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Abstract—Nonwoven fibrous materials based on polylactide (PLA) and ozonide of oleic acid triglyceride
(glycero-(9,10-trioxolane)-trialeate) in a range of concentrations of 1—5 wt % intended for hygienic and med-
ical devices are obtained by electrospinning. The introduction of ozonide leads to plasticization of PLA,
which manifests itself in the cleavage of the primary jet of the forming solution and appearance of ultrathin
nanofibers; here, the porosity and relative elongation at break increase. The optimum weight fraction of
ozonide introduced into PLA is determined to be 3 wt %.
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Highly porous biopolymer materials are very
important for various sectors of the national economy.
Special properties are demonstrated by nonwoven bio-
polymer fibrous materials obtained by electrospinning
[1, 2]. These materials have a high potential of imple-
mentation in medicine, hygiene, packaging, and envi-
ronmental protection [3]. Particular importance and
high effectiveness of such materials are observed in the
field of regenerative medicine, traumatology, and
orthopedics. The development of therapeutic systems,
artificial implants, scaffolds, etc., based on biopoly-
mers with high biological activity and biocompatibility
is of great importance for clinical application in view
of the significant increase in the fraction of aging pop-
ulation and the number of patients suffering from bone
diseases, traumas, motor vehicle accidents, and
sports-related activities. For successful application in
medical practice, materials created based on biopoly-
mers should possess a series of properties such as ade-
quate mechanical strength, improved elasticity,
absence of ability to induce hypersensitivity reactions,
and good biodegradability [4].

One of the promising biopolymers widely imple-
mented in various fields of medicine, ecology, and
hygiene is polylactic acid, or polylactide (PLA). Itis a
multifunctional polymer. Compositions of polylactide
with various additives that improve the initial proper-
ties of the material find application as bioactive fibers
for drug delivery in tissue engineering. It is important

to consider that the introduced modifiers should be
safe for application in medical practice in addition to
good compatibility with the polymer. The best option
would be the presence of bactericidal properties in the
additive being introduced.

It is known [5] that the plasticizing properties of
vegetable and mineral oils are often used to improve
the properties of polymer materials. It can be assumed
that introducing an additional component such as
glycero-(9,10-trioxolane)-trialeate (ozonide of oleic
acid triglyceride (hereinafter, OOAT)) into initial PLA
can promote expansion of the fields of its application
because not only physicochemical but also morpho-
logical properties of the ready-to-use material can
change in the case of such modifications. The meth-
ods of preparation of ozonated vegetable oils are well-
known and described in detail [6].

Ozonide of oleic acid triglyceride (ozonide), which
is characterized by nontoxicity and biocompatibility
and possesses good biodegradability, is of the greatest
interest among these products. This substance also
possesses slight antibacterial activity owing to the
presence of peroxide groups [7].

The aim of this work was to study the effect of
ozonide on the structure and mechanical behavior of
the fibers of PLA obtained by electrospinning. Elec-
trospinning is comparatively cost-effective and tech-
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Fig. 1. Chemical structure of (a) PLA and (b) ozonide of oleic acid triglyceride.

nologically straightforward for obtaining polymer
fibers with sizes from microns to nanometers.

EXPERIMENTAL

To obtain the materials, PLA of the NatureWorks
Ingeo 3801X Injection Grade PLA brand (SONG-
HAN Plastics Technology Co., Ltd.) with a viscosity-
average molecular weight of 1.9 x 10° g/mol, reagent
grade chloroform (for the preparation of forming solu-
tions), and glycero-(9,10-trioxolane)-trialeate (ozonide
of oleic acid triglyceride (ozonide)) (Medozon)
(Fig. 1) were used.

