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The influence of component composition, as well as hydration and electron irradiation con-
ditions, on mechanical, optical, diffusion, and hydrophilic properties of radiation-crosslinked
hydrogels prepared on the basis of the polyvinyl alcohol–polyethylene glycol system has been
investigated from the viewpoint of their application to the fabrication of medical dressings to
treat burns and wounds. A significant impact of the electron irradiation intensity and the tem-
perature of initial solutions on the processes of polymer radiation crosslinking is experimentally
revealed and analyzed. The hydrophily of crosslinked hydrogels is demonstrated to depend more
strongly on the exposure dose than on the gel composition. The optimal intervals of radia-
tion doses and polymer concentrations, at which the radiation-crosslinked hydrogel satisfies
requirements for medical dressing materials are determined.
K e yw o r d s: radiation crosslinked hydrogels, polyvinyl alcohol–polyethylene glycol system,
medical dressing materials.

1. Introduction

The structure of radiation-crosslinked hydrogels
(RCLHGs) is a three-dimensional network consist-
ing of molecules of multiatomic polymers linked with
one another by means of radical bonds (links) and
“filled” with water [1]. Radiation-crosslinked hydro-
gels are classed to the “soft matter”, one of the forms
of the substance in the condensed state. They are hy-
drophilic, i.e. they are capable of absorbing a signifi-
cant amount of external water or aqueous solutions.

Polar water molecules are held in RCLHGs due to
both the forces of their weak dipole interaction with
the corresponding sections of polymer molecules and
the forces of surface tension in the capillary struc-
ture of three-dimensional network [2]. Since the co-
valent links do not allow the polymer network of
RCLHGs to dissolve, its ability to hold water is
much higher than that of hydrophilic linear polymers
[2, 3]. The water content in RCLHGs can reach 90–
95%. As a result, RCLHGs have a soft consistence,
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and they are characterized by a combination of prop-
erties, which makes them closer to the natural liv-
ing tissue than any other class of synthetic mate-
rials [4].

The RCLHG porosity allows certain substances to
be dissolved in the gel matrix and, afterward, released
at the surface (or the inverse process, e.g. the sur-
face contaminant is absorbed into the bulk, can take
place). The rate of admixture transport between the
surface and the bulk depends on the admixture diffu-
sion coefficient and the parameters of the crosslinked
gel network [5]. Those parameters can be controlled
in wide intervals by varying the density of crosslinks
between the molecules in the gel matrix, which is
an aqueous solution of hydrated polymer molecules
[5–7].

Radiation-crosslinked hydrogels can be biologically
compatible with the human body not only because of
a high water content, but also owing to their com-
ponent composition. Therefore, they are manufac-
tured from such chemically inert substances as agar-
agar, gelatin, chitosan, some kinds of cellulose, poly-
acrylamide, polyvinylpyrrolidone, polyethylene glycol
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(PEG), polyvinyl alcohols (PVAs), various polysac-
charides, and others [8, 9].

Radiation-crosslinked hydrogels are widely applied
in medicine, in particular, as a wet dressing mate-
rial to cure wounds, burns, and various skin dis-
eases. The maintenance of the moist environment of
a wound substantially stimulates the metabolic and
regenerative processes in damaged tissues and, as a
result, considerably accelerates healing [10]. The ap-
plication of a dressing with RCLHG to a wound or a
burn provides an instant anesthetizing effect owing to
the wound cooling by a considerable mass of water,
which possesses a high heat capacitance. Afterward,
the wound is maintained in the cooled state due to
the water evaporation from RCLHG. In this case,
very soft and elastic RCLHG closely contacts with
the wound relief and isolates it from external infec-
tion. The very RCLHG, by definition, is a sterile ma-
terial, because it is disinfected by radiation during
the radiation-induced crosslinking process.

The RCLHG transparency allows the state of a
wound to be monitored without removing the dress-
ing. Antiseptics, analgetics, and anesthetizing sub-
stances that are contained in the gel matrices dis-
infect, anesthetize, and heal the wound during the
following time period. The diffusion-driven equilibra-
tion of the concentrations of water-soluble substances
in the bulk and on the surface of RCLHG can last for
several hours. In the case of RCLHG dressings, this
process looks like the oppositely directed diffusion
fluxes of medicines from the dressing to the wound,
and the wound exudates to the dressing.

An important circumstance consists in that
RCLHGs, owing to their high water content, do not
stick to wounds. Therefore, unlike ordinary cotton
dressings, the RCLHG ones can be changed with-
out serious consequences and without damaging the
newly formed epidermis.

