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Ilpeonostcensvl HoGble IKCMPAKYUOHHDBIE CUCHEMbl HA 0CHO8e N-euHUIpopmamuoa o1
U36/1€4CHUA MPEOHUHA C UENbI0 €20 NOC1e0yIouiez0 onpeoeneHus 6 600nwvix cpedax. Takue cu-
cmemul omeeuarom mpedoeanuamM «3e1eHOw» Xumuu, AGAAOMCA HEMOKCUYHBIMU, He2oPIOYUMI,
U CROCOOHBL 0Decneuump NPAKMUYECKU NOJIHOE U36leueHue mpeoHuna. B pabome usyueno mesrc-
daznoe pacnpedenenue mpeonuna 6 cucmemax ¢ noau-N-eunungpopmamudom, conorumepamu
N-eunungpopmamuoa c¢ N-eununumuoazonom, I-eunun-3,5-oumemunnupazonom, 1-memaxpu-
aoun-3,5-oumemunnupazonom. B cmamove npugedennvt paccuumanusle KodIguyuenmaul pacnpe-
Oellenus u cmenens uzeneuenus mpeonuna ¢ ouanasone ezo Konuyenmpayuii 1,0 — 3,0 mo/cm®.
H3yueno enuanue KOHUEHMPAUUU IKCIMPAZEHMOG, NPUPOObL bICATIUEAMENA, COOMHOULEHUA 00
eM06 600HOIl U OP2AHUYECKOUl (ha3, peMeHU U memnepamypvl IKCIPAKYUU HA KOJIUYECNGEHHbLE
XapaKmepucmurku mexcaznozo pacnpeoenenHusn. Ycmanoenensl onmumaivHle Ycioeus IKc-
mpaxkyuu, npu KOMopwvix CMeEenensb U361e4eHus mpeonuna conoaumepamu N-eunuigopmamnuoa
oocmuzaem 97%: akcmpazenm cononumep N-eunuigopmamud ¢ 1-memaxpunoun-3,5-0umemu-
nupasonom ¢ Konuenmpayueii 0,25 monv/om®, coomnowenue gaz 10:3, Konyenmpayus mpeo-
nuna 2,5 - 3,0 mz/cm®. Ilokazanv npeumyuiecmea sxcmpaxyuu cononumepamu N-gunungopma-
Muoa no cpaguenuio ¢ opyzumu nonumepamu. OnpedeneHue mpeoHuHa 6 600HOU (haze nocie
IKCMPAKYUU OCYULECINEIEH0 MEMO0OM KARUIAPHO20 IleKmpoghope3a npu onune 601nwl 254 um.
Oobpabdomka pe3ynvmamoes 31eKmpohopemuueckozo onpedeneHus aMuHOKUCI0nbl nPO6edeHa ¢
HOMOWbIO RPOZPAMMHO20 00ecneuenua “Invehopan” ons Windows. Ilpeonosricenvt cxemvl medic-
aznozo e3aumooeiicmeusn ¢ cucmeme noau-N-eunungopmamuo — mpeonun 3a cuem oopazosa-
HUSA 8000POOHBIX CEA3EU C YUEMOM 0COOEHHOCHEN CEOICHE U CHPOEHUA IKCMPAZeHma u ana-
auma. Pazpabomannana memoouxka IKCMPAKYUOHHO-ITIEKMPOPopemuueckozo onpeoeseHus
MPEOHUHA 6 BOOHBIX CPEOAX MOIcem Oblnb PEKOMEHO0BARA 011 OUEHKU KAYeCmea NUULeablx npo-
OYKmO8 u 0e1KoebIX cmecell.
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New extraction systems based on N-vinylformamide for the extraction of threonine for its
subsequent determination in agueous media are proposed. Such systems meet the requirements of
""green'" chemistry, are non-toxic, non-flammable, and are capable of providing almost complete
extraction of threonine. The interphase distribution of threonine in systems with poly-N-vinylfor-
mamide, copolymers of N-vinylformamide with N-vinylimidazole, 1-vinyl-3,5-dimethylpyrazole, 1-
methacryloyl-3,5-dimethylpyrazole was studied. The article presents the calculated distribution co-
efficients and the degree of extraction of threonine in the concentration range of 1.0 - 3.0 mg/cm?.
The influence of the extractant concentration, the nature of the salting out agent, the ratio of the
volumes of the aqueous and organic phases, the time and temperature of extraction on the quanti-
tative characteristics of the interphase distribution was studied. Optimum extraction conditions
have been established, at which the degree of threonine extraction by N-vinylformamide copoly-
mers reaches 97%: extractant is a copolymer of N-vinylformamide with 1-methacryloyl-3,5-dime-
thylpyrazole with a concentration of 0.25 mol/dm?, phase ratio is 10:3, threonine concentration is
2.5 - 3.0 mg/cm®. The advantages of extraction by N-vinylformamide copolymers were shown in
comparison with other polymers. Determination of threonine in the aqueous phase after extraction
is carried out by capillary electrophoresis at a wavelength of 254 nm. The results of electrophoretic
determination of the amino acid are processed using the Elforan software for Windows. Schemes
of interphase interaction in the poly-N-vinylformamide — threonine system due to the formation of
hydrogen bonds are proposed, taking into account the features of the properties and structure of
the extractant and analyte. The developed method of extraction-electrophoretic determination of
threonine in aqueous media can be recommended for assessing the quality of food products and
protein mixtures.

