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This work examines the specific features of interaction of betulin diphosphate (BDP),
exhibiting antitumor and wound-healing properties, with zinc cations during its immobilization
on ZnO nanoparticles. The properties of Langmuir and transferred BDP monolayers from an
aqueous subphase of zinc sulfate onto the surface of a solid substrate (CaF,, quartz) by the
Langmuir—Schaefer method are investigated using IR and UV spectroscopy. It is shown that
there is a twofold increase of the molecular area in the immobilized layers, while the compress-
ibility modulus decreases by a factor of 1.5. Zinc oxide nanoparticles with immobilized BDP
10—20 nm in size (surface concentration of BDP is 100 mg g~!) retain the original hexagonal
wurtzite structure. The efficiency of betulin diphosphate immobilized on the surface of zinc
oxide nanoparticles is demonstrated in in vivo experiments for burn wounds in rats.
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monolayers.

Interest toward betulin (Iup-20(29)-ene-3f3,28-diol),
a component of birch bark (Betula pendula), and its natu-
ral and synthetic derivatives is due to antitumor, hepato-
protective, antiviral, and other pharmacological properties
of these compounds.!=3 Their main disadvantage is ex-
tremely low solubility in water, which reduces bioavail-
ability and requires additional delivery systems: either in
the form of conjugates of these compounds or inclusion
complexes with various polymers and oligomers, or their
introduction into nanocontainers (liposomes, niosomes,
micelles, efc.).6—14

A common technique for increasing the bioavailability
of triterpenoids is to obtain their phosphate and phos-
phonate derivatives since phosphates are involved in most
metabolic processes in the human body.15:16 The im-
portant advantages of phosphate-containing molecules
include their high ability to interact with amines, amino
acids, protein NH, and NH groups through the forma-
tion of covalent and hydrogen bonds or as a result
of non-covalent binding. For example, dexamethasone
sodium phosphate (CAS 55203-24-2) ([2-[(8S,9R,10S,
115,138,145,16R,17R)-9-fluoro-11,17-dihydroxy-10,13,16-

trimethyl-3-0x0-6,7,8,11,12,14,15,16-octahydrocyclo-
penta[a]phenanthrene-17-yl]-2-oxoethyl|phosphate di-
sodium salt), in contrast to the initial steroid, is readily
soluble in water.!”

In in vivo experiments on mice and rats, 3,28-betulin
diphosphate (BDP) demonstrated antioxidant and wound-
healing properties, as well as antitumor activity against
grafted Ehrlich ascites carcinoma.18:1% We note that
its solubility is almost 104 times higher than that of
betulin (B).20

Previously, the ability of metal nanoparticles to induce
apoptosis in tumor cells and death of bacterial cells due
to the generation of reactive oxygen species (ROS)
was demonstrated.21=23 Tt is known that the immo-
bilization of betulin and betulinic acid on the surface of
silver and gold nanoparticles led to an increase of
their efficiency against various types of melanoma.24:25
Therefore, we expected to see an increase in the antitu-
mor properties and anti-inflammatory activity of BDP
upon its immobilization on the surface of metal nano-
particles, which contribute to the death of bacterial and
tumor cells.
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Fig. 1. Structures of betulin diphosphate (@) and dihexadecyl phosphate ().

Among metal-containing nanoparticles, semiconduct-
ing zinc oxide nanoparticles are of particular interest, due
to the biogenicity of zinc cations. They are part of or
control the action of nearly three hundred enzymes, which
are involved in various biochemical processes in the human
body. The advantages of zinc oxide nanoparticles include
lower toxicity (LDs, > 8000 mg kg~!, rats, orally)2® com-
pared to gold (LDs; > 2000 mg kg~!) and silver nanopar-
ticles (LDs, > 4000 mg kg~!),27+28 as well as the ability to
exhibit the properties of quantum dots, which allows them
to be used in theranostics due to the enhancement of
antitumor and antibacterial effects.29-30

This work is devoted to the preparation and study of
the properties of zinc nanoparticles modified by BDP. For
this purpose, the interaction of BDP with zinc cations in
the subphase of an aqueous solution of ZnSO, and on the
surface of zinc oxide nanoparticles, the physicochemical
properties of ZnO nanoparticles were studied, and the
biological activity of modified zinc oxide nanoparticles
was demonstrated for a model of a burn wound in rats.

