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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,
classification 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 water-soluble polymers is considered. Most of the research in this area is focused on interpolyelectrolyte
complexes of polyampholytes with oppositely charged polyelectrolytes; however, there are also studies
demonstrating the formation of hydrogen-bonded complexes. The nature of the complexation is often affected
by solution 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
separation (called complex coacervation), fully soluble polycomplexes or physically cross-linked gels. A
substantial body of studies in this area were 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
complexes, 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
synthetic, 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)

Publications - Citations

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*”.
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The aim of this review was 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
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 that contains
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 polymer, 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. First is the similarity of the hierarchical structure of amphoteric mac-
romolecules to structural organization of proteins [9, 10]. Second is the possibility of modeling protein fold-
ing using synthetic polyampholytes [11]. Third is the advances in the synthesis of amphoteric polypeptides
[12-17] based on amino acids and forth is the possibility of preparing semi-natural polyampholytes by modi-
fication 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 unique 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 with the help of 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 solutions that can also exhibit transitions between each other [22]. The stimuli-responsive phase be-
havior of IDPs is governed by relationships between the information encoded in their aminoacid sequences
and ensembles 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 proper-
ties [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 mon-
omeric 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 com-
pensation 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 polyampho-
lytes”, “polybetaines”, “zwitterionic polyelectrolytes”, “polyzwitterions” are also widely used. Examples of
synthetic polyampholytes with different chemical structures are shown in Figure 2.
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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, Ugi reaction
Ry R,
OH OH
COOH
0 E)
o H : H Triblock amphoteric co-
2 k \4/\,1 o N polymer derived from [44]
2 H H ‘62 PEO4>—PLLyse1—PLGlus?
o
)
NH,
5
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Continuation of Table 1
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Semi-natural polyampholytes can be prepared by modification of natural polysaccharides such as
chitosan, 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
sodium alginate [18]. An amine derivative of gellan gum, exhibiting polyampholyte character, was obtained
by functionalizing the polysaccharide backbone with pendant ethylenediamine moieties [59]. The
physicochemical properties of amphoteric macromolecules were characterized by spectroscopy, colorimetry,
chromatography 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 different 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 1970th 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 quite important in biological systems and these assemblies are
controlled by intra- and inter-macromolecular (intra-MMC and inter-MMC) complexation [60]. The latest
developments 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
collection of original and review articles written by recognized experts from Germany, Greece, Kazakhstan,
Poland, 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,
medicine, 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 (pHier) 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 a very compact core-shell particles and pre-
served 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 intra-
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 pHier = 4.6 while the swelling degree of the inter-MMC
composed of amphoteric 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
chloride) (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
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critical 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)s-(AMPS)e; (denoted as
P(SA)e1Se7) and cationic diblock (AMPSNa-APTAC)e1-(APTAC)ss (denoted as P(SA)a1Ass) polyampholytes
was studied by Yusa et al [76]. In agueous solution they form stoichiometric inter-MMC micelles (Fig. 6).

P(SA)g1Se7 P(SA)ge1Asgs
‘HCHZ_CHﬁ“%‘CHz*C“‘ Josl——b—-CH—CH}— %CW*TH&”*CHZ*C‘HW"%CW*TMJLSS
| ‘ o1 | CcC—0 c=—=0 C=—0
c=—0 c=—0 Cc=—o0 | ‘ ‘
| ‘ | NH NH NH
i I " | |
a B S
) HyC—C——CH, (CHy)4 HyC—C—CHj HaC—C—CH, (GH (CHy)5
B CH, HyC—NZ—CH; HaC—N—CH,
C|)H2 H3C?T—CH3 (l;Hz o | o
c SOSN® c
SOSNE® CHs SOON® 3 Na Ha CHs
P(SA)g1Se7
+  —
b)
P(SA)g1Agg

Inter-MMC Micelle

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
oppositely charged polyelectrolyte this will often result in formation of interpolyelecrolyte complexes
(IPEC). These IPECs depending on the nature of interacting species, their concentration in solutions,
component 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 result in 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 of 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,
polyelectrolytes would not interact with proteins of the same net charge unless they have non-uniform charge
distribution [83]. The electrostatic attraction between proteins and polyelectrolytes could potentially be
completely 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
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absence 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.

