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Abstract Hydrogels are polymeric materials used in
many pharmaceutical and biomedical applications due to
their ability to form 3D hydrophilic polymeric networks,
which can absorb large amounts of water. In the present
work, polyethylene glycols (PEG) were introduced into the
hydrogel liquid phase in order to improve the mechanical
properties of hydrogels composed of 2-hydroxyethylacry-
late and 2-hydroxyethylmethacrylate (HEA—-HEMA) syn-
thesized with different co-monomer compositions and
equilibrated in water or in 20 % water—PEG 400 and 600
solutions. The thermoanalytical techniques [differential
scanning calorimetry (DSC) and thermogravimetry (TG)]
were used to evaluate the amount and properties of free and
bound water in HEA-HEMA hydrogels. The internal
structure and the mechanical properties of hydrogels were
studied using scanning electron microscopy and friability
assay. TG “loss-on-drying” experiments were applied to
study the water-retention properties of hydrogels, whereas
the combination of TG and DSC allowed estimating the
total amount of freezable and non-freezing water in
hydrogels. The results show that the addition of viscous co-
solvent (PEG) to the liquid medium results in significant
improvement of the mechanical properties of HEA—-HEMA
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hydrogels and also slightly retards the water loss from the
hydrogels. A redistribution of free and bound water in the
hydrogels equilibrated in mixed solutions containing
20 vol% of PEGs takes place.
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Introduction

Hydrogels are three-dimensional hydrophilic polymer net-
works, which are able to absorb and retain a significant
amount of water (from 10-20 % up to thousand of times
their dry mass) [1-4]. Hydrogels are used in many phar-
maceutical and biomedical applications (i.e., drug delivery
systems [1, 5], contact lenses and ocular drug delivery
[6, 7], wound dressings, tissue engineering [8, 9], and
intelligent sensitive sensors [1]) due to their excellent
biocompatibility as they have properties similar to living
tissues and do not trigger responses or rejections from the
immune system. Hydrogels can be classified as chemical
(permanent) if they are covalently cross-linked networks or
physical (reversible) if they are composed of non-cova-
lently cross-linked networks, and macromolecules are held
together by ionic bonds, H-bonding and/or hydrophobic
effects [1]. Chemically cross-linked hydrogels are usually
mechanically stronger compared to physical gels.
Hydrogels can accommodate substantial amount of water,
which has different properties depending on the position and
interactions within the hydrophilic network. A “three states
model” presented in 1973 by John and Andrade, defines three
types of water in hydrogels—non-freezing or bound water,
free or bulk water, and freezing interfacial or intermediate
water [10]. Molecules of free water are not affected by the

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10973-015-4446-y&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10973-015-4446-y&amp;domain=pdf

336

E. V. Hackl et al.

polymer and freeze/melt similarly to pure water; molecules of
bound water are directly immobilized by binding to the
polymer chains through hydrogen bonds. Molecules of
intermediate or freezing bound water interact weakly with
polymers. Some authors suggest that the polar interaction
between water and polymer chains cannot be the sole factor
responsible for the existence of non-freezing water; other
factors including increased viscosity at low temperatures and
inability for water molecules to diffuse through the hydrogel
phase also need to be taken into account [11 and references
therein].

It was widely shown that properties of bound water
(phase transitions, relaxation time, polarization, etc.) differ
from properties of free water. As a result, the diffusion of
water-soluble drug molecules in hydrogels is expected to
be affected by the presence of different types of water. It is
assumed that at high level of hydration, the drug diffusion
would occur primarily in the bulk water; however, at low
hydration, the diffusion can take place in the bound water
[12, 13]. The diffusion in bound water can be reduced due
to additional steric hindrance, increased viscous drag, or
reduced compatibility with a diffusing solute.

Several atomistic models have been proposed to
describe the interstitial diffusion based on the motions of
free water. For instance, according to the Mackie and
Meares model [14], the polymer blocks a fraction of the
sites restricting the solute diffusion to the free sites. In this
case, the diffusion coefficient D for a solute in the gel
depends on the volume fraction of the free water (the
porosity fraction), &: f = D% = (¢/(2 — ¢€))*, where Dy is the
diffusion coefficient in water. To obtain f < 0.1 (meaning
the diffusion time increases 10 times), ¢ must be below 0.5.

The drug uptake/release properties are strongly depen-
dent on the diffusive behavior of the water; therefore the
determination of the amount of free and bound water in
hydrogels is very important for designing the intelligent
drug delivery systems with controlled drug release prop-
erties. Besides, knowing the redistribution of free and
bound water is important for the understanding of the
nature of interactions between polymer and water.