Experimental

Materials and reagents. We used commercially available
reagents without additional purification: betulin (lup-20(29)-
ene-3a,B,28-diol, C3yH;00,, Sigma-Aldrich, CAS 473-98-3),
dihexadecyl phosphate (DHDP) (Sigma-Aldrich, CAS 2197-63-9),

96% ethanol (C,H;OH, GOST 51652-2000), zinc acetate
Zn(CH;C00),*2H,0 (GOST 5823-78), acetonitrile (Krio-
khrom, TU 2634-002-54260861-2013, Grade 0), deionized
water (FS 42-0324-09, Elix 3, cartridge Progard Millipore,
France) with a specific resistance of less than 0.2 uS at a tem-
perature of 20£10 °C and pH 5.5, zinc sulfate ZnSO,*7H,0
(GOST 4174-77), calcium acetate Ca(CH3COO), (GOST 3159-
76), sodium hydroxide NaOH (GOST 4328-77), sunflower oil,
refined, deodorized. Betulin diphosphate (lup-20(29)-ene-
3a,B,28-diphosphate) was obtained in accordance with the
previously described procedure.!® The structures of BDP and
DHDP are shown in Fig. 1.

Preparation of zinc oxide nanoparticles.31:32 We used freshly
prepared methanolic solutions, specifically, a 2% sodium hydr-
oxide solution and a 1.5% zinc acetate solution at 70 °C. A NaOH
solution (10 mL) was added dropwise to a zinc acetate solution
(30 mL) while cooling in an ice bath and stirring for 5—10 min.
The white flakes formed throughout the bulk were precipitated
with heptane (60 mL). After the separation of liquid and solid
phases, heptane (50 mL) was added to the filtrate for a more
thorough precipitation of ZnO nanoparticles. The resulting
precipitate was washed on a paper filter with ethanol, then dried
for 5 h at 10545 °C in a drying oven and placed in a desiccator
for further storage.

Langmuir monolayers and films. A KSV Nima device
(Finland) was used for the formation of Langmuir monolayers.
Compression isotherms of monolayers were recorded using an
automated Langmuir balance with a platinum Wilhelmy measur-
ing plate at a constant temperature. Betulin diphosphate (con-
centration 1.0 mg mL~!) was dissolved in a chloroform—ethanol
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mixture (5 : 1 v/v), then the solution (20 uL) was applied to the
surface of the subphase (water) dropwise using a microsyringe
for 30—40 min. The surface pressure was

T=Y— Y,

where v, and y are the subphase surface tension before and after
applying the monolayer, mN m~!. Area (Sp) per monolayer
molecule was determined graphically by extrapolating the down-
ward sloped section at the intersection point of the section of the
7 = f(S) isotherm onto the abscissa axis to t = 0. The compress-
ibility modulus (Cg~!, mN m~1), used for the characterization
of the phase state of the monolayers, was calculated by the formula

Csil = —So(dﬂ/dS)R T

Deionized water; 1+10~3 mol L~! aqueous solutions of
Ca(OAc),; and 1 104, 11073, and 1+ 10~2 mol L~! aqueous
solutions of ZnSO,4 were used as a subphase.

Thin films on quartz and on CaF, were formed according to
the Langmuir—Schaefer method by transfer from the water surface.

Physical and chemical studies. The structure of the films was
studied on a Shimadzu XRD-6000 X-ray diffractometer (Japan)
at 295(2) K (Cu-Ko radiation, A = 1.5418 A, Bragg-Brentano
reflection geometry) in the range of incidence angles 20 = 5—50°
with a step of 0.026° and a scanning rate of 0.067335 deg s~L.
The X-ray diffraction patterns of the amorphous samples have
diffraction peaks at 37.5° and 44.0°, which are related to the
material of the cell. Sample fluorescence spectra were recorded
on an RF-600 Shimadzu spectrofluorimeter (Japan) under exci-
tation with light (A = 320 nm) in the wavelength range 350—800 nm
using a cell with a thickness of 10 mm. IR spectra were recorded
on an IR Prestige-21 FTIR spectrophotometer (Shimadzu, Japan)
in the wavelength range 4000—400 cm~! using tablets with KBr.
Chromatograms were obtained on an automatic high performance
liquid chromatograph LC-20Avp (Shimadzu, Japan) in a reversed
phase mode (RP-HPLC) with a mobile phase degasser, a column
thermostat, and diode-array UV detection at 196 and 210 nm,
a Discovery C18 column (5 um, Supelco, 25 cm*4.6 mm), column
temperature 401 °C. An acetonitrile—deionized water mixture
(9: 1v/v) was used as the eluent, the flow rate was 1.0 mL min—!,
the volume of the injected sample was 20 pL, and the chromato-
gram recording duration was 20 min. Electronic spectra were
recorded on a UV-1800 UV-Vis spectrophotometer (Shimadzu,
Japan) in the wavelength range 220—280 nm; the cell material
was quartz, cell thickness was 10 mm.

