at res. (horizontal)
cond.
11 |Matzen, Austria (2011-...) - - 1.6-4.6 at - 2/6 ~90 ~10 expected
res. cond.
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Continuation of Table 3

End Injected Water Cut
# Field Mobility | o™ Vi;%'g’igercp Volume, | P+ | before F, | "MOReNe!
Ratio ' PV % ‘

1 2 3 4 5 6 7 8 9

12 |Carmopolis, Brazil 12 - 30 0.1 4/21 10 -
(1997-2003)

13 |Canto do Amaro, Brazil 2-5 - 10 0.16 2/6 6 -
(2001-2008)

14 |Buracica, Brazil (1999-2003) 3 - 40 0.73 2/7 8 -

15 |Diadema, Argentina 80 9:1 70 0.8 5/19 96 6-8 expected
(2007-...)

16 |El Corcobo, Argentina - - 20-25 - 6/22 ~85 6-10
(2012-...) expected

17 |Bockstedt, Germany - 31 25 - 14 >90 -
(2013-..))

18 |East Bodo, Canada 42 - 50-60 - 1/12 95 20 expected
(2006-...)

19 |Mooney, Canada - - 20-30 - 2/3 90 18
(2008-2010) (horizontal)

20 |Seal, Canada - - 25-45 - 3/4 ~18 8.8
(2010-...) (horizontal)

21 |Caen, Canada 44-64 4:1 32 0.6 2/10 96 7-12
(2010-...) (horizontal) expected

22 |Wainwright, Canada - - 25 0.5 13/24 - -
(2009-...)

23 |Pelican Lake, Canada 165 4:1 13-25 - - 90 25 expected
(2006-...)

24 |Mangala, India 28 10:1 15-20 ~0.7 86/ 77 23
(2014-..)

25 |Abu Dhabi (2021-2022) 1.8 10:1 5.5 N/A 1/- N/A N/A

26 |Nuraly (2014-2019) 0.7 30 6 0,153 4/22 81

27 |East-Moldabek, Kazakhstan - - 30 0.035 2/17 ~85 57-1.7
(2019-..)

28 |Zaburunje, Kazakhstan - - 19 0.17 4/63 ~90 2.3
(2014-..)

29 |Kalamkas, Kazakhstan 7 4:1 24 0.075 2/23 ~90 9 (expected)
(2014-..)

3 Chemical (ASP) flood risks and feasibility assessment

The alkali/surfactant/polymer injection was first invented in 1983 by Krumrin and Falcone in the labor-
atory to achieve the synergetic effect of the chemicals. After 10 years, in 1993, the first field-scale imple-
mentation was conducted in the West Kiehl Field, Wyoming, USA, reported by Clark et al. [99]. The pilot
test was successful, leading to the production of 26 % of original oil in place (OOIP) in 2.5 years. Later, oth-
er countries such as Canada, India, and Russia implemented field pilot tests. Finally, the largest field-scale
implementations were started in China in 2014. According to Wang et al. [100], the widespread use of poly-
mers in Chinese fields provided solid foundations for ASP flooding. This point of view was also supported
by laboratory experiments conducted by Aitkulov et al. [101], which indicated more enhanced oil recovery
of ASP after polymer flooding rather than after waterflooding.

The synergetic effect of ASP flooding is based on mechanisms induced by each of three chemicals:
polymers, which create a stable piston-like displacement front; surfactants, which decrease interfacial tension
(IFT) between oil and water; and alkalis, which mitigate surfactant adsorption and create in-situ soaps to de-
crease IFT. These three mechanisms improve the ability of the oil to flow in porous media involving un-
touched zones of reservoir.

To better understand the effect of ASP on oil production growth, especially the mechanism underlying
the surfactant-oil interaction it is necessary to examine the main studies on microemulsion types [3, 102,
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103]. There are three types of microemulsions formed when oil and surfactant come into contact in the reser-
voir, based on Windsor’s [104] terminology. Thus, Type Il (=), Type 11, and Type Il (+) have been detected
depending on brine salinity level. These Windsor types can be well described by ternary diagrams. Type I (-
) means a two-phase environment at low salinities where only water and oil are presented. Then, it moves to
the Type Il microemulsion at medium salinity where three phases exist in equilibrium: water, oil, and
microemulsion (middle phase). Type Il is the transitional stage from Type Il (-) to Type Il (+) or vice versa,
where Type Il (+) also has two phases, but at high salinity: water and microemulsion. Type Il (-) and
Type Il (+) can coexist in the Type IIl environment since Nelson and Pope [103] did not observe type-to-
type behaviour in EOR processes. In general, Type Il is the most favorable condition for effective oil dis-
placement in porous media since the pure oil phase and lowest IFT are achieved. Based on this theory and
these processes, the evaluation of ASP formulation (phase behaviour tests) is conducted to reach successful
ASP flooding projects. If the formulation fits reservoir conditions, over 20 % of incremental oil recovery can
be accomplished, which is almost two times greater than polymer flooding.

Although ASP flooding seems promising in the laboratory as a tertiary recovery method, field experi-
ence has revealed several complicating features of the technology. Thus, it has been observed that the main
problems while ASP flooding is related to operational arrays [12-15]. The scaling problem is the most com-
mon among ASP flood projects, and it creates the need to redesign surface facilities from ASP solution prep-
aration units to production and processing units. Experience in China has shown that frequent pump failures
have greatly shortened pump-checking time to tens of days [105]. Figure 4 represents some pictures of scal-
ing accumulated on stators of progressing-cavity pumps (PCP) in the Daging oilfield. ASP flooding in the
Mangala field led to impairment of the artificial lifting system. As a result, jet pumps were accepted as suita-
ble instead of electrical submersible pumps (ESP) [106]. The simple explanation for scale formation in the
tubes is the significantly high pH level of the injected water, caused by the large amounts of alkali added
[107]. Apart from reconsidering the artificial lift systems, it is also required to implement chemical tech-
niques such as scale inhibitors and chemical-feeding systems [15], which certainly increase project opera-
tional costs.

Figure 4. Scaling PCP rotors in Daging ASP flooding area [105]

Another complicating feature during production can be viscous hard-to-break emulsions, as was ob-
served in several pilots in China. Guo et al. [15] reported that the maximum emulsion viscosity of the pro-
duced fluid reached 487 cp during strong alkali injection (NaOH). Some cases demonstrate great emulsion
viscosities which are 10 times greater than injected ASP solution. The authors acknowledge that the phe-
nomenon is not well understood, but the presence of emulsions and their problems remain a fact. The main
associated problem is the loss of production. Therefore, potential emulsification issues should be envisaged
preliminary as it was done in the Bhagyam field having additional demulsifier injection wells near producers
[12]. Also, Finol et al. [13] have reported preliminary laboratory experiments on identifying cost-effective
demulsifiers in the designing stage of the Al Khalata pilot test.

Feasibility study on ASP flooding projects. According to Dean et al. [108], the development of ASP
formulations and their implementation in the field/pilot units has two main objectives: 1) academic applica-
tions aiming at a better understanding of the mechanism, and 2) practical applications pursuing economic
benefits through the production of incremental oil. Based on a number of publications that are describing any
ASP technology implementation at a pilot scale, it is observed that the authors refrain from providing the
economic performance of any given project. This is the main reason for the difficulty in determining the real
purpose of ASP projects. Moreover, some projects were evaluated without considering capital and/or operat-
ing expenditures, i.e., only the benefit from incremental oil was estimated, and the project’s profitability was
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not adequately assessed. Such cases can misrepresent the understanding of the economic feasibility of ASP
flooding, which is critical due to its complexity and use of expensive chemicals.

This section focuses on the economic evaluation of ASP flooding projects conducted on Daging (China)
and Mangala (India) oilfields. It is worth noting that the economics of the projects have been evaluated based
only on the data presented in the scientific articles of Gao et al. [109] and Pandey et al. [106]. Both projects
were successful, providing additive oil recovery. Nevertheless, the economics behind them were not properly
assessed. Therefore, the main question to answer is: does the extra oil produced by ASP flooding pay for it-
self?

Gao et al. [109] presented an ASP flooding project, which involved 16 injection and 25 production
wells. Injection of the main ASP slug started in 2014 and by 2019 the accumulated oil increment was 0.647
million barrels which refers to 7.89% of the incremental recovery. Considering the size of the pilot area and
the number of wells involved, the complications of water treatment and production that are common in ASP
projects, it can be assumed that the project does not achieve economic benefit. In evidence, the simplified
feasibility study considering only the costs of chemicals as the main part of operational expenditures is pre-
sented in this section. The consumption of chemicals has been pre-compiled based on the given injected pore
volumes and the slug formulations, and chemical prices have been taken as industry average prices. Thus, the
following assumptions over prices were accepted (Table 4):

Table 4

Chemical prices according to industry averages

Chemicals USD/kg
Alkaline 0.65
Surfactant 7
Polymer 3.5

ASP project was held on the N3D block with an area of 0.49 km? and a pore volume of 1 798 200 m®,
which is located on the East side of the Daging oilfield. According to Guo et al. [15], the chemical formula-
tions of ASP floods in China were analyzed. The authors presented data on 27 ASP flooding projects with
slug concentrations. From the data, the average concentrations of each slug were identified and fitted to the
injection volumes of the N3D block (Table 5). Combining all this available information and correct calcula-
tions makes it easy for us to imagine the costs of this project. It is estimated that around $41 million was
spent on chemicals only to provide such slug volumes (Table 6). The author states that the economic benefit
of performed ASP project is $32.35 million (calculated at $50/bbl), which is about $10 million more than the
chemical cost. It is important to note that apart from the cost of chemicals, nothing else has been taken into
account, i.e. the actual cost of the project could be times higher with capital and other operating costs caused
by different challenges.

Table 5
Assumed design of Daqging ASP flooding [15; 109]
1% year 2"4" years 5" year 6" year Total
Pre-Slug (polymer) ASP Main Slug ASP Vice Slug Post-Slug (polymer) injected
PV | Concentration, % | PV | Concentration, % | PV | Concentration, % | PV | Concentration, % PV
0.3%S + 1%A + 0.1%S + 1.2%A +
0,2 0.14 0.505 + 0.18%P 0.21 + 0.16%P 0.18 0.12 1.0924

A similar approach was applied to evaluate an Indian ASP experience performed in the Mangala oilfield
in 2014 [106]. The critical reason for evaluating its economic efficiency is the involved well locations. Ac-
cording to the authors, the ASP pilot project was carried out on a 5-spot pattern block with 4 injection wells
and 1 production well, and an area of 10 000 m?. The main reason to investigate this case is the well loca-
tions that lead to injected volume loss 3/4. It suggests that the crucial part of injected volume abandons out-
side of the well grid. Therefore, the economic effect is questionable, as the cost of chemicals for effective
sweeping increases by a factor of 4.
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Table 6
Cost of chemicals used in Daging ASP pilot

Slug consequence Chemi- Injected weight, Cost for chemicals, USD Cost for chemicals over the pilot
cals tonnes period, USD
A 0 0
(Prgl'sr'#gr) S 0 0 1762 236
poly P 503.50 1762 236
A 9 080.91 5 902 592
ASP Main Slug S 272427 19 069 911 30 693 476
P 1634.56 5720 973
A 4479.68 2911 789
ASP Vice Slug S 37331 2 613 144 7 615 449
P 597.29 2090 515
A 0 0
(Poslt'ﬂ“? S 0 0 1357 929
polymer) P 387.98 1357 929
Total 41 429 089

As reported by Pandey et al. [110] at the design stage of the ASP pilot, the thickness of the pilot for-
mation is 70 m with a net-to-gross of 40 %. Considering the area of 10 000 m® and average porosity, the vol-
ume of pores is 70 000 m>. Later, after a technically successful pilot, the slug formulations were presented in
2016 (Table 7).

Table 8 presents chemical cost estimation for each stage of ASP flooding at Mangala. Since the incre-
mental oil reached 23 000 bbl, which the authors describe, the project will not be appropriate for returning
investments spent even if the oil cost is 90 $/bbl. It should be noted that there was polymer flooding at the
same pilot area for 3 years before the ASP flooding. The polymer slugs were graded, and the pilot performed
well generating incremental oil, referring to 10-15% of STOIIP compared to waterflood [66]. Despite this
fact, ASP flooding was technically justified, giving extra-incremental oil from the pilot area, but proved to be
uneconomical.

Table 7
Chemical slug compositions prepared in Mangala ASP pilot [106]
ASP Main Slug Polymer Drive-1 Polymer Drive-2 Chase Water Drive
PV Concentration, % PV | Concentration,% | PV | Concentration,% | PV | Concentration, %
0.5 | 0.3%S+3%A+0.25%P | 0.3 1.5%A+0.23%P 0.2 1%A+0.2%P 0.1 1%A
Table 8
Cost of chemicals used in Mangala ASP pilot
Slug Chemicals Injected weight, Cost for chemicals, Cost for chemicals
conseguence tonnes UsD over the pilot period, USD

A 1050 682 500

ASP Main Slug S 105 735 000 1638 000
P 63 220 500
A 315 204 750

Polymer Drive-1 S 0 0 373800
P 48.3 169 050
A 140 91 000

Polymer Drive-2 S 0 0 189 000
P 28 98 000
A 70 45 500

g?f\f: Water S 0 0 45 500
P 0 0

Total 2 246 300
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ASP applicability studies on Kazakhstani fields. The previous section described the economic issues
attributed to ASP flooding. Apart from this, the other critical property oil total acid number (TAN) for ASP
applicability was studied. The high acidic constituents react with alkaline solutions to create in-situ surfac-
tants [17]. Surfactants, for their part, obtain ultralow interfacial tension (IFT) between displacing agent and
crude oil. Thus, several mechanisms are in place to enhance oil recovery. In the case of low TAN, alkalines
may mitigate surfactant retention, which improves chemical consumption volumes.

In this regard, the TAN analysis of several Kazakhstan oilfields was carried out. The TAN analysis of
the Mangistau (West Kazakhstan) oilfields, combined with actual ASP feasibility studies from other compa-
nies, argues that ASP is not a promising cCEOR method for extending the life of brownfields (Table 9). Ac-
cording to Guo et al. [15], in 1987 the threshold value of the acid number for the effective reaction was con-
sidered 0.20 mg KOH/g, but then this number was reduced by several times, which can be noted in Table 9.
Nevertheless, underestimating the importance of oil TAN, using highly reactive surfactants, is too risky be-
cause of production issues, such as scaling and hard-to-break emulsions. These problems, coupled with the
expensive surfactant cost, only complicate and worsen the economics of projects.

Table 9

TAN analysis of Mangistau oilfields in comparison

ASP flood | Incremental

Oilfields Oil TAN, mg KOH/g conducted R, % Complications

Bhagyam, India [12] 2.00 Yes 20 Emulsion, §callng,
corrosion

Al Khalata, Oman [13] 0.78 Yes — Emulsion, scaling

Karazhanbas, Kazakhstan 0.251 No — —

Kalamkas, Kazakhstan 0.132 No — -

Uzen, Kazakhstan 0.048 No — —

West Salym, Russia [14] 0.040 Yes 16 Scaling

Daging, China [15] 0.020 Yes 520 Emulsion, scallng,_repalrment

of surface equipment

Conclusions & Observations

The goal of this paper was to review important aspects and performances during polymer flooding.
These aspects include reservoir conditions for effective implementation, polymer injection, and reservoir
development parameters. The growing large-scale application polymer flooding demonstrates that it is the
most feasible chemical EOR technology. In contrast, ASP/SP flood is not profitable and causes severe on-
site problems. The primary novel finding from this review and analysis of field projects is to cast doubt on
the economic feasibility of ASP flooding — especially in Kazakhstan. This work also provides a perspective
on the TAN (total acid number) for Kazakhstan oilfields, especially for applicability to ASP flooding. Many
insights into applicability of polymer flooding were also noted. In particular, the fact that HPAM prices are
lower now than they were 40 years ago has greatly aided the ability for polymer flooding to be applied on a
large scale today. The development of horizontal wells has greatly enhanced polymer injectivity and allowed
the upper limit of oil viscosity for polymer flooding to be increased from ~150 cp to over 3000 cp. Con-
trolled injection above the formation parting pressure has also played a major role in this regard. Until re-
cently, commercially available EOR polymers were not sufficiently stable in reservoirs with temperatures
exceeding ~70 °C. However, the recent availability of an ATBS polymer has the potential to allow feasible
polymer flooding in reservoirs at temperatures up to 120 °C. A major difference from waterflooding is that
the dissolved oxygen level as close to zero as practical—certainly less than 200 parts per billion. Above
60 °C, dissolved oxygen levels must be much closer to zero. In theory, polymer flooding can be applied in
formations with any water salinity. However, practical considerations favor using the least saline water that
is available. Field experience, as well as laboratory and theory, consistently reveal that the polymer bank size
should be as large as practical (typically ~1 pore volume). Once injection is switched from polymer back to
water injection, water cuts will quickly rise to high values. The vast majority of polymer floods have been
applied in moderate-to-high permeability reservoirs (>100 md). This fact is due first to the need for high pol-
ymer injectivity and second because high-MW polymers exhibit difficulty in penetrating into less-
permeability rock.
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ASP cyaanabipyMeH cajbICTBIPFaAHAAFbI MOJUMeEPJIEPJIi CYJIaHIBIPYbIHbBIH
MAaHbI3/IbI ACMEKTiJIepPi MEH HITHKeJIePiHe Moy

Tomumepni cynannplpy — Oyl MyHail @HIIpYyIi apTTHIPYABIH OOJaIIarsl 30p KOHE THIMII XUMUSUIBIK diC.
Tlommumepni cynangpipy ocipece cinTini/GerTik-O6encenni 3at/momumepii cynanaelpy (ASP) tuimciz Gomran
Ke3e KoHEe KeH OpHBIHOAa Kypaemi ImpoOiieManap TybBIHIaFaH Ke3#e THIMAI (TY3IbI TYHIBIPY, JKOHAEY
Ke3CHIHIH TOMEH[Cyi, YHFbIMaHbIH Kabbuimay mpobGiemManapsl, Oy3bUlybl KHUBIH dMyJjbcusuiap). COHFbI
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o/edueT AepeKKe3aepinae MOIUMEpIi CynanabIpy abiH 30-Fa *KybIK JanaiblK CBIHAKTAPbl TYpPaJlbl Al ThUIA/IBI.
OmnapblH KOIIIIr TeXHUKAJIBIK JKETICTIKTep Typaibsl MaiiMer Oepeni. ITomumepri cymanasipy 60 KbLa
6oiibl KOJIAHBUIFAHBIMEH, OHBI JKaKcapTy YLIIH dJ1i Jie KOChIMIIA 3epTreyliep KaxeT. Makanana Kamamkac
KEH OPHBIHBIH TOXKipHOeciMeH OipiKTipiIreH COHFBI K00aTap bl IOy HETi31HAE MOIUMEPIIK CyIaHIBIPYAbIH
MaHBI3Ibl ACTEKTiepi MEH CHIaTTaMayapbl OepiireH. OmeOueTTepliH KeH IIONyBIHIAa TeMIeparypa, cy
KaOaTHIHBIH MUHEPAIIaHYbI, Cy KO31H TaHIay, MyHail KacHeTTepi, KabaT THIli )kKoHE OTKI3TIIITIri TYPFHICHIHAH
KOJIZIaHy JHAaIa3oHbl KapacThipbliFaH. Cy Ke3iH TaHIay MHJIOTTHIK/OHIIPICTIK K00aHBI 93ipiey Ke3iHae
MaHBI3JIBI POJI aTKapajbl XKOHE SH MaHBI3Jbl TCXHUKAJBIK KOHE SKOHOMHKANBIK IIemiMaepaid O6ipi 6osin
Tabbutanpl. [lonuMep KOMBIPTIAFBIHBIH JM3alHbI, ocipece MyHail oHE MOJIMMEPAIH TYTKbIPIBIKTAPbIHBIH
apakaThIHACHl OipZieH onfeKaiiaa a3 OONaThIH TYTKBIPIBIFBl JKOFAphl MyHall KEH OPBIHIApHI YIIiH erkKei-
TerKei TanganradH. [lomumeprepaiH KOFapbl KaOBULAAFBIIITHIFEIH TYCIHAIpYTe epeKine KOHLT OeiHreH.
AFfpIMIaFEl MYHa#l Oarachl OOMBIHIIA TEXHOJOTHSHBIH THIMCI3IITIH pactay KesiHIe KeiOip TaHbpiman ASP
JKoOanapel YIIiH TEXHUKAIBIK-DKOHOMHKAIBIK HerizzeMe kyprisiiredn. CoHbiMeH KaTap, ASP cymaHmsipy
CKPHHHHTII YIIIH yII Ka3aKCTaHIbIK MYHall KeH OpBIHIAPbIHIAFbl MYHAHIbIH KBIIIKBUI MOJILECPIHEe CaH/IBIK
Tajay )KacasFaH.

Kinm ce30ep: monuakpuiaMui, MOJUMEPIIK CyJIaHIBIpy, MyHail Oepyni YIFaHTyIbIH XUMUSUIBIK SicTepi,
cinti/6etTik 6encenmi 3at/monumep (ASP) cynanmbipy, TEXHUKAIBIK-9KOHOMHUKAIIBIK HETi3CME.

M.C. Carsinaukos, P.M. Kymekos, P.C. Cepaiit

O030p BaKHBIX ACMEKTOB U XaPAKTEPUCTUK IMOJUMEPHOI0 3aBOAHEHUS
B cpaBHeHHMHu ¢ ASP 3aBogHeHneM

TTonnmepHOe 3aBOoTHEHNE SABISIETCS MHOTOO0CIIAIONINM H 3P (HEKTHBHBIM XUMUYECKHM METOJIOM YBEITHICHHS
HepreoTnaun (xXMYH). ITonmumepHoe 3aBoaHeHHE 0coGeHHO b dexTnBHO, Koraa menous/[IAB/monnmepHoe
3aBoHeHHe (ASP) HepeHTaOeNbHO U BBI3BIBACT CEPhE3HbIC MPOOIEMBI HA MECTOPOXKACHHH (CONEOTIOKEHHS,
CHIDKEHHE MEXKPEMOHTHOTO IepUoza, MpoOJIEeMbl C IMPUEMHCTOCTHIO, TPYIHOPA3pyIlaeMble SMYJIBCUH).
B nocnegHux auTepaTypHBIX HCTOYHUKAX YHOMHHAeTCA 0 ~30 MONEBBIX UCIIBITAHUH MOIUMEPHOTO 3aBOJHE-
HHA. B OonpImmHCTBE M3 HUX coo0IIaeTcs o TeXHU4eckoM ycrexe. HecMoTpst Ha To, 4TO MOIMMEPHOE 3aBOJ-
HEHHUe NpuMeHsieTcs yxxe ~60 1eT, oHo Bce eme TpeOyeT JaabHEHIINX HCCIEeOBAaHUH UI COBEPIICHCTBOBA-
HUA. B 1aHHO#M cTaThe OMMCaHBl BaXKHBIE aCHEKTHl M XapaKTEPUCTHKH ITOJMMEPHOTO 3aBOJHEHHS HA OCHOBE
0030pa TOCIeHNX MPOEKTOB B COYETAHUH C ONBITOM MecTopoxaeHus «Kamamkacy. B oOmmpHOM nnTepa-
TYpHOM 0030pe PacCMOTPEH AWana3oH MPUMEHHMOCTH IO TeMIIepaType, MHHEepaIn3allui IUIAaCTOBOH BOJH,
0TOOpY MCTOYHHKA BOJBI, CBOMCTBaM He()TH, THITy [UIAaCTa U MPOHUI[AEMOCTH. BBIOOp MCTOUHMKA BO/IBI UTPa-
€T BOXHYIO POJb MPH pa3paboTKe MHIOTHOr0/KOMMEPYECKOTo MPOEKTa M SIBISIETCS OJHMM M3 Haubosee oT-
BETCTBCHHBIX TEXHUKO-DKOHOMHYCCKUX pelIeHHH. J[M3aiiH MOJTUMEPHBIX OTOPOYEK OBLT MOAPOOHO MpoaHa-
JM3MPOBaH, OCOOEHHO IJISI MECTOPOXKJICHUI BBICOKOBA3KOH He(TH, TJie BHIOPAHHOE COOTHOIIEHHE BSI3KOCTH
He(TH W MOJMMEpa HAMHOTO MeHbIle eauHHuNbl. Oco0oe BHUMaHHUE YAEICHO Pa3bsCHEHHIO HAOII0AaeMOM
BBICOKOH TPHEMHCTOCTH TonuMepoB. [IpoBemeHa TEXHHKO-’KOHOMHYECKash OILEHKA IO HEKOTOPBIM
n3BecTHEIM ASP mpoekTaM Uil MOATBEPKICHHUS HEPEHTAOENBPHOCTH TEXHOJOTHH IPH TEKYIIUX IeHaX Ha
HedTh. KpoMe Toro, aBTOpaMu cTaThy IPOBENIEH aHAIN3 KUCJIOTHOTO Ynciia HepTH TpeX Ka3axCTaHCKHUX Hed-
TSTHBIX MECTOPOKACHHUI 1y1s cCKpuHuHTa ASP 3aBOHEHUS.

Knrouesvle crnosa: monuakpunamMui, MOJMMEPHOE 3aBOJHEHUE, XMMHUUECKUI METO] yBEINYeHUsT HeTeoTaa-
uu, 1menous/[1IAB/monuMepHoe 3aBOJHEHIE, TEXHUKO-O)KOHOMHUYECKOE 000CHOBAHHE.
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Applications of Nanofiber Membranes in Microphysiological Systems

Microfluidic organs-on-chips or microphysiological systems (MPS) are promising tools that can potentially
replace animal testing in drug development. MPS are platforms with microchannels seeded with certain organ
cells used to emulate in vivo environments in laboratory conditions. Among them, platforms seeded with lung
cells called lung-on-chip devices can evaluate the influence of toxic particles, gases, and chemicals on lung
tissue in vitro. Lung-on-chip devices allow the mimicry of healthy lung conditions and a wide range of dis-
eases (asthma, cancer, autoimmune, infections). This review focuses on the use of electrospun nanofiber
membranes as a functional basement membrane which plays a central role in the development of lung-on-a-
chip platforms. Here, we briefly introduce microfluidic devices, MPS, and lung-on-chip devices. Existing
basement membrane models, such as thin-film and gel-based membranes, and their challenges/disadvantages
are discussed. Next, the concepts of electrospinning and nanofiber membranes are introduced. Finally, the
nanofiber membranes used in lung-on-chip devices are reviewed. Implementation of different polymer mate-
rials used to synthesize the nanofiber membranes and different methods for incorporation of the membrane
inside the device are discussed. Electrospun nanofiber membranes provide good mechanical properties, allow
transmigration of the immune cells, and withstand the physiological strain without affecting the cell viability.