D r
2.0
1.6
1.2
0.8

0.4

05 1.0 15 20 25 30
1 = [BSA]/[PMADQUAT]

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 coac-
ervation.

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
favorable 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 opposite trend with 90 % precipitation of protein [88]. Separation of protein mixture using random
triblock polyampholyte DMAEMsMMA1:MAAs was reported in [89-91]. In this method proposed for
protein separation 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 prerequisite in the process is that the two oppositely charged proteins do not interact strongly with
each other. Depending 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 protein-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 pHep.
The separation of protein mixture can be also performed at the pHier of block polyampholytes. In this
method one of the blocks of the polyampholyte will interact with of 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 protein release will occur at the pHep 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 pHep of BPA. Reprinted from [64]

Uptake/release of cytochrome C by random and “core-shell” polyampholyte microgels consisting of
N-vinylcaprolactame (VCL), itaconic acid (IA) (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 pHier 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 (pHier). 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 pHep of BPA.

Blockpolyampholyte (BPA
& & polyampholyte (BPA) DNA

M Cationic block Anionic block 6 o 0. 0
) Q X P 4 D DC
DG ® _& _© o0 AP
“SIRNA T © 0O g%, 09 A=t g o
o —_—
) 37,
— Electrostatic interaction FOTTILLLTTTIYN ROTTTITIITE
Cationic polymer w2 Inter-MMC**or, 93"
® ®

------------

Polyplex

DNA Deilvery siRNA Delivery
(Protein) (Gene Silence)

sisojAoopugy

uoisn3

[T ST
Hydrophobic region Hydrophilic region
e S UPITLLLLITT

RN o
8
~intra-MMG
"l' “‘

s ?é
Q Er;c;zr:e 2 Q_;?Q‘ e "'/2:9/ Release
Nuclear * < 5 :g\@ré
Localization g@& ;E"'ég‘%é‘e\
Figure 9. Gene delivery mechanism into the cell by Figure 10. Schematic routes of BPA-DNA complex
polycomplex formed between cationic polymer and formation and proposed release mechanism of DNA

siRNA. Reproduced from [48] with permission from at the pHep 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 very different in acidic
and alkaline regions. At acidic pH only a half of sulfate groups participates 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 is 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 by Kokufuta and Nishimura
of the interactions between pepsin and poly(ethylene glycol) (PEG) [104]. They established that addition of
PEG to pepsin results in 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
proteins 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 numerous
opportunities for applications, including the use of materials resulting from their complexes with other
polymers. One of the most widely industrially used polyampholytes is gelatin, which is a product of partial
hydrolysis 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
pharmaceutical and food industry (Fig. 12).
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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
microcapsules 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] reported 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
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gelatin with gum arabic are also promising for applications as food additives, stabilisation of dairy products,
for increasing 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
complexes 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
delivery. 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
chitosan 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
multilayer coating remains unaltered and the protein was capable of binding small drug molecules such as
diazepam, 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 biodegradable 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 CaCOsz microparticles as a sacrificial template. Calcium carbonate microparticles were
prepared by the reaction between CaCl, and Na;COs 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 CaCOs;. 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,
pharmaceutical 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 polyam-
pholytes 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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Kacanabl, TAOUFH XKIHE KAPTHLIAN TaOUFU MOJIUAMPOIUTTEPAIH
HHTEPIOJMMepJIi KelleHaepi: 91e0u moJry