Nonwoven nanofibrous materials based on a 10%
solution of PLA in chloroform with the addition of
ozonide of oleic acid triglyceride at concentrations of
1, 3, and 5 wt % were obtained by electrospinning
(Fig. 2a). To obtain ultrathin fibers by electrospin-
ning, a unique EFV-1 single-capillary laboratory unit
(Semenov Federal Research Center of Chemical
Physics, Russian Academy of Sciences, Russia)
(Fig. 2b) with the following process parameters was
used: capillary diameter of 0.1 mm, working potential
of 15 kV, distance between the electrodes of 18 cm, and
electrical conductivity of the solution of 10 uS/cm.
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A study of the morphology and thermal and
mechanical properties of the obtained materials was
performed in the work. The tensile test was carried out
on a DEVOTRANS DVT GP UG universal testing
machine (Turkey) in accordance with GOST (State
Standard) R 53226-2008 “Nonwoven Fabrics. Meth-
ods of Strength Determination” equipped with a load
sensor for 500 N which was equipped with pneumatic
grips. The mechanical properties of the materials
(strength, elongation at break) were measured on sam-
ples in the form of bands with a width of 10 mm at a
speed of slider movement of 10 mm/min. To assess the
physical and mechanical properties of the materials
and to analyze the stress—strain curves, Devotrans
software was used. The PLA material was cut into
dumbbells using a 7.5 X I-cm cutter. Five samples
each were tested from each batch.

Optical microscopy was executed using a
Micromed polar 3 ToupCam 5.1 MP microscope
(Russia) in transmitted light. SEM images were
obtained using a JEOL JIB-4500 electron microscope
(Jeol Industries, Japan). The samples were prepared
by gluing a section of the material onto an aluminum
object stage using a carbon conductive tape. The sam-
ples were covered with a thin layer of platinum. All the
materials were studied before and after tensile testing.
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Fig. 2. (a) Simplified scheme of the process of electrospinning and (b) process of preparation of an ultrafibrous material based on PLA.

The thermal properties of the samples were studied
using a PerkinElmer TGA 6 DTA analyzer (United
States). The study was carried out on samples with a
weight of about 10 mg. Heating was carried out in a
temperature range of 35—600°C at a rate of 10°C/min
in an argon flow with a flow rate of 20 mL/min.

The porosity of the nonwoven material was calcu-
lated on the basis of the values of specific surface using
the Brunauer—Emmet—Teller (BET) multipoint
method by direct measurements of the isotherms of
adsorption/desorption of nitrogen at —196°C on an
ASAP 2010 Micromeritics Instruments unit for
adsorption of nitrogen (United States).

RESULTS AND DISCUSSION

At the first stage, the morphology of the nonwoven
ultrafibrous materials was studied by optical micros-
copy (Fig. 3). Figure 3a presents the image of a fibrous
material based on pure PLA. The material consists of
fibers with a diameter of 6—12 um which have a com-
plex geometry and consist of cylindrical regions with
local thickenings of 20—25 um in the transverse and
100—150 pm in longitudinal directions.

The morphology drastically changes with the addi-
tion of ozonide. The fibers become smoother, and the
thickenings almost completely disappear. The average
diameter of the fibers fluctuates in a region of 8—
15 wm. At the same time, ultrathin fibers appear. The
uniformity of the fibers in diameter indicates stable
occurrence of the process of electrostatic spinning.
The stability of the process of electrospinning is
affected by ozonide, simultaneously being a plasticizer
and a processing additive that increases the polarity of
the polymer solution. Possible plasticization of PLA
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Fig. 3. Micrographs of the nonwoven fibrous materials

based on (a) PLA and (b) PLA with 3 wt % ozonide
obtained by optical microscopy.
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Fig. 4. SEM images of the nonwoven fibrous materials based on (a) PLA and (b—d) PLA with the concentration of ozonide of

(b) 1, (c) 3, and (d) 5 wt %.

with ozonide leads to a drop in the surface tension of
the solution and an effect of splitting of the primary jet
of the forming solution, as a result of which thinner
polymer fibers can be formed.