Concerning the scope of RCLHG application in
medicine as dressings, the following physical, chem-
ical, and biological properties of those materials are
important:

∙ their mechanical strength has to be high enough
for the long storage in a hermetically sealed but flex-
ible container like a polyethylene bag in order to pro-
vide a quick access and convenient application to a
wound under extreme field conditions;

∙ their water content has to be not lower than 80%,
provide an effective anesthesia of the wound by cool-

ing, create a moist environment at the wound surface,
and prevent the sticking to the wound;

∙ their hydrophily (the ability to absorb water) has
to be substantial, which is beneficial for the sorp-
tion and subsequent removal of physiological exudates
from the wound, as well as for the impregnation of a
dressing with medical solutions;

∙ they have to be characterized by a high diffu-
sion permeability for aqueous solutions and oxygen
used to feed the wound from the external dressing
surface;

∙ they must be surgically sterile;
∙ they must be impermeable for microorganisms re-

sponsible for external infection;
∙ their operating abilities have to be stable within

a temperature interval of 0–45 ∘C and restorable after
the material storage in a hermetic package within a
temperature interval from −60 to +60 ∘C;

∙ they must be not toxic, being biologically com-
patible with human skin and tissues of open and puru-
lent wounds (the absence of irritations or rejections).

The difficulty consists in that those kinds of
RCLHGs that are known today do not fully corre-
spond to the mentioned requirements. Each type of
RCLHGs has its advantages with respect to certain
parameters, which is usually attained due to short-
comings with respect to others. Moreover, a consid-
erable number of RCLHG kinds have such component
compositions or the features in their production tech-
nology that they do not provide both the profitability
of their fabrication and the production affordability
for the mass consumer. Therefore, the research of the
properties of new RCLHG types, as well as the in-
fluence of various physical factors on the processes of
RCLHG formation and the final RCLHG parameters,
remains challenging.

The aim of this work was to study the physical
properties of RCLHGs prepared on the basis of the
PVA–PEG system and the influence of the following
factors on them:

∙ the component composition of the PVA–PEG
system;

∙ conditions of polymer hydration in the course of
hydrogel preparation before irradiation;

∙ the energy, intensity, and dose of electron irradi-
ation at the radiation crosslinking;

∙ the thermal prehistory of hydrogel before the ra-
diation crosslinking and its temperature during this
process.
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2. Experimental Part

2.1. Hydrogel preparation

In this work, we used polyethylene glycol PEG-6000,
and polyvinyl alcohols PVA 8/1 and PVA 11/2. Dis-
tilled water was used as a solvent. When preparing
hydrogel, PEG and PVA were separately dissolved
in distilled water with the use of a water bath with
a temperature of up to 100 ∘C. After the solutions
had become transparent, the PEG solution was added
to the PVA one, and the mixture was stirred un-
til a homogeneous state was obtained. The obtained
mixture was isolated from the air environment and

a

b

Fig. 1. Typical example of radiation-crosslinked hydrogel: in
the technological packing (𝑎) and unpacked (𝑏)

put into a water bath for another 90 min in order
to complete the hydration of polymers. Then hydro-
gel was so packed into polyethylene zip-lock bags
that the latter did not contain air bubbles. Bags of
various standard dimensions ranging from 3 × 4 to
15× 20 cm2 were used. The bags were filled with gel
to obtain a uniform layer 3 mm in thickness over the
bag plane.

The mixtures of PVAs of both kinds (the total PVA
content 𝑥 = 2–25%) taken in various combinations
with polyethylene glycol (the PEG content 𝑦 = 1–
10%) were prepared and studied.

2.2. Radiation crosslinking of hydrogel

Samples of liquid hydrogel were packed into hermet-
ically sealed polyethylene bags and put into a flat
metallic case. The latter provided the formation of
a plane layer of liquid hydrogel 2–3 mm in thick-
ness. Then the case was arranged perpendicularly
to the electron flux generated by a pulse electron
accelerator.

Two electron accelerators were used for the ra-
diation crosslinking of hydrogels: “ARGUS” (the
electron energy 𝐸𝑒 = 1 MeV) and “Elektronika”
(𝐸𝑒 = 4 MeV). The electron flux intensity was var-
ied within an interval from 0.1 to 2.5 𝜇A/cm2. The
researched interval of radiation doses amounted to 1–
50 Mrad. The current density in the electron beam
and the total exposure dose were monitored, by us-
ing the Faraday cup method.

The temperature of hydrogel under the electron ir-
radiation was measured with the help of an alumel-
chromel differential thermocouple. The required tem-
perature of the hydrogel sample was maintained by
a balance between its heating (by means of the elec-
tron beam and an incandescent lamp) and cooling
(using an air fan). The researched interval of hydro-
gel temperatures during irradiation amounted to 15–
95 ∘C.