Several methods were previously applied to determine
the different types of water in hydrogels including NMR
[15-17], dilatometry, conductivity measurements, and
thermal analysis [11, 18, 19 and references therein].

Polymer hydrogels (synthetic or natural) can be synthe-
sized as homopolymers or co-polymers. Poly(2-hydroxyethyl
methacrylate) (polyHEMA or PHEMA) is one of the most
widely used hydrogel materials. The properties of PHEMA
hydrogels have been extensively investigated in the number of
studies [20 and references therein]. PHEMA has generally
been regarded as a hydrophilic, but water insoluble material. It
contains both hydrophobic (methyl) and hydrophilic pendant
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groups (OH, CO), which are responsible for the hydrogel
swelling. In a swollen state, it becomes soft and rubber-like
thermostable material with a high mechanical strength.

Different properties of hydrogels (such as oxygen per-
meability, the rate of drug release and release mechanism,
etc.) can be adjusted by changing the water content in
hydrogels. In order to increase the amount of water accu-
mulated by hydrogels (the hydrogel swelling degree),
HEMA can be co-polymerized with more hydrophilic
monomers [21-24]. Recently, Khutoryanskiy et al. [25]
synthesized cross-linked HEA—HEMA co-polymer hydro-
gels with different HEA-to-HEMA ratios and studied their
swelling and mechanical properties. It was shown that co-
polymerization of HEMA with more hydrophilic HEA can
significantly increase the water content in hydrogels (the
equilibrium swelling degree) when HEA content in
hydrogels increases above 40 mol%. At the same time,
hydrogels with large HEA content (above 50-60 mol%)
and significantly enriched water content were shown to
have poor mechanical properties (mechanical weaknesses).
Increased friability of hydrogels makes them very difficult
to handle, which limits their potential application.

In the present work, oligomeric polyethylene glycols (PEG)
with molecular weights of 400 and 600 Da were introduced
into the liquid phase used for the samples swelling in order to
overcome mechanical weaknesses and to improve the
mechanical properties of cross-linked HEA-HEMA hydro-
gels. Polyethylene glycols with different molecular weights are
widely used as excipients in cosmetics and pharmaceutical
industry due to excellent solubility in water and outstanding
toxicological safety [26]. However, addition of PEG into for-
mulation can have an impact on water content and free-bound
water redistribution in hydrogels resulting in alteration in drug
diffusion and uptake/release properties. Therefore, the state of
water in HEA—HEMA hydrogels in PEG solutions needs to be
examined to establish the impact of PEG on the liquid medium
and physicochemical properties of the hydrogels. To evaluate
the amount and properties of free and bound water in HEA—
HEMA hydrogels, in the present work, the thermoanalytical
techniques (DSC and TG) were applied. Additionally, scan-
ning electron microscopy (SEM) was engaged for the structure
analysis of the fully swollen hydrogels. The friability test was
applied to characterize the mechanical properties of the
hydrogels with different compositions and liquid media.

Materials and methods
Materials
The cross-linked 2-hydroxyethylacrylate-co-2-hydroxyethyl

methacrylate (HEA-HEMA) hydrogels with different co-
polymer compositions were synthesized by three-dimensional
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free radical copolymerization of HEA and HEMA as described
previously [25]. Eleven hydrogel samples with different HEA/
HEMA ratios (HEA content varied from 0 to 100 mol%) were
prepared. All hydrogels are labeled according to the HEA
mol% content in the monomer feed mixture.

PEG with the average molecular weights of 400 Da
(PEG 400) and 600 Da (PEG 600) were purchased from
Fluka.

Freeze-dried hydrogels were immersed in different
liquid media including distilled water, 20 vol% aqueous
solutions of PEG 400, and 20 vol% aqueous solutions of
PEG 600. Hydrogels were fully swollen in a large excess of
the liquid media at 4 °C until the mass of hydrogel became
constant over time.

Methods
Swelling of HEA-HEMA hydrogels

Dry hydrogels were immersed into an excessive amount of
liquid (distilled water or 20 vol% aqueous solutions of
PEG 400 or PEG 600) at room temperature. The mass of
the hydrogels was measured gravimetrically at regular time
intervals. Before each measurement, the surface water was
accurately removed by blotting each sample against plastic
weighing boat. The experiment was continued until the
mass of a sample remained constant. Swelling degree (in

%) at each time was calculated as
Wa

W, —
SD% =——+—
% We

x 100 % (1)

where W; is mass of a swollen hydrogel; W, is mass of a
dry hydrogel.