During the detailed study of the surface of the fiber
by electron microscopy (Fig. 4), a microrelief in the
form of shallow longitudinal cavities alternating along
the perimeter or pores was detected. Apparently, the
cavities formed in the fiber in the process of desorption
of the solvent.
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Fig. 5. Dependence of the average porosity of the fibrous
materials based on PLA—ozonide mixtures on the concen-
tration of ozonide.
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With the introduction of 1—5 wt % ozonide, ultra-
thin fibers and nanofibers (0.5—3 um) start appearing
in the nonwoven materials. A substantial increase in
their number is observed at a concentration of ozonide
of 3 wt %. It should be noted that the morphology of
nonwoven fibrous materials is characterized by higher
tortuosity and entwinements. The presence of ultra-
thin fibers leads to the creation of a high number of
engagement nodes, which creates a network structure
of the material. It should also be noted that the shape
of the microscopic pores is random, while the sizes fall
within a range of 0.5—1 um. The origin of the pores is
induced by both evaporation of the solvent and inter-
nal processes of interaction of PLA and ozonide. Pre-
sumably, the difference of the surface morphology of
the fibers with ozonide from PLA fibers is determined
by the presence of an intermolecular interaction
between the components in the solution at the stage of
formation of the fiber. The change in the diameter of
the fibers and their mutual arrangement should
undoubtedly affect the porosity and, eventually, the
mechanical properties of the nonwoven materials.

The average porosity of the nonwoven fibrous
materials depending on the concentration of ozonide
has been determined in the work. The data are pre-
sented in Fig. 5. The value of porosity has an extreme
dependence with a maximum at the concentration of
ozonide of 3 wt %. The increase in the porosity of the
nonwoven fibrous materials apparently results from
two factors, namely, the presence of nanofibers in the
material which increase the free volume between the
microfibers owing to their high tortuosity and the
increase in the number of submicron pores on the sur-
face with the growth in the concentration of ozonide.
It can be concluded from the analysis of Figs. 3 and 4
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Fig. 6. Thermograms of heating of the nonwoven fibrous materials based on (/) PLA and (2, 3) PLA—ozonide mixtures with the

concentration of ozonide of (2) 3 and (3) 5wt %.

that the morphology of the material obtained in the
work includes pores (voids) between the fibers, submi-
croscale and microscale fibers, and submicron-range
pores in the fibers themselves. All of this combined
indicates the formation of a heteroporous structure.

The formed monomolecular layers of ozonide as a
result of adsorption facilitate the mobility of the supra-
molecular structures of PLA. Low-molecular-weight
ozonide acts as a structural plasticizer and facilitates
the segmental mobility of PLA, thus promoting the
occurrence of relaxation processes in PLA. Structural
plasticization of PLA undoubtedly affects its supra-
molecular structure, which can significantly affect the
physical and mechanical properties.

Figure 6 shows the thermograms of heating of
PLA—ozonide fibrous materials. The presence of
physical glass transition and phase transitions of cold
crystallization and melting (enthalpies of cold crystal-
lization and melting) is observed on the thermograms.

The glass transition of pure PLA is a sharp peak
typical of semicrystalline polymers [8]. The signifi-
cant decrease in the peak with the growth in the con-
centration of ozonide indicates a change in the struc-
ture of the amorphous regions in the plasticized poly-
mer in the process of heating and cooling. The
exothermic transition at 102°C characterizes cold
crystallization of PLA without ozonide. Upon an
increase in the amount of ozonide, this peak shifts to
the region of low temperatures with an insignificant
decrease in its intensity. An endothermic peak deter-
mined by melting of PLA is observed at about 167°C.
In mixtures with ozonide, a complex exo-, endother-
mic peak is observed on the thermograms which is
determined by the endothermic process of melting and
exothermic reaction of thermal destruction of ozonide
with the breaking of a C—O bond and formation of a
C—OH bond. The decrease in the glass transition point
and crystallization point upon heating means that
ozonide facilitates the process of crystallization of PLA.
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The found changes in the structure of the obtained
samples as a result of the work affect the strength char-
acteristics of the modified fibers. Figure 7 presents the
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Fig. 7. Dependences of the (a) strength and (b) relative elonga-
tion upon failure of nonwoven fibrous materials based on
PLA—ozonide mixtures on the concentration of ozonide.
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Fig. 8. Stress—strain curves upon extension of the samples
of the nonwoven fibrous materials based on PLA—ozonide
mixtures with the concentration of ozonide of (a) 1, (b) 3,
and (c) 5wt %. The insets show the samples at the moment
of breaking.