Biological experiment. The studies were carried out on white
Wistar rats (Stolbovaya branch, Scientific Center for Biomedical
Technologies, Russian Federation), kept in accordance with the
rules of the European Convention ET/S 129 (1986) and directive
86,/609 ESC. The study was approved by the Local ethics com-
mittee No. 1 of the Privolzhsky Research Medical University of
the Ministry of Health of the Russian Federation, protocol
No. 16 dated 02.12.2016.

The blood of white Wistar rats stabilized with sodium citrate
(the ratio of blood to sodium citrate solution was 1 : 9 v/v) was
used to study antioxidant activity. Solutions of betulin derivatives
and their mixtures with antitumor substances in ratios 1:2; 1 : 5;
1 : 10 (v/v) were added to rat whole blood. Erythrocytes were
washed twice in 0.9% NaCl solution by centrifugation for 10 min
at 1600g. The intensity of lipid peroxidation in plasma and

erythrocytes was determined by the content of the secondary
product of free radical oxidation, namely, malondialdehyde,
following the established procedure described in the work.33
Superoxide dismutase (SOD) activity (EC 1.15.1.1) was deter-
mined in the hemolysate of washed erythrocytes (1 : 10 v/v)
using the inhibition of the formation of the adrenaline auto-
oxidation product.34 The activity of catalase33 (EC 1.11.1.6) and
glutathione reductase3® (EC 1.8.1.7) was determined spectro-
photometrically using previously described procedures.

Experimental in vivo studies were carried out in accordance
with regulation documents37 on 10 male Wistar rats weighing
200£2.6 g. The modeling of a grade I1Ib skin burn (7% of the
total body surface) was carried out by applying dosed burns with
an area of 235 mm?2 (3x78.5 mm?) to the depilated skin of the
lumbar region of rats, the temperature of the burn surface was
about 300 °C and the duration of contact with the skin was 1 s.
Prior to this procedure, nembutal anesthesia was administered
with a dose of 35—40 mg kg~!. When modeling the burn wound,
the general state of the animals and the healing rate of the wound
surface were recorded. The efficiency of oleogel action (dose
10 mg cm~2) was investigated in three groups. In the control
group, considered as 100%, the thermal burn was applied with-
out treatment; in the first group, the treatment was carried out
with sunflower oil; in the second group, the treatment used
oleogel based on zinc oxide nanoparticles modified with BDP
and betulin; in the third group, the treatment involved methyl-
uracil ointment.

Statistical processing was carried out using Microsoft Excel.

Results and Discussion

Properties of monolayers on an aqueous subphase. The
intermolecular interactions between zinc cations and BDP
were evaluated using BDP Langmuir monolayers on an
aqueous subphase containing zinc sulfate solutions (BDP
monolayers on deionized water were used for a com-
parison). The surface pressure isotherms ;t = f(.S) at
a constant temperature for the obtained monolayers of
BDP and dihexadecyl phosphate on various subphases are
shown in Fig. 2.

Betulin diphosphate forms stable monolayers on water,
characterized by a molecular area Sy = 0.4140.02 nm? mol-
ecule~! (Fig. 2, a, curve 7, Table 1). The solubility of BDP
and other betulin derivatives in water and in organic sol-
vents depends on the polymorphic form of triterpenoids,
but does not affect the state of the monolayers obtained
by applying chloroform—ethanol solutions of triter-
penoids. The molecular area §; of the polar anionic
surfactant BDP in a monolayer on a pure water subphase
is similar to the value characteristic for non-polar tri-
terpene alcohols, namely cholesterol and lupeol (S, =
=0.40+0.03 nm? molecule~!).38:3% Grafting of the polar
part to the cholesterol skeleton in the form of a hemisuccinate
leads to the formation of monolayers on water, the state
of which is characterized by at least two phase transitions:
in the region of surface pressures up to 15—20 mN m~!
(S; = 0.50—0.52 nm? molecule™!), and in the range
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Fig. 2. Compression isotherms (;t1—S-isotherms) of Langmuir monolayers of betulin diphosphate (a, b) and dihexadecyl phosphate (c)
on water and on aqueous subphases; dependence of the compressibility modulus on surface pressure Cg~! = f{(s1) () (see Table 1 for

designations).

20—40 mN m~! with S, = 0.33—0.44 nm2 molecule—! .40
A S, value equal to 0.40+0.05 nm? molecule~! deter-
mines the theoretically calculated molecular area of
triterpenoids in a densely packed monolayer for a per-
pendicular orientation.4! An increase of the molecu-
lar area of betulinic acid and betulin in a mono-
layer to 0.67 and 0.50 nm2? molecule™!, respectively,
was explained by the authors of the work42 by the ability
of betulinic acid to occupy both perpendicular and
oblique positions in a monolayer, or to form bilayer
structures.