Keywords: threonine, extraction, N-vinylformamide, copolymer, capillary electrophoresis

INTRODUCTION

Threonine is an essential amino acid that must
be supplied to the body with food, and it is also in-
volved in the synthesis of vitamin B2 [1, 2]. In recent
years, the share of special-purpose products (sports nu-
trition, energy gels, chewing gum, bars and drinks)
containing amino acids has increased sharply. Such
products help to increase physical endurance, promote
muscle mass growth and are used not only by athletes,
but also by representatives of professions that require
a lot of effort and energy [3, 4]. Amino acids, including
threonine, are involved in fat metabolism and also per-
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form vital functions for the human body: structural, di-
gestive, antioxidant, neurotransmitter, immunomodu-
latory and others [5, 6]. Threonine is an amino acid,
high doses of which are used for recovery after surger-
ies and injuries, and a deficiency leads to negative con-
sequences for the central nervous system. Control of
the threonine content in medicines and food products
is very important and for this aim it is necessary to de-
velop new methods for extraction and determination of
this amino acid.

The need to control the content of amino acids
in foods and drinks without destroying the multi-com-
ponent matrix of the object is of particular relevance.
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Liquid extraction is the most effective stage of
sample preparation for isolating amino acids and sub-
sequently determining them in aqueous media using
physicochemical methods [7-9]. Water-soluble homo-
and copolymers of N-vinylformamide, which meet the
requirements of “green” chemistry and exclude the use
of harmful organic substances, are successfully used as
amino acid extractants [10, 11]. There have been no
systematic research regarding threonine. However, there
are only isolated results of polymer extraction [12].

The aim of the work is to study of the mecha-
nism and calculation of extraction characteristics of the
interphase distribution of threonine in water-salt sys-
tems based on N-vinylformamide. To solve the set
tasks, polymers were synthesized, threonine was ex-
tracted from aqueous solutions using poly-N-vinylfor-
mamide and copolymers of N-vinylformamide with N-
vinylimidazole, 1-vinyl-3,5-dimethylpyrazole, 1-meth-
acryloyl-3,5-dimethylpyrazole, and amino acid deter-
mination was carried out using capillary electrophoresis.

EXPERIMENTAL PROCEDURE

N-vinylformamide (VF) was used to synthe-
size poly-N-vinylformamide (PVF). The process was
carried out in the presence of an inhibitor (hydroqui-

none) at Tbp = 74 °C. Copolymers of N-vinylforma-
mide — N-vinylimidazole (VF-VI), N-vinylformamide —
1-vinyl-3,5-dimethylpyrazole (VF-VDMP) and N-vinyl-
formamide — 1-methacryloyl-3,5-dimethylpyrazole
(VF-MDMP) were obtained by radical copolymeriza-
tion in a dioxane solution at T = 65 °C in the presence
of azo-bis-isobutyric acid dinitrile as an initiator and in
the range of comonomer ratios of 0.1-0.9 mole fractions
[12, 13]. The structures of threonine, the initial mono-
mers and copolymers are shown in Fig. 1.