Under the influence of electron irradiation, the ra-
diation crosslinking of hydrogel, i.e. the formation of
covalent bonds between various polymer molecules,
takes place [2]. As a result, the polymer molecules
form a spatial network, which is capable to hold its
shape under the influence of the gravitation. In Fig. 1,
a typical view of a sample of radiation-crosslinked
hydrogel in the technological packing (panel 𝑎) and
without it (panel 𝑏) is shown.
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2.3. Methods for the measurement
of RCLHG properties

2.3.1. Mechanical properties

There are no standard values for such parameters as
hardness, elasticity, ultimate rupture strain, and so
forth, which could definitely characterize the require-
ments to RCLHGs applied as a dressing material. It
is evident that hydrogel has to be rather soft and
elastic in order to conform to the wound by repro-
ducing body’s relief. At the same time, it must be
rather firm, not tear when being packed, and serve as
a wound sheeting.

As an integrated parameter of the RCLHG mechan-
ical strength, we used the ratio (expressed in per-
cent) between the ultimate elongation of a material
sample before its rupture at stretching to the initial
sample length: 𝑈𝐸(%) = (𝐿max − 𝐿0)/𝐿0 × 100. For
RCLHGs used in hydrogel dressings from the lead-
ing trade marks “Paul Hartmann” and “Aqua-Gel”,
this parameter equals 50–100%. If the value of the
parameter 𝑈𝐸 fell within this interval, it was consid-
ered as a criterion of the optimum quality of hydrogel
crosslinking.

The dose of electron irradiation that provided such
a value for 𝑈𝐸 was called the “optimum crosslinking
dose”, 𝐷OCL. This parameter characterizes the effi-
ciency of radiation crosslinking, because it is propor-
tional to the exposure dose that is required for one
intermolecular bond to be formed, and the sum of
those doses results in the given 𝑈𝐸.

2.3.2. Hydrophily

In order to analyze the ability of RCLHGs to ab-
sorb water, we studied the dependence of the rela-
tive growth of the sample mass 𝑚 with respect to
its initial mass 𝑚0, 𝑊𝑈(%) = (𝑚 − 𝑚0)/𝑚0 × 100,
on how long the sample was held in water. Samples
with identical dimensions (disks 5 mm in diameter
and 3 mm in thickness) but made of RCLHGs with
different chemical compositions or subjected to dif-
ferent thermoradiation treatments were used.

2.3.3. Diffusion permeability

Diffusion permeability for aqueous solutions was esti-
mated on the basis of the penetration rate of water-
soluble dyes from one surface of the flat RCLHG sam-
ple to the other one (Fig. 2). For this purpose, we also

Fig. 2. Cross-section of a RCLHG plate at the site, where a
droplet of brilliant green green solution diffuses from the upper
sample surface. The plate thickness equals 5 mm

Fig. 3. Schematic diagram of the measurement of the RCLHG
electrical resistance change during the diffusion of an external
solution

used the variation rate of the RCLHG electrical resis-
tance in the course of diffusion of the aqueous NaCl
solution from one surface of the sample to the other
one (Fig. 3).

3. Results and Their Discussion

The aqueous PVA solution looks like a transparent
fluid, the viscosity of which is proportional to the
PVA-to-water mass ratio and reciprocal to the tem-
perature. The maximum of this ratio increases with
the solution temperature and decreases with the PVA
molecular weight. When being cooled down, the PVA
solution becomes more viscous, is transformed into
gel, and becomes less transparent. For example, at
room temperature and mass concentrations higher
than 15–20%, the PVA solution is transformed into a
dense plastic mass, which does not leak out from the
vessel, but becomes liquid again when being heated
on a water bath. The solution of PVA 8/1 with a mass
concentration of 20–25% behaves similarly.

ISSN 2071-0186. Ukr. J. Phys. 2017. Vol. 62, No. 5 405



V.B. Neimash, H.D. Kupianskyi, I.V. Olkhovyk et al.

Irradiation of the hydrated PVA solution (hy-
drogel) with electrons results in its transition from
the liquid state into a more dense gelled state ow-
ing to the radiation crosslinking between polymer
molecules. As the exposure dose increases, the spe-
cific viscosity of hydrogel gradually grows, as was
observed, e.g., in work [11], and, accordingly, its
fluidity decreases. The fluidity vanishing means that
hydrogel has been transformed into the radiation-
crosslinked state. In other words, the sample can now
hold its shape under the gravitation action. It reveals
attributes of elastic deformation and is characterized
by a certain rupture strength. Being subjected to fur-
ther irradiation, RCLHG hardens, starts to release
water, and comes unstuck from bag’s walls. It is prob-
able that radiation crosslinks are accumulated, and
they squeeze the three-dimensional network formed
by them so strongly that RCLHG cannot contain
anymore the whole initial volume of a solvent. This
conclusion completely agrees with the data of work
[12]. The growth of the exposure dose also gives rise
to the accumulation and size growth of gas bubbles in
the RCLHG bulk. It is remarkable that the heating
of radiation-crosslinked hydrogel to 𝑇 = 100 ∘C does
not transform it into the liquid state. This fact may
testify to the covalent character of radiation crosslinks
between polymer macromolecules, which govern the
mechanical properties of RCLHG.

