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H3yueno ezaumooeiicmeue 6 600HbIX pACHEOPAX PAOA RPUPOOHBIX U CUHMEMUYECKUX NO-
auanexkmponumos (I113): xumoszana, noau-N,N-oumemun-N,N-ouannunammonuii xnopuoa, nampuii
KapOoKcumMemunyeniono3sl U apomMamuieckozo cOnROAUamuod, CUHmMe3UpOBAHHO20 HA OCHOGE Ou-
xaopanzudpuda usogmaneeou Kuciomol u 08yx ouamunos 4,4'-(2,2'-oucynvponam nampus)-oua-
munoougpenuna u 4,4'-(2,2'-ouxapoonosasn Kkucioma)-ouamunooudhenuimemuna u 6viuvezo cbleopo-
mounozo anvoymuna (bCA). Ilokazano, umo 6 pezynomame MaKpoMoOaAeKyIAPHbIX Peakyuil oopazy-
omcea 6enok-nonudnexmponumusie komnaexcol (bBIIK), cmabunuzuposannsle, 8 0CHOGHOM, IEK-
mpocmamuyeckumu cunamu. /Ina xapakmepucmuku ux coCmaea UCnoab306aHO 3HAYEHUE napa-
Mempa @, OnpeoenaemMo20 KaKk KoJauuecmeo UOHHbIX ZPYRR ROJUITEKMPOIUMOE 6 pacueme HaA MAK-
Ppomonekyny benka. Memooamu cnekmpogomomempuu u KOHOYKMOMEMPUU YCHAHOGIEHO, YMO 6
UCCT1€008AHKBIX CUCIEMAX NPU CMEWUBAHUU KOMHOHEHIMO08 NPU ORMUMATILHBIX YC/108UAX RPOGede-
HUA peakyuu 00pasyiomca KOMRIEKCol, cCOCmaeg Komopuix coomeemcmeyem ¢ ~ 30— 90. Onpedenenvi
ycnosun cywecmeosanus nepacmeopumnix BIIK. B cnyuae yuacmus ¢ peakyuu 6e10K — noaudiex-
mpoaum noau-N,N-oumemun-N,N-ouannunammonuit xnopuoa u Xumo3ana MaKCUmMaabHolil 6b1xX00
npodykma naéoaiooaemcsa npu pH > 7. Bknrouenue 6o e3aumooeiicmeue ¢ 6ea1xom Hampuii Kapook-
CUMEMUIYENIION03bL U GPOMAMUYECKO20 COROAUAMUOA CONPOGONCOAEMCA CMEUICHUEM OUANAZOHA
cyugecmeosanun BIIK ¢ Kuciayro obaacmsb: MaKkcumManbHulil 661X00 RPoOyKma Habd00aemcsa npu
PH < 4. Paszmep odpazyroujuxca KOMHIEKCHBIX Yacmuy eapovupyemcsa 6 ouanazone om 10 um
((113]/[BCA] = 0,01 — 0,05 2/2) 00 1,0 — 5,5 mxm ([IIB]/[BCA] = 0,1 — 0,35 2/2). B cnyuae omuocu-
MebHO KOPOMKOUENOUEUHOZ0 APOMAMUYECKO20 COROIUAMUOA, COOEPICAuez0 3HAYUmenbHoe Ko-
JIUYECME0 HEUOHU3O6AHHBIX KAPOOKCUILHBIX ZPYNA, 0015 YACHMUY MUKPOHHOZ0 pPa3mepa cocmae-
nsaem oxkono 5 %. Hanuuue 6 cocmage cononuamuoa Kaxk cyav)OHamHuwvix, maxk u KapooKCcuabHoIxX
2PYRN OMKPYBLEaem 0ONOJIHUMENLHYIO 603MONCHOCHY OJ1A PezyIupO6anUs CMeneHu NPeepanieHus 6
UHMEPNOIUITEKMPOTUNHBIX PEAKUUAX, A 3HAUUM CIPYKIYPbL U COCMAB8A 00pasyrouiuxca KOMNIeKCcos.
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Interaction of a number of natural and synthetic polyelectrolytes (PE): chitosan, poly—
N,N—dimethyl-N,N—diallylammonium chloride, sodium carboxymethylcellulose and aromatic
copolyamide, synthesized on the bases of dichloranhydride of isophthalic acid and two diamines
(4,4°-(2,2’-sodium disulfonate)—diaminodephenyl, 4,4°—(2,2’-dicarboxylic acid)—diaminodiphe-
nylmethyl) and bovine serum albumin (BSA) in aqueous solutions were studied. It was shown that
as a result of macromolecular reactions protein—polyelectrolyte complexes (PPC) forms, stabilized
mainly by electrostatic forces. To characterize their composition we used the value of parameter ¢,
defined as an amount of ionic groups of polyelectrolytes calculated per macromolecule of protein.
Using spectrophotometry and conductometry it was established that the composition of PPC in the
studied systems when components are mixed at optimal conditions corresponds to the value of ¢
~30 — 90. The conditions for the existence of insoluble PPC were determined. In the case of pre-
cipitation of poly-N,N-dimethyl-N,N—diallylammonium chloride and chitosan in protein — poly-
electrolyte reactions the maximum yield of the product is observed at pH > 7. The introduction of
sodium carboxymethylcellulose and aromatic copolyamide into the interaction with protein accom-
panied by shifting the range of PPC existence into the acidic region: the maximum yield of the
product is observed at pH < 4. The size of the formed complex particles ranges from 10 nm
(IPEJ/[BSA] =0.01-0.05 g/g) to ~ 1.0 — 5.5 um ([PE])/[BSA] = 0.1 - 0.35 g/g). In case of relatively
short—chained aromatic copolyamide, containing significant amount of non—ionized carboxylic
groups, the ratio of micron size particles is about 5%. The presence of sulfonate and carboxylic
groups in the composition of copolyamide gives an additional opportunity to regulate the conver-
sation degree in the interpolyelectrolyte reactions, thus also implying the structure and the compo-