Liquid extraction was carried out in graduated
test tubes with a capacity of 20 cm®. A salting-out so-
lution (ammonium sulfate) with a concentration of 15-
20% by weight was prepared in advance, then 10 cm?®
of an aqueous-salt solution of threonine with a concen-
tration of 1.0-3.0 mg/cm? and 1-3 cm?® of an extractant
solution with a concentration of 0.20-0.25 g/cm?® were
placed in the test tubes. After interphase equilibrium
was established (10-15 min), the ratio of the volumes
of the equilibrium phases r was measured, which
changed due to partial dissolution of the copolymers in
the aqueous-salt solution of the amino acid. The distri-
bution coefficients D and the degree of extraction R
(%) of threonine are calculated using known formulas
[11, 12].
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Fig. 1. Structures of VF (1), VI (2), PVF (3), VDMP (4), MDMP (5), VF-VDMP (6), VF-VI (7), threonine (8)
Puc. 1. Crpykrypst BO (1), BU (2), [IB® (3), BJIMII (4), MJIMII (5), B®-BJIMII (6) u BO-BU (7), Tpeonnsa (8)

0.5-1.0 cm?® of the aqueous phase was placed in
a dry Eppendorf tube, centrifuged for 5-10 min at 5000
rpm and analyzed by capillary electrophoresis under
the following conditions: Kapel 105M system with
spectrophotometric detection (Lumex, St. Petersburg),
voltage +25 kV, temperature 30 + 1 °C, water samples
under a pressure of 300 mbar for 20 s [14, 15].
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RESULTS AND ITS DISCUSSION

Previously, we studied the extraction of some
amino acids with N-vinylformamide-based copoly-
mers and established the optimal process conditions
[11, 16]. Tables 1 and 2 show the distribution coeffi-
cients and the degree of extraction of threonine during
its extraction with PVF and N-vinylformamide based

W3B. By30B. Xumus u xuM. TexHoxorus. 2025. T. 68. Brm. 10



copolymers. The concentrations of PVF and VF-VI were
0.2 glcm?, VF-VDMP and VF-MDMP - 0.25 g/cm®. For
all systems, the extraction characteristics were calcu-
lated at different amino acid concentrations and ratios
of the water-salt and organic phases. Atr = 10:3 and a
threonine concentration of 3.0 mg/cm?3, the maximum
degrees of threonine extraction were obtained. How-
ever, it should be noted that the difference in the R values
in systems with r = 10:2 and r = 10:3 is insignificant.

Table 1
Extraction characteristics of threonine when extracted
by the copolymer VF-VI and PVF (n =3, P =0.95)
Tabnuya 1. JxcTpaKIOHHBIE XaPAKTEePHUCTHKHU TPeEO-
HHMHA NPU M3BJeYeHUuH conoiumepom BO-BU u IIBO

(n=3,P =0,95)

Concentration of PVF VE-VI
threonine, mg/cm® D |R% D |R%
r=10:1

1.0 86+6 89.6 61+2 | 85.9
2.0 T4+4 88.1 64+2 | 86.5
2.5 12649 92.6 773 88.5
3.0 13249 92.9 68+2 | 87.1

r=10:2
1.0 109+6 95.6 | 101+5 | 95.3
2.0 128+6 96.2 | 123+6 | 96.1
2.5 132+7 96.4 | 120+6 | 96.0
3.0 125+6 96.2 | 11844 | 95.9
r=10:3
1.0 9443 96.9 74+3 94.8
2.0 89+2 96.7 88+t4 | 94.6
2.5 110+5 97.3 91+4 | 96.8
3.0 10145 97.1 78+2 | 934
Table 2

Extraction characteristics of threonine when extracted by
copolymers VF-MDMP and VF-VDMP (n =3, P =0.95)
Tabnuya 2. JKCTPAKIMOHHbIE XaPAKTEPUCTUKH TPEO-
HHMHA IIPH U3BJIeYeHUuH conojumepamu BO-MIMII u

B®-BJMII (n =3, P =0,95)