A radiation crosslink is formed as a result of the
interaction between a radical (a dangling bond) in
one polymer macromolecule and an atom in another
macromolecule. Ionizing radiation creates radicals in
the hydrated polymer following two basic mecha-
nisms: the direct interaction of a high-energy parti-
cle with atoms in the polymer macromolecule, which
gives rise to ionization and breaks the bonds be-
tween them, and the interaction of radiation with
water molecules, which gives rise to their radiol-
ysis, i.e. the excitation of the electron subsystem,
ionization, and dissociation into free (mobile) rad-
icals. Mainly, this is the reaction H2O → OH +
+ H. Afterward, the mobile radicals chemically inter-
act with the polymer and create radicals (dangling
bonds) in its structure [13, 14]. For instance, a hy-
droxyl OH group can capture a hydrogen atom H
from the C–H bond in the polymer and can form a
water molecule H2O, leaving a dangling bond at the
carbon atom in the polymer chain. The radicals that
emerged following this scenario form crosslinks with

other sections in the same polymer macromolecule
or with other macromolecules. In the examined hy-
drogels, the number of water molecules was approxi-
mately an order of magnitude larger than the number
of all others. Therefore, it is the former that are the
main absorbers of high-energy irradiation. Therefore,
the second mechanism of radical formation in poly-
mer molecules should be considered as dominating.

Some of the hydrogen atoms that had emerged
in the course of water radiolysis united to form H2

molecules. As a result, there appeared gas bubbles
0.3–3.0 mm in diameter in the bulk of RCLHG sam-
ples (Fig. 1). Their size and concentration correlated
with the exposure dose. Later, when the samples were
stored at room temperature, the dimensions of the
gas bubbles gradually decreased, which probably took
place owing to the hydrogen diffusion outward.

The influence of PEG on the properties of the
researched RCLHGs fabricated on the basis of the
PVA𝑥–PEG𝑦 system becomes noticeable, when its
concentration in the initial solution exceeds 1%. The
addition of PEG to the initial PVA solution to a con-
centration of 1–5% substantially increases the elas-
ticity and the rupture strength of RCLHG. It is
probable that PEG plays the roles of low-molecular
crosslinking sensitizer and polymer solution plas-
ticizer following the mechanism discussed in work
[15]. This scenario is implemented despite a reduc-
tion of the gel fraction, when PEG is added [16,17]. If
the PEG concentration in the initial solution of the
PVA𝑥–PEG𝑦 system exceeds 5%, opaque clusters
characterized by a high density are formed. The PEG
content optimum for the radiation crosslinking falls
within an interval of 1–3%, depends on the molecu-
lar weight and concentration of applied PVA, and is
determined experimentally.

The 𝐷OCL parameter means the irradiation dose,
at which the optimum concentration of crosslinks is
formed in hydrogel with the given composition. As a
result, mechanical properties are obtained that are
close as much as possible to the requirements to
the RCLHG medical application [18]. It turned out
that, for every hydrogel composition, the value of
𝐷OCL depends on the intensity of an electron flux
used for the crosslinking. In Fig. 4, this dependence
is illustrated for two kinds of hydrogel. A more than
two-fold decrease of 𝐷OCL with the growth of the
irradiation intensity is observed provided approxi-
mately identical temperatures of the samples. This
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fact means that if the irradiation intensity is high,
half as many electrons are required to create the same
number of crosslinks in comparison with the low-
intensity case. In other words, the efficiency of radia-
tion crosslinking grows with the irradiation intensity.

A similar dependence is observed for elastomers
[19] and hydrocarbons [20]. The authors of the cited
works explained it by the fact that the intensity (the
radiation flux density) growth gives rise to a higher
average concentration of transient products (radicals)
and, hence, to the acceleration of reactions, in which
they participate. In the case of pulse irradiation, the
dependence of the crosslinking process on the radi-
ation intensity can be driven by the ratios between
the radical lifetimes, as well as between the duration
of pulses and the intervals between them [21]. The
number of crosslinks is proportional to the stationary
concentration of radicals, 𝑅st, which is established as
a result of the equilibrium between the processes of
radical formation and recombination (or passivation),
including the crosslink formation.