Keywords: microfluidics, microphysiological, nanofiber, basement membrane, electrospinning, lung-on-chip,
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Review Plan

Inclusion and Exclusion Criteria: The present review is focused on use of nanofiber membranes as
basement membrane in lung-on-chip microfluidic devices.

The review is limited to publications done on lung-on-chip devices in English language. Only articles in
microfluidic area were analyzed from sources like Google Scholar, Scopus. The keywords listed above were
used in a search of relevant papers. The resultant articles were included to the review. No statistical or corre-
lational analysis was used.

Introduction

Microfluidics can be represented by controlled fluid flow through microstructures or microchannels
etched or molded into different material substrates (glass, polymer, silicon). There are various applications of
microfluidic devices including material synthesis, molecular analysis, cell studies, drug toxicity, etc. These
applications make microfluidics a rapidly developing and promising area in research [1]. One of the applica-
tions of microfluidics, organ-on-chip technology, allows mimicry of physiological systems through miniatur-
ized and microscale designs. The mimicry is achieved by designing channels repeating structures within the
organs and controlling the significant parameters within the device. Among the parameters, the concentration
gradient within the fluid, diversity of cells and their patterning, interactions, fluid, shear forces, and others
can be adapted to affect the functionality and characteristics of the device [2]. Conventional 2D cell culture
techniques cannot replicate the microphysiological patterns because of their flat nature. Additionally, animal
testing does not fully replicate human tissue and raises an ethical issue. Therefore, organ-on-chip platforms
have great potential in drug development and toxicology [2].

Currently, a wide range of organ-on-chips for mimicking respiratory, kidney, cardiovascular, pancreat-
ic, gastrointestinal, and neural tissues exist. The concept of ‘body-0n-chip’ combining multiple organs is be-
ing introduced to develop a system for the complex evaluation of pharmacokinetics and pharmacodynamics
of drugs [3]. Within the scope of this review, lung-on-chip models are reviewed. Lung-on-chip devices can
be designed to represent healthy and diseased tissues. The design of lung tissue focuses on creating a device
that would replicate a mechanically active alveolar-capillary interface with a functional basement membrane
(BM) [4-6]. Among the diseases designed on-chip are pneumonia [7, 8], chronic obstructive pulmonary dis-
ease (COPD) [9], asthma [10, 11], tuberculosis (TB) [12], lung cancer [13-19], and cystic fibrosis [20, 21].
To simulate a diseased state, ‘healthy’ tissues are treated with chemicals and/or particles that induce patho-
logical changes.

As in many other organ-on-chip devices, the lung-on-chip platforms can use the primary cells, stem
cells, and human cell lines. Human cell lines are alveolar epithelial cells, which carry the transport of gases
and nutrients. For example, adenocarcinomic cells such as A549 are commonly used [22]. They are easy to
use and can be manipulated to induce mutations related to disease conditions such as cystic fibrosis. Howev-
er, the main limitation is their transformation to immortalize, which is a principal difference from healthy
airway cells [23]. The possibility to use primary human cells makes lung-on-chip devices an excellent tool in
personalized medicine for drug sensitivity studies. However, the main limitation of using primary cells is
their limited proliferative capacity [22]. In turn, preparing lung cells from stem cells is more difficult, which
requires different growth and differentiation factors, but they are excellent in replicating human tissue be-
cause controlled differentiation induces the expression of proteins and structures as in desired one [24]. Lung
tissue besides epithelial and vascular cells includes a wide variety of cells, such as mesenchymal, immune,
and smooth muscle cells essential for breathing action, and neurons that control breathing [25]. Combination
and diversity of cells, a complicated morphology, and relation to other organ systems make it difficult to rep-
licate lung tissue using conventional cell culture techniques, therefore microfluidic devices might aid in
overcoming the challenges related to recapitulating microstructures.
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1 Lung-on-chip microfluidic device

The lung-on-chip devices mimic the basic functional unit of the lung, an alveoli-capillary barrier. Thin
layer of pneumocytes and endothelial vascular cells separated and connected by basement membrane is the
place where the oxygen/carbon dioxide exchange takes place. In the design of lung-on-chip, scientists rely on
the very first lung-on-chip device suggested by Huh in 2010 [4]. It was a two-chamber system, separated by
polydimethylsiloxane (PDMS) thin layer. Each chamber represented air and blood compartments respective-
ly, while PDMS functioned as basement membrane [4]. In designing the microphysiological devices, repeat-
ing the biomechanical signaling and forces within platform is crucial. For example, the elastic modulus in
alveoli tissue is approximately 5 kPa and the expansion of alveoli during the calm breathing reaches only 4%
of primary length with alternations of those values in diseased conditions [26]. The strain reaches 12% dur-
ing deep inspiration, but it is important to note that alveolar distension is not uniform, so strain in some areas
can increase to 30%. Besides, other parameters are also important, for example during the breathing the lung
tissue stretches and recoils approximately 12 times per minute [27]. Therefore, devices that incorporate the
flow are known to be more representative of organ structure than static models [28]. These characteristics are
crucial in functionality, timely metabolic exchange and support of the lung tissue itself.

Basement membrane (BM) is a type of extracellular matrix that can be found around many tissues. In
lungs, it lies between the epithelial lung and vascular cells. BM is specific for different tissues and has dif-
ferent roles, in alveolar tissues it maintains epithelial cells, facilitates gas exchange, and is involved in im-
mune response [29]. The main components of the BM are proteins that provide elastic/plastic properties and
strength: collagen, elastin, proteoglycans [26]. The changes in composition of the basement membrane are
common in a wide range of diseases including autoimmune conditions, cancers and inflammatory diseases
[30]. Collagen is one of the most abundant proteins, which forms the network of fibrils, aiding in resisting
forces and providing tensile strength. In turn, elastin is responsible for elastic properties and stretchability of
the BM [27]. Those proteins undergo remodeling in disease conditions, resulting in misbalance and
dysregulations in functioning of the BM. In mimicking the BM for lung-on-chip the mechanical characteris-
tics described above are important along with chemical properties of the material such as hydrophobicity,
biocompatibility and physical structure that ensure its functionality.

2 Existing lung-on-chip basement membranes

A thin layer of PDMS separating the air and fluid compartment, which was prepared by the
microstructuring-lamination process, was cyclically stretched in a breathing manner in a lung-on-chip device
developed by Stucki as shown in Figure 1A [31]. The integrity of protein meshwork and thus permeability of
BM was not disrupted during ‘breathing” and the stretch increased the metabolic activity of the cells, enhanc-
ing the gas exchange function [31]. Later, the authors suggested a new PDMS-membrane-based device,
shown in Figure 1B, which maintained cells for 3 weeks without an external perfusion system [32]. Although
PDMS is elastic, not toxic for cells, has pores for the transport in between layers, and was frequently used as
BM in lung-on-chip, some disadvantages make it not an ideal candidate. Most of the recent research men-
tions the ability of PDMS to absorb small molecules, which affect the biochemical microenvironment within
the microfluidic device [33]. Other examples of porous membranes that are used to separate air and fluid
compartments are polycarbonate (PC) and polyethylene terephthalate (PET). However, the authors mention
the main disadvantage of using these membranes as the recreation of a 2D flat surface, which does not fully
recapitulate the curvature of alveoli [6]. As a result, a microcurved 3D microfluidic device was designed to
conserve the spatial configuration of the lung functional unit. Although the epithelial and endothelial cells
were maintained within the device for 2 weeks with features and topography similar to real lung tissues, the
mimicry of breathing movement was impossible due to the lack of elastic properties [6].

The BM can be ‘synthesized’ by preparing layer of ‘gel’, which would accommodate cells and mediate
the signaling and communication between them. For example, Huang et al. [5] synthesized hydrogel from
gelatin methacryloyl (GelMA), while Xu et al. used commercial Matrigel sandwiched between PDMS layer
as shown in Figure 1C [34]. In both experiments, the BM maintained its barrier function and some cell ex-
periments were conducted to evaluate the functionality of the devices. The gel-based BMs enhanced recapit-
ulation of microphysiological structures due to its primary 3D nature, so cells maintained the characteristics
such as adherent junctions in accordance with histological features of lung tissue. However, the disadvantage
of working with hydrogels is the inability to mimic stretchable properties and strain as in ‘breathing’ [33].
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Figure 1. Lung-on-chip device models

Another example of the BM mimicry was formed by drop-casting the solution of collagen and elastin
on golden mesh in PDMS based microfluidic device, which revealed significantly less absorption of small
molecules, with mechanical properties close to physiological 4 kPa elasticity modulus and cause 10 % me-
chanical strain [33]. Moreover, authors mention that golden mesh structure recapitulates the geometric struc-
ture, while the collagen and elastin are natural and biodegradable. Next, BM can be recapitulated using the
nanofiber membranes sandwiched in device between polymethyl methacrylate (PMMA) layers as shown in
Figure 1D [35]. Nanofiber membranes as a focus of this review will be explained in the next section.

3 Nanofibers in microfluidic systems

Nanofiber membranes show the potential in becoming a better alternative to the conventional mem-
branes in microfluidic systems. Electrospun nanofiber membranes possess a high surface area, a highly po-
rous and interconnected structure that is closer to resembling the basement membrane and extracellular ma-
trix (ECM) of tissues [35, 36]. These unique properties support and facilitate the attachment and migration of
cells on the scaffold [37]. The high porosity of the nanofibrous membrane allows more efficient nutrient and
waste exchange that further contributes to improved cell proliferation [38]. Even though a simple coating of
the conventional membranes with ECM proteins improves cytocompatibility, it is unable to create a 3D to-
pography of the cellular microenvironment [39]. In comparison, during the electrospinning of the nanofibers,
proteins can be integrated within the polymer solution reducing fabrication steps and allowing a more homo-
geneous distribution of proteins throughout the scaffold enhancing its resemblance to the native ECM in tis-
sues [37].

The electrospinning technique is a relatively straightforward process. Electrospinning utilizes high volt-
age applied to a polymer solution to generate fibers that are deposited on a grounded collector plate. High
voltage is required to overcome the surface tension of the polymer solution and induce its transformation into
a jet. This facilitates stretching of the polymer chains and evaporation of the solvent, which allows the col-
lection of dry nanofibers. The electrospinning process involves multiple variables that may influence the
quality of the nanofibers assessed by their interfiber porosity, fiber morphology, and topography. These vari-
ables include conductivity, dielectric constant and surface tension of the solution, molecular weight and
structure of the polymer, compatibility of the polymer and solvent, solvent evaporation rate, and solution
viscosity. In addition, process settings, such as voltage, flow rate, distance from the needle tip to collector,
temperature, and humidity also play an essential role in the suitability of the final solution to be electrospun
into dry and homogeneous fibers [40-42].

In microfluidic systems, nanofibrous membranes can be used as bioanalytical systems and organ-on-
chip models [43]. Their high surface area enhances the sensitivity of bioanalytical systems through increased
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surface functionalization. Examples of such systems include the immobilization of antigens or antibodies for
developing immunoassays similar to ELISA assay [44]. In such a system, PLGA and PLA nanofibers
showed superior properties to PDMS membrane in immobilizing proteins due to the presence of carboxyl
groups on their surface [45]. Moreover, nanofibrous microfluidic systems are also researched for detection of
Escherichia coli [46], HIV [47], metalloproteinase-9 [48], opium alkaloids [49], cancer biomarkers [50], and
circulating tumor cells [51, 52]. These nanofibrous microfluidic systems also hold great potential in molecu-
lar diagnostics and screening for therapeutic agents [53].

4 Nanofibers in organ-on-chip models

The unique resemblance of nanofibrous membranes to the native tissue ECM allows their use in organ-
on-a-chip models [54]. Electrospun nanofibrous membranes may allow the use of exceptionally thin thick-
ness close to that of a basement membrane in tissues. However, in comparison to conventional membranes
such as PDMS, electrospun fibrous membranes may exhibit lower tensile strength and may be too fragile.
During sealing procedure of the microfluidic chip, the roughness of the nanofibrous membrane surface may
reduce the bonding efficiency and the membrane may get deformed in the process [37, 43], eventually lead-
ing to leakage. Nevertheless, due to the previously mentioned limitations of the conventional PDMS mem-
branes, developing electrospun nanofibers are actively researched as an option to mimic the native cellular
microenvironment in tissues [55].

One of the initial in vitro models with electrospun membranes studied mimicry of cellular microenvi-
ronment using nanofibrous membranes in a microfluidic system [56]. For this purpose, polyurethane in
dimethylformamide and tetrahydrofuran mixture was electrospun onto an aluminum foil. The hydrophobic
surface of the membrane was treated with acrylic acid to introduce carboxyl and carbonyl group for better
cell adhesion and proliferation. This treatment led to lower contact angles and reduced hydrophobicity of the
material. In comparison to untreated controls, seeded human mesenchymal stem cells demonstrated better
proliferation on the acid-treated membranes. However, this method did not compare nanofibrous membranes
to PDMS membranes and the surface treatment of the nanofibrous membrane introduced additional fabrica-
tion step.

Later, liver-on-chip models using electrospun nanofibrous membrane were developed from PCL dis-
solved in chloroform [57]. This membrane was placed on the bottom of the microfluidic chamber. The hepat-
ic carcinoma cells HepG2 were cultured on top of the membrane and showed excellent viability for 14 days.
Here, they demonstrated real-time measurements of aloumin and alpha-fetoprotein using an ELISA assay.
This model utilized nanofibrous membranes collected on the aluminum foil and was not directly electrospun
onto the chip.

In comparison, Chuchuy, Rogal [37] demonstrated a proof-of-concept study with the possibility of the
electrospun polymer solution of PLA and PLA with GelMA in hexafluoroisopropanol (HFIP) directly onto
the microfluidic chip. To create more oriented nanofibers, aluminum foil was placed on the opposite sides of
the microfluidic chip. To ensure electrospinning of the nanofibers only to the chip surface, the area around it
was sealed with a non-conductive tape. The deposited membrane was then cut to shape using a solvent-
wetted scalpel. The comparison between pure PLA and GelMA-PLA fibers demonstrated that during the
process of thermal fusion bonding, the membranes exhibited deformation on the edges, changes in fiber di-
ameter, and reduction in membrane size. In contrast, GeIMA-PLA nanofibrous membranes were more heat-
resistant and remained flat during bonding, but showed slight sagging. Additionally, endothelial and epitheli-
al cells performed better on the gelatin-containing PLA nanofibrous membranes due to the innate cell-
recognizing motifs in gelatin, whereas pure PLA membranes required a time-consuming coating process to
improve cell adhesion and proliferation.

5 Nanofibers in lung-on-a-chip models

Several studies used PCL-based nanofibrous membranes for lung-on-chip models [39, 58, 59]. A study
by Tas, Rehnberg [39] used a commercially available PCL membrane to simulate clinical ventilator-induced
lung injury by applying 25 % of mechanical strain on the cell-seeded membrane (Figure 2A). Here, PCL
nanofibrous membrane was selected for its good mechanical properties that withstand higher mechanical
strain in comparison to natural polymers such as collagen.
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Figure 2. Incorporation of nanofibrous membranes into microfluidic device for lung-on-chip models

A couple of other studies simulated an alveolar-capillary barrier using electrospun PCL nanofibrous
membranes [58, 59]. Different ratios of PCL and gelatin in HFIP solution were used to electrospun
nanofibrous membranes that were bound to the layers of the microfluidic system via oxygen plasma treat-
ment (Figure 2B). A higher ratio of gelatin to PCL in the nanofibers led to an increase in fiber diameter size
and distribution, altered fiber morphology from tubular to flat and reduced elasticity of the membrane. Air-
way re-opening was mimicked by introducing air bubbles over the seeded layer of A549. The endothelial
layer in this system was presented by the human umbilical vein endothelial cells (HUVEC). The cellular re-
sponses in this system were measured through the distribution of actin filaments and the formation of tight
junctions in epithelial and endothelial cells. The comparison of different ratios of PCL and gelatin in the
nanofibrous membranes demonstrated that epithelial and endothelial cells respond differently to the mechan-
ical properties of the membranes. Thus, A549 cells formed less tight junctions and spread more on the less
dense and softer nanofibrous membranes, whereas HUVEC cells formed more actin filaments. Moreover,
Ab549 cells showed more susceptibility to cell injury when cultured on rigid membranes [58].

Another study reported a PCL-based nanofibrous membrane that was able to support the growth of en-
dothelial and epithelial cells for 21 days [59]. To mimic the alveolar-capillary barrier, human pulmonary en-
dothelial cells (HPMEC) and lung epithelial cells (NCI-H441) were seeded on the membrane. To simulate
inflammation during lung diseases, nanofibrous membranes were exposed to pro-inflammatory cytokines
TNF-o and IL-8 to induce inflammation response through reduction of tight junction between epithelial cells
that was measured by the amount of secreted intercellular adhesion molecule 1 (SICAM). The level of
sICAM was higher in the apical layer compared to the basal layer. Additionally, these PCL nanofibrous
membranes allowed the migration of neutrophils from the apical to the basal side of the membrane despite
almost twice the smaller pore size in comparison to the 3 um pore sizes in the control PET membranes. This
demonstrates that despite smaller pore size, nanofibrous PCL membranes were able to mimic inflammatory
response by allowing transmigration of neutrophils through the simulated alveolar-capillary barrier.

In general, PCL-based nanofibrous membranes demonstrated a good resemblance to the native ECM
and basement membrane. The Young’s Modulus of pre-wetted PCL membranes was 7.2 MPa [58] and
9.7 MPa for dry PCL membranes [59], which was close to the native alveolar basement membrane [62, 63].
Additionally, in comparison to the control PET membrane, high production of collagen on PCL nanofibrous
membranes was observed [59].

A biodegradable and biocompatible PLGA polymer was solubilized in trifluoroethanol (TFE) to fabri-
cate nanofibers for a lung-on-chip system [60]. To simulate the tumor microenvironment in alveoli, two or
three types of cells were seeded: A549, fetal lung cancer cells (HFL1), and HUVEC cells. For a two-cell sys-
tem, A549 was seeded on the outer side of the nanofibrous membrane, whereas HFL1 cells were seeded on
the inner side of the membrane facing the microchannel. For a three-cell type system, the distribution of cells
on the membrane was similar to the two-cell system, only there was a second microchannel, where the
HUVEC cells were seeded on the membrane facing it (Figure 2C). Additionally, anti-cancer drug gefitinib
was tested in the two-cell system. The addition of the drug leads to a significant reduction in viability of
A549 cells, demonstrating the efficiency of the drug in inducing apoptosis of cancer cells. In the three-cell
system, A549 cells induced apoptosis of HUVEC cells and migrated through the membrane onto the other
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side. This multi-cellular microfluidic system simulated the tumor microenvironment by mimicking tumor
invasion.

A simulation of the alveolar air-tissue interface was demonstrated using gelatin nanofibers [61]. Gelatin
is a degradation product of collagen, which is commonly found in the basement membrane and ECM. To
electrospin the nanofibers, gelatin from porcine skin was solubilized in the mixture of acetic acid, ethyl ace-
tate, and water. Due to the high hydrolytic degradation rate of gelatin in water, the fabricated nanofibers
were crosslinked with N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride and N-hydroxy-
succinimide. The nanofibers were directly electrospun on a hexagonally-shaped honeycomb PDMS
microframe (Figure 2D). However, SEM images demonstrated the loss of fiber integrity that resulted in a
microporous structure of the membrane. A549 cells were seeded on the membrane and were supported with a
culture media flow in the basal channel. An airwave was applied on the apical side of the membrane to intro-
duce mechanical strain on the grown cell layer. The introduced mechanical strain simulating a 5% physiolog-
ical strain did not affect the viability and proliferation of the cells. However, periodically applied strain re-
duced cell attachment to the nanofibers, which resulted in a better and more homogenous redistribution of
A549 cells on the membrane.

Conclusions

The advances in micromachine fabrication led to the development of lung-on-chip models that combine
anatomy, material science, and physical properties to explore the lung microstructure. Development of func-
tional basement membrane remains challenging as existing models have drawbacks such as properties to ab-
sorb small molecules in case of PDMS or the inability to mimic mechanical parameters as in hydrogels. In
comparison, electrospun nanofiber membranes might be optimized by parameters such as thickness, porosity,
fiber morphology, and others. Despite being more fragile, they are gaining attention in the microfluidics area.
Nanofiber-based membranes in lung-on-chip devices demonstrated good properties in cell transmigration,
mimicking the disease conditions, and succeeded in its barrier function. All the studies demonstrate
nanofiber membranes as a promising candidate for mimicry of basement membrane in lung tissue.
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1. KanaGekoBa, A. MaptuH, A. Kemen6exona, I'. Kynbsraposa

HaHoTanmbIKThI MeMOpaHaIapabl
MHUKPOGU3HOJIOTHSIIBIK KYliejepae KOJAaHy

«AF3aarbl-ui»y MHUKPOMIIOMATI KYPBUIFBICH JOPi-AOPMEKTIH YBITTBUIBIFBIH 3€PTTEYAC IKaHyapiap/ sl
CHIHAYBI alMacThlpa alaThH IEPCHEKTUBANBI Kypald OOJBIN TaOBUIAABL. «OKIENeTi-uuIn KYPBUIFBICHI
OeIIeKTepIiH, ra3Iap/AblH KoHe OKIle TIHIHIET] XUMHSUIBIK 3aTTap/AblH YBHITTBUIBIFBIH Oaranay YIIiH, COHIal-
aK aybIpFaH JKarnaiaa ASpUIEepIiH THIMIUIITT MEH YBITTBUIBIFBIH 3€pTTey YIIH KoigaHsutaapl. COHBIMEH
Katap, «OKIeIeTi-4uID» KYPBUIFBICHI JCHCAYIBIKTIH XKaFalblH, NeMiKIe, KaTepi iCik, ayTOMMMYH/IbI )KoHE
KYKManel aypyjap CHSKTBI aypyJapIblH KeH ayKbIMbIH aHBIKTayFa MYMKIiHIOIK Oepeni. Makana
MHUKPOQH3HONOTHAIBIK ~ IUIaTpopMa  meHOepiHae  GyHKOMOHANABI — Oazamgsl  MemOpaHa — peTiHze
3IEKTPUIPIITeH HaHOTANIIIBIKTE MeMOpaHanap/s! KoJIaHyFa apHainFaH. MyHaa MUKpO(IIONATI KYphUIFbLIap
JKOHE «OKIeJeTi-uiID» KYPhUIFBUIAPBIHBIH TY)KBIPBIMIAMachl KbICKalla OepinreH, 06azanasl MeMOpaHaHBIH
MaHBABUIBIFEl cumartanFad.  [IJIMC, TIK cHSKTBI KOJMaHBICTAarbl Oa3aiasl MeMOpaHa YITiIepi, reib
Heri3iHJeri MeMOpaHanap, OHBIH INIIHAE OJapibl maijganaHy OapbICBIHIA TYBIHAANTHIH KHBIHABIKTAp MEH
KEMIIILTIKTEp CHMATTANFaH. OJNEKTPHIPIHJl JKOHE HAHOTANIIBIKTEI MeMOpaHajgap Typalbl TYCiHIKTeMe
OepiireH. «OKMeIeri-4umm» KypbUIFBICHIHA KOJIaHBUIATEIH HAHOTAIIBIKTEL MEMOpaHaiap KapacThIPbUIFaH.
HaHoTanmbIKTel MeMOpaHanapipl CHHTE3JCy YIIIH SPTYpJi MOJIMMEpii MaTepHasiiapAbl KOJAaHy >KoHE
MeMOpaHaHbl KYPBUIFbIFa €HTI3YAIH OpTYpJi omicTepi cumartanraH. OcbUiaiiina, >JIeKTPHIPUITeH dAiciMeH
QIbIHFAaH HAHOTAIMIBIKTE MeMOpaHamap JKaKChl MEXaHMKaJblK KACHETTepIl KepceTedi, HMMYHHIBIK
JKacyIanap/pl TackbiMaliayFa MYMKIHAIK Oepelli skoHe jKacylia eMipIICHIIr MEH MpoJiMQepannscsiHa dcep
eTIIECTECH (PU3HONIOTHSUIBIK KEPiTy i KaMTaMachl3 eTeIi.

Kinm coe30ep: Mukpodmonarep, MUKpO(QH3NOIOTHSIIBIK, HAHOTAIIIBIK, 6a3ainsl MeMOpaHa, 3JIeKTPOCIIHH-
HUHT, OKIIE/ICTi-YHII, TOJIUKAPOIAKTOH, )Ka0bICATHIH KOCTIA.
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IIpumeHeHne HAHOBOJIOKOHHBIX MeMOpPaH
B MUKPO(HU3HO0IOTHYEeCKUX CHCTEeMAX

MuxkpodionHbIe yCTPOHCTBA «OPraH-HA-IHIIE» — MHOT000EIAomye MIaTGOPMBI, KOTOPbIE TTOTEHIHATb-
HO MOTYT 3aMCHUTbH HCIBITAHUS HA KUBOTHBIX B MCCIIEJOBAaHUAX TOKCUYHOCTH JIEKAPCTB. Y CTPOMUCTBA «JIeT-
KHe-Ha-uuIle) HUCIOJB3YIOTCA JUIl OLECHKM TOKCHYHOCTH YacTHUL], I'a30B M XUMHYECKHX BELICCTB HA TKAaHU
JIETKHX, a TaKoKe Uil U3ydeHus 23p(HEeKTHBHOCTH M TOKCHYHOCTH JISKapcTB NpH 3a0oieBaHusIX. YcTpolcTBa
«JIeTKHe-Ha-4UIIe» I03BOJIIIOT MIMUTUPOBATh 310POBOE COCTOSIHUE, a TAKKe IIUPOKUI CIIEeKTp 3a00JIeBaHHIl,
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P. Kanabekova, A. Martin et al.