dependences of strength and relative elongation at
break. In the case of introducing 1 wt % ozonide into
PLA, asharp increase in the strength of the material to
6 MPa and a significant growth in elongation (above
1% ozonide) are observed owing to the presence of
ozonide in the intermolecular space of PLA.
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Fig. 9. Micrographs of the nonwoven fibrous material
based on PLA with 3 wt % ozonide (a) before extension
and (b) in the process of extension.

In the case of introducing 3 wt % ozonide, a sharp
growth in elongation with a simultaneous decrease in
the strength of the material is observed. Upon an
increase in the concentration of ozonide to 5 wt %, the
strength of the nonwoven fibrous materials decreases
significantly. Such a behavior of the mechanical indi-
cators directly points to an effect of plasticization of
the polymer in the fibers. The decrease in elongation
above 5 wt % ozonide probably occurs because, at this
concentration, ozonide starts accumulating in the
fiber in the form of an individual phase and, hence,
starts acting as a stress concentrator in the fiber.

Figure 8 presents the stress—strain curves of the
nonwoven materials depending on the composition. It
is seen that the dependences have the same shape for
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Fig. 10. SEM images of the nonwoven fibrous materials based on PLA with the concentration of ozonide of (a) 1, (b) 3, and (c)

5 wt % after breaking.

all the nonwoven materials. The materials extend like
networks. At the initial moment of loading, compac-
tion of the material with simultaneous extension to the
moment of breaking of the individual filaments form-
ing the engagement nodes occurs, as is presented in
the optical photographic images (Fig. 9). Here, it is
seen that deformability grows with the increase in the
concentration of ozonide, i.e., the materials become
more elastic.

Figure 10 shows the electron micrographs of the
nonwoven fibrous materials at the points of breaking
of the sample. It should be noted that typical failure
without substantial deformation of the fiber occurs in
the samples with 1 wt % ozonide.

At a concentration of ozonide of 3—5 wt %, more
significant extension of the fibers is observed, which is
indicated by the decrease in the cross section of the
monofiber at the point of failure (see Figs. 10b, 10c).
It can be assumed that both elastic and plastic defor-
mations simultaneously appear in the fibrous struc-
ture. This behavior of the fibers in the field of action of
extension forces can be implemented only owing to the
plasticizing action of ozonide.

INORGANIC MATERIALS: APPLIED RESEARCH Vol

CONCLUSIONS

Fundamentally new nonwoven materials based on
PLA with the addition of ozonide of oleic acid tri-
glyceride have been obtained as a result of the work.
The obtained materials possess improved characteris-
tics in comparison with the unmodified nonwoven
material. The analysis of the data has shown that the
additives modify the porosity of the fibers. The addi-
tion of ozonated oil leads to a decrease in the average
diameter of the fibers in comparison with the initial
polymer. Adding above 3 wt % ozonated oil to a solu-
tion of polylactide in chloroform leads to the forma-
tion of elastic fibers. The results of thermal analysis
demonstrate a significant effect of the amount of
introduced ozonide on the cold crystallization and
melting of PLA. The addition of ozonide promotes
amorphization of the fibers and a decrease in the
degree of crystallinity, because of which the elasticity
indicators of the material substantially increase. The
optimum weight fraction of introduced ozonide of
3wt % has been found. Here, it is known that ozo-
nated oil possesses antibacterial, antifungal, and other
biologically active properties; among others, it

15
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improves healing of wounds in the case of burns and
other skin injuries. Because of this, the developed
materials can be used in medicine for the production
of dressings; suture materials; and single-use masks,
suits, and sheets.
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