Concentration of VF-MDMP VF-VDMP
threonine, mg/cm?3 D | R% D [ R %
r=10:1 r=10:2
1.0 6442 86.5 58+1 | 92.0
2.0 7842 88.6 60+2 | 92.3
2.5 89+3 89.9 64+2 | 92.7
3.0 80+2 88.9 66+2 | 92.9
r=10:2 r=10:4
1.0 11547 95.8 40+1 | 94.1
2.0 128+7 96.2 361 93.5
2.5 125+6 96.2 42+1 94.3
3.0 136+6 96.5 44+2 | 94.6
r=10:3 r=10:5
1.0 120+5 97.6 62+1 96.8
2.0 121+£5 97.6 65+2 | 97.0
2.5 131+6 97.8 59+1 96.7
3.0 13545 97.9 68+2 | 97.1
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In the VF-VDMP extraction systems, no dif-
ferences in the degrees of extraction were observed at
different phase ratios either. At a phase ratio of 10:1,
quantitative extraction of threonine was achieved as a
result of double extraction. It should be noted that in
the previously studied N-vinylcaprolactam — VDMP
system, the degree of threonine extraction is 97% with
a phase ratio of 10:4 [12]. In systems based on N-vi-
nylformamide (PVF and VF-MDMP), it is also possi-
ble to achieve almost complete extraction of threonine
(97% and higher) with the same concentration of
amino acid in the solution, but with a phase ratio of
10:3, which allows reducing the consumption of the
extractant. Homo- and copolymers of N-vinylforma-
mide showed almost the same high extraction capacity
with respect to threonine, which significantly exceeded
the efficiency of amino acid extraction, for example,
with poly-N-vinylpyrrolidone [17].

A further increase in the concentration of thre-
onine did not lead to an increase in the degree of its
extraction, which may be due to the limited ability of
threonine to form intermolecular bonds with extract-
ants (Fig. 2). Threonine is an amino acid with non-dis-
sociating polar but uncharged side radicals that are ca-
pable of forming hydrogen bonds between themselves
[18, 19]. Fig. 2 shows the interaction scheme in the
PVF — threonine system, taking into account the struc-
tural features of the amino acid (Fig. 1). An analysis of
quantum-chemical modeling of hydrogen bonds in
threonine molecules and calculations of energy charac-
teristics given in [18] showed that the stabilization en-
ergy of the O...H-O hydrogen bond in threonine is
13.65 kcal/mol, and the charge transfer value is 0.032.
These data indicate the existence of a medium-strength
H-bond between the -COO- and —OH groups in thre-
onine. Obviously, the mechanisms of interphase inter-
action of threonine with other extractants based on N-
vinylformamide will be similar.

~ CH; — CH —CH, — CH —CH, —CH—CH, — CH-CH,— CH—CH, — CH~

| |
NH NH l‘\lH NH NH l‘\lH- - *HO—CH —CHs
Hé=o HC=O HC=0 HC=0 HC=0 HC=0 HC—NH,
: : HO—C=0,
cHr?H —OH O/H H
=c
HoN—HC H 0=¢-0
HO—C=0 - HE—NH,
. O=¢—on HO—CH—CHs
o—c—oH HC — NH,- - -HO—C=0 ;
HC—NH, HO—CH —CHs H.N—CH O=GH
HO—CH—CH, CH;—C—OH NH
O=CH  O=CH o ~CH.—CH-
| I LN
NH NH H H

| |
~CH, —CH—CH,— CH ~

Fig. 2. Scheme of interaction in the PVF-threonine system
Puc. 2. Cxema B3aumozetictus B cucreme [IB® — Tpeonnn

Electrophoretic determination of threonine in

the aqueous phase after extraction was carried out at a
wavelength of 254 nm. The leading electrolyte was a
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phosphate buffer solution (pH = 7.8 & 0.2) with the ad-
dition of B-cyclodextrin (Fig. 3) [20, 21]. Two elec-
tropherograms of each portion of the prepared sample
were recorded. Identification and determination of
threonine in the sample were carried out, and the re-
sults were processed using the Elforan software for
Windows.

w
threonine

: jL
0 e L

6 7 8
Fig. 3. Electropherogram of threonine
Puc. 3. Daextpodoperpamma TpeoHHHA

1, min 9
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CONCLUSIONS

Extraction systems based on water-soluble poly-
mers represent a variant of "green" extraction, which are
used harmless, environmentally friendly reagents. In
this work, the extraction capacity of poly-N-vinylfor-
mamide and copolymers of N-vinylformamide with
N-vinylmidazole, 1-vinyl-3,5-dimethylpyrazole and
1-methacryloyl-3,5-dimethylpyrazole with respect to
threonine was studied. Distribution coefficients and the
degree of threonine extraction were calculated for all
the studied extraction systems. The concentrations of
the amino acid and aqueous polymer solutions, the ra-
tio of the volumes of the water-salt and organic phases,
at which the maximum extraction characteristics are
achieved, were determined. The amino acid was deter-
mined after extraction by capillary electrophoresis. Us-
ing the example of the PVF - threonine system, a mech-
anism for the formation of intermolecular hydrogen
bonds of the amino acid with extractants was proposed.
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