TaKkuX KaK acTMa, pak, ayTOUMMYHHbIE 1 MH(EKIIMOHHbIE 3a00eBaHusA. DTOT 0030p MOCBSAIIEH MCIIOIb30Ba-
HUIO HJICKTPOIPSICHHBIX HAHOBOJIOKOHHBIX MEMOpaH B KauecTBe (PyHKIMOHAIBbHOW 0a3anbHON MeMOpaHBI B
paMKax MUKPOQH3HOIOTHYECKON MIaTOpMBL. 31ech KpPaTKO MpPEACTaBlIeHa KOHIETIUS MUKPOQIIIOUIHBIX
YCTPOHCTB M yCTPONCTB «JIETKHE-Ha-UHIe», ONMMCAHA BAXKHOCTh 0a3aabHON MeMOpaHBL 3aTeM H3ydeHBI Cy-
HIeCTBYIOIIME MoJesin Ga3anpHON MeMOpaHnsl, Takue kak [IJIMC, PK, meMOpaHbl Ha OCHOBE Tels, BKIIOYAs
poOJIeMBl M HEOCTATKY, CBA3AaHHBIC C UX HCIIOIb30BaHUEM. 3aT€M BBOJHTCS IIOHSATHE HICKTPONPSACHUSI U
HaHOBOJIOKOHHBIX MeMOpaH. HakoHen, paccMoTpeHbl MeMOpaHbl U3 HAHOBOJIOKHA, IIPUMEHSIEMBIE B YCTPOM-
CTBaXx «JIerkHe-Ha-uuney. OMIcaHo HCIOIb30BaHUE PA3IMYHBIX MOJIUMEPHBIX MaTEPHAIIOB ISl CHHTE3a MEM-
OpaH U3 HAaHOBOJIOKHA M Pa3UYHbIE METOJbI BKIIOUCHUs] MEeMOpaHbl BHYTph ycTpoiicTBa. Takum obOpasom,
MeMOpaHbl U3 HAHOBOJIOKHA, MOJydeHHbIE METOIOM 3JIEKTPONPSICHUS, MIPOSBIAIOT XOPOIIHE MEXaHUUECKUE
CBOICTBa, MO3BOJSIOT TPAHCMUTPHPOBAHIE UMMYHHBIX KIETOK U 00€CIeUnBaiOT (DM3HOIOTHIECKOE HATKe-
HUe, He BIHSASA Ha )KHU3HECTIOCOOHOCTH M MPONIU(EPaIIo KIETOK.

Kniouesvie cnosa: MUKpOQIIOUINKA, MAKPO(PHU3NOIOTHIECKIH, HAHOBOJIOKHO, Oa3aimbHas MeMOpaHa, JJIeK-
TPOCIIMHHHUHT, JIETKHEe-Ha-4uIle, IOJUKANPOIaKTOH, CIUITYUBOE COSAUHEHUE.
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Polymer Complexes for Electrocatalytic Oxygen Evolution

Electrocatalytic water oxidation for oxygen gas evolution has been widely studied from the perspective of
sustainable technology. However, the use of organic polymers as catalyst layers for this reaction remains un-
developed. We discuss, here, the prerequisites, characteristics, and advantages of m-conjugated polymers as
electrochemical catalysts to modify anodic current collectors for water oxidation, including some examples
by citing the previous works in literature. In section 3, we present our latest results, the use of an organic pol-
ymer complex of poly(ethylenedioxythiophene) and phytic acid supported by a hydrophilic poly(hydroxy-
ethyl methacrylate) platform, which efficiently generates oxygen gas through anodic water oxidation.

Keywords: polymer complex, n-conjugated polymer, electrocatalyst, water oxidation, oxygen evolution, hy-
drophilic polymer, polythiophene, phytic acid.

Introduction

Water-splitting reaction to produce hydrogen and oxygen gases is one of the pinnacles of sustainable
chemistry, and numerous efforts have focused on the electrocatalytic production of hydrogen and oxygen
from water reduction and oxidation, respectively [1-7]. In addition to hydrogen production, the reductive
process can follow other pathways, such as the reduction of nitrogen and carbon dioxide to produce ammo-
nia, ethylene, ethanol, and propanol. Although the final targets are clean hydrogen and feedstock production
for applications in sustainable energy and chemical industries, respectively, it is equally important to oxidize
water into oxygen to balance and proceed with the counter-reductive reactions. The product of this reaction,
oxygen, is the top three commaodities and essential chemicals that are widely used in key oxidation reactions
in chemical manufacturing, facilitated combustion, medical and respiratory care, wastewater treatment, and
fish farming [8].

To generate oxygen from water, the catalysts for the electrochemical anodes have been extensively stud-
ied using molecular metal complexes, precious metal oxides, transition metal oxides, sulfides, and phosphides,
as well as carbon and doped carbon materials [2, 9]. Catalysts that are used in catalytic processes with water at
the polymer interface coated on a current-collecting anode substrate are of great interest; however, they remain
at the early stage of development at present. These catalysts are advantageous for molecular engineering of or-
ganic polymers because they can modulate the electronic m-conjugated structure and the high hydrophilic sur-
face area at the reaction front with water. Polymer-based catalysts are also attractive in film-forming
processability, unlimited resources, non-toxicity, and chemical stability in acid/alkaline conditions.

The requirements for polymers with electrocatalytic water-oxidation capability involve the following:
(i) a catalytic site for the water-oxidation reaction, (ii) an electrically conducting, three-dimensional network
from the anodic substrate toward the reaction front, and (iii) a hydrophilic micro- and nanostructured scaf-
fold for the pathways of reactant water molecules and product oxygen (microbubbles). A quick and effective
method for examining such catalytic platforms is to use polymer complexes because they have been known
to produce micro- and nanostructured functional polymers with hydrophilic/hydrophobic controlled proper-
ties. Bekturov et al. discussed a wide variety of polymer complexes approximately a half-century ago and
summarized their findings [10, 11] with those of related fields [12, 13]. Some of these have prompted the
practical application of polymer complexes in biomedical and nanomaterial fields [14-16]. For example,
Kudaibergenov et al. successfully studied polymer complexation in oil engineering processes [17]. Further-
more, polyelectrolyte complexes and organic n-conjugated molecules have been extensively studied for dye
fixation [18, 19]. Conductive hydrogels have been intensively studied for use in sensors and biomedical de-
vices because fibrous assemblies of conjugated polymers create conducting network within hydrophilic scaf-
folds [20-22]. The application of conducting hydrophilic polymer complexes as electrocatalysts for water
oxidation is expected to attract considerable interest.
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Figure 1. Energy-level diagram for the polymer-modified anode and water oxidation/oxygen evolution reaction
and current density (J) curve for the oxygen evolution reaction; 1 is the overpotential to achieve the J

This article describes the theoretical background and chemical design of the electrochemical water oxi-
dation to evolve oxygen gas in Section 1, as well as the characteristics of a series of electrocatalysts. In Sec-
tion 2, we discuss the advantages and unsolved issues of organic (metal-free) n-conjugated polymers to mod-
ify the anodes for water oxidation by referring to recent works. Then in Section 3, our latest study on an
electrocatalytic polymer is presented by using the polymer complex system composed of a conjugated poly-
mer, a multivalent acid, and a hydrophilic polymer for efficient water oxidation. Finally, the perspectives are
given for the emerging subject of facile water oxidation for on-site oxygen gas evolution.

1. Electrocatalytic water oxidation for oxygen gas production

Electrocatalysts play a key role in anodic water oxidation to generate oxygen and have been extensively
studied in water electrolysis processes. While the cathodic reduction of protons or water to produce hydrogen
involves a two-electron reaction, anodic water oxidation follows a four-electron/proton-coupled reaction
(Fig. 1) and is more sluggish with a higher overpotential to overcome the kinetic barrier of the reaction than
cathodic reductive reactions [9]. The oxygen evolution reaction is regarded as the rate-determining step or
bottleneck for water-splitting reaction and reductive conversion to produce important feedstocks, which is
hampered without an efficient oxygen-evolution catalyst. RuO, and IrO, exhibit excellent activity for water
oxidation; however, both catalysts are made of precious metals and are chemically unstable during anodic
operation and degraded into their per-oxidized forms [23]. Sustainable research has been devoted to develop-
ing electrocatalysts, with appropriate activity, composed of low-cost and widely available transition metal
oxides such as MnQO, [24]. Attention has also been paid to carbon materials, including nanostructured car-
bons such as graphene and nanotubes. Heteroatom-doped carbon materials, such as N-, O-, and P-doped car-
bons, have recently emerged as promising electrocatalysts; however, their preparation is energy-consuming
[25]. It is worth noting that these carbon materials might be unstable and oxidized to carbon dioxide at
> 0.9 V vs. reversible hydrogen electrode (RHE).

Few studies have been reported on metal-free, organic-based electrocatalysis for oxygen evolution reac-
tions, presumably because of their poor chemical stabilities under critical positive potential applications or
oxidative conditions. Figure 1 shows the energy-level diagram of the polymer-modified anode for the oxida-
tive reaction of water. Under the application of an anodic bias with a current collector, electrons are removed
from the polymer layer to form a partially oxidized (doped) derivative (or hole formation), which successive-
ly extracts electrons from water molecule to oxidatively produce oxygen gas. The polymer catalytically me-
diates electron transfer from the water molecules to the anodic current collector; thus, it is more mediation-
active, and the smaller bias or overpotential, 1, (vs. the reaction equilibrium potential) promotes oxygen pro-
duction.

2. Water oxidation using the polymer-modified anodes

Polyimides are thermo- and chemically stable and mechanically tough engineering plastics. Polyimide
modification as a durable organic polymer-modified anode for efficient water oxidation to produce oxygen
was reported by Li et al. [26]. They prepared poly(p-phenylene pyromellitic diimide) (PPPI, 1 in Figure 2)
with a large and rough surface via in situ condensation after coating a solvent-soluble precursor polymer on
carbon cloth (CC). Electrical impedance analysis indicated appropriate conductivity of the polyimide layer
up to a thickness of 200 nm. Scanning electron microscopy (SEM) images and X-ray photoelectron spectros-
copy revealed the metal-free and porous features of the polyimide layer coated on the substrate (the porous
surface was attributed to the removal of water during polycondensation). The polyimide/CC worked as a du-
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rable and effective anode over a wide pH range, with an anodic current density (J) of 10 mA/cm? at a poten-
tial of 1.7 V vs. RHE, which was only 110 mV higher than the working potential of the benchmark IrO,/CC
electrode (Figure 3(a)). A large J was obtained in an alkaline pH 13 solution with 99 % of Faraday efficien-
cy. The smaller Tafel slope of 75 mV/dec, compared to that of IrO, (87 mV/dec, Figure 3(b)), indicated fa-
vorable reaction kinetics (CC as an effective current collector and imide group as a potential catalytic site).
The Tafel slope (log J vs. the given potential) reflects the activity of the electrode material or the activation
energy of the redox reaction at the electrode-solution interface, in which smaller slopes indicate better reac-
tion kinetics. In addition, the polyimide/CC can be processed into a desired shape for practical use, including
as a mechanically-tough flexible electrode.

Figure 2. Chemical structures of m-conjugated polymers used to modify the anodic current collector
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Figure 3. Water oxidation performance: (a) the anodic J and (b) Tafel slope of the poly(phenylene pyromellitic
diimide) (PPPI)/CC and the benchmark IrO, (Copyright from Wiley-VCH 2018: Ref. 26))

Li et al. also prepared polythiophene (2 in Figure 2) on an O-doped CC via electro-polymerization of
thiophene [27]. The tough polythiophene layer with a thickness of 26 nm strongly adhered to carbon without
detachment during the subsequent oxidative process. The polythiophene/O-doped CC anode worked as water
oxidation catalysts to evolve oxygen. Its J reach up to 24 mA/cm? at 1.7 V vs. RHE in pH 13, which was
twice that of the benchmark IrO; catalyst. The low overpotential and small Tafel slope of 61 mV/dec indicate
the catalytic capability of the polythiophene/O-doped CC. The S 2p X-ray photoemission spectroscopy re-
sults suggested efficient redox catalysis of the thiophene, presumably involving a redox reaction between the
sulfur and sulfone groups, which were strongly coupled with the O-doped carbon surface.

Zhang et al. designed a two-dimensional (2D) covalent organic framework composed of highly conju-
gated structures with appropriate carbon and nitrogen stoichiometry through DFT calculations [28]. Thermal

CHEMISTRY Series. No. 3(107)/2022 69



H. Shinohara, H. Nishide

condensation of triphenylenehexamine and hexaketocyclohexane yielded a phenazine-linked basal plane
framework with a C4N composition (5 in Figure 2). The crystalline-like framework was nanoporous, chemi-
cally robust, and exhibited water oxidation activity in an alkaline solution, with a J of 10 mA/cm? and a Tafel
slope of 64 mV/dec. Carbon sites around nitrogen atoms in the conjugated structure are presumed to be the
catalytic sites for the oxygen evolution reaction.

To achieve a current density of 10 mA/cm? and a Tafel slope of <100 mV/dec, Chen et al. wrapped a
carbon nanotube with a conjugated 2D thiophene polymer connected to pyrene (6 in Figure 2), which acted
as an electrochemical water oxidation catalyst to evolve oxygen in an alkaline solution [29]. Jena et al. re-
ported a covalent organic 3D framework that was prepared with a n-conjugated network of thiadiazole and
triphenylbenzene (7 in Figure 2) on a glassy carbon substrate. This exhibited electrocatalytic oxygen evolu-
tion activity with an onset of 250 mV and a J of 10 mA/cm? in an alkaline solution [30]. The low Tafel slope
of 40 mV/dec and Faraday efficiency of 98 % were attributed to the oxidation pathway of four-electron oxi-
dation. The m-conjugated network with a porous structure allows for fast charge and reactant transfer pro-
cesses, and the catalytic activity per mass can reach up to 286 mA/mg.

He et al. prepared polypyrrole (3 in Figure 2) doped with phytic acid (or inositol hexaphosphoric acid)
on CC as a conductive hydrogel with efficient water oxidation electrocatalytic activity [31]. Pyrrole was
oxidatively polymerized in situ on the CC in the presence of phytic acid. SEM images showed the formation
of nanoparticles with a diameter of ca. 15 nm, which were interconnected to form a fibrous network on the
carbon substrate. Spectroscopic analyses revealed the partial oxidation and homogeneous complexation of
polypyrrole or doping with phytic acid with an optimum molar ratio of six. The contact angle of the water
droplet was almost zero, indicating a super hydrophilic nature of the polymer complex. The polypyrrole-
phytic acid/CC displayed water oxidation activity in an alkaline pH 10 solution with a high J and a low onset
potential of 1.51 V vs. RHE, whereas both the polypyrrole without phytic acid and the CC substrate itself
were negligible. A large J of 110 mA/cm? (for the cloth) was observed with a small Tafel slope of
55 mV/dec. Through DFT calculations, the phytic acid complexed with the doped polypyrrole was found to
be involved with positively charged cyclohexane carbons, which are presumed to be the catalytic active sites.
The doped polypyrrole was electrically conductive, forming a fast charge transfer network during water oxi-
dation. The authors summarized a new direction for molecular/polymer-complex-based electrocatalysts
formed on carbon substrates with high surface areas.

3. PEDOT-Phytic acid complex and its water oxidation activity

Poly(3,4-ethylenedioxythiophene) (PEDOT, 4 in Figure 2) is a representative conjugated polymer that
is doped or oxidized with four (or more) thiophene units in the conjugated backbone to stabilize or store one
hole or positive charge (doping level of ca. 25 %) accompanied by one counter anion compensation [32].
One of the typical counter acids (or anions) to complex with the positive charge of PEDOT is poly(styrene
sulfonic acid) (PSS), forming a polyelectrolyte complex of PEDOT-PSS, which are commercially available
as aqueous suspensions [33]. A variety of small-molecule acids can also be used as counter acids, including
toluene sulfonic acid, perchloric acid, tetrafluoroboric acid, and trifluoroacetic acid. Among them, phytic
acid (PA), six phosphonic acid-substituted cyclohexane, is a multivalent acid derivative that acts as a strong
cation chelator that can suppress metal absorption into the human body [34]. In addition, PA was used in a
polyaniline complex to produce a conductive hydrogel [35]. Meanwhile, poly(2-hydroxyethyl methacrylate)
(PHEMA) is a hydrophilic polymer that adheres well to any substrate and is widely used as a platform for
biomedical applications [35].

Herein, we focus on the combination of PEDOT, PA, and pHEMA, as a conducting polymer, chelating
or complexing agent, and hydrophilic scaffold, respectively, to study its properties as an organic-based water
oxidation electrocatalyst.

PEDOT-PSS water dispersion (Heraeus, CLEVIOS™ P VP Al 4083) and an ethanol solution of
pHEMA (Sigma-Aldrich, average molecular weight: 3x10°) were dropped on CC (Toyo Co., EC-CC1-060)
as a current-collecting substrate and annealed for several hours at 120 °C to yield the conducting PEDOT
coating. Without pHEMA, the PEDOT was directly delaminated from the CC substrate. pHEMA also caused
a significant decrease in the surface hydrophilicity and contact angle of the PEDOT/pHEMA-modified CC
(lower of Figure 4b). The thickness of the polymer layers was 300 nm. The obtained hydrophilic
PEDOT/pHEMAJ/CC substrate was then immersed in an aqueous solution of PA (TCI). During this process,
some PSS was eluted from the aqueous solution, which was confirmed by absorption spectroscopy. PA was
irrigated into PEDOT-PSS and PSS was removed to form an effective PEDOT-PA complex through multiva-
lent ionic interactions.
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Figure 4. Water oxidation performance: (a) the anodic J and (inset) Tafel slope of the PEDOT-PA/pHEMA
complex (blue), and PEDOT/pHEMA (red), and CC (gray), (b) Contact angle of (upper) CC substrate and (lower)
PEDOT-PA/pHEMA-modified CC, (c) the PEDOT-PA/pHEMA complex during the anodic operation,
and (d) Schematic image of the PEDOT-PA/pHEMA complex

The electrocatalytic performance of PEDOT-PA/pHEMA/CC was studied in an aqueous solution
(pH 12) by linear sweep voltammetry using a potentiostat/galvanostat (Hokuto Denko, HZ-7000). Under an-
odic potential application, J for the PEDOT-PA/pHEMA complex can reach up to approximately
0.5 mA/cm? (Figure 4a), with an onset oxidation potential of 1.7 V vs. RHE. The anodic current corresponds
to an oxidative reaction or water oxidation, and oxygen bubbles were continuously observed at the anode
(Figure 4c). The J values for the PEDOT/pHEMA and CC substrate remained low, and the activity of the CC
substrate immersed in the PA solution was also small, as in the control experiments. A small Tafel potential
slope of 69 mV/dec was observed for the PEDOT-PA/pHEMA complex (inset of Figure 4a) in comparison
with that for PEDOT/pHEMA. These results demonstrate the high activity of the PEDOT-PA/pHEMA com-
plex layer for water oxidation to generate oxygen from water.

Figure 4d illustrates the PEDOT-PA/pHEMA polymer complex as a water oxidation electrocatalyst.
The multivalent acidic PA ionically interacted with PEDOT to provide a partially doped (positively charged)
PEDOT-fibrous pathway for electric conduction and to form a catalytic site. pHEMA immobilized the
PEDOT-PA complex on the current collector and provided a hydrophilic platform for the water oxida-
tion/oxygen evolution reaction. Overall, a simple complexation of the well-known PEDOT, PA, and pHEMA
as a conductive polymer, chelating reagent, and hydrophilic polymer, respectively, successfully yielded an
organic-based electrocatalyst for water oxidation to generate oxygen gas.

Conclusions

n-Conjugated polymers contain positive charges (holes) upon complexation with counter anions (dop-
ing). These holes are characterized by long lifetimes and tunable energy levels, which could mediate water
oxidation in anodic potential applications. Organic-based polymer complexes composed of electrically con-
ducting networks of conjugated polymers in the hydrophilic polymer platform for the reactant/product (water
molecule/oxygen gas) pathway are possible metal-free, sustainable electrocatalyst candidates for facile water
oxidation to generate oxygen in any decentralized location.
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OTTeriHiH J1eKTPOKATAJTIMTUKAJIBIK 00J1iHyiHe
APHAJIFAH MOJUMEPJIK KOMILIEKCTEP

Ortreri Ta3bH MBIFapy YIIiH CYABIH 3JIeKTPOKATAIUTHKAIBIK TOTHIFYBl TYPAKThl TEXHOIOTHSIAP TYPFBHICHIHAH
KeHiHeH 3epTreireH. JlereHMeH, Oyl peakuusl YIIH KaTaau3aTop KabaTTapbl peTiHAE OpraHHKabIK
HoNMMepIIepl maifanaHy o AambIMaraH. Makanaja n-TYHIHIEC MOJHMepNepAi CYAbIH TOTBIFYBIHIA
AQHOATBHIK TOKAJFBIIITH MOAMU(HUKAIMAIAY YIIIH 3JIEKTPOXMMMSUIBIK KaTaIM3aTOp PETiHJe MaiaanaHyIbIH
HETi31, CHIIaTTaMajiaphl )KOHE apTHIKIIBUIBIKTAPBl, COHBIH 1TIHE aJIBIHFBI )KYMBICKA cinTemenepi Oap keibip
MBICAIIIAP KapacThIPBUIFaH. YIIHOIN OeiMIe CyIblH aHOATHI TOTBHIFYBI apKbUIBI Ta3 TOPI3Al OTTETiH THIMI
reHepalusUIaiTeiH THAPOMMIBII MOMH(THAPOKCUITHIMETAKPUIIAT) TUIATOPMACEIMEH KaMTaMachl3 €TilIreH
HONMU(TUICHIUOKCUTHODEH) JkoHe (UTHUH KBIIKBUIBIHBIH OPraHMKAIBIK MOJUMEp KelIeHIH KOoJIaHy
OOMBIHIIIA aBTOPIIAPBIH COHFBI 3€PTTEYJICPiHIH HOTHKENIEepi OepiireH.

Kinm ce3dep: monuMmep KellleHi, T-TYWiHIEC MOJHMMEp, JJIEKTPOKATANIN3aToOp, CYIbIH TOTBIFYBI, OTTETiHIiH
Gemninyi, runpoduibai momuMep, NonuTHOGEeH, GUTHH KBILIKBUIHL.

X. lllunoxapa, X. Humuae

HO.JII/IMeprle KOMIUIEKCHI IJA 3JICKTPOKATAJIHTHICCKOI0
BBIICJICHUA KHUCJIOpOoAAa

ONeKTPOKaTaINTUIECKOE OKHCIIEHNE BOJIBI C LIENIbIO BBIJIEIEHHUS ra3000pa3HOro KHCIOPOa IHPOKO U3y4eHO
C TOYKH 3pEHUs] YCTOHYUBBIX TEXHOJOrMH. ONHAKO MCIOJIb30BaHUE OPraHUUYCCKUX IIOJIMMEPOB B KadecTBE
KaTAJIMTHYECKHX CJIOEB [UISl 3TOM peaklyM OcTaeTcsl Hepa3paboTaHHBIM. B naHHOM cTaTbe 00CYKIEHBI pe-
MOCBUTKH, XapaKTePUCTUKU U MPEUMYILECTBA TPUMEHEHUS T-CONPSKEHHBIX MOJIMMEPOB B KaUECTBE 3NIEKTPO-
XUMUYECKHX KaTaJlM3aTOPOB A1 MOJAM(PHKALUK aHOMHBIX TOKOCBEMHUKOB IIPH OKHCJICHUH BOJBI, BKJIIOYAs
HEKOTOpBIE IPUMEPHI C TUTEPaTYyPHBIMH CChIIKAMH Ha IMpeasiaynme padoTel. B pasnene 3 mpeacraBneHst pe-
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Cryostructuring of Polymeric Systems.
61. Physicochemical Properties of Poly(vinyl alcohol) Cryogels
Prepared on the Basis of Urea-Containing DMSO-Solutions of the Polymer
and Evaluation of the Resultant Gel Materials as Potential Drug Carriers

Macroporous physical poly(vinyl alcohol)-based (PVA) cryogels were prepared originating from the
dimethylsulfoxide solutions of the polymer that contained urea additives. The variables of the cryotropic gel-
formation process were its temperature and the concentration of the added urea, which caused the increase in
the rigidity and heat endurance of the resultant cryogels, as well as promoted widening of the macropores in
the gel matter. Subsequent rinsing of the DMSO-swollen cryogels with the water excess resulted in the water-
swollen PVA cryogels with simultaneous further increase in their rigidity. These gel matrices were tested
with respect of their potential to operate as the polymeric carriers in the drug delivery systems. Loading of
such water-swollen cryogels with a model drug, e-amino caproic acid, and then studies of its release kinetics
revealed that urea content in the initial PVA solutions used for the freeze-thaw-induced formation of the
DMSO-swollen cryogels played the key role for the release characteristics of the drug-loaded water-swollen
gel carrier. Namely, PVA cryogels prepared in the presence of a higher concentration of urea possessed the
larger pores and, as a result, the drug release occurred somewhat faster.

Keywords: poly(vinyl alcohol) cryogels, dimethylsulfoxide polymer solutions, urea additives, cryogenic pro-
cessing temperature, drug delivery cryogel carriers.

Introduction

Polymeric cryogels are the macroporous gel materials formed as a result of cryogenic processing (freez-
ing — incubation in a frozen state — defrosting) of the molecular or colloidal solutions that contain certain
low-molecular or high-molecular precursors [1-8]. Various polymeric cryogels are of both significant scien-
tific and intensively developing applied interests. In particular, the latter assertion concerns the biomedical
areas, where the use of different biocompatible cryogels has already revealed promising prospects [1, 7, 9-
16]. One of the important types of these materials is the so-called drug delivery systems, e.g. the drug-
carrying covers on wound and burns, and the respective cryogels are tested in details for such biomedical
applications. Specific morphology of cryogels with the system of interconnected macropores allows loading
the polymeric matrix with the drugs of a diverse chemical structure, aggregate state (soluble, solid and gase-
ous) and size (from the low-molecular weight substances to the polymeric ones and even nano/micro-
particles). Therefore, these gel materials are well-suitable for the drug delivery aims [1, 2, 9, 12-24]. With
that, the polymeric matrix of similar delivery systems must be non-toxic, biocompatible and, if required,
must be biodegradable. As regards the non-degradable (by the human organisms) cryogenically-structured
polymeric carriers used in this field, the poly(vinyl alcohol)-based cryogels (PVACGS) [1, 4, 25-33] are of
gross interest. Similar non-covalent macroporous gel materials [1, 4, 27, 34-41] are formed by the mecha-
nism of interchain cross-linking via H-bonding. These cryogels posses excellent physico-mechanical proper-
ties, high heat endurance, and biocompatibility [1, 26-30, 39, 41]. Such combination of their useful charac-
teristics opens wide possibilities for the biomedical applications of PVACGs [1, 14, 20, 27, 28, 33, 41-46].