In the absence of specially introduced passivating
admixtures and considering the indicated interval of
exposure doses, we may regard that all radicals par-
ticipate in the formation of crosslinks. During the
electron pulse action, 𝑡𝑝 (𝑡𝑝 = 4 𝜇s for the linear elec-
tron accelerator “Elektronika”), radicals are formed at
the rate 𝜆𝑅 and disappear as a result of the crosslink
formation. The time constant for the radical accu-
mulation process will be denoted as 𝜏1. In the time
interval between pulses, 𝑡off ∼ 103𝑡𝑝, only the radi-
cal concentration 𝑅 exponentially decreases as a re-
sult of the crosslink formation. The time constant for
the process of 𝑅 reduction, i.e. the radical lifetime,
will be denoted as 𝜏2. The resulting time dependence
of 𝑅 has a sawtooth profile, as is demonstrated in
Fig. 5. The figure illustrates three time dependences
of the radical concentrations created in hydrogels by
high-energy electrons in the course of pulse irradia-
tion with three different irradiation intensities.

One can see that if 𝜏2 ≪ 𝑡off and if the elec-
tron pulse intensity, 𝐽 , is low, the radical concen-
tration 𝑅 can fall to zero before the next pulse be-
gins. If the intensity increases to 2𝐽 and 4𝐽 (pro-
vided the same 𝜏2 ), the residual concentration grows
(𝐽𝑅1 < 2𝐽𝑅2 < 4𝐽𝑅3) for those radicals, which had
not recombined before the next pulse began. They
are accumulated with further pulses. The minimum
concentration of radicals within the period (dashed

Fig. 4. Dependence of the exposure dose for the optimal
crosslinking, 𝐷OCL, on the integrated (averaged over 1 s) den-
sity of a pulse electron flux. The pulse duration is 4 𝜇s, and
the pulse frequency is 250 Hz

Fig. 5. Variations of the radical concentration in hydrogel
during three first periods of pulse electron irradiation with the
intensities 𝐽 , 2𝐽 , and 4𝐽 ; 𝑡𝑝 is the pulse duration, and 𝑡off is
the interval between pulses

curves in Fig. 5) grows faster at the higher inten-
sity. Ultimately, the stationary concentration 𝑅st,
which is proportional to the irradiation intensity, is
established.

Let us imagine the process of radiation crosslinking
as the formation of a complex consisting of a radi-
cal in one polymer molecule and an atom in another
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Fig. 6. Dependence of the optimal crosslinking dose on the
initial sample temperature (𝑗 = 0.35 𝜇A/cm2). Near each
point, the final temperature of a sample heated by the electron
flux is indicated. Solution 20% PVA-8/1 + 2% PEG-6000

molecule. The notation 𝑁𝑥 will stand for the concen-
tration of those atoms, 𝑅 for the concentration of rad-
icals, and 𝑍 for the concentration of crosslinks. Then
the kinetics of crosslink accumulation can be written
in the form

𝑑𝑅

𝑑𝑡
= 𝜆𝑅 − 𝜒𝑅𝑋𝑅𝑁𝑥, (1)

𝑑𝑍

𝑑𝑡
= 𝜒𝑅𝑋𝑅𝑁𝑥, (2)

where 𝜆𝑅 is the radical generation rate, and 𝜒𝑅𝑁 the
effective cross-section of the interaction between the
radical and polymer atoms.

As one can see from Fig. 5, the initial rate of rad-
ical accumulation, 𝑑𝑅

𝑑𝑡 (𝑡 → 0), depends on the irra-
diation intensity. Lately, a stationary value of radical
concentration, 𝑅st, is established, by owing to the
equilibrium between the processes of radical gener-
ation and passivation in the course of crosslink for-
mation. The 𝑅st magnitude also correlates with the
irradiation intensity.

The stationary state means that 𝑑𝑅
𝑑𝑡 = 0. In this

case, Eq. (1) looks like 𝜒𝑅𝑋𝑅𝑁𝑥 = 𝜆𝑅, and, substi-
tuting this expression into Eq. (2), we obtain that
𝑑𝑍
𝑑𝑡 = 𝜆𝑅. A solution of this equation is 𝑍(𝑡) =
= 𝜆𝑅𝑡. In other words, the crosslinks are accumu-
lated proportionally to the irradiation time and, ac-
cordingly, to the exposure dose. Taking into account
that 𝑑𝑍/𝑑𝐷 = (1/𝐽)𝑑𝑍/𝑑𝑡, where 𝐽 = 𝑑𝐷/𝑑𝑡 is