Thermogravimetric (TG) analysis

TG measurements of fully swollen HEA-HEMA hydrogels
were carried out using the Perkin Elmer Pyris 1 Thermo-
gravimetric Analyzer (USA). Nitrogen was used as purge
gas with the flow rate of 20 mL min~'; nitrogen flow
conditions were kept constant during all experiments. Two
types of experiments were conducted:

1. Temperature scanning: Hydrogel samples (25-30 mg)
were embedded into non-hermetic aluminum pans
sealed up with a lid perforated by a needle. Samples
were heated from room temperature to 250 °C at a
heating rate of 5 °C min~".

2. Loss—on-drying experiments: Hydrogel sample of
25-30 mg was placed in uncovered aluminum pan,
and change in the sample mass was measured at

constant temperature (37 °C) and controlled purged

gas for 120 min. To evaporate water remained after
hydrogel isothermal drying at physiological tempera-
ture, sample was heated from 37 to 250 °C at a rate of
5°C min~'. Water evaporated during incubation at
37 °C and total water in hydrogel samples were
calculated.

Differential scanning calorimetry (DSC)

DSC measurements were performed in a Perkin—Elmer
Jade DSC (USA). Swollen hydrogel samples (about
9-12 mg) were crimped in an aluminum pan. An empty
aluminum pan was used as a reference. The samples were
subjected to a cooling scan from 30 down to —35 °C
(—45 °C for hydrogels swollen in 20 vol% PEG solutions)
and equilibrated for 3 min, followed by a heating scan from
that temperature up to 30 °C. Both scans were performed at
the rate of 2 °C min~'. Nitrogen was used as a purge gas at
the flow rate of 30 mL min~'. The calorimeter was cali-
brated using indium standard.

Friability of fully swollen hydrogels

Mechanical stability of the hydrogels with different HEA
contents in aqueous and in 20 vol% PEG solutions was
studied using an Erweka Roche friability tester (Germany).
In a typical experiment, a fully swollen hydrogel sample
with mass ranging between 25 and 40 mg was placed in a
plastic spheroidal container of 45.1 mm long with an
internal diameter of 35.1 mm. To increase the damaging
force, a small plastic bead with a diameter of 8.2 mm and a
mass of 660 mg was placed into the container. A total of
100 pL of liquid medium (distilled water or PEG solution)
were added to keep the hydrogel wet. Two spheroidal con-
tainers were placed in the friability tester and were subjected
to 15 min rotation at 25 revolutions per min. After rotation,
the mass of the largest hydrogel fragment was measured and
hydrogel mass loss Wy,s was calculated as

Wiew%% = 100 % — 1% 100 (2)

Wo
where W, is the mass of the largest hydrogel fragment
after rotation, and W, is the initial mass of the hydrogel
sample. Each experiment was repeated at least three times,
and average value of the mass loss was taken.

Scanning electron microscopy (SEM)
The surface morphology of the hydrogels was examined

using Carl Zeiss EVO HD15 scanning electron microscope
(UK) with the Peltier Coolstage MK3 (DEBEN UK Ltd) at
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various magnifications (up to 10 K). Fully water-swollen
gel samples were mounted on 12.5 SEM pin metal stubs,
and quickly frozen before images were collected. The
temperature and pressure inside the sample chamber were
—21 °C at 10-15 Pa, respectively.

Calculation of the amount of freezing and non-freezing
water in hydrogels

The amount of non-freezable bound water Wy,,,q in total
water was assessed by subtracting the amount of freezing
water from the total water content using the equation

AH, freezing

Wbound(%) = Wtotal(%) - < AH.
pure

x 100 %) (3)
where Wiy, is the total water content in fully swollen
hydrogel, AHyeezing is the melting enthalpy of freezable
water (combined free and freezable bound water), and
AH,. is the melting enthalpy of pure water (334 J g™!
[18]). AHfreesing Values were calculated from the area under
the endothermic melting peak on DSC heating run. The
total water content in hydrogels was calculated from the
mass loss by hydrogels upon temperature-induced water
evaporation measured by TG.