Monolayers of BDP formed on the subphase of aque-
ous solutions of salts of divalent biogenic cations (calcium

acetate and zinc sulfate) are characterized by a twofold
increase of the molecular area to 0.87+0.02 nm? mole-
cule~! compared to BDP monolayers on water, with this
value being dependent on electrolyte concentration in the
subphase (see Fig. 2, a, b).

The influence of polar phosphate groups in BDP, which
has a large hydrophobic fragment in the triterpene skel-
eton, on the interaction with zinc cations at the interface
was studied using monolayers of the well-known and
stable dihexadecyl phosphate.

In contrast to lecithin phosphate-containing derivatives
and unstable derivatives of betulin monophosphates, sur-
factant DHDP on an aqueous zinc sulfate subphase forms
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Table 1. Characteristics of BDP and DHDP monolayers on the surface of aqueous solutions (for Fig. 2)*

Curve  Monolayer Subphase Sp/nm?2 molecule™!  Cg~!/mN m~!
1, 1 BDP H,0 0.40%0.02 12043
2,2 BDP 1-10~3 mol L~! aqueous solution of Ca(OAc), 0.87+0.02 80+5

3 BDP 1-10~* mol L~! aqueous solution of ZnSO, 0.42+0.02 —

4 BDP 1-10~2 mol L~! aqueous solution of ZnSO, 0.87£0.03 —

5,5 BDP 1-103 mol L~! aqueous solution of ZnSOy 0.871+0.03 80+5
6,6’ DHDP H,0 0.50£0.02 180+3
7,7 DHDP 1-10~3 mol L~! aqueous solution of ZnSO, 0.49%0.02 160+3
8,8 DHDP 1-10-3 mol L~! aqueous solution of Ca(OAc), 0.49+0.02 155+5

* Three repetitions.

stable reproducible layers that are convenient for com-
parison with BDP monolayers.

Earlier in the works#344 when studying the surface
layers of DHDP, a phosphate group proton was proven to
participate in reactions with cations (for example, sodium
and lanthanides) in metal salt solutions, leading not only
to physical, but also to specific adsorption due to chemi-
cal interactions, which in turn causes the repulsion or
attraction of ions in the surface layers. The interactions at
the DHDP film—metal salt solution interface were ob-
served at a pH ~5—6 for the liquid phase of the monolayer
with a surface pressure of less than 10—15 mN m~!.

The differences in the character of m—S-compression
isotherms of DHDP and BDP monolayers on aqueous
zinc salt solutions at pH 5.5 in the liquid-condensed or
solid phase region of the film makes it possible to evaluate
the effect of zinc ions on the properties of monolayers of
these phosphates.

The appearance of surface pressure isotherms m = f(.S)
of DHDP monolayers at T > 15 mN m~! and the mo-
lecular area S in the DHDP monolayer were practically
independent of the nature of the components in an aque-
ous subphase, S, corresponded to 0.49+0.02 nm? mole-
cule~! (see Fig. 2, ¢, Table 1). Similar molecular
area values for DHDP in monolayers were obtained
on an aqueous subphase of a 0.01 M AgNO; solution
(0.46 nm? molecule~!)45 and on an aqueous subphase of
a 0.1 M NacCl solution.33

The analysis of the dependence of the compressibility
modulus on surface pressure CS_1 = f(m) allows us to
consider the state of BDP and DHDP monolayers on
an electrolyte subphase, as well as DHDP monolayers
on pure water as a liquid-condensed phase (Cg~! =
= 160—180 mN m~!). Betulin diphosphate and betulinic
acid4? have polar groups at the ends of the molecule
and form monolayers on pure water, which are character-
ized by lower values of the compressibility modulus
(110—120 mN m~1!) (see Table 1, Fig. 2, d), in contrast
to lupeol, which forms more rigid films (250 mN m~!).

Thus, in contrast to BDP, the properties of DHDP
monolayers on an aqueous subphase of a zinc sulfate solu-

tion and water are practically the same (similar molecular
areas, insignificant changes in Cg~!), which can be ex-
plained by the strictly vertical orientation of DHDP
molecules in a densely packed monolayer, where there is
a weak effect of the immobilized (or adsorbed) zinc cation
on the parameters of monolayer compression isotherms
in the region 1 > 10—15 mN m~—1.