the irradiation intensity, we obtain that 𝑑𝑍/𝑑𝐷 =
= 𝜆𝑅 /𝐽 . However, by definition, 𝜆𝑅 ∼ 𝐽 . Therefore,
the crosslink formation efficiency, 𝑑𝑍/𝑑𝐷, should
be independent of the radiation intensity. The same
is valid for the reciprocal quantity, the optimum
crosslinking dose, 𝐷OCL ∼ 𝑑𝐷/𝑑𝑍, which is required
to create the optimum (i.e. the same) concentration
of crosslinks. However, the computer approximation
of experimental data presented in Fig. 5 brought
about the dependence 𝐷OCL ∼ 1/𝐽 , which means
that 𝑑𝑍/𝑑𝐷 ∼ 𝐽 , so that the crosslinking efficiency is
proportional to the radiation intensity. In our opin-
ion, this conclusion confirms the consideration given
above concerning the role of irradiation intensity at
the pulse irradiation.

The importance of the temporal parameters of
pulse irradiation for the processes of radiation cross-
linking is illustrated in Table. The table exhibits
the experimental values obtained for 𝐷OCL and
the crosslinked layer thickness 𝑑𝑧 in liquid hydrogel
(10% PVA 11/2 + 3% PEG + 87% H2O) irradiated
with 1- and 4-MeV electrons. The average intensities
𝐽 and the total doses obtained during the irradia-
tion time 𝑡int are the same, but the pulse durations
𝑡𝑝 and the pauses 𝑇 between them are different. One
can see that, according to the parameter 𝐷OCL, the
less intensive (1 MeV) irradiation unexpectedly cross-
links hydrogel more efficiently than the more intense
(4 MeV) one does. It is of interest that the 𝐷OCL ratio
between those two irradiation modes is equal to the
ratio of the pauses between the pulses. The thickness
of a crosslinked layer expectedly correlates with the
energy of electrons.

We also studied the dependence of the hydrogel
crosslinking efficiency on the temperature of hydro-
gel at its irradiation. Figure 6 demonstrates the ex-
perimental dependence of 𝐷OCL on the gel temper-
ature. One can see a substantial reduction of 𝐷OCL,
when the temperature at irradiation decreases. For
the examined temperature variation, the gel vis-
cosity considerably increased, which means the en-

Radiation crosslinking parameters

𝐸𝑒, 𝑡puls, 𝑡off , 𝐽 , 𝑡int, 𝐷OCL, 𝐷𝑧 ,
MeV 𝜇s ms 𝜇A 𝜇s Mrad mm

1 3.3 2.5 0.25 1320 5 1.5
4 4.5 4.0 0.25 1125 8 6.0
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hancement of the role of the dipole interaction be-
tween polymer macromolecules. The dipole interac-
tion brings about a diminishing of the distance be-
tween macromolecules, as well as their spatial re-
arrangement and restructurization. In our opinion,
these processes can substantially increase the prob-
ability of radical crosslink appearance, so that it can
be responsible for the reduction in 𝐷OCL.

The capability to absorb water (hydrophily) is
an important property of RCLHGs from the view-
point of their medical application. Hydrophily allows
them to absorb wound’s exudates and to be im-
pregnated with medicine solutions before their ap-
plication as dressings. The RCLHG hydrophily was
found to depend on the irradiation dose. Figure 7
demonstrates the dependences of the relative mass
growth of RCLHG samples irradiated to various
electron doses on the time of their holding in dis-
tilled water. One can see that the rate of water ab-
sorption and the amount of absorbed water at the
saturation substantially grow with the irradiation
dose. This behavior differs from that observed for hy-
drogels of the PVA-pyrrolidone [22] and pyrrolidone-
polyacryl [23] systems. The PVA𝑥–PEG𝑦 system with
the given composition content can increase its weight
by 50% during an hour and a half owing to adsorbed
moisture.

The reduction of hydrophily with the growth of
the PVA concentration in the initial mixture at close
(4–5 Mrad) irradiation doses looks somewhat unex-
pected (the similar event was observed in work [24]).
This conclusion follows from the comparison of plots
depicted in Figs. 7, a and b, where analogous de-
pendences are exhibited for hydrogel with twice as
high mass concentration of PVA-8/1. This fact may
mean that the hydrophily of RCLHGs is less asso-
ciated with the polar binding of water molecules at
PVA owing to hydration, than with something sim-
ilar to the surface tension in capillaries created by
the radiation crosslinking of polymers. It is probable
that radiation affects the gel hydrophily by branch-
ing those capillaries due to the formation of radiation
crosslinks. As is seen from Fig. 7, b, the hydrophily of
the PVA𝑥–PEG𝑦 system with the given composition
content amounted to 92% after the water absorption
for 4 h, and it can be regulated in a wide interval
by means of the irradiation dose. The maximum hy-
drophily of the RCLHG belonging to the considered
system amounts to 200–250%. This value is reached