Results

Swelling of HEA-HEMA hydrogels in water
and in 20 vol% PEG 400 (600) solutions

Hydrogels were fully swollen either in water or in 20 vol%
PEG solutions with PEG average molecular weights of 400
or 600 Da. Figure la shows the relationship between the
equilibrium swelling degree of HEA-HEMA hydrogels
and the HEA content in hydrogels. As is seen, the amount
of liquid in HEA-HEMA hydrogels in all solutions tested
strongly depends on the copolymer composition and
increases when the HEA content increases. The depen-
dence on the HEA content is not linear; significant increase
in the water uptake by the hydrogels occurs when the HEA
content exceeded 40-50 mol% (Fig. la). Especially
remarkable increase in the equilibrium swelling degree is
observed in the case of HEA-rich hydrogels with the HEA
content >70 mol%. Figure la also shows that the equi-
librium swelling degrees of hydrogels depend on the liquid
medium and decrease in more viscous media (20 vol%
PEG solutions).

Kinetics of hydrogel swelling (Fig. 1b) shows that swelling
of HEA-rich hydrogels (HEA > 70 mol%) occurs faster than
swelling of HEMA-rich hydrogels (HEA < 40 mol%) both
in aqueous and in mixed solutions containing PEG 400 (600).
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Fig. 1 HEA-HEMA hydrogel swelling in aqueous and mixed
solutions containing 20 vol% PEG 400 or PEG 600. a The equilib-
rium swelling degree of HEA—-HEMA hydrogels as a function of the
HEA co-polymer content for hydrogels fully swollen in water (open
triangle), 20 vol% PEG 400 (filled square) and 20 vol% PEG 600
(filled circle). b Typical swelling kinetics of HEA-HEMA hydrogels
in 20 vol% PEG 600 solution; HEA content, mol%: 0 (filled circle),
60 (filled triangle), 70 (filled square). ¢ Effect of the HEA content on
the diffusion exponent n for hydrogels in water (open circle) [24],
20 vol% PEG 400 (filled circle), 20 vol% PEG 600 (filled triangle)

Morphology of HEA-HEMA hydrogels in aqueous
solution

The internal structure of water-swollen hydrogels was
examined using SEM. The SEM micrographs of HEA-
HEMA hydrogels at swelling equilibrium are shown in
Fig. 2. All hydrogels have a porous structure with a low
interconnectivity between individual pores in the case of
PHEMA and highly interconnected pores in the case of
HEA-rich hydrogels. PHEMA hydrogels show a very dense
structure with the comparable linear sizes of pores and
inter-pore polymeric “walls”. As the fraction of HEA in
the co-polymeric network increases, the hydrogels show a
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remarkable increase in porosity leading to a decrease in the
polymer “wall” thickness and increase in (pore diame-
ter):(polymer “wall” thickness) ratio. These structural
changes result from the increased interaction between more
hydrophilic HEA fragments and water molecules. It is
supposed that the pores are the regions of mobile phase
permeation. Comparison of the SEM images (Fig. 2) and
the swelling degree dependence on the HEA content
(Fig. 1a) shows that the increased porosity of the HEA-rich
hydrogels is observed in the hydrogel samples with the
enhanced water sorption capability.

Mechanical stability of HEA-HEMA hydrogels
in aqueous and PEG solutions

It is well known that the addition of PEG to aqueous solution
increases the solution viscosity. Kinematic viscosities of
20 vol% PEG solutions used in the present work were found to
be 2.58 and 3.02 mPa s for PEG 400 and PEG 600 solutions,
respectively. To test whether PEG presence in the liquid
media could improve the hydrogel mechanical properties,
friability of HEA-HEMA hydrogels with high HEA content
(>50 mol%) fully swollen in water or in 20 vol% PEG 400
(600) mixed solutions was assessed.

Figure 3 shows the mass loss of the HEA-rich hydrogel
samples swollen in water and in 20 vol% solutions of PEG
400 and PEG 600 after the mechanical stress was applied.
The mass loss values were calculated according to Eq. (2).
As is seen, the mass loss increases with increased HEA
content in hydrogels reflecting the fact that highly porous
HEA-rich hydrogels containing a large amount of liquid
are more fragile and easily brake into pieces. Hydrogels
containing PEG keep their integrity much better and lose
less mass under mechanical stress applied. PEG 600

Fig. 2 SEM micrographs
(x5,000) of the porous structure
of HEA-HEMA hydrogels
equilibrated in distilled water.
HEA content, mol%: a 0, b 10,
¢ 50, d 80

(20 vol% solution) shows stronger effect on the hydrogel
mechanical properties than 20 vol% of PEG 400. These
results show that when PEG is introduced in the liquid
medium, it is able to significantly improve the mechanical
properties of HEA-HEMA hydrogels with high HEA
content making them more stable and less fragile.

