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New water-soluble forms of a-tocopherol: preparation and study 
of antioxidant activity in vitro
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-Tocopherol (TP) is one of the highly bioactive fat-soluble 
ins from the E family of tocopherols and tocotrienols.1 
hilic TP molecules are able to inactivate free radicals 

tly in the hydrophobic layer of membranes owing to a 
gen atom transfer to the free radical of lipid peroxide, thus 
nting the development of the lipid peroxidation chain 
).2,3 The research on the antioxidant properties of TP new 
e forms is an urgent task in biomedical chemistry, since 
adical reactions are involved in the pathogenesis of many 
ses.4 However, their intravenous application in the treatment 
thological conditions5–8 is limited because of the low 
ility of TP in water. Amphiphilic polymer carriers increase 
ydrophilicity of drugs with low solubility in water and raise 
potential for biomedical applications. Polymeric carriers of 
micellar type on the basis of the amphiphilic block 
lymers, liposomes, etc., with encapsulated hydrophobic 
 demonstrate high efficiency,9–15 given that they can 
late in the bloodstream for a long time, accumulate in 
s with increased permeability (tumors) and gradually 

se the drug. Our early works16–20 have shown that 
ylpyrrolidone (VP) based amphiphilic copolymers with 
hes in polymer chains may be of interest as modern 
rms for lipophilic compounds: zinc tetraphenyl-
yrinate, nitrosyl iron complexes, platinum(iv) complexes, 

fullerene. They exhibit low cytotoxicity and are able to 
rate cells in vitro to deliver the active substance.20

e aims of this work were to obtain a water-soluble form of 
y its encapsulating in polymer particles of VP with 
ylene glycol dimethacrylate (TEGDM) and to explore its 
xidant activity in vitro.
e amphiphilic copolymer was obtained by radical 

lymerization in toluene from the monomer mixture 
 : [TEGDM] with the molar ratio of 100 : 2, according to the 
shed procedure.20 Its synthesis, reaction mixture isolation 
ls and chemical structure are presented in Online 

Supplementary Materials. The main physicochemical 
characteristics of the copolymer are given in Table 1. Monomer 
unit composition of the copolymer was calculated from the data 
of elemental analysis. The values of the absolute molecular 
weight Mw of the scattering centers, the second virial coefficient 
and hydrodynamic radii of scattering centers were estimated 
from the data of dynamic light scattering by water copolymer 
solution at 22 °C. Above the critical aggregation concentration 
(CAC) of the copolymer in water, the solution contains scattering 
centers of different size (Table 1). There is an assumption that 
they correspond to the individual macromolecules and their 
aggregates. The small size of macromolecules may be caused by 
branched character of polymer chains and high density of their 
molecular packaging. In addition, the hydration shell of water 
molecules21 promotes the convergence of the pyrrolidone rings 
of the polymer chain moieties consisting of VP units, and a 
change in their conformation as in the case of linear 
polyvinylpyrrolidone. Macromolecules compising polar and 
low-polarity fragments are inherently micellar.20

The conditions for TP encapsulating and concentration of 
reagents in PriOH and TP–polymer nanostructures in water are 
presented in Tables S1–S3 (Online Supplementary Materials). 
TP was encapsulated using the copolymer solutions in PriOH 
with various concentrations. The average value of the 
hydrodynamic radius of the scattering centers Rh in PriOH was 
~4 nm and has not changed with increasing temperature. TP 
concentrations varied from 2.7 × 10–3 to 1.3 × 10–4 mol dm–3.

It is known,22 that TP hydroxyl group can participate in the 
formation of intermolecular hydrogen bonds. The formation of 
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r-soluble forms of a-tocopherol (vitamin E) possessing 
xidant activity in vitro were obtained by encapsulating 
vinylpyrrolidone with triethylene glycol dimethacrylate 

er particles and were characterized by various 
icochemical methods. Quantum-chemical modeling of a 
ture of a-tocopherol with the copolymer moiety and its 
etical absorption spectra modeling were carried out.

Table  1  Physicochemical characteristics of the VP–TEGDM copolymer.