Fig. 7. Dependences of the relative mass growth, 𝑊𝑈(%) =

= (𝑚−𝑚0)/𝑚0×100, of RCLHG samples irradiated to various
exposure doses on the time of their holding in water at room
temperature: solution 10% PVA-8/1 + 1.5% PEG-6000 +
+ 88.5% H2O (𝑎), solution 20% PVA-8/1 + 2% PEG-6000 +
+ 78% H2O (𝑏)

after holding the sample for more than a day at room
temperature or after an hour at 𝑇 = 60 ∘C.

It is typical that the hydrophily drastically de-
creases with the PEG concentration growth. In par-
ticular, if the concentration of PEG-6000 exceeds 5%,
the sample that has been radiation-crosslinked in the
interval of 𝐷OCL almost does not absorb water.

Hydration of polymer macromolecules in the course
of solution preparation is an important factor for the
radiation crosslinking. Depending on the hydration
degree, macromolecules have a wrapped (like a ball)
or unwrapped (quasilinear) configuration. This cir-
cumstance substantially affects their reactivity with
respect to low-molecular radicals that arise in the
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Fig. 8. Variation of the electrical resistance of the RCLHG
disk sample (Fig. 3) in the course of diffusion of 3.2% NaCl
solution at 𝑇 = 18 ∘C. The sample thickness is 0.25 cm, and
the diameter is 1.7 cm. Solution 20% PVA-8/1 + 2% PEG-
6000 + 78% H2O. Line 𝑅 = 0.25 kΩ marks the resistance of
the initial NaCl solution

course of water radiolysis. As a rule, the unwrap-
ped configurations are more reactive than wrapped
ones [13].

In our experiments, the researched PVA𝑥–PEG𝑦

system was hydrated by holding the aqueous solution
of polymers at 𝑇 = 100 ∘C for 90 min. This procedure
provides the unwrapping of polymer macromolecules
that is sufficient for the radiation crosslinking at
room temperatures. However, the further long-term
(for 3 months) holding of gel samples at room tem-
perature and without access of air resulted in a con-
siderable change of their properties, which can hardly
be explained by the growth of hydration. First of all,
this concerns mechanical properties; namely, the sam-
ples were transformed from the liquid state into a
more viscous one, which was close to the RCLHG
state after irradiation. The relative elongation at the
rupture of those samples amounted to 50% without
irradiation. But they were not heat-resistant: when
being heated to 60–70 ∘C, the samples were trans-
formed into the liquid state again. Moreover, after
the long-term storage, the transparency of hydrogel
samples became substantially lower. This effect com-
pletely disappeared, when the temperature was ele-
vated to 60–70 ∘C. The same effect, but much quicker
(for hours), was produced, when hydrogel was cooled
down before its irradiation to temperatures close to

0 ∘C. It is significant that the further irradiation of
samples (either stored for a long time interval or
cooled down) with electrons at temperatures of 20–
30 ∘C gave rise to a decrease of 𝐷OCL by a factor of 1.5
to 2. In this case, the mechanical properties acquired
in the course of irradiation remained thermostable,
even when the samples were heated up to 100 ∘C.

In our opinion, the described effects and the reduc-
tion of 𝐷OCL with decrease in the sample temperature
before irradiation can be explained by a certain struc-
turing in hydrogel, which takes place due to the forces
of polar interaction acting between separate macro-
molecules in hydrated polymers. This structurization
is not thermally stable, but it evidently diminishes
the average distance between macromolecules, which
substantially increases the probability for the radia-
tion crosslinks to be formed under further irradiation.

The ability of aqueous drug solutions to diffuse
quickly in RCLHGs is an important property of the
latter for their medical applications. As an illustra-
tion of this property, Fig. 2 demonstrates a photo of
the RCLHG plate cross-section. A droplet of brilliant
green solution was deposited on the upper surface of
the plate. One can clearly observe the diffusive profile
of the dye concentration.

In Fig. 8, the dependence of the electrical resis-
tance 𝑅 ∼ 1/𝑛, where 𝑛 is the concentration of charge
carriers in the disk sample of RCLHG, is shown (see
Fig. 3). One can see that, after two hours of diffusion,
the electric resistance and, accordingly, the concen-
tration of charges in the sample reach values that are
average between those for pure RCLHG and a NaCl
solution. This result allows the diffusion coefficient of
solution ions, �̃�, to be evaluated from the relation
𝐿 =

√︀
�̃�𝜏 , where 𝐿 is the diffusion length, and 𝜏 the

diffusion time.
Setting 𝐿 equal to the sample thickness and 𝜏 to the

time interval, during which the average concentration
between the initial concentrations of charge carriers
in pure RCLHGs and a NaCl solution is established,
we obtain �̃� ∼ 10−5 cm2/s. Hence, the transport of
a water-soluble preparation from the external surface
of the RCLHG layer about 0.3 cm in thickness takes
about 1 h at room temperature.