Byn 1mony okacaHapl, TaOWFH JKOHE OKapTbUIail TabuFu mnonuamQonuTTepre, OnapAblH  Oacka
HOJIMAJICKTPOIUTTEPMEH JKOHE HOHJABIK €MeC IOJHUMEpJIepPMEH KeIleH Ty3y KalineTiHe apHaiFaH.
IMomuamponutTepaiH aHBIKTaMackl MEH KIacCH(HUKAUUACH Oepilin, oJapablH — (QHU3WKa-XUMISUTBIK
KacHeTTepiHe KpICKAIlla LIONY JKacalibl. AMHMH KBIIIKbUIIAPBIHAH ajbIHFAaH ilIKi PETCi3 aKybI3fap MeH
JKapThuIail Taburu mommaM@oIMTTepIiH KOHPOPMAIMSUIIBIK XoHE (a3alblK cHmarramaiapbl OepiiareH. By
IOy IBIH HETi3Ti Oeiri mommaMGIMTTepAiH KemeHaep Ty3utyine apHanraH. Kemmrinik onedu 3eprreyepai
Tajyjay HeriziHie nonuamM(oJHUTTEp MEH Kapama-Kapchl 3apsATaliFaH IMOJHAJICKTPOIUTTEPIiH KeUleHIep
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E.A. Bekturov, R.l. Moustafine et al.

Ty3ilnyiMeH Karap, cyTeri OaiJlaHBICTADBIMEH TYpPAaKTaHABIPBUIFAH KEIICHAEP Typallbl Aa MOIiMeTTep
KapacThIpbUIFaH. bByn  karjgaiima  kemieHaep Ty3uUly —TaburaTel  keOiHece  epTinaiHiH  pH-meH
nonuaMGOoTUTTEPAIH H303JEKTPIIK HYKTeciMeH aHbIkTanajpl. Ilommamdonurrep MeH Oacka MMOIUMepIiep
apachIH/AFEl KeIICHJCePAiH TY3UTyl KOJUIOMATHIK IHCHEepPCHsUIapAblH (HAHO- JKOHE MHUKPOOOIIICKTEpIiH)
TY3UIyiHe, CYHBIK-CYHBIK (azaHbIH OeniHyiHe (KypAeii KoamepBanus), TOJNBIK epHUTIH KeIIeHIep IiH, COHIai-
aK (M3HMKAIBIK TITIITeH TelbAepiH Maiaa OoiyblHa oKelyl MyMKiH. Byn camanmarsl 3epTreynepain enoyip
Oeuriri akybI3ap TY3€TiH KelleHaepre apHaitraH. [lommaMQonuTTepaiH KaTbICYbIMEH aJbIHFAH KeIICHAEPIiH
KOJIJaHy cajachl OMOTEXHOJOTHMSHBI, MEAWLUHAHBI, WHKAICYJALMSA JKOHE OpTYpii Kocmanapaipl Oeiry
TEXHOJIOTHSUTAPbIH, OHOKATANN3/1i, TAMaK 6HEePKICiOiH jkoHe papMaleBTUKaHbI KAMTH/IBL.

Kinm ce3dep: nommamdonutrep, monumentuarep, imki perciz Oenokrtap (IPB), imki-makpomonekynanap
apanplk kemeHgep (imki-MAK), CBIpTKbI-MakpoMoOJIeKyJajdap apaiblk KemieHzaep (coIpTKel-MAK),
HOJNUAJIEKTPOIUTTEP apajblK KOMIUIEKCTEp, ASPLTIK 3aTTap/Abl )KETKi3y, KYp/ewi KoalepBarys, *KelaTHH.