The expected scheme of interaction of zinc cations in
a subphase with BDP, which has four nonequivalent hy-
droxyl protons in phosphate groups, is probably more
complex. The BDP molecules are able to not only "sub-
merge" into the subphase at the spreading stage and occupy
various positions in a monolayer on water, but also form
bilayer structures, similar to lecithins (Fig. 3, a, b, ¢). The
structure of the BDP monolayer at the air—electrolyte
solution interface is influenced by many factors, such as
ionization of BDP phosphate groups, hydrophobic bind-
ing of the BDP triterpene skeleton, and the possibility of
formation of hydrogen bonds and various zinc salt com-
plexes. Similar specific features of interaction were ob-
served for cholesterol hemisuccinate monolayers on
a calcium phosphate subphase.38 Oleanolic acid, choles-
terol, cholesterol hemisuccinate can form an oblique or
bilayer structure.3%:46 A "face-on" orientation of BDP
molecules at the interface is not excluded (Fig. 3, d),
similar to tetrapyridylporphyrin molecules in monolayers
on the surface of zinc and copper salts.47

The effect of four nonequivalent BDP protons on the
interaction with ZnSO,4 in an aqueous subphase was stud-
ied using mixed monolayers of BDP and DHDP. The
latter contains a single hydroxyl proton, its molecules have
a low sensitivity toward the action of zinc cations and do
not change their perpendicular orientation in a densely
packed monolayer (Fig. 4, a, b).

In an ideal mixed monolayer of BDP and DHDP, the
theoretical molecular area of each of the components can
be calculated using the additivity principle:

Se=x18; 1 (1 —x)8,,

where x| is the molar fraction of BDP; (1 — x;) is the molar
fraction of DHDP; S}, S, are the molecular areas of BDP
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Fig. 3. Possible arrangement of BDP molecules at the air—subphase interface for a surface pressure above 15 mN m~!; a, vertical
orientation; b, formation of bilayer structures; ¢, oblique orientation; d, "face-on" orientation.

and DHDP, respectively, in monolayers of individual corresponded to calculations based on the additivity
substances on an aqueous ZnSQO, subphase. principle.48
Thus, the experimental molecular area in mixed mono- Considerable deviations between experimental and
layers of porphyrin fluorophore and naphthalimide, which calculated results are observed in the region of condensed
had no chemical interactions between their molecules, monolayers with a molar fraction of BDP ranging from
Sp/nm? molecule™! ASy/nm? molecule™! 4 n/mN m™! b
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Fig. 4. Dependencies of the molecular area () on molar fraction of BDP (xgpp) in mixed monolayers of BDP and DHDP on a zinc
sulfate subphase; / is the experiment (S,**P), 2 is the calculation (Sothe"r), 3is the dependence AS) = Sothe‘” — §y°*P (a); compression
isotherms m = f(.S) of mixed monolayers (b); xgpp: 1.00 (1), 0.90 (2), 0.76 (3), 0.56 (4), 0.39 (5), 0.20 (6), 0.10 (7), 0 (&).

Note. Figure 4 is available in full color on the web page of the journal (https://link.springer.com/journal/volumesAndIssues/11172).
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0.3t0 0.6 in Fig. 4, a, which indicates that the BDP struc-
ture has a considerable effect on the state of mixed
BDP—DHDP monolayers. The considerable influence of
intermolecular interactions on the state of mixed films is
most noticeable in the region of liquid-stretched films,
n=0—15mN m~! (Fig. 4, b). Additional information on
the formation of surface salt complexes can be obtained
by analyzing the IR spectra of BDP monolayers (20 mono-
layers) transferred from an aqueous subphase of a 0.01 M
zinc sulfate solution to a solid substrate surface by the
Langmuir—Schaefer method. The IR spectra of the start-
ing BDP and the transferred BDP—Zn2* monolayers
retain the bands of stretching vibrations of the triterpene
skeleton (2942—2871 cm™!), hydroxyl groups in the region
of 3364 cm~!, a complex combined band (V) of bend-
ing and stretching vibrations of the O=P—O—H group
and water in the range 1650—1620 cm~!. The complex
bands of stretching vibrations v(C—O) and v(P—O) in the
range 1200—950 cm~! undergo slight changes. The band
observed at 1033 cm~! in the starting BDP spectrum split
into several bands, specifically, 1018, 1057, 1106, and
1129 cm™!, in the spectrum of transferred monolayers.
The greatest changes were observed in the spectral region
characteristic for bending vibrations §(O—P—0). The
band in the region of 501 cm~! of the starting BDP spectrum
considerably changed its shape and position; the vibrations
8(0—P—O0) appeared in the range 604—517 cm~!. Taking
into account that zinc-phytate complexes, which have
a similar nature of binding of zinc to the phosphate group
in organic compounds, are characterized by 6(O—P—O0)
vibrations of the phosphate group in the region of
541.5+2.0 cm~! and vibrations of the C—O—P group in
the region of 993.5+4.0 cm~!, it can be assumed that the
structure of the transferred BDP—ZnZ2* layers corresponds
to salt complexes.4?