The fabrication of PVACGs is a rather simple procedure, which includes the preparation of aqueous so-
lution of this polymer, the addition, when it is required, soluble or insoluble (disperse filler) additives, then
freezing the resultant feed liquid system at desired minus temperature for certain time period and subsequent
thawing of frozen samples [1, 2, 35-30, 34-39]. The properties of thus prepared PVACGs depend on the mo-
lecular-weight characteristics of the initial polymer, its deacylation degree and chain tacticity, type and con-
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centration of additives, when those are used, as well as on the regimes of all stages of the cryogenic pro-
cessing and the number of freeze-thaw cycles [1, 2, 19, 20, 24-30, 36-40].

Apart from the PVACGs prepared from the aqueous solution of this gelling polymer, PVACGs are
known to be formed based on its dimethylsulfoxide (DMSOQ) solutions [27, 34, 47-49]. In this case, it is
found that some low-molecular solutes influenced on the physico-chemical properties of the resultant
cryogels oppositely in comparison to the effects observed in aqueous media [50, 51]. Thus, it is revealed that
such well-known chaotropes as urea or guanidine hydrochloride, the additives of which cause marked de-
crease in the gel strength and heat endurance of the PVACGs prepared from the aqueous polymer solutions
[52, 53], in the DMSO media exhibit the antichaotropic (so-called kosmotropic) influence on the respective
cryogels causing the considerable increase in their rigidity and fusion temperatures [51]. The studies of such
phenomenon show that its main reason consisted in the urea-induced decrease in the solvation ability of
DMSO with respect to PVA. As a result, this effect is the key factor responsible for strengthening of the
structure formation upon the freeze-thaw gelation of this polymer in DMSO additionally containing additives
like urea, which is capable of competing with PVA for the solvent. After the exhaustive rinsing of such
PVACGs with water, i.e. after the removal of soluble additives and replacement of DMSO for H,O, the elas-
tic modulus and fusion temperature values of thus treated cryogels turned out to be higher significantly as
compared to the PVACGs formed in the medium of pure water. In other words, it was possible to fabricate
“aqueous” PVACGs possessing increased mechanical and thermal properties.

Considering these effects, we decided to use such preparation scheme, i.e. to fabricate “primary”
PVACGs in the DMSO medium with urea additives, further to rinse thus formed gel systems by an excess of
water, load the resultant “secondary” PVACGs with a model drug (e-amino caproic acid (e-ACA) in this
case), and evaluate the release kinetics of this known hemostatic agent [54] from the cryogel carriers.

Therefore, the tasks of this study are as follows:

(i) to reveal the influence of the concentration of added urea and the temperature of the cryotropic gel-
formation on the physico-chemical characteristics of final cryogels;

(i) to trace how the same preparation parameters are reflected on the drug release behavior.

Experimental

2.1 Materials

The following substances were used: poly(vinyl alcohol) (molecular weight of ca. 86 kDa, the
deacetylation degree of 100 %; Acros Organics, USA), urea (“ultra pure” grade) and g-amino caproic acid
(>99.5 %) (both Sigma, USA). Dimethyl sulfoxide (>99 %; Komponent-Reaktiv, Russian Federation) was
additionally purified by the freeze-out procedure.

2.2. Methods

2.2.1. Preparation of PVA cryogels

The preparation of the feed PVA solutions and then their cryogenic processing were carried out as de-
scribed previously [51]. Briefly, a known amount of dry polymer was dispersed in a calculated volume of
DMSO to reach a PVA concentration of 100 g/L. The mixture was incubated for 18 h at room temperature
for swelling of the polymer, followed by the system heating for 1 h on a boiling water bath under stirring
until the completion of PVA dissolution. Subsequently, the required amount of dry urea was added and dis-
solved in this liquid system after its cooling to room temperature.

Preparation of the “primary” PVACGs for the physico-mechanical tests was performed in the sectional
duralumin moulds (inner diameter 15 mm, height 10 mm). The gel samples of the same composition for the
measurements of their fusion temperatures (T¢) were formed in transparent polyethylene test tubes (inner di-
ameter 10 mm), the 3-mL portions of the polymer solution were poured, and a stainless steel ball (diameter
3.5 mm, weight 0.275+0.005 g) was placed on the bottom of each tube. The containers and the tubes were
put into the chamber of an FP 45 HP precision programmable cryostat (Julabo, Germany), where the samples
were frozen and incubated for 12 h at the preset minus temperature. Then, the temperature was raised to
20 °C at a rate of 0.03 °C/min controlled by the cryostat microprocessor. Onwards, each cylindrical gel sam-
ple prepared in the duralumin moulds was subjected to the physico-mechanical tests (section 2.2.2) followed
by immersing the sample in the vessel with 100 mL of pure water, where the cryogel was incubated with pe-
riodical stirring for 24 h. Such rinsing procedure was repeated 6 times to extract solutes from the samples
and replace DMSO for water inside the gel bulk thus resulting in the transformation of the “primary”
PVACGSs to the “secondary” ones.
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2.2.2. Physico-mechanical measurements

The compression Young’s modulus (E) of the PVACG samples was determined from the linear portion
of the stress—strain dependence using a TA-Plus automatic texture analyzer (Lloyd Instruments, UK) at a
loading rate of 0.3 mm/min. Upon these experiments the applied load was automatically increased from 0 to
5 N. The tests were performed until reaching a 30 % of deformation. The measurements were performed for
both “primary” and “secondary” PVACGs. The E values were measured for three parallel samples; the sam-
ples were examined in three to five independent experiments. The obtained results were averaged.

2.2.3. Heat endurance of PVA cryogels

Fusion temperatures (Ty) of the “primary” PVACGs were measured in accordance with the earlier re-
ported procedure [29, 30, 50-52] by placing upside down the tightly corked polyethylene tube containing
cryogel with the stainless steel ball (3.5 mm in diameter and 0.275+0.005 g in weight) at the bottom into the
water bath. The bath temperature was increased at a rate of 0.4+0.1 °C/min. The gel fusion point was detect-
ed as the temperature when the ball fell down onto the stopper of the test tube after passing through the fused
gel. The T¢ values were measured for three parallel samples; the samples were examined in three independent
experiments. The obtained results were averaged.

2.2.4. Optical microscopy studies

Macroporous morphology of the PVACG samples was investigated as described earlier [51] with use of
an Eclipse 55i optical microscope (Nikon, Japan) equipped with an MMC-50C-M system (MMCSoft, Rus-
sian Federation) for digital image recording. In the as-prepared “primary” cryogels, DMSO was replaced by
pure water, and the resultant “secondary” cryogels were cut for the 10-pm thick sections orthogonally to the
axis of cylindrical samples using a SM-1900 cryomicrotome (Leica, Germany). Each section was placed on
the microscope glass, which was then immersed into a 1 % aqueous solution of Congo red (the standard dye
used for painting PVA-based materials [61], including the PVA cryogels [19, 24, 29, 30, 35, 36, 50-53]) for
staining for 10 s, and then rinsed with pure water. The excess of liquid was removed with a filter paper.
Then, the section was poured with a drop of fixing solution (solution of 1 g of gelatin in 12 mL of 50 %
aqueous glycerol and 0.2 g of phenol as a bacteriostatic agent) and sealed with a cover glass. Prior to the
studies, the samples were stored in a closed vessel at 4 °C.

2.2.5. Loading of PVACGs with a model drug substance and its release from the gel carrier

The volumes of the cylindrical samples of “secondary” PVACGs (Vs.) Were measured. Each sample
was immersed into a vial with aqueous e-ACA solution of necessary volume (V;.aca) SO that the sum volume
‘cryogel+liquid’ turned out to be equal to 4 mL. Since the Vg values depended on the urea concentration in
the feed PVA solutions, the e-ACA concentrations in the loading solutions were prepared with the intention
to reach after the equilibration approximately the same e-ACA amount (me;) being entrapped in these gel
carriers (Table).

The release of e-ACA from the amino-acid-loaded PVACGs was registered using the conductometry
technique (a F30 conductometer, Mettler-Toledo, Switzerland). Each sample of the e-ACA-saturated cryogel
was placed into a beaker with 30 mL of pure water, and the values of electrical conductivity were measured
under the instructions given in the manual for this instrument. The concentration of the amino acid in the re-
spective solutions was found from the preliminary obtained calibration plot.

Table
Composition of the systems used in the loading-release experiments
Urea concentration in the feed Ve mL Vv mL £-ACA concentration in the e m
PVA solution, mol/L see FACA loading solution, mg/L e MY
0 1.29 2.71 23.3 29.9
2 1.01 2.99 30.0 30.0
4 0.79 3.21 37.9 29.9
3 After the equilibration of the ‘cryogel+liquid’ system

Results and Discussion

3.1. Preparation of “primary” and “secondary” PVACGs
As indicated in the ‘Introduction’, the subjects of this study are the PVA cryogels possessing both the
increased durability and the potential ability to operate as the efficient biocompatible carriers for the drug
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delivery systems like the covers on wounds or burns. To achieve the former goal, we selected the approach
based on the earlier found kosmotropic influence of urea introduced in the feed DMSO solutions of PVA to
be gelled cryogenically [51]. The respective PVACGs were prepared (section 2.2.1) starting from the urea-
free (reference samples) and the urea-containing DMSO solutions of the polymer. Its concentration was
100 g/L in all the cases, and the content of urea was one of the following series: 0, 1.0, 1.5, 2.0, 3.0 or
4.0 mol/L. Such solutions were cryogenically solidified at the desired freezing temperature (Ty): either
-11.6 °C, or —21.6 °C, or —31.6 °C. Since the DMSO crystallization point (To) is +18.4 °C [55], in terms of
the AT values equal to the T;—To [50, 51], this parameter had the following moduli: AT = —30°, —40° and —
50°, respectively. Such AT values testify that feed polymeric solutions were frozen at the temperatures 30, 40
or 50 degrees lower than the crystallization point of a neat DMSO. After storing frozen and then thawing the
“primary” PVACGs were obtained (section 2.2.1). Subsequent measurement of their characteristics allowed
us tracing the influence of such varying parameters as the urea concentration and the freezing temperature on
the physico-chemical properties of these DMSO-swollen cryogels. Further change of DMSO for water re-
sulted in the target “secondary” water-swollen PVACGs, which were then loaded with a model drug (e-
ACA), and its release kinetics was evaluated.

3.2. Thermal and physico-mechanical properties of the PVACGs under study

Since PVACGs are physical gel materials, the spatial network of which is maintained by the thermo-
dissociating interchain H-bonds between the OH-groups of neighboring chains, the fusion temperature of
PVACGs is the indicator of both the amount of such non-covalent bonds and their cooperativity within the
microcrystallinity zones performing as the knots of the supramolecular polymeric network [25-30, 37]. In this
respect, the elevation of the fusion temperature values (Ts) of PVACGs formed in the DMSO medium with in-
creasing concentration of added urea (Fig. 1) points to some increase in the total amount of interchain H-bonds
responsible for the heat endurance of the physical gels, in general [56], and of the PVA cryogels under consid-
eration in the present study, in particular. In other words, the data of Fig. 1 confirm the earlier observed the
antichaotropic influence [51] of urea on the freeze-thaw gelation of PVA in the DMSO medium.

-0

T#°C

T T
-50 -40 -30
AT©

Urea concentration: 0 (curve 1), 1.0 (curve 2), 1.5 (curve 3), 2.0 (curve 4), 2.0 (curve 5) and 4.0 (curve 6) mol/L

Figure 1. The values of the gel fusion temperature (Ts) of the “primary” PVA cryogels prepared
on the basis of the urea-free and the urea-containing DMSO solutions of the polymer
as dependent on the temperature of the cryotropic gelation process

The dependences in Fig. 1 demonstrate that both the urea-free and the urea-containing PVACGs pre-
pared at the cryogenic processing temperatures AT = -30° and —40° possessed higher heat endurance in com-
parison with the cryogels prepared at AT = -50°, thus indicating the decreased gel-formation efficiency with
lowering the freezing temperature. Such a trend is known to be inherent in the PVA cryotropic gelation of
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the urea-free agueous solutions [27, 29], i.e., similar effect is common for the freeze-thaw gel-formation of
this polymer in both the aqueous and the organic media.

In turn, the graphs in Figure 2 (plots a and b) combine the experimental data on the rigidity (in the terms
of Young’s modulus — E) of the “primary” and the “secondary” PVACGs. Thus, it is possible to compare their
physico-mechanical properties depending on the AT values for the samples that contained various amount of
urea in the composition of initial DMSO solutions of the PVA, as well as to demonstrate pictorially a para-
mount increase in the gel strength caused by the transition from the DMSO-containing “primary” cryogels to
the aqueous “secondary” ones. The analysis of these results revealed the following trends with the respect of
the factors capable of exerting major effects on the elasticity of the cryogels under discussion.

First, this work confirms previous study [51] on kosmotropic-like “action” of urea additives on the PVA
cryotropic gel-formation in the DMSO medium. If in the case of the formation of cryogels via the freeze-
thaw processing of the aqueous urea-containing PVA solutions, the increase in the urea concentration gave
rise to the crucial decrease in the gel strength because of the urea-induced inhibition of the interchain PVA-
PVA H-bonding [52, 53] while in the DMSO medium the effects were opposite. This result is stipulated by
the competition of urea with PVA for the solvent, since the urea forms rather stable H-bonds with DMSO
thus promoting the partial change of the PVA-DMSO solvate interactions for the additional interchain PVA-
PVA H-bonding [51]. In particular, with increasing the initial urea concentration from 0 to 4 mol/L the E
values of the respective “primary” PVACGs grew from 1.8-3.3 kPa up to 70-87 kPa, i.e. more than about 30-
fold (Fig. 2a). Also, Figure 2b illustrates that this trend was retained for the “secondary” cryogels.
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Figure 2. The values of the elastic modulus of the “primary” (@) and the “secondary” (b) PVA cryogels
prepared on the basis of the urea-free and the urea-containing DMSO solutions of the polymer
as dependent on the temperature of the cryotropic gelation process

Second, the influence of the cryogenic stages temperature (i.e. AT values) within its range from —-30° to
-50° on the rigidity of the resultant “primary” PVACGs (Fig. 2a) had a weakly expressed bell-like character
being more evidently pronounced with an increase in the urea concentration in the initial DMSO solutions of
PVA (Fig. 2a). For the PVACGs prepared in the urea-free agueous media such bell-like temperature depend-
ences are well-known (e.g., see [29]). The reason is the competition of different factors that influence on the
characteristics of the resultant PVACGs. Thus, at the same polymer concentration in an initial solution, the
lower is the temperature of frozen system the higher is the PVA concentration in the unfrozen liquid
microphase [57-59]. This effect promotes the polymer—polymer interactions and the formation of cryogels.
However, a regular increase in viscosity and the retardation of the thermal mobility of chains and their seg-
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ments with a decrease in the temperature act as factors that inhibit gelation. As a result, the bell-like depend-
ence of the physicochemical characteristics for such cryogels on the temperature of freezing—storage of the
cryogenically-structuring polymer system is observed.

Third, the transformation of the “primary” PVACGs to the respective “secondary” ones resulted in the
significant growth of the gel strength. For example, if the values of the elastic modulus for the urea-free “pri-
mary” PVACGs varied within the range from 1.8 to 3.3 kPa (curve 1, Fig. 2a), for the “secondary” cryogels
these values grew up to the range of 23-26 kPa (curve 1, Fig. 2b), i.e. almost 10-fold. For the urea-containing
“primary” PVACGs their E values, depending on the urea concentration and the temperature of cryogenic pro-
cessing, were over the range of 4-87 kPa (curves 2-5, Fig. 2a), whereas after the samples transformation to the
respective “secondary” aqueous cryogels their elastic moduli increased by many times and reached the level of
27-210 kPa (curves 2-5, Fig. 2b). Such reinforcement effects were found [51] to be induced by the replace-
ment of the DMSO medium, which was a thermodynamically better solvent for PVA, by a poorer solvent —
water [60]. As a consequence of such medium change, some fraction of the polymer-solvent interactions was
replaced by the polymer-polymer ones, thus leading to the increase in the density and the rigidity of the 3D
supramolecular network of the “secondary” PVACGs as compared with the “primary’ ones.

3.3. Microstructure of the PVACGs under study

Since the PVACGs are the heterophase macroporous gel matrices [1, 4, 25-33], their integral physico-
mechanical properties are stipulated not only by the rigidity of the polymeric phase (the walls of macropores)
but also by the macroporous morphology of these gel materials. On the other hand, it is significant to com-
pare the drug release characteristics of the drug-loaded “secondary” PVACGs fabricated from the DMSO-
swollen “primary” cryogels that, in turn, were prepared in the presence of different amount of urea additives.

The first stage of such comparison was the microstructural study of the respective cryogels (section
2.2.4). The results of these experiments are illustrated by the optical microphotographs in Fig. 3, where the
macroporous morphology is shown for the thin sections of the “secondary” PVACGs prepared originating
from the initial polymer solutions, either the urea-free one (a), or those containing urea at the concentration
of 2.0 (b) and 4.0 mol/L (c). The dark areas in these black-and-white images are the elements of the polymer-
ic phase (the pore walls stained with the ‘Congo red’ dye), and the light areas are the macropores filled with
water. The “secondary” water-swollen cryogels rather than the “primary” DMSO-swollen samples were in-
vestigated since the polymeric walls of macropores in the ‘primary’ cryogels were almost transparent, so the
peculiarities of their texture in the thin sections were in fact indiscernible with an optical microscope. In ad-
dition, it turned out that the DMSO-swollen PVACGs were practically not stained with Congo red dye usual-
ly employed to contrast the thin sections of the water-swollen PVA cryogels [19, 24, 27, 29, 30, 53].

Urea concentration: 0 (a), 2.0 (b), and 4.0 (c) mol/L

Figure 3. Optical images of the microstructure registered for the Congo-red-stained thin sections
of the “secondary” PVACGs derived from the respective “primary” samples prepared on the basis of the urea-free
and the urea-containing DMSO solutions of the polymer by their cryotropic gelation at AT = —40°

Qualitatively, Figure 3 demonstrates clear differences between the character of macroporous morpholo-
gy of the cryogels prepared from the urea-free (a) and the urea-containing (b, c) feed PVA solutions. If the
PVACG formed by the freeze-thaw gelation of the urea-free PVA solution had the pores of an anisometric

80 Bulletin of the Karaganda University



Cryostructuring of Polymeric Systems. 61. Physicochemical Properties ...

shape and no more than ~10 um in cross-section, the presence of the urea additives in the initial PVA solu-
tions caused a noticeable increase in the diversity of the pore shapes and sizes, especially with the urea con-
centration increase. With that the lamellar structures (up to 10-20 pm in the cross-section) of pore walls
were arisen in the PVACG formed in the presence of 2.0 mol/L content of urea (Fig. 3b), and in the case of
cryogel prepared with 4.0 mol/L of urea the porous texture of the matrix became more diffuse with widening
of the pore size to the level of about 20-35 um (Fig. 3c). It turn, the polymeric phase of such PVACG were
stained stronger in the comparison to the image (b), thus indicating to the increased density of the polymeric
network within the pore walls of this sample.

In general, the data of Figure 3 testified that the cross-section of the macropores in the PVACGs is in-
creased with the growth of urea concentration in the DMSO solutions of PVA to be freeze-thaw structured.
Therefore, such an effect should be manifested in the drug-release behavior of the soluble substances prelim-
inary loaded in the PVACG-based drug carrier.

3.4. Loading and release of e-ACA in and from the PVACGs

There are two principle options to insert some soluble substance to the polymer gel matrix intended for
the use as a potential drug delivery system [17]. The first one is the introduction of the substance of interest
in the mixture of precursors prior to the system gelation, thus resulting in the substance entrapment in the gel
matrix after the completion of its formation. The main disadvantage of such approach is the lack of real pos-
sibility to rinse the resultant gel from the sol-fraction (e.g., the residues of precursor components that did not
embed in the 3D polymeric network), since the entrapped target solute will be simultaneously washed-away.
The second option includes the preliminary preparation of the gel matrix, its rinsing to remove the sol-
fraction, and only then the loading of thus treated polymeric carrier with the solute of interest. In this study,
we implemented the latter approach as the model drug compound the g-amino caproic acid was used (section
2.2.5). Since for the microstructure of prepared in the present study PVAGCs, the concentration of urea in
the feed solutions to be structured cryogenically was more significant factor than the freezing temperature
(Fig. 3). the e-ACA loading/release experiments were carried out using “secondary” PVA cryogels derived
from the corresponding “primary” gel samples formed under the identical thermal conditions, namely at AT
= -40° Thus, the feed DMSO solutions of PVA either did not contain the urea (reference system), or its con-
centrations were 2.0 or 4.0 mol/L.

During these experiments the release kinetics was analyzed in terms of the Weibull’s function [61] de-
picted as the solid lines of the plot in Fig. 4:

M/M.,, = 1 — exp(-a x t),

where M is the amount of the released substance at time t; M., is the solute amount entrapped in the gel car-
rier (in our case this value is equal to that of me, in Table); M/M,, is the solute fraction (in per cent) released
from the matrix for time t; the parameters a and b are some constants. The latter ones are calculated automat-
ically by the ORIGIN PRO software (OriginLab Corp., Northampton, USA) after uploading the Weibull’s
equation and the experimental data in this computer program.

Such kind of the kinetic data presentation is known to be a useful variant for the analysis of the drug re-
lease mechanism from various polymeric matrices [62]. In the case of e-ACA release from the “secondary”
PVACGs, this approach showed good correlation of the experimental values (round symbols in Fig. 4) with
the Weibull’s approximation. In addition, on a qualitative level, the obtained data turned out to be in a suffi-
cient accordance with the microstructural features of the respective cryogel drug carriers. Namely, the larger
was the size of gross pores inside the gel matrix (i.e. the larger was the PVA-free space of the pores within
the macroporous cryogel), the faster was the drug release. Most likely, this trend was stipulated by the signif-
icant widening of the macropores in the resultant cryogels upon the increase in the urea concentration in the
initial PVA solution (Fig. 3).

Thus, the late stage (>60 %) of the e-ACA release in the case of drug carrier with the largest pores
(PVACG formed originating from the feed solution with urea concentration of 4.0 mol/L; curve 3 in Fig. 4)
reached for 5-10 min after start of release experiments. For the drug carrier based on the cryogel formed
from the feed PV A solution with urea concentration of 2.0 mol/L (curve 2 in Fig. 4) this time period elongat-
ed up to 50-60 min, and for the drug carrier formed in the urea-free system this was already about 1.5 h
(curve 2 in Fig. 4). These data evidently demonstrate that urea content in the initial PVA solutions, which is
used for the freeze-thaw-induced formation of “primary” cryogels, plays a key role for the release character-
istics of the drug-loaded “secondary” PVACGs.
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Figure 4. Kinetic profiles of e-ACA release from the drug-loaded “secondary” PVACGs transformed
from the “primary” cryogels prepared by the cryotropic gel-formation at AT = —40° of the urea-free
and the urea-containing DMSO solutions of the polymer

Conclusions

Urea is a well-known chaotropic agent capable of efficiently inhibiting the formation of H-bonds in
aqueous media. Since the H-bonding processes are the main ones responsible for the gel-formation in the
frozen water-PVA systems, the urea additives introduced in the feed aqueous PVA solutions cause signifi-
cant deteriorative effects with respect of the rigidity and heat endurance of the resultant cryogels [52, 53]. On
contrast, in such organic solvent, as dimethylsulfoxide, the additives of this chaotropes exhibit the opposite
(i.e. the kosmotropic-like) influence causing the increase in the elastic modulus and fusion temperature of the
resultant PVACGs [51]. Exactly the latter phenomenon was used in the present study to prepare the
PVACGs possessing high mechanical strength and thermal resistance, following by the evaluation of such
polymeric materials as potential carriers for the drug delivery systems.

The urea concentration on the feed DMSO solutions of PVA and the temperature of the cryogenic pro-
cessing were the variables during the performed systematic studies. As a result, it was shown that the amount
of urea introduced in the initial polymer solution to be freeze-thaw-gelled had exerted the crucial influence
on the physico-chemical characteristics and macroporous morphology of both the DMSO-swollen “primary”
PVACGs and, after replacement of the organic liquid by water, the water-swollen “secondary” cryogels.
Subsequently, the latter ones were examined as potential drug vehicles in the e-ACA loading/release experi-
ments. The obtained data allowed to draw conclusion that by the variation of the initial urea concentration in
the DMSO/PVA solutions used for the preparation of “primary” PVACGS it is possible to influence on the
rigidity, heat endurance, and macroporous morphology of the resultant cryogels, and to govern the release
behavior of the drugs uploaded in the bulk of the “secondary” PV A-cryogel-based delivery carriers.
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H.A. Muuypos, O.FO. Konocona, B.W. Jlozunckuit

IMoammep.i sKkyiieaepai KPpUOKYPBLIBIMIAY.