The total amount of water in HEA—-HEMA hydrogels
measured by TG

The total amount of water is one of the main characteristics
of hydrogels, since they are supposed to have an extraor-
dinary capacity for imbibing water into the network
structure. To assess the total amount of water in HEA-
HEMA hydrogels, the TG was performed from 25 to
250 °C, and the total mass loss of the samples was calcu-
lated. Figure 4 presents the values of the total amount of
water in HEA—-HEMA hydrogels containing aqueous or
20 vol% aqueous-PEG liquid phases. The water uptake by
the hydrogels strongly depends on their chemical compo-
sition and remarkably increases with the HEA content both
in water and in 20 vol% PEG 400 (600) mixed solutions.
Hydrogels fully equilibrated in 20 vol% PEG solutions
contain less amount of water than those fully equilibrated
in pure water (Fig.4) with only a minute difference
between the water content in hydrogels swollen in 20 vol%
mixed solutions containing PEG 400 or PEG 600.

Water-retention properties of HEA—-HEMA hydrogels
in aqueous and PEG solutions studied by TG

To study how the hydrogel composition and the presence
of 20 vol% PEG 400 (600) in formulation affect the water-
retention properties of hydrogels, a drying of swollen
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Fig. 3 The mass loss after the mechanical stress for HEA-HEMA
hydrogels equilibrated in water (open triangle), 20 vol% PEG 400
(filled square) or 20 vol% PEG 600 (filled circle) solutions. Lines are
guides to the eyes only

100 A

Total water/mass%

40 + T T T T )
0 20 40 60 80 100

HEA content/%

Fig. 4 Total amount of water in hydrogels with different HEA
content measured by TG. Hydrogels were fully equilibrated in water
(open triangle), 20 vol% PEG 400 (filled triangle) or 20 vol% PEG
600 (filled circle) solutions. Solid lines represent fitting of the
experimental data to sigmoidal (Boltzmann) function

HEA-HEMA samples at physiological temperature
(37 °C) was conducted using TG. Before experiments, the
hydrogels were fully equilibrated either in water or in
20 vol% PEG solutions. In a typical “loss-on-drying”
experiment, each hydrogel sample was held during
120 min at 37 °C and constant purged gas flow, and the
sample mass loss over time was recorded. Typical “loss-
on-drying” TG curves for different hydrogels swollen in
20 vol% PEG 600 are presented in Fig. 5a. Mass of the
hydrogel samples decreases over time due to water expel-
ling from hydrogels.

Figure 5b shows the dependencies of the amount of
water lost after 2 h of drying at 37 °C as a function of the
HEA content in HEA-HEMA hydrogels equilibrated in
water or in 20 % PEG 400 (600) solutions. The results
show that in the case of HEA-rich hydrogels, a negligible
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amount of residual water remained after the drying stage,
evidencing that water is evaporated from HEA-rich
hydrogels relatively easily. More water retains in HEMA-
rich hydrogels (HEA < 40 mol%). The presence of
20 vol% PEG in formulations does not change the profiles
of water evaporation. The character of water evaporation
from hydrogels remains similar for hydrogels containing
water or 20 vol% PEG solutions as a liquid medium.
Hydrogels equilibrated in 20 vol% PEG 600 retain slightly
more (~3-5 %) water than hydrogels equilibrated in water
(Fig. 5b).

TG loss-on-drying curves schematically can be split into
two stages: initial relatively fast loss of mass (i.e., fast
water evaporation) followed by slow mass loss (i.e., slow
water evaporation). To estimate the amount of fast and
slowly evaporating water in HEA-HEMA hydrogels, the
inflection points were identified using Pyris TG software
(onset option). Figure 5¢ shows the dependencies of the
inflection times on the HEA content in hydrogels. As is
seen, the inflection point is shifting toward longer times
when the HEA content in hydrogels increases. The per-
centages of fast and slowly evaporating water calculated
using the values of the sample masses at the inflection
points are presented in Fig. 5d.