Copolymer
[VP] : [TEGDM]/
mol%

Mw × 10–4/ 
g mol–1

CAC in water/
mg ml–1

Rh
a in water/

nm

VP–TEGDM 94.3 : 5.7 47.0 2.8 4; 77
a Measured at 2.5 mg ml–1 copolymer concentration in water. 
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intermolecular H-bonds has been proved by the broad absorption 
band of stretching vibrations of OH group in the region of  
3700–3100 cm–1 in its IR spectrum (see Online Supplementary 
Materials). Meanwhile, some of OH groups of TP remain free, as 
evidenced by the narrow absorption band at 3630 cm–1. Stretching 
vibrations of the C=C bond of the aromatic nucleus are observed 
in the range of 1610–1580 cm–1. The characteristic absorption 
bands at 1097 and 813 cm–1 refer to the tetrahydropyran cycle, and 
the absorption band at 1169 cm–1 relates to the tocol fragment.22 
The absorption intensity of the band at 290 nm depends linearly on 
TP concentration in PriOH and obeys the Beer’s law, which reveals 
the absence of any intermolecular interactions between the 
components of solution.

TP is practically insoluble in water, therefore its absorption 
band has not been revealed in the range of 280–300 nm in the 
spectra of aqueous solutions of control samples not containing 
copolymer. Meanwhile, the TP absorption band at 290 nm was 
observed in the spectra of copolymer aqueous solutions as a 
result of its solubilization by the amphiphilic copolymer and  
an increase in solubility [Figure 1(a)]. Its broadening and 
asymmetric shape is apparently due to TP localization in the 
regions of the polymer micelle having different polarity. Thus, 
TP–copolymer structures are formed in an aqueous solution, 
when molecules with the van der Waals volume of about 1.9 nm3 
(the calculation was made on the basis of optimized molecule 
geometry) occupy the internal cavities of the polymer particle. 
The TP content per copolymer reaches ~10 wt%.

The effective binding constant Kef of TP with copolymer 
determined as described23 was 0.72 × 104 dm3 mol–1 at 22 °C 
under encapsulating conditions (see Table S1). 

The same features were observed in the absorption spectra of 
aqueous solutions of TPsol encapsulated in copolymer solutions 
with concentrations of 3 and 7 mg ml–1. However, the TP 
absorption band shifted towards longer wavelengths, with 
maximum occurred at 298 nm. That indicates the localization of 
TP molecules mainly in polar segments of polymer particles. 
The absorption in visible region became pronounced because of 
the high concentration of the copolymer in solution.

Quantum-chemical modeling demonstrated that TP molecules 
were capable of forming hydrogen bonds with electron donor 
groups of TEGDM units of the hydrophobic core of the polymer 
particle (see Online Supplementary Materials). Thus, the length 
of the hydrogen bond between the OH group of TP and the C=O 
group of the TEGDM unit was 1.931 Å (tpssh/6–31G*), that 
indicated its sufficient strength. The TP orientation relative to the 
hydrophobic brush of TEGDM suggests the possibility of 
attachment of several TP molecules to this polymer moiety.

TDDFT modeling of theoretical absorption spectra of the TP–
copolymer moiety complex in aqueous solutions was carried out 
[Figure 1(b)]. The shape of the theoretical spectra tallies well with 
the experimental results. However, the maximum of the main 

absorption band in the theoretical TP spectrum refers to 275 nm; 
i.e., it slightly shifts to shorter wavelengths in comparison with the 
experimental data. At the same time, it completely coincides with 
the value obtained in the earlier work.24 This band is characterized  
by only one electron π→π* transition in the aromatic ring of TP.
In the theoretical TP spectrum, the main band of the spectrum of 
TP–copolymer moiety complex shifts to the short wavelength 
region for 5 nm more and its intensity increases. This is due to 
contributions of not only π→π* transition of TP, but also transitions 
from the HOMO TP to π* orbital of the copolymer moiety. That 
can also explain the increase of the intensity of the main band in 
the experimental spectrum.