E.A. bekrypos, P.1. Mycradun, C.E. Kynaiibeprenos, B.B. XyropsHckuii

HNHTepnosinMepHbie KOMILJIEKCHI CHHTETHYECKHUX,
NPUPOIHBIX U MOJYNPUPOAHBIX MoauaM¢poanTos: O630p

JlaHHBII 0030p MOCBSIIEH CHHTETHYECKUM, MIPUPOJHBIM H ITOIYHIPHPOAHBIM HONHaM(OIUTAM U UX CHOCO0-
HOCTH K O0pa30BaHHIO KOMIUICKCOB C APYTMMH HOJNUAIEKTPOIUTAMH U HEHOHHBIMH IOJIMMepaMH. JlaHBI
ompeeneHne U KiacCuUKAMs MONMuaM(OIUTOB, U MPUBOAUTCA KPAaTKUH 0030p HX (U3UKO-XHUMHUECKHX
cBoiicTB. OmuchiBaeTcs KoH(popMannoHHOe U (Pa3oBoe MOBEJCHNUE BHYTPEHHE Pa3yMoOPsIOYCHHBIX OCIKOB U
HOTYTIPUPOJHBIX TOJINaM(OIIUTOB, MOTYyYSHHBIX N3 aMMHOKUCIOT. OCHOBHAsI 4acTh 3TOro 0030pa MOCBsIIe-
Ha 00pa30BaHHUIO ITOJMMEPHBIX KOMILIEKCOB ¢ moinaMdonutaMu. bonbIIMHCTBO McciienoBaHui B 9TOi o0a-
CTH TIPECTABICHO MOJHAIEKTPOJIMTHBIMU KOMITIEKCAMH MOJIHaM(OIUTOB C IPOTHBOIOIOKHO 3apsKEHHBIMH
MOJIUAJIEKTPOIMTaMH; OTHAKO, B JINTEpAType TaKKe HMEIOTCS ¥ CBelIeHUsI 00 00pa30BaHUY KOMILIEKCOB, CTa-
OMIM3MPOBAHHBIX BOJOPOIHBIMHU CBA3IMH. [Ipnupoaa KommiekcooOpa3oBaHus B JAHHOM CIydae 4acTo OIpe-
nensiercss pH pacTBopa, a Takke H303JIEKTPHUYECKOi TouKoi monuaMponutos. Kommiekcoobpa3zoBaHue Mex-
Iy monuaM(oIuTaMy U APYTUMH MOJIMMEPAMH MOXKET MPUBOAUTH K (POPMHPOBAHHIO KOJUIOMIHBIX JHCIIEpP-
cUif (HaHO- ¥ MHUKPOYACTHIBI), (a30BOMY PA3ICICHUIO MO THUILY XHIKOCTh-KHIKOCTH (Ha3bIBAEMOMY KOM-
IUIEKCHOM KoarepBaryeii), 00pa3oBaHUIO IOJHOCTBIO PACTBOPHMBIX KOMIDIEKCOB, a TaKXkKe (PU3MUECKH CIIu-
TBIX Telied. 3HauuTeNIbHAs YacTh HCCIEIOBaHUH B 3TOH 00NAcTH MOCBSIIEHAa KOMILIEKCaM, 00pa3oBaHHBIX
6enkamu. OOCy)XIaeTcsi NpUMEHEHHE MHTEPIIOIMMEPHBIX KOMIUIEKCOB MOJINaM(OIUTOB B OHOTEXHOJIOTHH,
MeJIULIHE, TEXHOJIOTHIX HHKAICYJINPOBAHUs, HayKe O Pa3leleHNH Pa3IMIHbIX cMecel, OHoKaTaluse, IuIe-
BOI HayKe U (hapMareBTHKE.

Kniouesvie crosa: monnamQoiuTel, TOJIUIIENTHABL, BHYTpEeHHE pasynopsnodeHHele Oenku (BPB), BHyTpH-
MaKpOMOJIEKYJISIpHBIE KOMITIEKCH (BHYTprH-MMK), MexxmakpoMoneKysipabie KoMIuiekesl (Mexx-MMK), ua-
TEPIOJNANEKTPOIUTHBIE KOMIUIEKCH, IOCTaBKa JEKapCTB, KOMIUIEKCHAS KOAIlepBaLUs, )KEJIaTHH.
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