Study of the thermal properties of water in HEA-
HEMA hydrogels by DSC

Figure 6a presents typical DSC curves of HEA-HEMA
hydrogels in 20 vol% PEG 600 solution. All curves were
obtained during the cooling run from 30 to —45 °C fol-
lowed by a heating run from —45 to 30 °C. For all samples
studied (hydrogels swollen in water, in 20 % PEG 400 (or
600) solutions; pure water and 20 % aqueous-PEG solu-
tions), two thermal events were observed: (1) sharp exo-
thermic peak on the cooling stage related to crystallization
of free water in the sample and (2) broad endothermic peak
on the heating stage due to the melting of water which was
frozen during the cooling stage. The melting enthalpy
values presented in Fig. 6b increase when the HEA content
increases indicating that the amount of freezable water
strongly rises in HEA-rich hydrogel samples as they con-
tain more water per unit of hydrogel mass. The depen-
dencies in Fig. 6b are non-linear (“S”-shaped) indicating
the significant changes in the HEA-HEMA hydrogel
properties with a threshold near 40 mol% of HEA and the
maximum melting enthalpy values achieved for samples
containing 80-100 mol% of HEA. The absolute value of
crystallization enthalpy also increases with the HEA con-
tent (data not shown).
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Fig. 5 Water-retention properties of HEA-HEMA hydrogels studied
by TG. a Typical loss-on-drying TG curves illustrating change in
hydrogel mass over time for HEA-HEMA hydrogels in 20 vol% PEG
400 incubated at a constant temperature 37 °C during 120 min. After
120 min, hydrogels were heated up to 250 °C. HEA content (mol%)
from top to bottom: 0, 30, 40, 50, 70, 100. The dashed lines
interception shows the inflection point (illustrated for HEA 100 %
only). b Amount of water (% of the total water) evaporated during
120-min incubation of hydrogels at 37 °C for hydrogels with different
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Fig. 6 Freezing and melting of water in HEA-HEMA hydrogels
studied by DSC. a Typical DSC curves representing the freezing and
melting curves for hydrogels in 20 vol% PEG 600 solution. HEA
content (mol%) from fop to bottom 100, 90, 60, 40, 20, 10.

Estimation of the amount of free and bound water
in HEA-HEMA hydrogels in aqueous and aqueous-
PEG solutions

The quantities of non-freezing (Wyouna) and freezing water
(Wkreezing) Within the HEA-HEMA hydrogels were deter-
mined from the area under the endothermic peak in DSC
curves (Fig. 6a) according to Eq. (3). The melting enthalpy of
pure water measured by DSC in our experiments has been
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triangle), 20 vol% PEG 400 (filled square) and 20 vol% PEG 600
(filled circle). d The amount of water evaporated during the first (fast)
stage versus HEA content for hydrogels equilibrated in water (open
triangle), 20 vol% PEG 400 (filled square), 20 vol% PEG 600 (filled
circle). Solid lines (in b—d) represent fitting of the experimental data
to sigmoidal (Boltzmann) function
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b Enthalpies of melting AH for freezable water in hydrogels with
different HEA content fully equilibrated in water (open triangle),
20 vol% PEG 400 (filled square) or 20 vol% PEG 600 (filled circle)

found to be equal to 335 J g~ which is in very good agree-
ment with the literature data (334-340 J g{1 [18, 19, 27)).
The total amount of water in hydrogels was measured by TG
(Fig. 4). The quantities of freezing and non-freezing bound
water are expressed as percentages of the total amount of
water in fully swollen hydrogels.

Figure 7 shows the amount of freezing water in HEA—
HEMA hydrogels equilibrated in aqueous and in 20 vol%
aqueous-PEG solutions. One can see that for water-swollen
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hydrogels, the amount of freezing water significantly
increases with HEA content from about 65 % in PHEMA
to about 90-95 % in HEA90 and PHEA hydrogels. Con-
sequently, the proportion of non-freezing water decreases
with increased HEA content.

As the content of liquid medium changes from pure
water to 20 vol% water—PEG solution, the amount of
freezing water in hydrogel samples decreases (Fig. 7).
HEA-rich hydrogels show greater difference in the amount
of freezing water between hydrogels equilibrated in water
and in PEG solutions than HEMA-rich hydrogels.

Discussion

The equilibrium swelling degree of HEA-HEMA hydro-
gels strongly depends on HEA/HEMA ratio in the mono-
mer mixture used for their synthesis. Increase in the HEA
content above 40-50 mol% results in a remarkable rise in
the swelling degree from about 200 % for HEA40 up to
about 1,400 % for HEA90 (Fig. 1a). Comparison of the
swelling degree and the total water content in hydrogels
(Fig. 4) shows that above 80-85 % of the mass of the
HEA70-HEAS8O hydrogel samples is the liquid phase, and
for HEA90-PHEA water-swollen hydrogels, the water
content is as high as 93-94 mass%. At the same time,
PHEMA hydrogel contains only 55 mass% of water. The
difference in hydrogel swelling is related to the difference
in the chemical structures of 2-hydroxyethyl methacrylate
(HEMA) and 2-hydroxyethyl acrylate (HEA)—lacking one
methyl group, HEA is more hydrophilic than HEMA and
can attract more water.