61. IMCO KypambIHIa MOYeBHHA 0ap moIuMepJii epiTiHainep Herisinae
AaiibIHAAJIFaH NOJTUBMHMJ CIMPTi KPHOTeJIbAePiHiH QU3NKATBIK-XUMHSJIBIK
KacueTTepi koHe aJIbIHFAH rejibAiKk MaTepuaJaapabl NOTEeH N AIbI
AIPiJlik TachbIMAJAAyIbLIAP peTiHae 0araJay

Tommeuann cnupti (IIBC) Heri3ingeri MakpokeyekTi (DU3HKAIBIK KpUOTENbAEp KypaMblHAAa MOYEBHHA
KoCTanapsl 0ap JUMETUICYIb(MOKCH TOUMEp epiTiHaiepiHeH anbiHabpl. KpHOTPONTH! renbaey nporeciHin
aﬁHbIMaJ'[le'lapbl OHBIH TEMIIEpaTypacbl MEH KOCbUIFaH MOYEBHHA KOHIEHTPALUICHI 60.]'[11])[, 6¥J'I AJIBIHFaH
KPHOTENbJCPAiH KAaTThUIBIFEI MEH JKbUTYFaTO3IMIUIITIHIH JKOFaphUIaybIH KAMTaMachl3 €Tell, COHBIMEH KaTap
Tellb MacCachbIHIAAaFbl MaKpOKEYEKTepIiH KeHetoiHe biknan ereni. JIMCO-naH iciHreH Kpuorebaepadl CyIbIH
apTHIK MeJIIepiMeH XyFaHHaH KeHiH cynaH icinreH [IBC kpuorempmepiHiH maiina GoiybIHA, OIapiabIH
KaTTBUTBIFBIHBIH Oip Me3risiie KOFapbUlayblHA OKeNAi. Byl relpIik MaTpUIanap IOpUTIK 3aTTapbl JKETKizy
JKyienepinie MOJMMepNTi TachIMAIAAyIIblIap peTiHae )KYMBIC icTey KabineriHe chiHanraH. Cyna iciHreH
OCBIHJIail KPUOTEINIBAePAl MOJETBIIK IpenapaTieH — £-aMHHOKAIPOH KBIIIKBUIBIMEH TOJITHIPY, COJlaH KeHiH
OHBIH IIBIFApbUTy KuHeTHKachlH 3epTrey [AMCO-nma iciHreH KpHOTeNnbAepAli MY3IaTy-epiTy apKbLIbl
TybiHaraH Gactankel [IBC epitinzinepinieri MoueBHHA KypaMmbl CyJia iCiHI'€H, KypaMbIHAa Adpiik 3aT 6ap
TachIMaJIIAYIIbI TeIbIIH IIBIFAPbLTY CUIIATTAMACHIHAA MaHbI3bl POJI ATKAPFaHBIH KOPCETTI. ATal aiiTKaHza,
MOYEBHHA KOHIIEHTPALMACH KOFAphl OONFaH karfaiina maisiaaanrad [IBC kpuorenbaepi yiIkeH TecikTepre
ue 60JIB1, Oy MpenapaTThIH OipiiaMa KbIIIAMBIPAK IIBIFAPbUTYBIHA OKEII.
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Kinm co30ep: TOMMBUHUI CIIUPTIHIH KPHOTEIbACP], AUMETHICYIb()OKCUITI HONUMED epiTiHALIepl, MOYeBHHA
KOCIajgapbl, KPUOTEHII OHIEy TeMIepaTypachl, IOpUTIK 3arTapibl JKETKi3yre apHajFaH KpHUOTeNbIi
TachIMaAAYILIbIIAp.

I.A. Muaypos, O.10. Konocosa, B.1. Jlo3unckuit

KpuocTrpykrypupoBaHue noJiMMepHbIX CHCTEM.

61. Pu3uKo-xMMHYECKHEe CBOMCTBA KpUOre/ieil MoJMBUHIIOBOI0 CIIMPTA,
NMPUTOTOBJEHHBIX HA 0CHOBE MOYE€BHHOCOIEPKALINX PACTBOPOB MOJIUMeEpPa
B JIMCO, ¥ o11eHKA MOJIy4Y€HHBIX I'eJIeBbIX MATEPHUAJIOB
KAaK NOTEeHUHAJBLHBIX HOCUTEJIeH JIeKAPCTBEHHBIX CPEICTB

MakpomnopHcTbie (pU3HIECKHe KPHOTeId Ha OCHOBE MosMBUHIIOBOro cnupra ([IBC) monyyanu u3 AUMETHII-
CyNb(GOKCHIHEIX PacTBOPOB IOJIUMEpPa, COICPIKAIIUX TO0O0aBKM MOUYECBHHEBI. [lepeMEHHBIMH KPHOTPOITHOTO
nporiecca reaeo0pa3oBaHus SBISIIMCH €r0 TeMIlepaTypa U KOHIIEHTpaIys 100aBIsieMoii MOYeBHHEL, 9TO 00y~
CJIOBJIMBAJIO TIOBBILICHHE JKECTKOCTH M TEIUIOCTOMKOCTH IOJIy4EHHBIX KpPHOTeJeH, a TakkKe CIocoOCTBOBAIIO
pacuIMpeHnIo Makporop B reneBoil Macce. [locnenyroras mpoMsiBka HaOyxmux ot JIMCO kpuorenei us-
OBITKOM BOJIBI NMPUBOJMIA K 0Opa3oBaHMI0 HAOyXmux OT BoAsl kpuoreneil [IBC ¢ o1HOBpeMEHHBIM Jaiib-
HEHUIINM yBEINYEeHUEM UX JKECTKOCTH. DTH TeJieBble MaTPHIBI ObLIM MPOTECTUPOBAHBI B OTHOIIEHUH X CIIO-
coOHOCTH paboTaTh B Ka4eCTBE IOJMMEPHBIX HOCUTENEH B CHCTEMax JOCTAaBKH JIEKapCTBEHHBIX cpeacTB. Ha-
MOJTHEHUE TaKUX HaOyXIIMX B BOJE KpHOTenell MOASIBHBIM MPEapaToM — &-aMHHOKAIPOHOBOH KHCIIOTOH,
a 3aTeM M3ydYeHHE KMHETHKHU €Tr0 BBICBOOOXICHUS IOKAa3ajJ0, YTO COJEep)KaHNe MOYEBHHBI B MICXOMHBIX pac-
tBOpax [1BC, ucnonb30BaHHBIX IS HHIYIIHPOBAHHOTO 3aMOpaKMBaHHEM-OTTaUBaHNEM KpHoreiel, HaOyx-
mmx B JIMCO, urpano KIIO4YeBYIO pOJIb B XapaKTEPUCTHUKAaX BHICBOOOXKICHHS HaOyXIIero B BOJAE TeJsi-
HOCHUTEJIS, COJIePIKalIlero JeKapcTBEHHOE CpelICTBO. A uMeHHO, kpuorenu [IBC, npuroroBieHHble B IPUCYT-
CTBMHM OoJiee BBICOKON KOHIIEHTpAIlMd MOYEBUHBI, UMEIH 0osiee KpYNHBIE MOPHI, B PE3YJIbTaTe Yero BBICBO-
60’k IeHNe JIEKapCTBEHHOTO BEIIECTBA IIPOUCXOMIIO HECKOIBKO OBICTpEE.

Knrouegvie cnosa: xpuorenu MoIMBUHUIOBOTO CIIMPTA, PACTBOPHI MOJIMMEPOB AUMETHICYIb(GOKCHAA, 100aB-
KH MOUYEBHHBI, TEMIIEPaTypa KpUOTeHHON 00pabOTKH, KpHOTENeBbIe HOCUTEH ISl JOCTABKH JIEKapCTBEHHBIX
CPEJCTB.
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Polymolecular Complexes of Chitosan with the Bombyx Mori Protein

The interaction of chitosan (ChS) and the Bombyx mori protein on different pH ranges was studied, and the
fundamental possibility of obtaining complexes of ChS with the Bombyx mori protein was revealed. The for-
mation of a polymolecular complex of protein with ChS in aqueous solutions was confirmed by the results of
physico-chemical methods. It is shown that the ChS structure is characterized by a certain rigidity and
ionogenicity. The results indicate the complexation of the pupae protein with ChS in 2% acetic acid in the
range of pH = 4.8-6.7. The detected changes and shifts of the absorption bands in the IR spectra confirm the
occurrence of the complex formation reaction between the molecules of ChS and protein at pH = 4.8-6.7,
which is characterized by absorption bands in the IR spectra at 1641 cm ™, 1538 cm* and 1068 cm . Quan-
tum-chemical DFT study of ChS complexes with amino acids (AAs) was carried out. The stability of com-
plexes of ChS with AAs (ChS-AA) was shown except for the complex formed with histidine in the gas phase.
The calculation results indicate the presence of a strong thermodynamic driving force in the complexation of
ChS with AAs.

Keywords: silk production waste, silkworm pupae, alkaline hydrolysis, protein, chitin, chitosan,
polymolecular complexes, conformational characteristics.

Introduction

The main waste products of silk production are silkworm pupae, which have a high nutritional and bio-
logical value. The mass of dry pupae consists of 60-65 % protein, 3-5 % chitin, 10-25 % lipids, and 2-6 %
minerals [1]. Obtaining polymolecular complexes of protein and chitosan (ChS) from pupae of the silkworm
Bombyx mori with valuable chemical and biological properties that will have antibacterial activity due to the
natural ChS polysaccharide is an urgent task [2].

ChS is obtained from the natural biopolymer of chitin including the chitinous coatings of silkworm pu-
pae in an aqueous solution of NaOH (30-50 %) in the temperature range of 90-150 °C [3]. This polysaccha-
ride is considered as a promising biomaterial of the future; interest in it is associated with unigue physiologi-
cal and environmental properties, such as biocompatibility, biodegradation, physiological activity in the ab-
sence of toxicity and the availability of raw materials, as well as local sources for its production [4].

Since biopolymers including ChS are more capable of intermolecular interactions, one of the most ef-
fective ways to improve its characteristics is the formation of polymolecular complexes (PMCs) with other
biopolymers and polar synthetic polymers [4]. Although amino acids (AAs) are the building blocks of pro-
teins, elucidation of the nature of their interactions with ChS remains poorly understood. Understanding the
strength of the interaction between ChS and AAs, as well as studying the reactivity of the complexes formed
as a result of these interactions, is an urgent task. Despite the ubiquitous presence of such interactions in bio-
logical systems, there are few theoretical and experimental studies on the preparation of PMCs of Bombyx
mori protein and ChS in solutions and in the solid state.

In this regard, physical and chemical phenomena and patterns of interaction of proteins with anionic
and cationic polysaccharides are of great practical interest. A detailed study was made on the effect of both
the ionogenic nature of the protein and the rigidity of ChS chains on its behavior in solutions with various
concentrations subjected to various thermodynamic changes.

This paper presents the results of an experimental study of the production of PMCs preparations based
on Bombyx mori protein and ChS, which have a different chemical structure of macromolecules due to the
formation of complex compounds, and analyzes the role of ionogens in the structural and phase transfor-
mations of the biopolymer. Based on the density functional theory (DFT) method the formation of complex-
es between ChS and AAs (asparagine, threonine, serine, glutamine, alanine, tyrosine, histidine, and lysine),
which are part of the protein isolated from the pupae of the silkworm Bombyx mori, was analyzed.
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Experimental

Protein hydrolysis was carried out in 1 % NaOH aqueous solution at 90 °C for 3 hours. The modulus of
the reaction mass “silkworm pupae: alkaline solution” was 1:10. The protein was separated from chitin by
filtration. It was revealed that the mass of chitin was 5.6 %. After filtration, 1 % alkaline hydrolysate con-
tained about 8.83 % pupal protein, hydrolysate density was 1028 kg/m®, and pH was 10.96. After separation
of the hydrolysate, the resulting chitin was deacetylated with 50 % NaOH at 120 °C for 3 hours. ChS with a
degree of deacetylation of 86 % was obtained. A sample of Bombyx mori chitosan is characterized by the
elementary unit [(CeHsO(OH)CH,OH(NH,)],, the presence of an amino group (-NH), aliphatic methylene
(~CH)-group and hydroxyl (—OH)-groups at C-3 and C-6. The molecular weight of the elementary unit is
My = 161. The content of amine and carboxyl groups was determined by the method of conductometric titra-
tion (on a Seven Easy Conductivity Mettler-Toledo AG8603 instrument).

A simple and effective method of viscometry was used with the solvent outflow time to= 94 s for acetic
acid to determine the viscosity characteristics of ChS solutions depending on the concentration (C) of
polymers. Sodium acetate (CH;COONa) was added to the ChS solution to suppress the polyelectrolyte
effect. At least 5 measurements were performed for each dilution of the solutions. The calculations were
carried out using the Huggins equation:

Nspee/ C = [n] + k[M]* C,
where Mgpec ~ Nrei-1 — SPecific viscosity, in which relative viscosity nyei. = tson/tsort (Where tyr.n is the solution
outflow time and ts,. is the solvent); k — the Huggins coefficient; [n] — the inherent viscosity of the
solution, which is determined from the dependence of,,../C on C extrapolating C—0 and used to calculate the
relative molecular weight (M,,) of the polymer using the Mark-Kuhn-Houwink equation, i.e.:

My ~ (IIK)™,
where K'=1.4x10"* and o = 0.83 [5].

Quantitative determination of the AA composition in protein samples was carried out on an amino acid
analyzer (Amino acid analyzer T-339). Preliminarily freeze-dried portions (50 mg each) of the samples were
hydrolyzed with 5.7 N HCI for 24 hours at a temperature of 110 °C in a vacuum. The obtained hydrolysates
were evaporated on a rotary evaporator (DLAB RE 100-Pro). IR spectroscopic studies were carried out on an
Inventio-S IR-Fourier spectrophotometer (Bruker, Germany) with a spectral resolution of 2 cm™. The IR
spectrometer is equipped with an attenuated total internal reflection attachment in the range from 4000 to
500 cm* since absorption bands of almost all functional groups of organic molecules lie in this spectral
range. The samples were prepared in the form of tablets with KBr under a pressure of 7x10° Pa.
Turbidimetric studies were carried out on a Turbidimeter TB300IR instrument (Germany). The TB300 IR is
a portable turbidity meter that complies with ISO 7027.

The instrument has an auto-ranging feature ranging from 0.01 to 1100 NTU/FNU. The light source is an
infrared LED (light emitting diode) with a wavelength of 860 nm. The emitted light is reflected by haze in
the sample. Stray light will be detected at a 90° angle by the photodiode. This principle is a part of ISO 7027.
Formazin solution is the international standard for turbidity. The results associated with this standard are des-
ignated as FNU (formazin nephelometric units).

Computational methods

Although a huge number of experimental works are focused on the interaction of different amino
acids/proteins and chitosan, only a few computational studies have been reported. The interactions between
chemicals and chitosan toward two specific emergent pollutants were studied by using the density functional
theory (DFT) [6]. It is broadly used to understand and predict the interactions of a specific molecule over a
polymeric structure, proving suitable correlations with the experimental results [7-13].

The calculations were performed using the GAUSSIAN 09 package and the Gaussview 5.0.9 molecular
visualization program using DFT with the standard set basis 6-31++G (d,p) [6]. The first stage of the
theoretical calculation was the determination of the optimized molecular structures of ChS and AA. The
charges of atoms were calculated, diagrams of boundary molecular orbitals were constructed: the highest
occupied (HOMO) and lowest unoccupied (LUMO) molecular orbitals and their energies were determined.
Interactions of ChS with AAs were studied using reactivity descriptors. A monomeric link was taken as the
structural unit of ChS; in calculations in the gas phase, AAs were considered as a nonionic form due to the
greater intrinsic affinity for the proton of the carboxylate oxygen atom compared to the nitrogen atom of the
amino group. The interaction energy (AEir) Was calculated using the equation-based approach:
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AE; e = Echsan _(EChS +Em ) + Egsse s

where Echs.aa, Ecns and Eaa are the energy of the complex, ChS and AA, respectively. EBSSE is a basis set
superposition error (BSSE) correction calculated using the direct difference method for calculating molecular
interactions based on a bivariate transcorrelation approach together with special methods for estimating other
errors [14]. Of several reactivity descriptors, the energy of the HOMO, total rigidity, chemical potential and
electrophilicity were considered to analyze the reactivity of ChS and AAs complexes in the present study.
The following reactivity descriptors [15] were calculated: chemical hardness ()=1/2(Enomo — ELumo), Where
Enomo is the energy of the HOMO, and E,_ywmo is the energy of the LUMO, softness { = 1/n, chemical
potential p = 1/2(Egomo + ELumo), electrophilicity (m) is expressed as @ = p2/2n.

Results and Discussion

Since ChS molecules are more capable of intermolecular interactions, one of the most effective ways to
improve its characteristics is the formation of PMCs with various compounds including proteins [4]. Howev-
er, the preparation of PMCs of Bombyx mori protein and ChS, especially in electrolyte solutions, has not
been sufficiently studied. In this regard, a detailed study of the influence of both the ionogenic nature of the
protein and the rigidity of ChS chains on its behavior in solutions with different concentrations and pH was
carried out.

Previously, we presented the results of an experimental study of protein structural changes in solutions
and an analysis of the behavior of the R group of AA residues present in the Bombyx mori protein [16]. Ac-
cording to the amino acid composition, it is shown that the R-groups of AA residues present in the Bombyx
mori protein consist of 16 AA residues, eight of which are non-polar, which is 1.98 %; five — uncharged,
but polar, they make up 1.9 %, as well as three — charged, which make up 0.8 %. Conductometric titration
showed that the content of —-NH; groups in the Bombyx mori protein chain was 4.8 % and the obtained pro-
teins in solutions exhibited polyampholytic properties characteristic of protein molecules. Based on the struc-
tural properties of the protein it is possible to obtain biologically active PMCs preparations with polysaccha-
rides on its basis.

In polysaccharides, in particular, in ChS, amine and hydroxyl groups are functional, while in proteins,
the chemical properties are determined by the nature of the amide bond and functional groups (carboxyl, hy-
droxyl, amine, disulfide) [17]. Through these functional groups and thermodynamic conditions, the interac-
tions of the polysaccharide and protein are carried out through hydrogen bonds, electrostatic forces, van der
Waals and hydrophobic interactions.

The process of obtaining complexes based on Bombyx mori protein and ChS is inevitably accompanied
by the breakdown of the supramolecular and molecular structure due to the interaction of individual func-
tional groups and elements of its macromolecules. In this case, the rate of the complex formation process
depends on the pH of the medium and temperature. However, the efficiency of complex formation is also
largely determined by the initial behavior of the biopolymer macromolecule in bulk.

Table 1
The physicochemical characteristics of the Bombyx mori ChS sample
Nitrogent content, % | Ash content, % | [n], dl/g | M, «oa DP L, nm N Solubility, %
8.20 2.6 2.7 14.6 910 465 23.3 94.0

Values: M, is viscosity average molecular weight, DP is degree of polymerization, L is contour length and N is number of Kuhn
segments for ChS samples.

As can be seen from Table 1, ChS molecules are characterized by a certain rigidity and ionogenicity.
These results are in good agreement with the literature data [18]. The influence of both ionogenicity and Ki-
netic rigidity of ChS and protein on their behavior in solutions with different concentrations and pH was de-
termined to select the optimal conditions necessary to obtain complexes based on the Bombyx mori protein
and chitosan. The preparation of complexes depends on the initial concentration of protein substances.
Therefore, protein alkaline hydrolysate and a solution of Bombyx mori ChS in acetic acid were used to effec-
tively carry out the process.

When obtaining complexes by direct titration of pH from alkaline to neutral media a monotonous in-
crease in turbidity to pH = 7 occurs, the yield of the obtained complexes changes insignificantly. According
to [19], the amino group of ChS at a pH value above 7 is deprotonated, exhibits nucleophilic properties, and
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participates in the nucleophilic substitution reaction. However, in an alkaline environment, the protein mole-
cule acquires a negative charge and exhibits ionogenic properties.

We have previously shown [16] that the Bombyx mori protein has five AAs that are uncharged but have
polar side chains. They include asparagine, threonine, serine, glutamine, and tyrosine, as well as three AAs,
namely lysine, arginine, and histidine with charged basic groups. These AAs are hydrophilic and can interact
through electrostatic, hydrogen bonds, hydrophobic and steric interactions with water. They make up 1.9 %
of one protein chain, at the N- and C-terminals of the polypeptide chains there are amino and carboxyl
groups that contain functional groups capable of ionization. The degree of ionization of the functional groups
of these radicals depends on the pH value.

In an alkaline environment at pH 10.96 with an excess of NaOH and the presence of a larger amount of
Na" ions, the charge and degree of ionization in the protein molecule decreases and the conformation of the
protein macromolecule looks like a coil [17]: HONH3-R-COONa.

Due to the presence of a large ionization group the interaction of the Bombyx mori protein with ChS
does not result in a nucleophilic substitution reaction. Also in protein molecules, because of the large number
of hydroxyl ions the positive charge decreases and the protein behaves like an acid (according to the reaction
shown in the diagram).

HONH,-R-COO™ +H" + Na" + OH™ —HONH,-R-COO™ + Na" + H,0

At pH =7 all ionogenic groups of the protein are in an ionized state.

It is known [20] that at low pH values (pKa<6.5) the amino group is protonated, ChS is a cationic wa-
ter-soluble polyelectrolyte and is capable of various types of interaction with the formation of 4 main types
of bonds, namely ionic, hydrogen, hydrophobic, bonds by the type of complexation in which ChS acts as the
core of the complex.

In this regard, the study is aimed at identifying the pH range from neutral to acidic during the formation
of the complex of the protein and Bombyx mori ChS, as well as determining the special characteristics of the
obtained samples. For titration of the protein solution 2 % solutions of ChS were prepared in a 2 % aqueous
solution of CH3COOH — pH=2.8. The resulting precipitate was filtered off, washed to pH=7 and freeze-
dried for 2 hours.

Table 2 presents the results of obtaining complexes by direct titration from neutral to acidic value. The
influence of the pH of the titrant at the stage of obtaining the complex from the protein hydrolysate was
evaluated by elemental analysis and the weight of the complex referred to the maximum possible.

Table 2
Influence of medium pH on the physicochemical characteristics of the complex

Protein 2 % acetic | 2 % ChS | Solution 2 % ChS . . on| Sulfur, Ash

No. hydrolysate, ml | acid, ml | pH 3.94 (pH 3.94), ml pH | Yield, g|Nitrogen, % % content, %
1 50 - 77 77 48| 19 12.6 5.8 2.0
2 50 - 40 40 63| 1.6 14.4 4.8 2.7
3 50 - 30 30 67| 1.0 15.4 4.1 55
4 50 (control) 90 - - 48| 1.2 11.7 4.6 5.6

It can be seen from Table 2 that an increase in pH from 4.8 to 6.7 in the system (samples No. 1-3) leads
to an increase in the degree of nitrogen content and ash content, as well as a decrease in sulfur and the com-
plex yield. With an increase in pH from the isoionic point (1IP) to a neutral value the Bombyx mori protein
macromolecule monotonously acquires a negative charge and entropy decreases while the coil of the mac-
romolecule in this medium unfolds and the chain becomes flexible. At pH 6.3-6.7 (samples No. 2-3) the in-
teraction of ChS with the Bombyx mori protein occurs efficiently, with a decrease in pH < 7 the protein and
ChS have ionogenic properties: the protonated amino group of ChS is a cation and the protein is an anion. In
this case, an increase in the nitrogen content occurs: an increase by 14-22 % (in relation to sample No. 1),
respectively, due to the synergistic effect of the nitrogen content in the protein and ChS. With an increase in
the acidity of the value pH = 6.7-4.8 the process of mineralization occurs and the ash content decreases in
samples No. 1-3. This result is confirmed by the literature data [20]. As can be seen from Table 2 with I1P of
the Bombyx mori protein which is at pH = 4.8 (sample 4), the yield of the control sample decreases by 60 %
and the nitrogen content by 7.5 % because of the absence of Bombyx mori ChS (in relation to sample No. 1).
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IR spectroscopy is a reliable method showing the interaction between ChS molecules and the Bombyx
mori protein at different pHs. Figure 1 illustrates comparative studies by IR spectroscopy.
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Figurel. IR spectra of the initial ChS (1), protein (2) and their complexes
atpH =4.8 (3), pH = 6.3 (4) and pH = 6.7 (5) of the value

It can be seen that the IR spectrum of the initial ChS (1) and Bombyx mori protein (2) has characteristic
absorption bands for these compounds. The IR spectrum of ChS (sample 1) has absorption bands at
3320 cm*, 3288 cm™ and 2950 cm*, 2880 cm* corresponding to the stretching vibrations of ~NH, —~OH and
—CH, CH,-groups, respectively. Pronounced absorption bands at 1590-1620 cm™ (amide 1) and at 1510
1550 cm* (amide I1), as well as 1440 cm™, correspond to the bending vibrations of NH-, CN-, CO- and CH-,
CH,-groups. Absorption bands characterizing CO—, C—-O—C— ether bonds are observed at 1000-1150 cm ™.

In the IR spectrum of the Bombyx mori protein (sample 2), several relatively strong absorption bands
appear which refer to vibrations of the peptide group -CO-NH-, as a common structural component of pro-
tein molecules. There is a peak of -NH, —OH at wave numbers 3282 cm™, as well as peaks in the region of
2919 cm™, 2851 cm™® and 1744 cm™, corresponding to the stretching vibrations of CH-, CH,—,
—COOH groups, respectively. The presence of two main absorption bands due to stretching vibrations of the
—NH bond, a peak at 1631 cm™, and in-plane bending vibrations of the -NH, bond — a peak at 1537 cm*,
are characteristic of the protein structure.

The complex should be realized at a pH above the isoelectric point of the protein (pH=4.8), at which the
ion-dipole interaction occurs between the negatively charged protein and ChS with polar -NH; groups. As a
result of the formation of complexes in samples at pH = 4.8 (3), 6.3 (4) and 6.7 (5), some changes occur in
the absorption bands of the above groups and bonds. Namely, pronounced bands appear at wavenumbers of
3000-3500 cm™ due to the shift of stretching vibrations of the band of —~NH, groups of ChS and ~NH groups
of the protein. Particularly there are pronounced some changes and shifts in the absorption bands in the IR
spectra of sample (5) obtained at pH 6.7. The absorption bands of bending vibrations at 3287 cm™ are shifted
by 13 cm™ (3300 cm™) and become more pronounced and the absorption intensity of asymmetric angular
deformation at 2918 cm™ is more pronounced. The absence of absorption bands of stretching vibrations at
1517 cm™ characteristic of —~NH, groups (amide 1), as well as stretching vibrations in the region of 1467 cm™
become pronounced in samples No. 3 and No. 4.

Natural polysaccharides and proteins have a pronounced optical anisotropy, which makes it possible to
conduct studies at the molecular and supramolecular levels using optical methods [21]. Determination of op-
tical density is an informative and widely used parameter for monitoring changes in the behavior of proteins
and polysaccharides during the formation of complexes [22]. The most effective method is the turbidimetric
method based on measuring the intensity of the light flux scattered by solid particles suspended in solution
(usually at an angle of 90°). The intensity of scattered light depends on the number of suspended particles and
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their size. A sample of complexes based on ChS and protein from Bombyx mori is practically insoluble and is a
suspension at neutral pH. Figure 2 shows the results of a comparative study of changes in the regularity of opti-
cal density according to the precipitation of the complex at pH from an alkaline to an acidic medium deter-
mined by the turbidimetric method on a Turbidimeter TB300IR instrument (Germany). Graphically the de-
pendence of optical density (NTU) determined by the turbidimetric method on pH is shown in Figure 2.