sition of the formed complexes.
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INTRODUCTION

The reaction products received during the in-
teraction of chemically complementary polymers are
called interpolymer complexes. Hydrogen bonds,
Wan—der—Waals and donor—acceptor interactions can
serve as basic stabilizing forces of such compounds.
Special place here belongs to the interpolyelectrolyte
complexes (IPEC) stabilized by electrostatic forces.
They are formed as a result of coupling of oppositely
charged polymer electrolytes or during matrix polymeriza-
tion of ionic monomers upon the oppositely charged
polyions [1-3]. The introduction of deoxyribonucleic
acid (DNA) or protein macromolecule into IPEC as a
polyelectrolyte partner causes the formation of biop-
olyelectrolyte and protein—polyelectrolyte complexes
(PPC) [4-6]. Such interactions as polyelectrolyte — bi-
opolymer and polyelectrolyte — protein seem to be
highly perspective for various applications in pharma-
ceutics, food industry, biomedicine including protein
extraction and purification [7-10], obtaining bioactive
materials, especially based on the multilayer systems
[11-14], biosensors and biocatalysts development [15,
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16], as well as biological substances encapsulation,
medicines transfer, gene transfection and gene therapy
[17-19]. The research results of the complex formation
process in the protein containing systems, including
both natural [20-22] and synthetic [23-25] polyelectro-
lytes are widely published. However, there are no deep
investigations dealing with the impact character of pol-
ymer macromolecular chain rigidity and the nature of
its ionic groups on such interaction as polyelectrolyte -
protein, on the composition and the structure of ob-
tained products. The research objective is to study the
contribution of these factors to the complexes for-
mation.

Bovine serum albumin was selected as a simu-
lating protein, as it is a typical globular protein, occur-
ring as a monomer in the solution. The interest to it as
a research object is caused by its isoelectric point (pl = 4.9)
allowing to change the boundary space charge of mac-
romolecules in a reasonable pH range.

EXPERIMENTAL TECHNIQUE

Natural and synthetic polyelectrolytes: chi-
tosan (CS) (M,, = 2.5-10° degree of substitution at
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amino groups 0.8) (ZAO Bioprogress), poly-N,N-di-
methyl-N,N-diallylammonium chloride (PDMDAAC)
(M,, = 1.5-10° (OAO Kaustik), sodium carbox-
ymethylcellulose (CMC) mark 7M (M,, = 2.5-10°, de-

gree of substitution 0.8) (Aqualon—Hercules) and aro-

SO;Na
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matic copolyamide (PA) (M,, = 3.0-10%) (OAO Poly-
mersintez) of the following structure:

n=42; m=58 mol.%

were used in the work [28].

Characteristics of bovine serum albumin
(BSA) (Sigma) shown in the table.