It is not surprising that a material containing 85-90 mass%
of water shows weak mechanical properties. However, our
results clearly show that the mechanical properties of
HEA-HEMA hydrogels with high HEA content can be
significantly improved by adding viscous co-solvent (PEG)

Freezing water/%

HEA content/%

Fig. 7 Amount of freezing water (%) in HEA-HEMA hydrogels with
different HEA content equilibrated in water (open triangle), 20 vol%
solutions of PEG 400 (filled square) or PEG 600 (filled circle)
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to the hydrogel liquid medium. As is seen in Fig. 3, HEA-
rich hydrogels containing 20 vol% PEG can better with-
stand the mechanical stress and preserve their integrity
during friability test than the hydrogels swollen in pure
water. More viscous 20 vol% PEG with molecular weight
of 600 (kinematic viscosity 3.02 mPa s) protects hydrogels
from the mechanical stress better than 20 vol% PEG 400
(kinematic viscosity 2.58 mPa s).

In mixed solutions containing 20 vol% PEG, the equi-
librium swelling degree of HEA-HEMA hydrogels
decreases but still remains high (above 900-1,000 % for
HEA-rich hydrogels with HEA > 70 mol%) compared to
the swelling degree of PHEMA (below 200 %) (Fig. 1a).

Similar to the equilibrium swelling degree, the rate of
hydrogel swelling also decreases in 20 vol% PEG solu-
tions. To determine the mechanism of solvent diffusion
into the polymer matrix, the following power law equation
[1, 28] can be used:

M,

= k" 4
W 4)

where M, and M, are the amount of water absorbed by the
hydrogel at time ¢ and at equilibrium, k is a characteristic
constant of the system, and » is a characteristic exponent of
the mode of water transport. Equation (4) is applicable
only to the initial stage of swelling when M/M, < 0.6.
Equation (4) can be rewritten as

M,
lnﬁoflnkJrnlnt (5)

The swelling kinetics data were replotted in logarithmic
coordinates In(M/M,) versus In(¢). The intercept and slope
of the linear curves obtained were used to calculate the
values of the kinetic constant k and diffusion exponent
n. Values of diffusion exponent n calculated for HEA-
HEMA hydrogel swelling in water [25] and solutions
containing 20 vol% PEG 400 (600) are shown in Fig. 1c.

Depending on the rates of liquid diffusion into the
polymer matrix and polymer relaxation, three types of
diffusion mechanism can be considered [1, 29, 30]. For the
Fickian diffusion (Case 1) with n = 0.5, the rate of water
diffusion is lower than the rate of relaxation of the polymer
chain making the diffusion a rate limited factor. Coefficient
n = 1 indicates Case 2 diffusion where the rate of diffusion
is rapid compared with the chain relaxation process. Non-
Fickian diffusion or Case 3 diffusion (0.50 < n < 1) occurs
when the diffusion and relaxation rates are comparable, and
hydrogel swelling is controlled by both liquid phase dif-
fusion inside the polymer matrix and by relaxation of
polymer chains [1, 28].

Analysis of the results (Fig. 1c) shows that for hydrogels
swollen in pure water, nearly linear dependence of n on
HEA content occurs. HEMA-rich samples (HEA < 60)
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revealed Fickian type of diffusion of water into hydrogels
(n in the range of 0.33-0.45). At the same time, HEA-rich
hydrogels show non-Fickian type of diffusion (n > 0.5).
Similar observations were reported for HEMA-based
hydrogels in [31, 32] with n equal to 0.44 for PHEMA and
0.5-0.53 for HEMA with more hydrophilic co-polymers. In
20 vol% PEG solution, swelling of HEMA-rich hydrogels
(HEA < 70 mol%) becomes “less Fickian” [33] with
n < 0.5 (Fig. 1c), meaning that increased viscosity of the
liquid medium containing PEG makes its diffusion into the
polymer matrix very slow, thus limiting the rate of the
swelling process. In this case, the water penetration rate is
much below the polymer chain relaxation rate. HEA-rich
samples (HEA > 80 mol%) show non-Fickian diffusion
(0.5 < n < 1)in 20 vol% PEG solutions as well as in water
(Fig. 1c).