According to DLS data, the light scattering intensity I 
increased significantly in aqueous buffer solutions of the 
copolymer with encapsulated TP (0.5–1%), and the distribution 
curves of light scattering intensity vs. the sizes of scattering 
centers were different from those of the initial copolymer (see 
Online Supplementary Materials). At room temperature, the 
distribution of the light scattering intensity over  the sizes of the 
scattering centers of the copolymer was bimodal, and the solution 
contained particles with hydrodynamic radii of ~4 and 120 nm. 
It becomes narrower in an aqueous solution of polymer particles 
loaded with TF owing to their self-organization and a change in 
the solution structure. The main contribution to light scattering is 
made by particles with a peak size of about 80–90 nm. The 
studied systems, like the copolymer, were thermally sensitive, as 
evidenced by the temperature dependence of I and Rh. The 
hydrogen bond between the C=O groups of the VP lactam cycle 
and water is obviously destroyed at temperatures above 35 °C 
and the polar shell collapsed. As a result, the solubility of 
polymer particles with encapsulated TP decreases. The release 
of the active substance from polymer particles is possible due to 
the destruction of the hydrogen bond between the copolymer and 
TP caused by temperature effect and the transition of the 
macromolecule from the coil-globule state.

To study the antioxidant activity, the copolymer composition 
with encapsulated TP content of ~3.7% was obtained. Its IR 
spectrum shows mainly absorption bands of the copolymer, in 
particular, an intense absorption band of stretching vibrations of 
the C=O group of the lactam cycle of VP units at 1651 cm–1, 
which forms the hydrogen bond with water. The shoulder at 
1721 cm–1 was attributed to C=O oscillations of the TEGDM 
group. Main TP absorption bands were not found in the polymer 
composition, apparently because of its low content. Scattering 
centers with Rh ~50 nm were revealed in an aqueous buffer 
solution at TP–copolymer composition concentration of 
3 mg ml–1. When the solution was diluted, unimodal particles 
with Rh ~40 nm were observed only in the solution.

In this work, the antioxidant activity of a new water-soluble 
form of TP was assessed by measuring the intensity of lipid 
peroxidation in a homogenate of mouse brain tissue in vitro.25,26 
The intensity of lipid peroxidation was determined by the content 
of malondialdehyde (MDA) in the samples, which is one of the 
end products of lipid peroxidation forming in the mouse brain 
homogenate. The rate of MDA formation allows one to estimate 
the activation or inhibition of the LPO process. It has been shown 
that TPsol slows down the accumulation of MDA and exhibits 
antioxidant properties. Thus, it inhibits LPO in vitro by 37 and 
51% at concentrations of  5 × 10–4 and 10–3 m, respectively (see 
Online Supplementary Materials).

Kinetic curves of MDA accumulation during spontaneous 
LPO reaction and in the presence of TPsol (TP concentration of 
10–3 m) are shown in Figure 2. As can be seen, TPsol effectively 
reduces the rate of MDA accumulation. Comparison of the 
results obtained under similar conditions reveals that the 
antioxidant activity of TPsol is determined by tocopherol action.
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Figure  1  (a)  Absorption spectra of aqueous buffer solution (pH 7.4) of 
encapsulated TP in polymer particles: [copolymer] = 0.35 mg ml–1 and  
[TP] = 0.057 mg ml–1; (b) theoretical spectra (tpssh/6–31G*) of the TP with 
the VP–TEGDM–TEGDM polymer moiety (black) and TP (red). Curve 
numbers refer to the data in Table S1. The dotted line shows the spectrum of 
water buffer.
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In conclusion, new water-soluble forms of the α-tocopherol 
containing up to 10 wt% of the active substance (calculated on 
the copolymer) were obtained based on the amphiphilic 
copolymer of N-vinylpyrrolidone with triethylene glycol 
dimethacrylate. The encapsulated TP was found to possess in 
vitro antioxidant activity and ability to slow down the 
accumulation of malondialdehyde. Thus, these compounds may 
be promising for intravenous administration in the treatment of 
various pathological conditions.

The work was performed on state assignment, state 
registration nos. AAAA-A19-119041090087-4 and 
AAAA-A19-119071890015-6.

Online Supplementary Materials
Supplementary data associated with this article can be found 

in the online version at doi: 10.1016/j.mencom.2022.01.038.
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Figure  2  The rate of MDA accumulation in the mouse brain homogenate 
under the action of TPsol and TP (10–3 m). Control sample – mouse brain 
homogenate free of the test compounds. Results were expressed as  
mean ± standard error of the mean. Significance of differences was assessed 
by the Student’s t-test. The differences were significant at p< 0.001.