NTU
10
)

L= T I - .

4 4.5 5 5.5 6 6,5 7 7.5 8 8,5 ] 95 10 pﬂ

Fugure 2. The dependence of the optical density of ChS-protein complexes on pH

From Figure 2 it can be seen that the lowest optical density is observed in the range of pH = 5.7-6.8, the
values of the optical index of the complex sample decrease. In this interval, the maximum precipitation of the
complex occurs and the volume of the solution becomes more transparent.

As studies have shown the interaction of ChS with protein is strongly influenced by the pH of the
medium and the ratio of components. ChS and protein with opposite charges at pH 5.5 and 6.0 can interact
with each other through electrostatic attraction. In addition, at these two pH values the interaction was
further influenced by the concentration of ChS. It can be concluded that under these parameters the greatest
interaction between the components of the system occurs and ultimately the formation of the ChS-protein
complex.

At low pH values the protonated amino group gives ChS the ability to bind to negatively charged
molecules via electrostatic interaction [23]. In addition, a number of earlier studies noted the decisive role of
hydrogen bonds in the formation of complexes of protonated ChS with electrically neutral nitrogenous bases.
It is known that amino acids form hydrogen bonds with various carrier molecules [24, 25].

The calculated group charge distribution for the tertiary hydrogen atom of the protonated amino group
of ChS is 1.54 a.u [26]. These values indicate that these hydrogen atoms have a tendency to form hydrogen
bonds with electronegative centers. Similarly, a group charge of 1.54 a.e. for two atoms of nitrogen and
oxygen in histidine allowed us to evaluate the atypical ChS-histidine interaction between electronegative
atoms with —OH and —NHs" ChS groups. Figure 3 demonstrates the optimized structure of the complexes
under consideration.

ChS-Asparagine ChS-Threonine
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ChS-Serine ChS-Glutamine

ChS-Alanine ChS-Tyrosine

ChS-Histidine ChS-Lysine

Figure 3. Optimized geometries of ChS complexes with AAs
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The DFT calculations showed the presence of hydrogen bonds between the hydrogen atom of the amino
group or —OH of the ChS group and the O atom of the -COQO" or —OH groups of the studied amino acids
(Table 3). According to Table 3, the distance between the H atom of the -NH;" or —-OH-group of ChS and
the O atom of the -COO™ or —OH groups of AAs is in the range of 0.96-1.34 A, which is typical for hydro-
gen bonds [27]. This indicates that chitosan forms hydrogen bonds with amino acids during the formation of
complexes. It is important to note the anomalously shorter Hens-Ohreonine distance in the ChS-Threonine and
Nhistigine-Ochs system (0.96 A) for the ChS-Histidine interaction. Various protonation states of the complexes
were tested as starting points for geometry optimization. The results confirmed the proton transfer only in the
ChS-Histidine system while denying the same in the case of other complexes. Cationic or anionic AAs are
well known for their ability to form hydrogen bonds with oppositely charged species [28, 29]. However, the
formation of such a salt bridge in the gas phase of the complexes under consideration was not observed.

Studies have shown that ChS and its derivatives form stable complexes with proteins and peptides [30,
31]. The magnitude of the interaction energy (AEinr) Oof complexes is of decisive importance from the point
of view of the resistance of the complexing protein to degradation during the transition of the protein into the
cell, as well as the transfer of the protein near or inside the cell nucleus. A high value of AE;.r promotes
strong binding between ChS and AAs in the complex while a decrease in energy values promotes the com-
plex dissociation. Moreover, on the basis of the AE;, values the suitability of the carrier with respect to a
particular AA can be assessed. The calculated values of AE;q in the gas phase are presented in Table 3. As
can be seen from the Table 3 with the exception of the complex with Histidine (—11.45 kcal/mol) the calcu-
lated values of AE; are negative in all cases, which contributes to the formation of complexes in the range
from —17.56 to —129.46 kcal/mol. Other similar studies report that the binding energy of the most stable con-
formation of the ChS-Insulin complex is —38.0 kcal/mol [32], the release energy of doxorubicin by polyeth-
ylene glycol-chitosan biopolymer is 122.41 kcal/mol [33].

The formation of a complex of protonated ChS with a positively charged methionine is obviously not a
spontaneous reaction, which indicates a repulsive interaction between them. The value of AE;y. ranges from
11.45 kcal/mol (ChS-Lysine) to —129.41 kcal/mol (ChS-Serine) in the gas phase and from —11.03 kcal/mol
(ChS-Lysine) to —22.09 kcal/mol (ChS-asparagine). As for the anomalously high value of AE;y, this may be
due to the strong Coulomb force of attraction, which leads to hydrogen migration. The strength of the inter-
action is in the following order: ChS-Asparagine > ChS-Alanine > ChS-Glutamine > ChS-Serine > ChS-
Tyrosine > ChS-Threonine > ChS-Lysine > ChS-Histidine.

As can be seen from Table 3, the influence of the aqueous phase largely affects the interaction energy of
these systems. There is a progressive destabilization of ChS complexes with AAs with the exception of
histidine. In addition, it is worth noting that the complex with asparagine (in which the two functional groups
are charged oppositely) have a significant decrease in the values of AE;y.. compared to other complexes. For
example, the AE;q.r value for the ChS-Serine complex in water is —16.83 kcal/mol in the aqueous phase, in-
dicating a difference of about 112.58 kcal/mol with the value in the gas phase. In the case of ChS-Tyrosine
this difference is about 2.31 kcal/mol, respectively, the values of the interaction energy are —18.38 (gas
phase) and —16.07 (water phase). The results show that monomers with opposite charges are indeed more
separated and more stable than complexes in water, which leads to a decrease in AEiner.

This can also be explained by the fact that in polar environments the interaction with the environment
(solvation) is probably more important than the electrostatic interaction between the two interacting mole-
cules, which leads to their preferential stabilization. In addition, it is interesting to note the invariably nega-
tive value of AE; in the aqueous phase for the complex with histidine, which contrasts sharply with what is
observed in the gas phase. Due to the solvation of positively charged fragments, the repulsive interaction be-
tween them decreases, which can increase the strength of their interaction with the formation of hydrogen
bonds. The results obtained AE;y in the gas and water phases are very important from the point of view of
protein delivery. The results indicate a strong interaction between ChS and AAs in a non-polar environment
and a gradual weakening of the interaction in the aqueous phase. These results are of interest in modeling the
process of penetration of complexes through a cell membrane, which is non-polar in nature. Thus, it is as-
sumed that in the cytoplasm (which is polar in nature) the interaction will be the weakest, which can promote
the dissociation of the complex into the corresponding fragments. It is important to note that the ability of
chitosan to release amino acids into the cytoplasmic environment is comparable to that of ChS derivatives
[34, 35]. Significantly high value of AE;q in the gas phase at a very low energy value in the aqueous phase
for the complexes indicates its suitability for use in biomedicine. An increase in the efficiency of ChS as a
carrier of nitrogenous bases RNA and DNA was also studied in [36-39].
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Table 3
Hydrogen bond distance and BSSE corrected interaction energy of ChS with AAs complexes

AEjnter., kkal/mol AEjnter., kkal/mol

Complex Aqueous phase, A (Gas phase) (Aqueous phase)
ChS-Asparagine 1.07 -110.81 —22.09
ChS-Threonine 0.96 -127.60 -15.54
ChS-Serine 1.07 -129.41 -16.83
ChS-Glutamin 1.09 —80.56 -16.95
ChS-Alanin 1.026 —42.62 —19.65
ChS-Tyrosin 1.047 —18.38 -16.07
ChS-Histidin 0.96 -11.45 -11.03
ChS-Lysin 1.046 -17.56 —21.14

The use of pure therapeutic peptides and proteins in medicine is relevant but the main problem is stabil-
ity in the gastrointestinal environment. They are vulnerable to electrophilic attack by various ions present in
the gastrointestinal tract resulting in protein degradation. Therefore, understanding the chemical activity of
the studied complexes in various media is important from the point of view of their medical applications.
Reactivity descriptors determined [40] on the basis of a theoretical physico-chemical study by the DFT and
electronic structure have become an auxiliary tool for interpreting the chemical and biological activity of
compounds.

The calculated values of these parameters among the selected systems in the gas and water phases are
presented in Tables 4 and 5.

Table 4
Calculated electronic parameters in the gas phase of amino acids and complexes
Amino acid | Eyomo, €V | ELumo, €V AE Complex Ervomo, 8V | ELumo, €V AE
Asparagine —9.98 0.80 10.78 ChS-Asparagine —9.62 0.56 10.19
Threonine -9.91 1.02 10.93 ChS-Threonine —9.15 0.51 9.66
Serine -10.12 0.83 10.96 ChS-Serine -9.49 0.35 9.84
Glutamine -10.23 0.66 10.9 ChS-Glutamine —9.68 0.5 10.19
Alanine -9.97 0.77 10.74 ChS-Alanine -8.78 1.6 10.38
Tyrosine -9.14 0.14 9.28 ChS-Tyrosine -8.97 0.35 9.32
Histidine -8.31 -0.02 8.34 ChS-Histidine -7.09 -1.13 8.23
Lysine -9.29 0.92 10.21 ChS-Lysine -9.53 0.75 10.29
Table 5
Calculated descriptors of reactivity in the gas phase of complexes
Chemical hardness (1), | Electrophilicity Index (@), | Chemical potential (1), | Softness ({),
Complex 1
eV eV eV eV
ChS-Asparagine 4.52675 2.8691 —5.09665 0.220909
ChS-Threonine 4.32 2.7031 —4.8327 0.231481
ChS-Serine 4.56855 2.6514 —-4.92205 0.218888
ChS-Glutamine 4.5875 2.8307 —5.0963 0.217984
ChS-Alanine 3.5879 3.7573 -5.1925 0.278715
ChS-Tyrosine 4.31255 2.5226 —4.66455 0.231881
ChS-Histidine 2.98245 5.9649 —5.9649 0.335295
ChS-Lysine 4.39235 3.0155 -5.14695 0.227669

The measurement of the Eyomo Of the complexes is an important factor since this characteristic indi-
cates the electron donating capacity, i.e. reactivity of compounds. The narrowv HOMO-LUMO band gap
means that the molecule has low kinetic stability and high biological activity. According to the calculation
results, there is a sharp drop in the HOMO energy in AAs during the formation of a complex with ChS,
which speaks in favor of a more stable HOMO in complexes than in AAs. This result means that complexes
of ChS with AAs are less prone to attack by any electrophile than the AAs themselves. Similarly, a high neg-
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ative value of pu means a relatively large stability of the system. As can be seen from Tables 4 and 5, in ac-
cordance with Epomo and E_umo, data on the chemical potential also characterize the greater chemical stabil-
ity of the complexes than AAs and also show differences in the nature of the interaction with respect to dif-
ferent AAs. The narrow energy gap characterizes the nucleophilic properties of the complexes. According to
the calculation data given in Table 4, the smallest band gap AE (8.34 eV) is observed for the ChS-Histidine
complex and 9.28 eV for ChS-Tyrosine. All complexes have a wide HOMO-LUMO band gap. This may be
due to low chemical activity and high kinetic stability.

Chemical hardness quantitatively determines the chemical stability of a molecular system in various
media [37]. The higher the electronegativity, the more electronegative the molecule is, and the higher the
value of chemical hardness, the “harder” the molecule is [38-40]. According to Table 5, the value of chemi-
cal hardness (2.98) for ChS-Histidine indicates a greater stability of the complex than AAs but at the same
time characterizes a large difference in the interaction energy compared to other AAs. The chemical mild-
ness of ChS-Histidine increases and the activity increases. Moreover, in all cases, the maximum stiffness is
not associated with a small value of electrophilicity. In addition, it is worth noting that the stability predicted
by the change in the interaction energy of the gas phase coincides with the trend shown by the values of
Enomo and n. The order of stability in the gas phase of the ChS-Histidine complex according to the values of
Enomo, M, and ¢, which also correlates with the value of the interaction energy. However, this correlation of
interaction energy values with reactivity descriptor values for the ChS-Histidine system is not consistent with
those of other interactions of ChS with AAs. As in the case of complexes with lysine and tyrosine, the high-
est values of the interaction energy do not correlate with the values of n and . This fact of discrepancy can
be explained by the fact that the LUMO of AAs (acting as an H-donor/acceptor of electrons) in different
complexes interact to a different extent. Although the nature of the change in n does not allow us to make
any general conclusion about the chemical stability of the studied complexes, the values of HOMO and n do
confirm the greater stability of the ChS-Histidine complex compared to histidine, as well as the orders of
stability, the calculated values of n and ¢ are in full agreement with calculated values AEiqer.

Conclusions

Thus, based on carried out studies, it was shown that the initial macromolecules of Bombyx mori protein
and chitosan biopolymers have their own behavioral features. A protein alkaline hydrolysate was obtained
from Bombyx mori pupae with a protein content that contains amino- and -carboxylic functional groups and
amino acids radicals located in the protein chain, which are capable of ionization. It is shown that the struc-
ture of chitosan is characterized by a certain rigidity and ionogenicity. Based on the studies results, the fun-
damental possibility of obtaining complexes of chitosan with the Bombyx mori protein at various pH values
was revealed.

The results of calculations based on the quantum-chemical theory of the density functional of the inter-
action of chitosan with amino acids that are part of the Bombyx mori protein confirm the presence of a hy-
drogen bond. Complexes are more chemically stable than pure amino acids. The calculated values of the re-
activity descriptors and stability of the complexes are sensitive to the nature of the functional modification,
as well as to the prevailing environment. It should be noted that the complex with histidine is unstable in the
gas phase but acquires significant stability in the aqueous environment. Chitosan exhibits a stronger interac-
tion in a nonpolar environment and a gradual weakening is observed with increasing polarity of the environ-
ment, although there is no linear correlation between the interaction energy and the permittivity of the envi-
ronment.
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O.b. ABazoga, P.1O. Munymesa, 1.H. Hypranues, C.111. Pammunosa

Xwuto3zan Bombyx mori 6ap akysI3AbIH MOTUMOJIEKYJIATBIK KelleH1epi

Xwuroszan (X3) men Bombyx mori nporenHiHin opTypIii peakiis xKarqaiapblHIarbl OpeKeTTeCyi 3epTTeim,
XHTO3aHHBIH Bombyx mori akysi3siMen KeleH Iepid anyAblH Heri3ri MyMKiHiri anpikTansl. Epitinainepaeri
XUTO3aHMEH AaKybI3IbIH MOJHMOJEKYIAJbIK KEIICHIHIH Ty3UTyli (HU3HKaIBIK-XUMHSIIBIK —ONiCTepAiH
HOTIDKEJIepIMEH IoJeNIeHAi. XUTO3aHHBIH KYPBUIBIMBI OeNrisli 0ip KATTHUIBIKICH >KOHE MOHOTCHILTIKIICH
cunarranateiHel - kepcerinred. pH =4,8-6,7 nnanmaszonsiHga 2 % cipke KBIIKBUIBIHAA XHUTO3aHMEH
JepHaciiep aKybI3bIHBIH KemleHi OepinreH. MK-cmexrpiepneri »KyTeuly KOJAaKTapbIHBIH aHBIKTAJIFaH
e3repicrepi MeH bIFbicysapsl pH = 4,88—6,7 ke3inae XUTO3aH MEH aKybl3 MOJIEKYJIanapbl apachlHaa Kyp/edi
TY3UIy peakuMsICHIHBIH OOJFaHBIH pacTaiasl, o1 1641 em™, 1538 et sxone 1068 cvm™ MK-criekrpiepaeri
JKYTBUTY JKOJIAKTapbIMeH cumartanaasl. Tyr skibek KypTeiHbIH Bombyx mori meprocinmepinen Gesinin
aNbIHFaH aKybI3IBIH KYpaMblHA KipeTiH aMHUHKBIIKbUIIapeiMeH (AK) XWTO3aH KemeHAepiH KBaHTTHIK-
xuMusUTBIK 3eptTey DFT omiciMen sxyprizinai. KemeHHiH TY3UTyi Ke3iHIE CyTEKTiK OaijlaHbIC apKBLUIBI ra3
(hazacpiHIa TUCTHIMHMEH TY3UITeH KelleH a1 Kocnaranaa, X3-AK kemeHaepiHiH TYPaKThUIBIFBI KOPCETIITeH.
TepMOXMMUSIIBIK Taqay HOTHXKeNepi Keioip epekmenikrepni ecentemerensie, X3-AK kommiekcinge KymrTi
TEPMOIMHAMHKAIIBIK KO3FAayIIbl KYIITiH 0ap eKeHi aHBIKTaFaH.

Kinm ce30ep: xibek eHIIPiCIHIH KaJIABIKTAPbI, TYT Ki0CK KYPTHIHBIH JEPHICUIIEPI, CUITUI THAPOIN3, aKyhI3,
XHUTHH, XMTO3aH, TOJMMOJIEKYJIANBIK KeleHaAep, KOoHGOPMaIXsUIBIK CHIIaTTaMaap.

O.b. ABazoga, P.}O. Munymesa, 1.H. Hypranues, C.I1I. Pamugosa

IMoaumosteKkyasIpHbIe KOMILIEKCHI 0eJiKa ¢ XuTo3aHoM Bombyx mori

HccnenoBaHo B3aumMozeiicTBue xurozana (X3) u Geraxa Bombyx mori npu pasiuyHbIX YCIOBHSAX PEakiyH,
BBISIBJICHA MPUHIMIIHATIBHAS BO3MOXXHOCTh HOJIyUeHHs KoMIuiekcoB X3 ¢ Geakom Bombyx mori. O6pasosa-
HME TOJIMMOJIEKYJIIPHOTO KOMILIekca Oenka ¢ X3 B pacTBOpax IIOATBEPIKICHO pe3yibTaTaMu (HH3UKO-
XUMHUYECKHX MeTo0B. [TokaszaHo, 4To cTpyKTypa X3 XapakTepu3yeTcs ONpeieIeHHOM KECTKOCTBIO U HOHO-
reHHoCThI0. [IoKa3aHo KoMIUIeKCO00pa3oBaHue KYKOJIOUHOro 6eika ¢ X3 B 2-IpOLEHTHONW YKCYCHOM KHCIIO-
Te B quana3one pH = 4,8—6,7. OOHapyKeHHbIE H3MEHEHUS M CMEIIeHH moioc nornonienuit B UK-cnextpax
HOATBEP)KAAIOT TNPOTEKAHWE PEAaKLHH KOMIUIEKCOOOpa3oBaHHA MEXAy MoyieKydamMu X3 u Oenka mpu
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pH = 4,88-6,7, kotopoe xapaktepusyercs nonocamu norioimenns Ha MUK-cnexkrpax npu 1641 em™, 1538 em™
1 1068 cmt. Merogom DFT MIPOBEICHO KBAHTOBO-XUMHUUYECKOE HUCCIIEIOBaHIE KOMIUIEKCOB X3 ¢ aMUHOKHUC-
notamu (AK), BXomsimmMu B cocTaB Oenka, BBIICICHHOTO U3 KyKOJIOK TyTOBOTO mrenkompsiza Bombyx mori.
IToxazano, uro crabmipHOCTh KOMIUIEKCOB X3—AK, 3a HCKIIOYEHHEM KOMILIEKCa, 00pa30BaHHOTO C THCTH-
JIMHOM B ra30BoH (ha3e. Pe3ynbTaTel pacueToB CBHAETEIHCTBOBAIN O HATHYUY CHILHONW TEPMOIMHAMHYECKON
JBIDKYIIEH CHITBI TP KoMILIeKkcooOpa3oBanun X3-AK.

Knrouesvie cnosa: OTXOJbI IPOU3BOJACTBA IICJIKA, KYKOJIKM TYTOBOT'O LICIKONPpsAAa, Luenotmoﬁ ruapons, Oe-
JIOK, XUTUH, XUTO3aH, IIOJIMMOJICKYJIAPHBIC KOMIIJICKCHI, KOH(l)OpMaL[HOHHLIe XapaKTCPUCTUKHU.
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Interpolyelectrolyte Complex Chitosan — Alginate for Soil Structuring

The interpolyelectrolyte complex of the composition [chitosan]:[alginate] = [1]:[4] was prepared by mixing a
hydrochloric acid solution of cationic polyelectrolyte chitosan and an aqueous solution of anionic polyelectro-
lyte sodium alginate. The complex of chitosan and sodium alginate biopolymers was first used as a soil
structurizer. Due to low humus and light mechanical composition, the dark chestnut soil of the dry-steppe
zone of the East Kazakhstan region is subjected to erosion. Introducing a polymer complex into the specified
soil contributed to the improvement of wind resistance, an increase in humidity, and a decrease in water per-
meability. The soil surface treated with a complex of biopolymers showed pronounced resistance to the action
of planar and trickle water erosion due to aggregation of particles with a diameter of < 0.01 mm. The fraction
of soil particles obtained by mechanical destruction of structured aggregates with a diameter of 3-1 mm has a
well-expressed ability to self-aggregate during the humidification - drying process. The results of the vegeta-
tion and field experience in tillage with an interpolyelectrolyte complex showed a positive effect of the com-
plex on the growth and development of radish of the Rubin variety and, as a result, an increase in radish yield
by 2 times was achieved. The obtained results indicate the effectiveness of the structuring action of the chi-
tosan-alginate complex for poorly structured soils.

Keywords: biopolymers, polysaccharides, interpolymer complex, vegetation experience, dark chestnut soil,
radish.

Introduction

The physical and mechanical properties of soil, in particular its structure, are important conditions for
the demonstration of soil fertility. The most complete provision of plants with moisture, air, and mineral nu-
trition occurs precisely on structural soils [1]. Such a valuable agroecological property of the soil as the de-
gree of resistance to water and wind erosion is closely related to the structural state of the soil.

One of the modern and promising ways to improve the structural and aggregate state of the soil is the
treatment of the surface soil layer with interpolyelectrolyte complexes (IPECs), which promote the gluing
and aggregation of dusty particles into macro aggregates [2—4], thereby preventing wind and water transfer
of poorly structured soils. The introduction of IPEC into the soil improves the water and air regimes of the
soil, increasing its fertility and contributing to the improvement of plant growth and development [5].

Kabanov et al. [6] selected qualitative and quantitative compositions of polymer mixtures of variously
charged synthetic and natural polymers suitable for the production of polymer binders. Moreover, special
attention of the authors is paid to the search for ways of applying various polymer coatings to the surface
layer of the soil.

There are two methods of introducing IPEC into the soil. In the sprinkling method [3], an IPEC solution
is prepared by mixing aqueous solutions of anionic and cationic polyelectrolytes in the presence of a water-
soluble alkali metal salt, ammonium, calcium, or magnesium. The resulting water-salt solution of IPEC is
simultaneously applied to the soil surface, followed by washing out the salt with water. In the two-solution
method, aqueous solutions of polyelectrolytes are prepared separately, while observing the total equimolar
charge-charge ratio [4]. The soil is infused with a solution of the first polyelectrolyte until full saturation and
then treated with the second. The insoluble complex is formed directly in the surface layer of the soil after
applying a solution of the second polyelectrolyte.

To protect soils from erosion, separate synthetic polymers were used, for example, modified poly-
acrylamide [7], which attaches well to negatively charged soil particles. However, cationic polyelectrolytes
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are easily washed off the soil surface by rain or irrigation water [3]. Nonetheless, the IPECs of synthetic pol-
ymers proved to be effective structure-forming agents of longer-acting soils [3, 5, 6].

IPECs of synthetic polymers with natural ones, such as a complex of sodium carboxymethylcellulose
(Na-CMC) with urea—formaldehyde oligomers (UFOs) [8], poly(dimethyldiallylammonium chloride) with
potassium humates [9], were also used to consolidate soils. We studied the structuring of the soil of IPEC
chitosan with polyacrylic acid and obtained positive results [10].

However, the low biodegradability of synthetic polymers and their complexes makes them unsuitable
for soil structuring. In this connection, to date, complexes of natural polymers and their derivatives are the
most promising and environmentally safe for agroecological purposes among IPEC-soil structurizers [11,
12]. They are an affordable alternative to synthetic polymers and can be successfully used for soil structur-
ing. In addition to high aggregating capacity, simple methods of operation, long-term action, biopolymer
structure-forming agents have biocompatibility and biodegradability as a result of natural microbiological
and biochemical processes, while the soil is not polluted by further polymer decomposition products. The
widespread use of biopolymers is also facilitated by certain technological advantages, namely, the presence
of a widespread and annually renewable raw material base, cheapness and the availability of production [12].

Polysaccharides and their derivatives — chitosan [4, 13], sodium carboxymethylcellulose [8, 11], gellan
[14], alginates [15], etc. — are used in various practical applications from natural complexing polymers that
are widely distributed and reproduced in nature.

The natural polymer chitosan (Ch) has proved to be an effective material for reducing water erosion
[4, 16] and wind erosion of soils [17]. The introduction of chitosan into clay soil led to an increase in
interparticle cohesion, and consequently, an improvement in the mechanical properties of the soil. However,
its effect turned out to be short-term in conditions of moist soils [13].

The possibility of using sodium alginate (SA) for the restoration of abandoned lands has been studied
[18]. It is shown that alginate easily forms a film on the surface of sandy soil, increases the compressive
strength of sand. In addition, the studied polymer has a positive effect on the growth of cyanobacteria, there-
by contributing to the restoration of abandoned lands.

Chitosan-alginate complexes are mainly used in medicine as drug delivery systems [19, 20] and for the
preparation of wound dressings [21, 22]. In addition, chitosan-alginate complexes can be used in ecology as
effective sorbents for water purification from pollutants [23].

Chitosan-alginate IPECs with unique biological properties of both biopolymers are of interest as prom-
ising environmentally safe binders of soil dispersions. In addition, experimental data on the restoration of
optimal water-resistant and wind-resistant soil structures using the IPEC of these biopolymers are practically
absent.

Earlier, we discovered complexation in the chitosan — sodium alginate system of molar composition
[Ch]:[SA] = [1]:[4] using a set of physicochemical methods. It was revealed that alginate-chitosan polyionic
complexes are formed due to ion-ion interaction between the carboxyl groups of alginate and amino groups
of chitosan [24, 25].