The formation of salt complexes BDP—Zn2* at the
BDP monolayer—aqueous solution of Zn?" interface
can be a convenient method for grafting BDP onto the
surface of zinc oxide nanoparticles (ZnONP). Usually,
the immobilization of betulin and betulinic acid on the
surface of gold and silver nanoparticles involves complex
modification of the nanoparticle surface, for example,
conjugation with thiols or PEGylation, which allows the
nanoparticles to act as a delivery vector for triterpe-
noids.24:25 The preparation of BDP—Zn2" complexes on
the zinc oxide nanoparticle surface makes it possible to
not only solve the problem of transported delivery of
the triterpenoid, but also of the stabilization of zinc ox-
ide nanoparticles in the H*-form.3%:5! In comparison
with ZnO, these protonated particles interact more effi-
ciently with negatively charged phospholipids on the outer
membrane of the cell, are absorbed by it, and release
zinc cations, which ultimately leads to the generation of
oxygen active species and, subsequently, to apoptosis of
tumor cells.

Immobilization of betulin diphosphate on the surface of
zinc oxide nanoparticles. The immobilization of BDP on
zinc oxide nanoparticle surface was carried out by sorption
froma 1 * 103 M ethanolic solution of BDP for 30—60 min.
The sorption process was monitored independently by UV
spectroscopy of a complex band of absorption of phosphate
groups in the range 252—258 nm (Fig. 5), as well as by
RP-HPLC. Preliminarily, a linear dependence of absorp-
tion (A) at 256 nm in an ethanolic solution of BDP on con-
centration was established (Fig. 5, a). The studies took into
account the absorption of the obtained zinc oxide nano-
particles in the UV range 350—370 nm, which character-
izes the semiconductor nanoparticle band gap (Fig. 5, ¢).

It can be assumed that BDP, similar to metabolically
important derivatives of phosphoric acid (glucose-1-
phosphate, glucose-6-phosphate, inosine-mono-, -di-,
and -triphosphates, pyridoxal phosphate), both in a bio-
logical environment and during the modification of zinc
oxide nanoparticles, reacts with the transfer of one or two
protons. Most likely, BDP with ionized phosphate groups
forms salt chelate structures on the surface of zinc oxide
nanoparticles.

The effect of ionization of BDP during adsorption from
ethanolic solution on freshly prepared zinc oxide nano-
particles was reflected in the change of absorption 4256
over time for 30 min (Fig. 6, a and b). The concentration
of BDP after 3 h of adsorption, taking into account the
absorption of zinc oxide nanoparticles in the range
252—258 nm, reached 95—130 mg g~!. The A25¢ values
were close to those of the plateau after 3 h, while the
surface concentration of BDP (I') according to HPLC-
analysis with a phosphate buffered saline eluent (pH 6.8),
in which the ionized state of BDP remains unchanged,
reaches the plateau after 40 min (Fig. 6, ¢). Therefore
hereinafter, the surface concentration of BDP is taken to
be 100 mg g~ 1, calculated by HPLC 30—40 min after the
beginning of adsorption.

Powder X-ray diffraction showed that the structure of
zinc oxide nanoparticles with immobilized BDP, as well
as of the starting nanoparticles, is a crystalline form of
wurtzite (Fig. 7, a, b).52

The average sizes of zinc oxide nanoparticles (diam-
eter), calculated in accordance with the Scherrer formula

D= 0.89A/(BcosH),

where 0.89 is dimensionless particle shape factor; A is the
wavelength of X-ray radiation; {3 is the reflex linewidth at
half height in rad; 0 is scattering angle in rad, are given in
Table 2.

Thus, the average size of zinc oxide nanoparticles and
particles with immobilized BDP (ZnONP—BDP) was
17.8 and 11.7 nm, respectively.

The IR spectra of the starting zinc oxide nanoparticles
had an absorption band at 450 cm™!, which is character-
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Fig. 5. Concentration dependence of the absorption (4) of an
ethanolic solution of BDP at 256 nm (a); UV spectra of ethano-
lic solutions of BDP (b) and ZnONP dispersions (c) at various
concentrations; reference solution is C;HsOH; b is concentration
of BDP (mmol L=1): 0.05 (1), 0.5 (2), 0.75 (3), 1.0 (4), 1.5 (5);
¢ is concentration of ZnONP dispersions (mmol L~1): 1.67 (1),
3.34 (2), 6.68 (3).