COOH

Q@NH OC© -CO-J- [HNQ -CH2©-NH oc-© -CO-J,

SO;Na

COOH

Table

Characteristics of bovine serum albumin
Tabnuya. XapakTepUCTHKH ObIYbero CbIBOPOTOYHOI0 AJIbOYMHHA

Protein Molecular ol Stokes radius of Structure
weight, kDa the molecule, A
Ala —48; Phe — 30; Lys — 60; Pro — 28; Thr — 34;
Bovine serum albumin 67.0 49 340 Cys —35; Gly — 17; Leu — 65; GIn — 21; Val — 38;
[26, 27] ' ' ' Asp — 41; His — 16; Met — 5; Arg — 26; Trp — 2;
Glu —58; lle — 15; Asn — 14; Ser — 32; Tyr — 21

PPC solutions were obtained by mixing in a
specified ratio the solutions of bovine serum albumin
(0.07-0.7 g/l) and polyelectrolytes (PE) (0.001-0.01 mol/l).
To prepare the protein solutions universal buffer was used.

The compositions of PPC characterized by the
¢ parameter defined as the number of ionic groups of
polyelectrolytes per macromolecule of protein.

An ionomer Mettler Toledo with glass elec-
trode as a measuring one used to carry out potentiom-
etric titration of polyelectrolyte and PPC solutions. The
change in electrical conductivity during the conducto-
metric titration recorded using conductometer HI8733N.

A spectrophotometer SF-2000 used to meas-

ure the apparent optical density of solutions. The stud-
ies were carried out at wavelength of 440 nm. To study
the phase state of PPC the 0.1 M solutions of HCI and
NaOH were used.

To determine the size of PPC particles laser
diffractive microanalyzer HORIBA LB-550 with a
source of emission as a laser diode (A = 650 nm), pho-
toelectric multiplier and Fourier transforms was used.

RESULTS AND DISCUSSIONS

Being polyampholytes, the proteins can react
with polyelectrolytes, containing both basic (Scheme
1, 2) and acid (Scheme 3, 4) functional groups:

H,0
(|—COOH)m+(>N:‘CI ), — [(FCOO N - (FCcoOoH),, (,N: Ch), 1 +xH*+xCl @
1
OH
(FCOOH),,, + (FBH*CH) < [( FCOO*HB ),-( FCOOH),,,.,-( FBH*CI)),] + xNa* + x CI
H*
H 2
(FCOO Na*) (FB), )
H+
H,0
(FB)n+ (FSOsNa")y, < [(FSO5*HBA ) ( FSOsNa ")y ( FB)n.d + xNa* + xOH
" ©)
H,0
(FB), + (FCOONa*),, <> [(FCOO*HB]), - (FCOONa®),,,- (}B),,]+ xNa*+ xOH-
4)

where B: -NH; >NH; >N
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Schemes 1, 3, 4 are implemented when strong
polyelectrolytes, such as PDMDAAC, PA and CMC
participate in the interpolyelectrolyte reactions (IPR),
but Scheme 2, when weak polybases, such as chitosan
(pKa=6.3 [2]), do.

The ability of protein to form soluble and in-
soluble complexes with polyelectrolytes is known to be
determined by the polyelectrolytes characteristics as
well as by the IPR conditions [2, 4-6]. Fig. 1 shows the
regions of existence of insoluble PPC in the researched
systems. When participating in the reaction of protein
— polyelectrolyte PDMDAAC and CS, maximal prod-
uct yield is detected at pH > 7, i.e. when { potential of
BSA macromolecules is below -18 mV [24].

Ao
4 i

1.2

1 4
3
0.8 +
0.6
0.4

0.2

0 T T 1
2 4 6 8 10
pH
Fig. 1. Influence of pH on the phase state of complexes BSA with
PDMDAAC (1), CS (2), CMC (3), PA (4); cesa=10.7 g/l
Puc. 1. Binsinue pH Ha dasoBoe cocrosiane kommuiekca BCA ¢
TIAMIAAX (1), XT (2), KMLL (3), TTA (4); csca = 0,7 r/mm3

The introduction of CMC and PA into the in-
teraction with protein is accompanied by shifting PPC
existence range into the acidic area: the maximum
product yield is observed at pH <4 (€ potential of BSA
macromolecules exceeds +12 mV [24]). It should be
considered, that PA macromolecules, similar to sul-
phonate ones, contain carboxylic groups (pK. = 4.2),
capable of forming salt bonds with BSA molecules at
pH range from 4.2 to 4.9.

The impact character of polyelectrolytes struc-
ture and the nature of their ionic groups on the formed
PPC composition were shown in Fig. 2. The PPC com-
position corresponding to maximum optical density on
the turbidimetric titration curves is determined by the
values of ¢ ~ 30 for PA, ~ 60 for CMC, ~ 80 for
PDMDAAC and ~ 90 for CS. These results generally
correlate with the conductometric titration data, despite
the fact that the amount of the forming salt bonds dur-
ing the reaction between protein and polyelectrolyte,
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determined by the conductometric method cannot be
equitable to ¢ value.