In [26], we prepared an IPEC of the composition [Ch]:[SA] = [2]:[3]. To prepare it, chitosan was dis-
solved in citric acid. Laboratory experiments have shown that this IPEC increases soil resistance to water
erosion and has a positive effect on the growth and development of cucumber [26].

This paper presents the results of studying the influence of IPEC Ch-SA on the water-physical and ag-
rochemical properties of the dark chestnut soil of the dry-steppe zone of the East Kazakhstan region, as well
as on the growth, development and yield of radishes in the conditions of a vegetation field experiment.

Experimental

The object of the study is the dark chestnut soil of the dry steppe zone of the East Kazakhstan region.
The climate of the region is continental and arid. The average annual temperature is 2.5-3 °C, the duration of
the warm period is 200 days, and 250-300 mm of precipitation falls per year. The soil sample was taken on a
virgin plot located 18.3 km west of Semey (N 50°29°, E 79°56). The color of the soil is brownish-brownish.
The power of the upper horizon is 20-22 cm. Soils are characterized by low humus, mainly light mechanical
composition. However, on these soils, when carrying out measures for the accumulation and preservation of
moisture, and when applying mineral and organic fertilizers, it is possible to successfully grow a wide range
of agricultural crops: cereals (wheat, corn, barley), technical, vegetable, fruit.

Sigma Aldrich chitosan (USA), M = 500 kDa, 85 % deacetylation degree, was used without additional
purification.
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Sigma Aldrich (USA) sodium alginate, M = 250,000 kDa, was used without additional purification.

The selection of five-point soil samples with a total mass of at least 1 kg was carried out on a 100 m?
site from the upper layer (0—20 cm) diagonally so that the combined sample was a typical sample for the ara-
ble horizon of this genetic soil type. The average sample of air-dry soil was taken by double quartering, the
resulting sample was sifted through an appropriate sieve and placed in a jar with a ground stopper.

Radish of the Rubin variety (Ukraine, the Poisk company) is a widely cultivated precocious variety with
a growing season of 26-28 days.

The agrochemical properties of the soil before and after the introduction of IPEC were determined ac-
cording to the generally accepted methods [27].

Preparation of polymer solutions with a concentration of 10~ mol/I

To prepare 1 liter of a solution 0.161 g of dry chitosan was transferred to a 1-liter volumetric flask,
filled with a small amount of hydrochloric acid (10 mol/l) and stirred on a magnetic stirrer until the poly-
mer was completely dissolved. After that, the volume of liquid in the flask was brought to the mark with a
solution of hydrochloric acid (10* mol/l).

To prepare 1 liter of a solution 0.198 g of dry sodium alginate was transferred to a 1-liter volumetric
flask, filled with a small amount of distilled water and after complete dissolution of the polymer, the volume
of liquid in the flask was brought to the mark with distilled water. Then the solutions were kept at room tem-
perature for 24 hours, after which solutions were used to structure the soil.

The treatment of the surface layer of the soil with biopolymers and IPEC based on them was carried out
in a two-solution method by sequentially applying equimolar polymer solutions using a spray gun [6]. The
synthesis of IPEC took place directly in the soil at the time of application of a sodium alginate solution to a
surface previously saturated with a chitosan solution. At the same time, the volumes of equimolar polymer
solutions used contain chitosan and sodium alginate in molar ratios [Ch]:[SA] = [1]:[4] [24, 25].

Investigation of mechanical strength of soil structurates

To obtain the structure, a 0.5 m soil fraction was poured into a Petri dish with a 1.5 cm layer and treated
with a two-solution method. The resulting structurates were dried at room temperature for 3 days, then me-
chanical strength tests were carried out using the TAXT texture analyzer (Stable Micro Systems, UK) in
compression mode at a speed of 0.01 mm/sec using the P5/S nozzle.

Determination of resistance to water flushing of soil structurates formed as a result of tillage of IPEC
Ch-SA was carried out according to the methodology described in the papers of Panova [9].

The Petri dish was filled with a 50 g soil sample passed through a sieve with holes d = 0.25 mm, the
thickness of the soil layer was 0.5 cm. Soil treatment with polymers and IPEC was carried out in the follow-
ing variants:

1. Control (soil not treated with biopolymers and IPEC);

2. Soil treated with IPEC [Ch]:[SA] = [1]:[4];

3. Soil treated with hydrochloric acid solution Ch (10~ mol/I);

4. Soil treated with an aqueous solution of SA (10~ mol/l).

The treated soil in Petri dishes was dried for 5 days, then cups with soil were installed at an angle of 15°
and subjected to flushing by spraying with 100 ml water while collecting the flowing water from the cups.
The remaining soil in the cups was dried at room temperature for 5 days, after which it was weighed.

Calculation of soil resistance to flushing was carried out according to the formula (1):

R, %=-2.100, )
M
where R — the resistance of the soil to flushing, %; m — the mass of the remaining soil after the test, g; M —
the mass of the soil sample, g.

The model experiment on trickle water erosion was carried out in the same sequence, while the flushing
of soil structures with water was carried out by a drip method on a special installation (Fig. 1).

The ability of soil structurates to self-aggregation was studied after soil treatment with polymers and
IPEC [27]. The soil sample was passed through a sieve with a hole diameter of 0.25 mm. 20 g of the ob-
tained fraction of “free particles” (FP) were poured into 4 Petri dishes and 20 ml of water, sodium alginate,
chitosan and IPEC were treated, respectively. The treated soil was dried at room temperature for 2 days.

Soil aggregates 3—1 mm were crushed in a mortar and passed through a 0.25 mm sieve. Thus, the so-
called fraction of aggregates particles (AP) was obtained. Then the AP fraction was also processed, as well
as the FP fraction.
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To separate self-aggregating particles and loosely bonded soil particles,
the attachments from Petri dishes were transferred to centrifuge tubes, then
B shaken on a LOIP LS-110 rotator (Russia) for 90 minutes at 25 rpm, after
which the soil was transferred to a 0.25 mm sieve, the remaining soil on the
sieve was sifted and weighed.
The resulting self-assembled aggregates were transferred to a pre-
moistened 0.25 mm sieve and waited for the water held between the sieve

' cells to moisten the suspension of the aggregates, then the sieve with the ag-
é gregates was immersed in water for 10 minutes. Next, the aggregates were
(e ) sifted in water, moving the sieve up and down and left and right 10 times.
Water-tight aggregates capable of self-assembly after mechanical destruction
H remained on the sieve. The obtained water-tight aggregates, as well as the
suspension with particles <0.25 mm passed through the sieve, were dried at a

e temperature of 105°C and weighed.
Figure 1. A model laboratory The number of self-assembling units was calculated according to the

installation for studying formula (2):
trickle water erosion m,

N, =1 100%, )

where n, — the number of aggregates capable of self-assembly, %; m, — the mass of self-assembled soil

aggregates, g; M — the mass of the soil sample, g.
The number of water—bearing aggregates capable of self-assembly was calculated by the formula (3):

n, =—-100%, ®)

c

where n, — the number of water-bearing aggregates capable of self-assembly, %; m — the mass of water-

bearing self-assembled soil aggregates, g.

Investigation of the effect of IPEC on radish yield in vegetation and field conditions. Experiments with
radish were carried out in the open ground on microplots measuring 20x20 cm? in 3-fold replication. A plot
with a homogeneous plain relief is selected. Before laying the experimental plots, the site was dug up, weeds
were removed. The marking of the experimental plots was carried out by the randomized square method ac-
cording to the following scheme (Figure 2):

CONTROL IPEC CONTROL

IPEC CONTROL IPEC

Figure 2. Layout diagram of experimental plots in the vegetation experiment

The dividing boundaries between the individual plots were 10 cm.

The culture was sown in dry, windless weather. All variants of the experiment were laid down in one
day along with planting seeds and making IPEC.

The duration of the experiment from sowing seeds to harvesting was 1 month. Care (watering, weeding
from weeds) and recording of biometric and phenological observations were carried out daily for all variants
of the experiment while considering the following indicators:

« the appearance of the first shoots of plants according to the experience options;

* the appearance of mass shoots of plants according to the variants of the experiment;

» dynamics of growth and onset of the main phenological phases according to the variants of the exper-
iment;

* evaluation of the yield according to the variants of the experiment (30 days after sowing).
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Before weighing, the plants were washed from the soil and dried with filter paper. The determination of
the raw biomass of root crops and tops was carried out within 1-2 hours after digging to avoid weight loss
during drying.

Statistical processing of the data. Statistical processing of the results was performed automatically us-
ing Origin Pro™ Data Analysis and Graphing Software. For mean value and standard deviation determina-
tion, the following parameters were used: confidence probability — 0.95; interpolation of quantiles — empiri-
cal distribution with averaging.

Results and Discussion

IPEC Ch — SA was successfully used for structuring dark chestnut soil of the dry steppe zone of the
East Kazakhstan region.

The main agrochemical parameters of the soil before and after the introduction of IPEC were studied:
mechanical composition, moisture capacity, humidity, acidity, water permeability, organic matter content,
exchangeable ammonium, and mobile phosphorus.

Table 1 presents the analysis results of the mechanical composition of the dark chestnut soil of the dry
steppe zone of the East Kazakhstan region before and after the introduction of IPEC.

Table 1

Content (%) of fractions of soil particles (mm) in untreated soil (control) and after application of IPEC

Physical Sand Physical Clay
. Coarse and . . ]
Variant . Fine sand, Coarse dust, Medium dust, Fine dust,
meg'zugf f%”d’ 0.05-0.25 0.01-0.05 0.005-0.01 | 0.001-0005 | Mud.<0.001
Control 27.95 41.75 19.65 5.04 3.95 1.66
89.35 % 10.65 %
IPEC 31.10 | 45.04 | 17.85 2.08 | 2.51 | 1.42
93.99 % 6.01 %

Depending on the content and ratio of various fractions of soil particles, in particular, on the ratio of
physical sand (particle diameter >0.01 mm) and physical clay (particle diameter <0.01 mm), according to the
agronomic classification of N.A. Kachinsky, a variety of soil is determined by mechanical composition. The
studied soil by its mechanical composition belongs to sandy loam soils (in soils of the steppe type of soil
formation) since the content of physical clay (10.65 %) is in the range from 10 to 20 %. Such soil is charac-
terized by a low content of moisture and nutrients, is easily exposed to water and wind erosion [11].

The introduction of IPEC on the soil surface contributed to the aggregation of physical clay (<0.01 mm
6.01 %). The aggregating effect of IPEC when applied to the soil is associated with the formation of a soil-
polymer crust due to the interaction of structural fragments (hydrophilic, hydrophobic, positively and nega-
tively charged) of IPEC with particles of the dispersed phase of the soil [14].

Table 2 demonstrates the main agrochemical indicators of dark chestnut soil before and after the intro-
duction of IPEC.

Table 2
Agrochemical indicators of untreated and treated IPEC soil
. . . Content, mg/kg of soil .

. Soil moisture, Moisture Organic K10,

Variant % capacity, % PHro | pHie NH,* exghgnge matter, % | mm-mn
25
Control 1.44 40.45 7.16 7.45 28.0 89.2 1.63 1.5
IPEC 1.62 52.60 7.24 7.21 33.9 91.7 1.65 0.4

According to the results of the study of agrochemical indicators of untreated soil, the following agro-
chemical characteristics were obtained: sandy loam mechanical composition, good water permeability, low
organic matter content, slightly alkaline reaction of soil solution, low content of mobile nitrogen and ex-
changeable phosphorus. The obtained results also indicate a weak structural condition of the soil and a strong
susceptibility to deflation and water erosion [11].
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When applying chitosan — sodium alginate to the soil surface of IPEC, there is an increase in the content
of mobile ammonium nitrogen by ~ 6 % and exchangeable phosphorus by 2.7 %, a relatively small increase
in humidity (~ 0.2 %) and moisture capacity (1.3 %), as well as a pronounced decrease in water permeability
(by 73%) of the soil after treatment with IPEC. The value of the filtration coefficient is reduced by almost 4
times (Table 2).

The increase in nitrogen and phosphorus content may be due to the presence of amino groups in the chi-
tosan macromolecule, as well as saturation and retention of macronutrients in the surface layer of the soil as
a result of gluing soil particles with a polymer complex.

The improvement of the water properties of the treated soil may be a consequence of the enlargement of
soil pores and filling them with IPEC, hydrophilic fragments which have the ability to absorb and retain
moisture.

Thus, when using IPEC as a structuring agent, the top layer of soil is saturated with water and the mois-
ture necessary for vegetation is preserved, which contributes to the rationalization of the water regime of
plants during their growing season.

Mechanical properties of soil-polymer structurators

An important characteristic of the aggregating properties of soil structurators is the mechanical strength
of the formed soil structurates. For this purpose, the mechanical properties of soil samples treated with water,
chitosan solutions, sodium alginate and IPEC [Ch]:[SA] = [1]:[4] were studied (Figure 3).
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Figure 3. Mechanical properties of soil structurates

As can be seen from Figure 3, structures based on IPEC (68.74 kPa) exhibit the greatest mechanical
strength, in comparison with structures treated with individual polymers, as well as water. It is important to
note that for a short period of time, water is a good structuring agent [28].

Anti-erosion resistance of soil-polymer structurates

The resistance to planar and trickle erosion of soil structurates formed as a result of tillage with individ-
ual polymers and an interpolymer complex of chitosan — sodium alginate has been investigated. Figures 4
and 5 illustrate the results of the resistance of the soil treated with polymers and IPEC to water flushing.

Control IPEC

Figure 4. Resistance of soil aggregates to planar (upper row) and trickle erosion (lower row)
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Figure 5. Diagram of soil resistance to trickle erosion

The maximum flushing of soil particles is observed in the variant with control and soil treated with SA.
In the sample of soil treated with Ch, the soil washability is lower in comparison with the control and the soil
treated with SA. The behavior of Ch in soil is related to its cationic characteristics, which provide electrical
interaction between the biopolymer and the diffuse double layer of soil minerals (charged surface and dis-
tributed charge in the adjacent phase), which determines the interparticle behavior of the treated soil. It is
assumed that upon contact of a negatively charged soil particle with a positively charged chitosan, the distri-
bution of polymer cations concentrates on the surface of the soil particles, which leads to a balance in the
overall electrical neutrality of the system. However, the distance from the charged particle leads to a gradual
decrease in the concentration of counterions to the same conditions as in the Ch volume. This mechanism
leads to an increase in mechanical properties due to the ionic bond between the biopolymer and soil particles.

The greatest soil washout with water in the case of using SA solution is caused by the same charge of
SA macromolecules and the surface charge of soil particles [13].

Thus, the introduction of the Ch-SA complex on the soil surface helps to strengthen the upper layer of
the soil by aggregating it and increases its resistance to water flushing.

The results of self-assembly of soil aggregates of natural composition <0.25 mm and from pre-
destroyed structural lumps of 3-1 mm treated with polymers and IPEC, after moistening — drying, as well as
the values of water-resistant self-assembled aggregates from the above-mentioned fractions are shown in
Figure 6.
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Figure 6. The ability to self-aggregate FP and AP and the water resistance of self-assembled aggregates
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As can be seen from Figure 6, structureless FP, regardless of the polymer composition introduced for
structuring, in almost all cases have a minimal aggregation ability and no water-resistant particles were
found among them. On the contrary, according to experimental data, AP have a well-expressed ability to
self-assemble after the humidification-drying process. When using IPEC, the water resistance index of self-
assembled aggregates is the highest, which indicates the structuring of the IPEC soil. After IPEC treatment,
self-organized AP of arable dark chestnut soil contain almost 4 times more water-resistant particles com-
pared to AP structured with water.

Thus, when using biopolymers and IPEC, artificially destructured soil aggregates have a greater ability
to self-aggregate than natural soil microaggregates. In this regard, polymer structure-forming agents can be
recommended for effective use on soils with a destroyed structure.

Influence of the interpolyelectrolyte complex on radish development

From a practical point of view, the impact of IPEC Ch-SA introduced into the soil on the growth and
development of plants that grow on it is important. In this work, radish (Raphanus sativus) of the “Ruby”
variety was used as a model plant. Figures 7, 8 and Table 3 show data on the growth and development of rad-
ishes on dark chestnut soil treated with water and IPEC [Ch]:[SA] = [1]:[4] in a vegetative field experiment.
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Figure 7. Dynamics of growth and development Figure 8. The average weight of the radish
of radish of the “Rubin" variety variety “Rubin” on the plots, g
Table 3
The influence of IPEC on the development of the radish variety “Rubin”
Parameter Variant
Control IPEC
Height, cm/vessel 18.50 19.10
Weight of the tops, g 35.13 51.8
Weight of root crops, g 6.43 20.78
Specific weight, g/unit 1.07 3.47
The period before the emergence of seedlings, a day 6 5
Germination, % 60 80

The results of daily monitoring of biometric indicators of radish development showed that the introduc-
tion of IPEC into the soil contributed to the best plant growth since radish seedlings were obtained earlier,
and the height and weight of plants were more pronounced than in the control variant.

The yield of radish turned out to be 2 times higher than the control in the case of introduction of IPEC
into the soil.

The positive effect on the growth and development of radish of the Rubin variety during tillage of IPEC
may be due to its effect on the retention of moisture reserves in the soil by reducing evaporation and improv-
ing water absorption.
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The results indicate that the use of environmentally friendly biodegradable IPEC Ch-SA had contribut-
ed to the growth of the plant, so seedlings were obtained 1 day earlier, and the height and weight of plants
were greater than in the control variant, a 3-fold increase in fruit weight, a 2-fold increase in yield were
achieved. Examples of the use of biodegradable polymer as floating row covers in field production of radish
based on aliphatic-aromatic polyesters [29] and IPEC based on chitosan and sodium carboxymethylcellulose
[30] are known. These systems lead to an increase in fruit weight by 2.9 and 1.45 times, respectively. Thus,
the developed technology has significant advantages among known analogues.

Conclusions

To conclude, the analysis of the results of laboratory and vegetation-field studies confirms the possibil-
ity of using IPEC chitosan — sodium alginate for aggregation of poorly structured soils to create an erosion-
resistant, agronomically valuable soil structure and ensure optimal water and air regimes for the cultivation
of agricultural crops. The results of the application of soil treatment technology with biopolymers and IPEC
show the need for further research on other agricultural soils and crops.
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b.X. Mycab6aega, XX.C. KacsimoBa, JI.K. Opa3xaHoBa,
A.H. Knusenko, A.H. Cabutosa, b.b. basxmeTosa

XWTO03aH — aJIbITMHAT HHTEPIOJIUIIEKTPOJIUTTI KOMILIEKCI
TONBIPAKTHI KYPbLIbIMAAY YIIiH

Kypambl [xurosan]:[anbrudar] = [1]:[4] uHTepHONUIIEKTPONIUTTI KOMIUIEKCI KATHOH/BIK ITOJUIJIEKTPOIIUT
XUTO3aHHBIH TY3 KBIIIKBUIIBI €PITIHAICIH KOHE aHHOHIBIK IOJIMAICKTPOINTI HATPUHA aTbTUHATHIHBIH CYJIBI
epITIHAICIH apanacThIPy apKbUIBI aTBIHIBL. XHUTO3aH XKOHE HATPHUI AJITHHATHI OMOMIOIMMEpIIEPiHiH KOMIIIEKC]
aNFall peT TOMbIpak Ty3yun peTiHae mnaiinamaHeuigpl. [eireic Kasakcran OOJNBICHIHBIH KYPFaK ajaibl
allMarpIHBIH KYHTIPT-KYPEH TOMBIPAFbIHIA KapallipiKTiH TOMEH OONyBIHAH KOHE JKEHIT MEXaHUKAJBIK
KYpPaMHBIH CaJIIapbIHaH dPO3HUsFa YIIbIparaH. ATaJFaH TONBIPAKKa IMOJMMeEpIi KOMIUIEKCTIH €HTi31Tyi jkenre
TO3IMALTIKTI JKaKCapTyFa, BUIFAJJBUIBIKTHI apTTHIPyFa JKOHE Cy OTKI3TIIUTITH TOMEHJAETyre BIKIal eTTi.
buononumepiep KoMmIUIeKCiMeH eHIenreH Tombipak Oeri  guamerpi <0,01 MM Oemmiektepaiy
arperanysulaHyblHa GallJIaHBICTBI JKA3bIKTBIK JKOHE arbIHIbI CY SPO3HACHIHBIH OCepiHE aMKbIH KapChUIBIK
kepcetTi. JuameTpi 3—1 MM KypbUIBIMIAIFaH arperarTapblH MEXaHHKAJIBIK OY3bUTYbIMEH aJIbIHFAH TOTIBIPAK
OemmiekTepiHiH (paKUUsICH BUFANIAHABIPY—KENTipy NpOLECiHAe ©31H—631 peTTeyre J>MAakchl KaOijeTTi.
TomBIpakTel HMHTEPIIONUIICKTPOIUTTI KOMIUICKCIIEH ©HJACYIEri BEeTeTalMsUIBIK-TalalblK TOKipUOCHIH
HOTIDKENIepl KOMIUIEKCTIH PyOMH COpTTHI mIagFaMHBIH ©CyiHE >KOHE JaMyblHAa OH 9CepiH KOPCETKEH,
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HOTIDKECIH/E INAIFaMHBIH OHIMIUNINi 2 ece apTThl. AJIBIHFaH HOTIDKEJIep Halap KypbUIBIMAAIFaH
TOIBIPAKTApFa apHaIFaH XUTO3aH-aJIbIMHAT KOMIUICKCIHIH KYPBUIBIMABIK SCEPiHiH THIMAUTITH KopceTe .

Kinm ce30ep: OuomonumMep, NOJIMCAXapUATEP, HHTEPIIONMMEPIi KOMIUIEKC, BETETAIMSUIBIK ToXipHOE,
KYHTIPT-KYPEH TONBIPAK, [IAJIFaM.

b.X. Mycabaega, XX.C. KaceimoBa, JI.K. Opa3z:xaHoBa,
A H. Knusenko, A.H. Caburosa, b.b. basxmerosa

NHTEepnou3IeKTPOJIUTHBIA KOMILIEKC XUTO3aH—AJbIHHAT
JJISL CTPYKTYPHPOBAHMS I0YBBI

MHTEepIONMMANeKTPOIUTHBIN KOMIUIEKC cocTaBa [xuTo3aH|:[anpruHat] = [1]:[4] moay4mnn MeTomoM cmerie-
HUSI COJITHOKHCIIOTO PacTBOpa KaTHOHHOTO MOJMAICKTPOINTa XUTO3aHa U BOJHOTO PACTBOPAa aHUOHHOTO T10-
JU3JICKTPOJINTA ajbrUHaTa HaTpus. KoMIuiekc OWOMOIMMEPOB XWUTO3aHA WM albIHMHATA HATPUS BICPBBIC
HCIIOJIb30BaH B KAUeCTBE CTPYKTYpooOpa3oBarelis MouBsl. BeleacTBHE MaOryMyCHOCTH U JISTKOTO MEXaHHU-
YECKOT0 COCTaBa TeMHO-KAIITAHOBas IOUBa CYXOCTEMHOH 30HBI BocTrouno-KaszaxcraHckoit obiacTu noasep-
JKeHa 9po3ud. BHeceHne B yKa3aHHYIO MOYBY MOJIMMEPHOT0 KOMIUIEKCA CIIOCOOCTBOBAIIO YIIyUIICHUIO BETPO-
YCTOWYUBOCTH, YBEIHUYCHHIO BIAKHOCTH U CHI)KECHHIO BOJONPOHHIIAEMOCTH. [[oBepXHOCTh MO4YBBI, 00pabo-
TaHHAsE KOMIUIEKCOM OHMOIMOJIMMEPOB, MPOSIBISIA BBIPAKEHHYIO YCTOWYMBOCTD K NEHCTBUIO IIOCKOCTHOW U
CTpyituaToil BOAHOM 3pO3MHU 3a cyUeT arperupoBanus dactuin auameTpoMm < 0,01 mm. Dpakius MOYBEHHBIX
YaCTUII, TOMyYCHHAs MEXaHHUECKIM Pa3pyNICHUEM CTPYKTYPUPOBAHHBIX arperaToB auameTpom 3—1 M, 00-
JIAJTaeT XOPOIIO BBIPAXKCHHON CIIOCOOHOCTHIO CaMOarperupoBaThCs B IPOIECCe YBIAXKHCHASI—BBICYIIINBAHHS.
Pe3ynbpTaThl BEreTaliOHHO-TIOJICBOTO OMBITA MO 00PabOTKE MOYBBI HHTECPIIOIUIICKTPOIUTHBIM KOMILICKCOM
MOKAa3aJIH TIOJIOKUTEIbHOE BIMSHHE KOMIUIEKCA Ha POCT M Pa3BUTHE peauca copta «PyOunH» M, Kak Cieact-
BHE, JOCTHTHYTO MOBBIIICHHE ypoxkaiiHocTH peanca B 2 pasa. [lomyueHHBIE pe3yabTaThl CBHICTEIBCTBYIOT
006 3(h(eKTUBHOCTH CTPYKTYPUPYIOIIETO ISUCTBUSI XUTO3aH-aIbIMHATHOTO KOMIUIEKCa Uil Cl1ab0CTPyKTypH-
POBAHHBIX MTOYB.

Kniouesvie crosa. 6I/IOHOHI/IM€p, nojmcaxapuibl, I/IHTepHOJII/IMCpHHﬁ KOMIIJICKC, BETCTAIlMOHHBIN OIIBIT, TCM-
HO-KalllITaHOBas Io4Ba, peauc.
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Solvents Triggered Coil-to-Globule-to-Coil Transition
of Dual Nanocomposite Hydrogels with Inorganic Hybrid Crosslinking

This paper presents the study on the reentrant solvation of dual nanocomposite hydrogel poly-N-
isopropylacrylamide/Laponite/SiO, (PNIPAM/Laponite/SiO,) upon shrinkage/reswelling process. Depending
on the unique hierarchical microstructure of inorganic hybrid crosslinking of Laponite and SiO, as well as
the preferential interaction of polar solvents with PNIPAM chains, the hydrogel exhibited rapid coil-to-
globule-to-coil transition in water-polar solvent mixtures. The solvation behavior could be controlled through
varying types of organic solvents. Shrinkage in water-polar solvent mixtures occurred as a consequence of
strong interaction between polar solvents and PNIPAM chains, whereas reswelling resulted from the direct
interaction of the solvent molecules with the intermolecular water in the hydrogel. The attractive competing
effects on forming hydrogel-water and hydrogel-polar solvent hydrogen bonds were considered to be indis-
pensable to the solvation. The rapid response rate was attributed to the synergistic effect of the unique hetero-
geneous microstructure with inorganic hybrid crosslinking and preferential interaction of polar solvents with
polymer chains. The mechanism proposed in this paper provides a new reference on design of smart soft mat-
ter systems. Moreover, several solvation effects described in this paper can be incorporated in theory of
cononsolvent-induced conformational transitions in the nanocomposite hydrogels with inorganic hybrid
crosslinking.