4. Conclusions

The radiation crosslinking of hydrogels prepared on
the basis of the PVA𝑥–PEG𝑦 system (with 𝑥 =
= 8÷20 wt% and 𝑦 = 1÷3 wt%, depending on the
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molecular weights of components) provides them by
the mechanical properties that are required for their
application as a material for wet medical dressings.
The efficiency of the radiation crosslinking grows,
as the time of the hydration at room temperature
increases and the temperature, at which the ini-
tial hydrogel PVA𝑥–PEG𝑦 has been irradiated, de-
creases. This fact may result from the spatial or-
dering of polymer macromolecules during the hydra-
tion owing to their dipole interaction. The concen-
tration of intermolecular crosslinks is proportional
to the exposure dose at least within an interval of
2–50 Mrad. However, PVA𝑥–PEG𝑦 hydrogel obtains
mechanical properties that are optimal for medical
applications only in a narrow interval of crosslinking
exposure doses, 𝐷OCL±0.5 Mrad for every specific ra-
tio 𝑥 : 𝑦. The crosslinking efficiency is proportional to
the integrated intensity of pulse electron irradiation
applied to the radiation crosslinking of hydrogel. The
parameters of this dependence are determined by the
lifetime ratios between the radicals created by irra-
diation, and by the duration and ratio of irradiation
pulses.

The dependence of the thickness of a radiation-
crosslinked layer in liquid PVA𝑥–PEG𝑦 hydrogel, 𝑑𝑧 ,
on the energy of electrons, 𝐸𝑒, is evaluated experi-
mentally: 𝑑𝑧 = 𝑘𝐸𝑒, where 𝑘 ≈ 1.5 mm/MeV. The
efficiency of the radiation crosslinking is found to
decrease with the growth of the hydrogel tempera-
ture during irradiation. This phenomenon may result
from the annealing of the intermolecular ordering be-
tween polymer macromolecules, which is established
in the PVA𝑥–PEG𝑦 solution due to the polar inter-
action at hydration. The hydrophily of RCLHGs on
the basis of the PVA𝑥–PEG𝑦 system correlates with
the exposure dose obtained during the crosslinking
much more strongly than with the concentrations
and molecular weights of applied polymers. This cir-
cumstance may testify to the domination of the hy-
drophily mechanism associated with the surface ten-
sion in RCLHG capillaries over the mechanism asso-
ciated with the polymer hydration owing to the polar
interaction. The diffusion coefficient for aqueous so-
lutions in PVA𝑥–PEG𝑦 radiation-crosslinked hydro-
gels has an order of 10−5 cm−2/s within the inter-
val of room temperatures. Therefore, the transport
of the working concentration of water-soluble drugs
from the external side of the RCLHG dressing to a
wound takes about 1 h.
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ФIЗИЧНI ВЛАСТИВОСТI
РАДIАЦIЙНО-ЗШИТИХ ГIДРОГЕЛIВ
ПОЛIВIНIЛОВИЙ СПИРТ–ПОЛIЕТИЛЕНГЛIКОЛЬ
В КОНТЕКСТI ЗАСТОСУВАННЯ
В МЕДИЧНИХ ПОВ’ЯЗКАХ

Р е з ю м е

Дослiджено вплив компонентного складу, умов гiдратацiї
та електронного опромiнення на механiчнi, оптичнi, дифу-
зiйнi та гiдрофiльнi властивостi радiацiйно-зшитих гiдро-
гелiв на основi системи полiвiнiловий спирт–полiетиленглi-
коль з точки зору їх застосування у виготовленнi медичних
пов’язок для лiкування опiкiв та ран. Експериментально ви-
явлено та проаналiзовано значний вплив iнтенсивностi еле-
ктронного опромiнення i температури розчинiв на процеси
радiацiйного зшивання високомолекулярних полiмерiв. По-
казано переважну залежнiсть гiдрофiльностi зшитих гiдро-
гелiв вiд дози опромiнення над залежнiстю вiд композицiй-
ного складу. Визначено дiапазони оптимальностi режимiв
опромiнення та концентрацiї полiмерiв, що забезпечують
вимоги до радiацiйно-зшитого гiдрогелю як матерiалу для
медичних пов’язок.
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