250 300 350 A/nm

A b
0.6 |
1
2
3
04 4
250 300 350 400 450 A/nm
I/mgg~! c
100
80
60
40
20
50 100 150 200 t/min

Fig. 6. Dynamics of changes in the absorption of dispersions of
ZnONP—BDP in C,HsOH at A, = 256 nm for 0—30 min with
an interval of 10 min (/—4) (Cgpp = 1.34 mmol L1, Cz,onp =
= 3.34 mmol L) (a, b); reference solution is C;HsOH (a) and
an ethanolic solution of BDP (Cgpp = 1.34 mmol LY (b);
dependence of BDP surface concentration (I') on time according
to HPLC (eluent is phosphate buffer pH 6.8) (c).
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1 (arb. units) a (Fig. 8, a), as well as the fluorescence of the starting ZnONP
2000 F in ethanolic solutions of betulin and BDP (Fig. 8, b).
Dispersions of zinc oxide nanoparticles in the starting
1500 ethanolic solutions and with immobilized triterpenoids,
specifically, ZnONP—BDP and ZnONP—B, demon-
strated strong blue-violet emission in the range 465—420 nm,
1000 caused by exciton radiation in the near zone. A distinction
of the fluorescence spectra of ZnONP—B is the appear-
500 ance of green-blue fluorescence in the range 470—480 nm.
The theoretically calculated range of emission wave-
lengths according to the published results® was 380—410 nm
I (arb. units) b I (arb. units) a
2000 2500k
101
1500 002
100 2000
1000 [
0 110
1500
500
) 1 L 1000

35 45 20/deg

Fig. 7. X-ray diffraction patterns of ZnONP (a) and
ZnONP—BDP (b).

istic of zinc oxide nanoparticles,33—58 and absorption
bands of OH groups of adsorbed solvents (ethanol and
water) at 3396 cm~!. The IR spectrum of zinc oxide
nanoparticles with immobilized BDP, similar to the spec-
trum of transferred betulin diphosphate monolayers,
contained bands of stretching vibration of the BDP hydro-
carbon skeleton (CH, CH,, CHj3) in the region of 2943
and 2872 cm™! and strong bands in the range 1200—
900 cm™!, characteristic of stretching vibrations v(P—O)
(1215—1192 cm~!) and v(C—0) (1033—900 cm™—1).

To study the effect of immobilized betulin diphosphate
(ZnONP—BDP) on nanoparticle fluorescence, we studied
the fluorescence of zinc oxide nanoparticles with immo-
bilized betulin (ZnONP—B) in an ethanolic solution

Table 2. X-ray diffraction results (for Fig. 7)*

Peak ZnONP (a) ZnONP—BDP (b)
101 102 110 100 002 101

B, 20 0.468 0.545 0.625 0.714 0.476 0.714
B/rad 0.0082 0.0082 0.0109 0.0125 0.0083 0.0125
20/deg  36.22 47.54 56.62 31.76 3436  36.22
cosO 0.950 0911 0.878 0959 0.954 0.950

D/nm 17.8 16.0 14.5 11.6 17.5 11.7

* B is reflex linewidth at half height, 20; f3 is reflex linewidth at
half height, rad; 26 is Bragg scattering angle/deg.

500

450 550 A/nm

1 (arb. units) b
3000 b

2500
2000
1500
1000

500

A/nm

450 550

Fig. 8. a, Fluorescence spectra of ethanolic solutions of the start-
ing ZnONP nanoparticles (/) and particles with immobilized
triterpenoids ZnONP—BDP (2) and ZnONP—B (3); b, spectra
of ZnONP dispersions (Cz,onp = 0.33 mmol L=1) (/) in 5 M
ethanolic solutions of BDP (2) and betulin (3).
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for the violet region and 435—593 nm for the blue and
green regions.

A similar blue-violet emission of zinc oxide nanopar-
ticles (Ao, = 411 nm for A, = 320 nm) was described in
a published work.%% The authors explained this effect by
a decrease in the density of oxygen vacancies due to the
insertion of acetone, which is used as a solvent during
synthesis. The immobilization of triterpenoids on the zinc
oxide nanoparticle surface during modification is probably
also related to the decrease in the density of crystal defects
caused by oxygen. Fluorescence spectra with blue-violet
emission in the range 360—400 nm were previously
observed for zinc oxide nanoparticles obtained by the sol-
gel method in the presence of triethanolamine in zinc
acetate sol.>1

The influence of the method of preparation of zinc
oxide nanoparticles and the methods of their modification
with triterpenoids on blue emission in fluorescence spectra
can be explained using the results presented in the work.5?
The authors demonstrated the correspondence of the
theoretically calculated Gaussian fluorescence spectra and
the zinc oxide nanoparticle energy band diagrams obtained
by various methods and in various media. The theoretical
spectra were calculated taking into account the linewidth
of each emission band (taking into account the shoulder
and the unresolved bands), that is, 432, 382, 404, 412,
408, and 374 nm, respectively. It is believed that violet
emission usually occurs due to interstitial zinc defects
(Zn;) during an electronic transition from defect Zn; to
the valence band, while blue emission is related to the
transition from Zn; to vacant defects.56-61—63

We assume that the presence of violet emission in
the range 365—410 nm of the fluorescence spectrum
of modified zinc oxide nanoparticles is probably due
to a higher concentration of grains, dislocations, and
surface traps appearing during the modification of the
ZnO surface with triterpenoids (ZnONP—BDP and
ZnONP—B).