Keywords: inorganic hybrid crosslinking, dual nanocomposite hydrogel, coil-to-globule-to-coil transition,
poly-N-isopropylacrylamide, polar solvent.

Introduction

Smart hydrogels have attracted increasing attention since they can exhibit dramatic change of volume or
other properties in responding to external stimuli, such as temperature [1-3], pH [4-8], humidity [9-12],
special ions or molecules [13-16], ionic strength or electric field [17, 18]. They are often involved in liquid
environments, i.e., salt solutions, organic solvents, or both of them when applied in the field of cell culture,
drug delivery, plant cultivation, soft actuator, etc. Therefore, it is crucial to have a better understanding of the
swelling behavior of gels in different medium. The swelling of chemically crosslinked hydrogels are mainly
focused in different salt solutions [19-22], polymer aqueous solutions [21, 23], or aqueous solutions of or-
ganic solvents [24-29]. It was found that the composition of solution has a great impact on the swelling be-
havior of the hydrogel. Cononsolvency is one of the most intriguing phenomena in physical chemistry of
polymers, where a polymer perfectly soluble in two different solvents becomes insoluble in mixtures of both.
The typical example is poly-N-isopropylacrylamide (PNIPAM) in water-methanol mixtures [30-32]. At a
fixed temperature, PNIPAM can be easily dissolved in both pure water and pure methanol to form an optical-
ly transparent solution. However, mixing the two solvents in certain proportions led to the precipitation of
polymer phases. Many efforts have been made to control the cononsolvency of PNIPAM hydrogels by shift-
ing the content of alcohols. So far, most of those trials focus on the cononsolvency of organically crosslinked
PNIPAM hydrogels. However, such hydrogels usually have a limited application owing to poor mechanical
properties [33].

Haraguchi et al. reported a physically crosslinked PNIPAM/Laponite hanocomposite hydrogel which
has remarkable mechanical properties (i.e., elongation at break: about 1000 %, tensile strength: 1.00 MPa)
[33-35]. The nanoscaled Laponite platelets are uniformly dispersed in the gel and a large number of polymer
chains are attached to their surfaces forming physical crosslinking points [36]. As a result, the thermo-
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sensitivities and swelling/deswelling of the nanocomposite hydrogel was subject to steric hindrance by clay
platelets and the coil-to-globule transition was prohibited at high Laponite content (greater than 10x10?
mol/L). This may be due to the restriction of the thermal molecular movement of PNIPAM chains attached
to the hydrophilic clay nanosheets [34, 35]. In our previous work, a dual nanocomposite hydrogel
(PNIPAM/Laponite/SiO,) with inorganic hybrid crosslinking network was successfully fabricated through
simultaneous sol-gel technique and free radical polymerization. The gel exhibited high stiffness and tough-
ness (i.e., elongation at break: 1845%, fracture strength: 271.41 kPa; compression stress: 7.06 MPa; fracture
energy: 1185.53 J-m %) [37]. It is a promising candidate for various disciplines such as biomedicine, tissue
engineering, soft actuators, etc.

We found that the hydrogel showed an interesting and rapid coil-to-globule-to-coil transition in polar
solvents at ambient temperature. The hydrogel could become opaque (collapsed) quickly at first within short
intervals when soaked in polar solvents (such as ethanol and dimethyl formamide), and then turned to trans-
parent (reswelled) gradually in hundreds of minutes. The phenomenon inspired us to explore the solvation
behaviors and possible mechanism. Herein, different polarity and contents of solvents were used to investi-
gate the competitive interactions (hydrogen bond) between polymer-water and polymer-organic solvents.
The dependence of the response rate of the hydrogel on the gel microstructure and interaction of polymer-
solvents was discussed. The reentrant solvation mechanism was proposed.

Experimental

Materials

Tetraethyl orthosilicate (TEOS) was purchased from Sigma-Aldrich Co.; N-isopropylacrylamide
(NIPAM) was bought from J&K Scientific; N,N,N’,N -tetramethylethylenediamine (TEMED) was provided
by Aldrich Chemical Co.; potassium peroxydisulfate (KPS) was purchased from Beijing Beihua Fine Chem-
icals Co. and Laponite XLG [Mgs34lioesSigO20(0OH)sNages] was provided by Rockwood Co.;
N,N’-methylene-bis-acrylamide was obtained from China Medicine Group Shanghai Chemical Reagent Cor-
poration; ethanol and acetone were supplied by Tianjin Yongsheng Fine Chemicals Co.; tetrasodium pyro-
phosphate (NasP,0O;) was bought by Shanghai Kechang Fine Chemicals Company; dimethyl formamide
(DMF) was purchased from Tianjin Yongda Chemical Reagents Co. Ltd.; dimethyl sulfoxide and cyclohex-
ane were provided by Tianjin Zhiyuan Chemical Reagent Co. Ltd.; benzyl alcohol was bought from Tianjin
Guangfu Institute of Fine Chemicals. All reagents were used as received without any further purification.
Deionized water was used in all experiments.

Hydrogel synthesis

The PNIPAM/Laponite/SiO, dual nanocomposite hydrogel was prepared by simultaneous in-situ free
radical polymerization and sol-gel technique. Typically, a transparent aqueous dispersion consisting of water
(10.0 g), Laponite (0.5 g), NasP,0O7 (0.0384 g), NIPAM (1.0 g) and TEQOS (1.0 g) was prepared under stirring
at room temperature for 48 h until a transparent and stable dispersion was obtained. Then, initiator KPS
(2 wt%, 1.0 mL) and catalyst TEMED (50.0 uL) were added into the above dispersion with stirring, respec-
tively. Afterwards, the pre-polymerization dispersion was transferred to a sealed glass tube and the polymer-
ization was carried out at room temperature for 72h to obtain the PNIPAM/Laponite/SiO, dual
nanocomposite hydrogel.

As a control, PNIPAM/Laponite nanocomposite hydrogel was fabricated in a similar manner except for
the free of TEOS, and the organically crosslinked PNIPAM hydrogel was synthesized by the same procedure
described above except for using organic crosslinker N,N’-methylene-bis-acrylamide instead of Laponite and
TEQS, respectively.

Characterization

Fourier transform infrared (FTIR) measurements were recorded on a Fourier transform infrared spec-
trometer (VERTEXFTIR, Bruker). All spectra in the range of 400—4000 cm ™' with 2 cm™' spectral resolution
were obtained. Scanning electron microscope (SEM) images were obtained on a scanning electron micro-
scope (TM3030, Hitachi) at an accelerating voltage of 20 kV. The SEM samples were prepared by immers-
ing the gel into ethanol (or DMF), water and ethanol (or DMF) in turn to reach phase equilibrium. The sam-
ples obtained through the every procedure above were freeze drying (FD-1C-50, Beijing Boyikang) for 48 h.
Afterwards, the dry hydrogels were coated with gold prior to SEM analysis. The heat effect associated to the
coil-to-globule-to-coil transition of the dual nanocomposite hydrogels in water/organic solvent mixtures were
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measured using a differential scanning micro-calorimeter (DSC, Q2000, TA) by modulation mode. The dif-
ference in the heat capacity of gels containing different volume fraction of water and organic solvents and
the heat capacity of the gels were measured upon heating at a rate of 2°C/min.

Results and Discussion

Solvents triggered coil-to-globule-to-coil transition

The PNIPAM/Laponite/SiO, dual nanocomposite hydrogel exhibited an interesting solvation behavior
when soaked in ethanol: it became opaque (collapsed) quickly at first within 0.25 min, and then turned to
transparent (reswelled) gradually after 245 min. During this process, the gel underwent an uneven solvation,
and the periphery became transparent more quickly than the center (Fig. 1a). We further immersed the gel
into the mixtures with different volume fraction of ethanol and water, and found that the reentrant coil-to-
globule-to-coil transition was dependent of volume fraction of ethanol. When the ethanol volume fraction
was low (below 20%), the gel remained transparent and the collapse-reswelling transition did not occur. It
was probably because that low content of ethanol was hardly disturbed the interaction between PNIPAM
chains and water. The solvation occurred gradually with the increase of ethanol content. When the volume
fraction of ethanol was 30%—60% (Nethanol:Nwater from 0.13 to 0.47 accordingly), the gel turned to translucent
within 0.25 min, and then became opaque (collapsed) gradually. There was no further change observed even
after 3 days. These results were in good agreement with those reported by Hirotsu et al. and Wu et al. They
found that the organically crosslinked PNIPAM gel and linear PNIPAM became opaque When Negnanol: Nwater
from 0.17 to 0.50 [38, 39]. This suggested that the coil-to-globule transition was independent of the type of
crosslinking. However, further to increase the volume fraction of ethanol (above 80%), the gel could experi-
ence the reentrant coil-to-globule-to-coil transition (i.e., the transparent gel quickly became opaque after con-
tacting with ethanol solution, and then became transparent again) in a relatively short period because of the
dissolution of the aggregated PNIPAM chain segments (Fig. 1a). Those phenomena made it possible to real-
ize controllable solvation of the dual nanocomposite hydrogels upon the composition of organic solvents and
soak time. Besides, the unusual phase behavior was independent of the shape of the gel (Fig. 1b). These re-
sults provided the possibility of programmable control of solvation of the gel by changing the solvent com-
position.
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Figure 1. a— The influence of ethanol volume fraction on the reentrant coil-to-globule-to-coil transition
of the dual nanocomposite gels (the inset: optical photographs of the reentrant solvation of the gels
in 70% ethanol volume fraction observed at room temperature); b — The dual nanocomposite gels
with various shapes (pentagram, square, and annulus) were immersed in ethanol

Both shrinkage and reswelling procedures of the dual nanocomposite hydrogel were reversible. When
the gel reached phase equilibrium in ethanol first, and then immersed it in water, the transparent gel could
become opaque quickly and eventually turned transparent. If the same gel block was re-submersed in ethanol
again, it still showed a significant contraction-expansion transition in hundreds of minutes. As the gel fin-
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ished solvation in ethanol, it exhibited a heterogeneous structure and the pores size of the gel network be-
came more irregular (Fig. 2b) in contrast with the gel which reached swelling equilibrium in water (Fig. 2a).
When the gel reached phase equilibrium in water again, the pore size of the gel network was recovered in
some degree and became more uniform (Fig. 2c). Although the gel achieved phase separation in ethanol
completely, the pores of the gel presented a serious irregular shrinkage due to further destruction of the gel
network (Fig. 2d). The microstructure of the hydrogel is a critical factor in the response rate of the solvation
process. The response rate of the hydrogel is inversely proportional to the size of the gel. However, in our
work, the bulk dual nanocomposite gel could quickly collapse (opaque) in ethanol within 0.25 min and then
reswell (transparent) again since the synergistic effect of the unique heterogeneous microstructure of dual
nanocomposite and preferential interaction of ethanol with PNIPAM chains (Fig. 2e). The hydrophobic in-
teraction led to rapid dehydration and solvation of the gel, while the dual nanocomposite configuration could
provide an interconnected water release channel throughout the hydrogel and the free water could diffuse out
quickly. Combined with the above results, it could be seen that the change of gel microstructure caused by
solvent is closely related to its reentrant coil-to-globule-to-coil transition.

(Y Il Collapse completely
800 - E
B Reswelling completely

600 -

&
>
>

Time/min

200

Ethanol Water Ehanol again

Figure 2. SEM micrographs of the dual nanocomposite hydrogels treated through following processing:

a — the gel reached swollen equilibrium in water; b — the gel reached phase equilibrium in ethanol beforehand;
¢ —and then in water; d — finally in ethanol again(the orange circles represent the gel collapsed completely,
the pink circles represent the gel reswelled completely, respectively); e — The influence of alternate treated process
on the reentrant coil-to-globule-to-coil transition of the dual nhanocomposite hydrogels

Different solvents were used to account for the influence of polarity on the reentrant coil-to-globule-to-
coil transition. It was found that these complex solvations were closely driven by the preferential binding of
polar or non-polar solvents with PNIPAM chains in the hydrogel matrix (Fig. 3a). The gel experienced an
obvious reentrant collapse-reswelling transition in polar solvents (such as dimethyl sulfoxide, DMF, ethanol,
and acetone). However, the gel had no significant change when was immersed into non-polar solvent (such
as cyclohexane). It is speculated that the favorable interaction with water and polar solvents lead to the dif-
ferent solvation behavior. Initially, the gel was surrounded by cages of water molecules due to the stable hy-
drogen bonds formed between polymer chains and water molecules. As a result, the gel was transparent.
When non-polar solvents were added, the solvent could not destroy the structure of water due to the poor
solute-solvent interactions. At this time, the gel could still remain transparent. However, when polar solvents
were added with favorable interaction with the water surrounded the gel, the competition between PNIPAM
molecular chain shrinkage and interchain aggregation decreased the stability of the hydrogen-bonded water
structure, ultimately leading to phase separation (the coil-to-globule transition) of the dual nanocomposite
hydrogel. As a result, the gel became opaque. This is consistent with the report of Grosberg and Yang [40,
41]. With the proceeding of process, all the water molecules around the gel were combined with the polar
solvent, resulting in the interaction between the polar solvent and PNIPAM chains stronger than that between
the polymer and water. Finally, the gel became transparent again (the transition of globule-to-coil).
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Figure 3. The influence of solvents polarity (a) and crosslinked network (b) on the reentrant coil-to-globule-to-coil
transition of the dual nanocomposite hydrogels, respectively

To figure out the impact of crosslinked network on the solvation, gels with different crosslinking net-
works (organically crosslinking, Laponite crosslinking, and hybrid inorganically crosslinking) were soaked
in ethanol. The results showed that this uneven solvation behavior still existed despite the different types of
crosslinking. In comparison, the gel with hybrid inorganically crosslinking network reached phase equilibri-
um in a relatively short time (Fig. 3b). Those were mainly attributed to the dual nanocomposite network
structure in which clay platelets and SiO, particles, uniformly dispersed on nanoscale, act as multifunctional
cross-linking units whereby a large number of polymer chains are attached to the surface of clay platelets and
SiO, particles forming hybrid cross-linking points. The unique heterogeneous dual nanocomposite network
structure could facilitate the diffusion of solvent in the gel network. It indicated that the solvation behavior
was related to the strong interactions between the hydrogel backbone polymer and the polar solvents, while
the response rate was mainly attributed to the unique nanocomposite network structure.

The pretreatment process would influence the solvation of the gel. When the gel reached swelling equi-
librium in water at first, and then immersed into DMF solutions with different volume fractions, all gels ex-
perienced the same reentrant collapse-reswelling behavior: from transparent to opaque, and eventually be-
come transparent again. However, if the gel reached phase equilibrium in DMF solutions with different vol-
ume fractions beforehand and then immersed into water, a different solvation phenomenon was observed
instead. At low volume fractions of DMF (below 40%), the gel could maintain transparent all the time. As
the DMF volume fraction increased (from 50% to 70%), the gel underwent an opaque-to-transparent transi-
tion. Further enhancing the volume fraction of DMF (from 80% to 100%), the transparent gel became
opaque at first and then turned to transparent again in a few minutes (Table 1). When immersed into DMF
first, the strong interaction between the water surrounded the gel and DMF molecules could disturb the hy-
drogen bonding between gel and water, which led to a decrease in the transparency of the gel after the phase
equilibrium was reached. Afterwards, the competing interaction between DMF and water occurred, and fi-
nally the gel became transparent again in water in all circumstances due to formation of durable cages of wa-
ter molecules surrounding the gel.

Table 1

The phenomena of the dual nanocomposite hydrogels reached phase equilibrium in the DMF-water mixture
with different DMF volume fractions first, and then soaked it in water

Phenomenon
DMF volume fraction Reached phase equilibrium in DMF-water beforehand — Then immersed in
water — Reached phase equilibrium in water finally
1 2
Transparent

0%
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Continuation of Table 1

1 2
Transparent
10 %
Transparent
20 % >
Transparent
30 %
—)>
Transparent
40 %
Opaque — Transparent
50 %
Opaque — Transparent
60 %
Opaque — Transparent
70 %
f
Transparent — Opaque — Transparent
80 %
90 %
100 %

Solvation mechanism

The effects of solvents on the solvation of the dual nanocomposite hydrogels were further investigated
using DSC analysis. To avoid the evaporation of ethanol due to its low boiling point (78.0°C), DMF
(152.8°C) was employed as the model solvent for exploration on solute-solvent interaction. The solvation
temperature of the gel was 36.0°C in water, accompanying sharp change in polymer conformation from a
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balance between hydrogen bonding of water on the chain (hydration) and hydrophobic aggregation of iso-
propyl groups, and presented an obvious endothermic peak in DSC curves [42]. The hydrogels demonstrated
a significant shift in the transition temperature as the volume fraction of DMF varied (Fig. 4a). This observa-
tion was consistent with the initial experiments by Winnik et al., in which the effect of methanol as a
cosolvent for linear PNIPAM in dilute aqueous solutions was investigated [31]. With the increasing of DMF
volume fractions, the interaction between the gel and water was broken, and the interactions between the gel
and polar solvents were dominated. As a consequence, the endothermic peak around 36.0°C became unap-
parent and then disappeared gradually. Instead, some new endothermic peaks at higher solvation temperature
were observed at low DMF volume fraction, suggesting a strong interaction formed between DMF and wa-
ter. In the end, only a solvation temperature of 51.2°C was found owing to the interaction between the gel
and DMF. It is conjectured that there existed a competitive effect between the gel and water, as well as the
gel and DMF. With the augment of DMF, the interaction between gel and water was substituted by DMF and
gel. 1t was clearly observed that the solvation temperature was 51.2 °C when the gel was immersed in pure
DMF, while it exhibited two distinct solvation temperatures (36.0 °C and 49.5 °C) when immersed in water
afterwards. Finally, the solvation temperature changed to 50.5°C when soaked in pure DMF again (Fig. 4b).
SEM images showed that when the hydrogel was soaked in DMF first, the pores became irregular and col-
lapsed to a certain extent (Fig. 4c) in contrast with the gel which reached swelling equilibrium in water
(Fig. 2a). After the gel attained phase equilibrium in water again, the gel network was recovered in some de-
gree (Fig. 4d). However, when the gel achieved phase separation in DMF completely once again, the pores
of the gel were severely damaged again due to further destruction of the gel network (Fig. 4e). The SEM
morphology of the gel in different solvents showed that the collapse and reswelling transformation was re-
versible, which also confirmed the strong interaction between the polar solvent DMF and the hydrogel.
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Figure 4. Temperature dependence of the heat capacity of PNIPAM/Laponite/SiO, dual nanocomposite hydrogels:
a— in DMF-water mixtures with various volume fractions of DMF; b — treated through the following processing:
the gel reached phase equilibrium in DMF beforehand, and then in water, finally in DMF again
(left were the SEM images of the gels in above process)

To verify the conjecture above, the solvent dependence of the absorption bands of the dual
nanocomposite hydrogel in varied volume fraction of DMF-water mixtures (0%-100%) was explored by
FTIR. The absorption bands at about 1652 cm™" and 1500 cm™' could be attributed to the vibration of C=0
hydrogen bonded with N-H from DMF (1600-1700 cm™') and C-N bond from DMF bonded with water and
the gel (15001600 cm™"), respectively [43-46]. The bands at 1652 cm™' shifted to higher wavenumbers
while the intensity of the bands increased significantly with the increase of DMF volume fraction (Fig. 5a).
Similarly, the bands at 1500 cm™" also shifted to higher wavenumber, while the intensity of the band rose but

CHEMISTRY Series. No. 3(107)/2022 121



Juan Du, Shimei Xu

in a lower degree compared with the one at 1652 cm™'. This evidence confirmed that with the increase of
DMF volume fraction, the C=0 groups of the hydrogel dehydrated gradually and previous hydrogen bonds
(C=0---H-0) was replaced by new hydrogen bonds (C=0---N-H). Thus, a blue shift and intensity increase
were observed. Besides, it was further confirmed that intermolecular hydrogen bonds acted a key role in
solvation behaviors owing to a blue shift of the adsorption peaks. A similar trend was found for the peaks at
1500-1600 cm™' since it was contributed to breakage of C-N---H-O-H and formation of C-N---H-N. As
Tanaka reported, the sharp reentrant coil-to-globule-to-coil transition of PNIPAM chain in a mixture of water
and methanol was caused by competitive hydrogen bonds between water and methanol molecules onto the
polymer chain [47]. In Figure 5b, after the same block of dual nanocomposite hydrogel was treated by DMF,
water and DMF alternatively, there was a noticeable change concerning the bands of C=0 hydrogen bonded
with N-H (1600-1700 cm™") and C-N---H-O-H, as well as C-N---N—H (1500-1600 cm") together with an
intensity increase at about 1652 cm™ and 1500 cm™ when reached phase equilibrium in the presence of
DMF. The destruction of C=0---H-O—H hydrogen bonds between the gel and intermolecular water took
place on a very short time scale, faster than the formation of C=0---H-N, C-N---H-O-H, and C-N---H-N
hydrogen bonds [48, 49]. Also, it is clearly observed that the gel has recovered in some degree, which was in
consistent with SEM (Fig. 2a—d) and DSC analysis (Fig. 4b) of the gel. In conclusion, the competitive hy-
drogen bonding occurred between DMF and the gel was the main reason for the special solvation of the gel.
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Figure 5. FTIR spectra of PNIPAM/Laponite/SiO, dual nanocomposite hydrogels recorded between 1750-1400 cm ™
a— as a function of DMF volume fraction; b — treated through the following processing: made the gel reach phase
equilibrium in DMF beforehand, and then let the same block of gel reach phased equilibrium in water,
finally made this gel reach phase equilibrium in DMF again

The solvation mechanism of the dual nanocomposite hydrogel in polar solvents was proposed as fol-
lows with DMF as an example: at a lower content of polar solvent, the interaction between PNIPAM chain
and water is stronger than that between polar solvent and water. In this case, water clathrate cavities for
DMF molecules may be formed (Figure 6a). Therefore, the gel maintains transparent and the collapse-
swelling transition does not occur due to unbroken interaction between PNIPAM chains and water. With the
increasing of polar solvent content, the interaction between gel and water is broken, and the interaction be-
tween gel and polar solvent is dominant. As a result, the gel undergoes a coil-to-globule transition (opaque)
within a few minutes. It is because no sufficient water molecules to provide clathrate cavities for all the DMF
molecules, and DMF breaks the partial hydrogen bonds of C=0---H-O-H and C-N---H-O-H while forms
new hydrogen bonds of C=0---N-H and C-N---H-N (Scheme 1b). On this basis, by further increasing the
contents of polar solvents, the gel can experience a coil-to-globule-to-coil transition in a relatively short pe-
riod. In contrast, in non-polar solvents, they can coexist peacefully with the intermolecular water owing to
the unfavorable interactions with non-polar solvents and the water surrounded the gel (Figure 6¢).

122 Bulletin of the Karaganda University



Solvents Triggered Coil-to-Globule-to-Coil Transition ...

I

C=—0:--" (']
&

£--H—N
< P

Lo
[EETE
l=o...&},

%‘:*.. H—x
i

i\/“" CH3 (0
Ll g

C b

&y e
. ' /Cﬁ & ) _cn
g.,,H;-::‘ Q{ECH;{Q ‘(‘;;‘.‘TH;C( m&,icuja s

J Feset ot -;‘k’*v‘ X l‘,_,q..:

W EOEREY

©  Water ©  Polar solvents © Non-polar solvents

Figure 6. The reentrant solvation mechanism of PNIPAM/Laponite/SiO, dual nanocomposite hydrogel soaked
in different solvents: a, b and ¢ — in polar solvents (take DMF as an example: a — the volume fraction of DMF
was below 50 %; b — the volume fraction of DMF was between 50 % and 70 %; ¢ — the volume fraction of DMF
was above 70 %); d — pure non-polar solvents

Conclusions

In conclusion, rapid collapse and reswelling behaviors were observed in dual nanocomposite hydrogels
PNIPAM/Laponite/SiO,. The solvation of the hydrogels could be easily controlled by adjusting the type and
concentration of solvents and soaking time. The reentrant coil-to-globule-to-coil transition was attributed to
competitive interactions between the hydrogel backbone polymer and the solvents: the breakdown or for-
mation of hydrogen bonds between the polymer chains and water/polar solvents. With the increasing of polar
solvents, the intramolecular hydrogen bonds between the C=0 or C—-N groups of PNIPAM and water mole-
cules were damaged and new intra- and inter-chain bonds were formed between PNIPAM and polar solvents.
Besides, the rapid response rate was attributed to the synergistic effect of the unique heterogeneous micro-
structure and preferential interaction of polar solvents with the polymer chains. The dual nanocomposite hy-
drogel exhibited fast and reversible solvent-responsive collapse-reswelling characteristics, as well as im-
proved mechanical properties. It will be highly attractive and promising in many applications for on-off
switches, artificial organs and actuators in liquid environments.
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BeiioprannkajbiK rudOpUATI allKacnajJabl KOC HAHOKOMIIO3UTTI THAPOreJbAepaiH
epiTKilneH NHAYKIHUAJAHFAH «KJIY00K—TJ100y1a—KJIy00K» aybICybl

XKymsicra koc HaHOKOMMO3UTTI moiu-N-uzonponunakpunamu/aanonut/SiO, (PNIPAM/nanonut/ /SiOy)
THAPOTENbiHIH IIery/kaiiTa iciHy Ke3iHzmeri kepi coipBanmscel 3eprrenreH. Jlamomutr mneH SiO,
OeliopraHUKaIbIK THOPUATI KUBIIBICYBIHBIH Oipereil nepapXusuiblK MUKPOKYPBUIBIMBIHA, COHIAii-aK MOJISpIIbI
epitkimrepain PNIPAM Ti36eriMeH npehepeHIHsIIBIK dpeKeTTecyiHe OaillaHbICTh