Aup

1.2

1 -
0.8
0.6
0.4
0.2 ~

0 T T

T
0 0.1 0.2 0.3

[PE)/[BSA], g/g

Fig. 2. Influence of PE nature on the composition of complexes

BSA with PDMDAAC (1) (pH =7.5), CS (2) (pH = 7.5), CMC

(3) (pH = 3.5), PA (4) (pH = 3.5); cesa= 0.7 g/l
Puc. 2. Bnusiane npuponst I1D Ha cocraB komiuiekca BCA —
MIMIAAX (1) (pH=17.,5), XT (2) (pH="7,5), KMI (3) (pH =3,5),
ITA (4) (pH = 3,5); csca= 0,7 r/mm®

| |
b~

0.4 0.5

It is worth mentioning, that at pH = 3.5 ioniza-
tion of carboxylic groups in PA is suppressed and they
are not involved in the formation of salt bonds with
protein molecules. Studying the composition of insol-
uble complexes, formed between linear poly—N—ethyl—-
4—vinylpyridinium bromide and BSA, the ¢ ~ 55 value
was received [29]. The authors indicate, that the com-
plex composition practically equals the value of ¢* =
[n+ - n, which is an absolute value of the difference
between positively and negatively charged groups in
the protein molecules at a given pH, which, in its turn,
is determined by its amino acids composition [29]. The
studied systems include rigid—chain polyelectrolytes:
the value of o parameter in Kuhn—Mark—Houwink
equation equals 0.81 [2], 0.85 [2] and 0.92 for CMC,
chitosan, and PA respectively. However, there is no
definite correspondence between the formed PPC com-
position and the macromolecular chain rigidity in-
cluded in the polyelectrolyte complex. It can be as-
sumed, that the conformational rearrangement of pro-
tein macromolecules at pH < 4.3 significantly influ-
ences PPC composition [30]. Besides the role of the
ionization degree of polyelectrolyte functional groups
should not be neglected. In case of relying on the pro-
cess, suggested in the research [31], the contribution of
the conformation state of polyelectrolyte macromole-
cules at the stage of interaction with the protein is de-
termined mainly by the availability of polymer ionic
groups (Fig. 3).
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Fig. 3. Schematic diagram of complex BSA — PDMDAAC formation [31]
Puc. 3. puniunuansHas cxema popmuposanus komiuiekca BCA-TIIMIAAX [31]

The impact character of this factor on the struc-
ture—forming processes is shown in Fig. 4.

10000 3> ™™™ L3
: 2
1000 ; y
100 -
10 1
l T T T 1
0 01 02 03 04
[PE)/[BSA] g/g

Fig. 4. Influence of the composition on the average size of the
complex particles BSA with PDMDAAC (1) (pH = 7.5), CS (2)
(pH = 7.5), CMC (3) (pH = 3.5), PA (4) (pH = 3.5); cesa= 0.07 g/I
Puc. 4. Bausuaue cocraBa Ha CpeL[HI/Iﬁ pasMeEp 4aCTUll KOMIUJICK-
coB BCA — ITJIMIIAAX (1) (pH = 7,5), XT (2) (pH = 7,5), KMI
(3) (pH = 3,5), TIA (4) (pH = 3,5); csca= 0,07 r/nm®

According to the research data [24] hydrody-
namic radius of BSA molecule at the concentration of
0.1% and at pH range from 3.0 to 11.5 is about 4 nm.
In the considered systems the introduction of polyelec-
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trolyte into the solution leads to the formation of parti-
cles, which average size ranges from ~ 10.0 nm
([PEV[BSA] = 0.01-0.05 g/g) to ~ 1.0-5.5 um ([PE]/[BSA]
=0.1-0.35 g/g). In case of relatively short—chained PA,
containing significant amount of non—ionized carbox-
ylic groups that do not participate in the formation of
salt bonds of polyelectrolyte — protein, the ratio of mi-
cron size particles is about 5% under the considered
conditions.

CONCLUSIONS

The conducted research revealed that the prin-
ciple factors determining the composition and the
structure of protein — polylectrolyte complexes are the
ionization degree of the functional groups participating
in the interpolyelectrolyte reaction, determined by their
nature and by the solution pH, as well as the confor-
mation state and molecular mass of polymer electro-
Iyte. The composition of PPC under the optimal condi-
tions of IPR corresponds to the value of ¢ ~30-90. The
size of the formed complex particles ranges from 10 nm to
5.5 pm. The presence of both sulphonate and carbox-
ylic groups in the copolyamide composition gives an
additional opportunity to regulate the conversation de-
gree in the interpolyelectrolyte reactions, thus also im-
plying the structure and the composition of the formed
complexes.
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