In general, it should be noted that modified nano-
particles have a wurtzite crystal structure characterized by
interstitial zinc defects (Zn;). This is confirmed by the
appearance of an absorption band in the UV spectrum due
to exciton recombination (357—362 nm), and by the pres-
ence of blue-violet fluorescence in the range 380—410 nm.
The surface concentration of BDP on ZnO nanoparticles
was 100 mg g~!, which makes it possible to use these
modified particles as a component of lipophilic drugs due
to the combined effect. This effect implies the manifesta-
tion of anti-inflammatory, wound-healing, and antitumor
properties of BDP and antimicrobial and immunostimu-
lating properties of zinc oxide nanoparticles.

Evaluation of the efficiency of ZnONP—BDP and
betulin oleogel action on the healing of burn wounds in rats.
Zinc oxide nanoparticles (5%) modified with an ethanolic
solution of BDP were introduced into a 9% betulin oleo-
gel in sunflower oil.

The treatment of a grade I1Ib thermal contact burn in
rats with the obtained composition for 10 days resulted in
a more effective epithelialization of the skin on the wound
compared to the control group (untreated burn, Fig. 9).

According to morphological studies, total necrosis with
microabscesses without signs of regeneration was observed
in the control group without treatment. In the group
treated with betulin oleogel with zinc oxide nanoparticles
modified by BDP, there was epithelialization at the edge
of the wound with well-vascularized newly formed tissue
without indications of edema with preserved capillarosta-
sis and skin appendages. The behavior of animals (sleep,
appetite, anxiety) and their condition (weight, fur, ap-
pearance, and area of the wound) after treatment with
oleogel with nanoparticles was considerably better com-
pared to control groups 7 and 3. Biochemical parameters
assessed using antioxidant enzyme activity demonstrated
a high activity of the oleogel with nanoparticles (see Fig. 9).

An increase in the activity of superoxide dismutase,
catalase, and glutathione reductase after 10 days of treat-

Activity (%) a Activity (%) b Activity (%) c
140 } 180 } 160 |
120F o gEy 160 + 140 |
L B B 140 | 120 b {—
100
120 i 100 ----------- . . — — — B
80 F 100 |--zd=c---- ~ ol
60 80 |
40 b 00 1
40 401
20 20 20 F
1 2 3 1 2 3 1 2 3

Fig. 9. Diagrams of the activity of enzymes (%) superoxide dismutase (a), catalase (b), and glutathione reductase (c) relative to the
control group (untreated burn) taken as 100%: 1, treatment with sunflower oil; 2, treatment with oleogel with ZnONP—BDP and

betulin; 3, treatment with methyluracil ointment.
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ment characterizes both the antioxidant properties of the
obtained oleogel and the improved health of the animals
in general. The wound-healing effect of the oleodispersion
of betulin and zinc oxide nanoparticles is probably also
caused by the beneficial effect of zinc ions, which is con-
firmed by numerous results on the positive effect of zinc
compounds in the treatment of burns, including through
the generation of active forms of oxygen, which have
a bactericidal effect.%4—67 The generation of ROS was
determined by the intensity of lipid peroxidation processes
(an increase of 30% compared to control) and an increase
in the level of malondialdehyde by 20—30% in in vitro
experiments on white Wistar rat blood, stabilized with
sodium citrate.

In conclusion, we demonstrated the formation of
BDP—Zn?* salt complexes at the BDP monolayer—aqueous
solution of Zn2* interface, which can be a convenient
method for immobilizing BDP on the surface of zinc
oxide nanoparticles, excluding additional conjugation or
modification of the nanoparticle surface. The preparation
of BDP complexes with zinc ions on the ZnO nanoparticle
surface made it possible to enhance the permeability of
betulin diphosphate and other biologically active compo-
nents on the example of betulin. Thus, zinc oxide nano-
particles dissolve in acidic lysosomes with the release of
BDP and zinc cations.

These studies have shown that modified zinc oxide
nanoparticles with a high surface concentration of BDP,
while preserving the structure of wurtzite, exhibit blue-
violet fluorescence, and, consequently, promote the
generation of ROS, which leads to the apoptosis of
bacteria or tumor cells. This technique of immobiliz-
ing BDP with a high therapeutic potential on the surface
of zinc oxide nanoparticles can be useful for the develop-
ment of new drugs with anti-inflammatory, wound-
healing, antitumor, antimicrobial, and immunostimulat-
ing effects.

This work was financially supported by the Ministry of
Higher Education and Science of the Russian Federation
within the basic part of the Russian state assignment
(Project No. 0729-2020-0039).
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