One of the main properties of hydrogels is their ability
not only to imbibe water but also to retain it making pos-
sible the sustained release of the loaded medicines. TG
“loss-on-drying” experiments allow a convenient way to
study water evaporation from hydrogels at different tem-
peratures. The TG results (Fig. 5b) show that the rate of
water evaporation from hydrogels at physiological tem-
perature (37 °C) strongly depends on the hydrogel com-
position—after 2-h incubation HEMA-rich hydrogels lose
significantly less water (up to 15-17 %) than HEA-rich
hydrogels due to their denser structure preventing water
from escape. PEG 400 has been shown to have an insig-
nificant effect on the amount of water evaporated from
HEA-rich (HEA > 70 mol%) hydrogels; however, its
presence helps HEMA-rich hydrogels (HEA < 40 vol%)
to retain water better (Fig. 5b). Both HEA-rich and
HEMA -rich hydrogels containing 20 vol% PEG 600 in the
liquid medium retained more water after 120-min incuba-
tion at physiological temperature; however, as the results
show, the overall increase in water retained is only 3-5 %
of the total amount.

TG also allows monitoring the profiles of water loss
from hydrogels. As Fig. 5a shows that in the case of HEA—
HEMA hydrogels, the water evaporation profiles consist of
“fast” and “slow” evaporation stages. It can be assumed
that water evaporating during the “fast” stage is easily
accessible and has little or no interaction with the polymer
matrix (bulk water). On the contrary, “slowly” evaporating
water requires more time to escape from hydrogel, proba-
bly, due to its H-bonding to the polymer matrix or to bound
water. The more free water hydrogel contains, the longer
the “fast” evaporating stage is expected to carry on, and
the more percentage of water is expected to be expelled
during the fast stage.

The duration of the “fast” evaporation stage clearly
depends on the HEA content and increases from about
30 min for PHEMA to about 60 min for HEA-rich

hydrogels (Fig. 5c). At the same time, the amount of “fast”
evaporating water also increases with increased HEA
content—about 85 % of the total water is evaporated dur-
ing the fast stage from PHEMA and HEMA-rich hydrogels
(HEA < 40 mol%) and almost 97-100 % of water from
HEA-rich hydrogels (HEA > 80 mol%). The presence of
20 vol% PEG in liquid medium does not change the pro-
files of water evaporation from hydrogels. PEG 400 has
only a minor effect on the inflection time and the amount of
fast-evaporating water. The presence of PEG 600 in liquid
medium slightly increases the duration of the fast stage and
decreases the amount of fast-evaporating water (Fig. 5c, d).

Overall, the results show that the hydrogels equilibrated
in 20 vol% PEG 600 retain more water than the samples
swollen in water; however, the difference is rather small.
One can conclude that the water-retention properties of
HEA-HEMA hydrogels swollen in water and in PEG
solutions strongly depend on the composition of the poly-
mer network and, to a lesser extent, depend on the com-
position of the swelling liquid medium.

Combination of TG and DSC thermoanalytical methods
also allows assessing the amount of freezing (bulk and
intermediate) and non-freezing (bound) water in hydrogels.
The crystallization peak on the DSC curves of all samples
(Fig. 6a) indicates the presence of freezable water in
hydrogels equilibrated in aqueous and in PEG solutions.
For partly dried hydrogel samples, the area under the
crystallization peak significantly decreased and eventually
this peak disappeared. For example, for the HEAIO0
hydrogel, the crystallization peak disappeared when the
water content in hydrogel was reduced from ~ 60 (for
hydrogel fully equilibrated in water) to ~ 38 mass% (data
not shown). Therefore, certain minimum water content in
hydrogels is required for free water to appear.

The enthalpies of crystallization and melting measured
by DSC were used to assess the amount of freezing water
in hydrogels. Figure 7 shows that the amount of freezable
water in water-swollen hydrogels increases with increased
HEA content. PHEMA hydrogel with the lowest water
content possesses the smallest free-to-bound water ratio.
As the HEA content in hydrogel increases, the total amount
of water and the free-to-bound water ratio increase sig-
nificantly. In the case of HEA-rich hydrogels, the amount
of freezable water rises due to a substantial increase in
porosity of the HEA-rich hydrogels. It is expected that
more hydrophilic HEA polymer contains a greater pro-
portion of bound water. At the same time, addition of HEA
to HEMA within the co-polymers leads to a polymer net-
work with a lower cross-linking density (larger mesh size)
and greater interconnecting pores accumulating more free
water (Fig. 2). Perhaps, these two processes are in equi-
librium in the case of intermediate HEA contents
(30-60 mol%) where the swelling degree is moderately
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high (Fig. la), and the amount of freezable water in
hydrogels does not change significantly with increased
HEA content (Fig. 7).

In aqueous-PEG solutions, a part of water molecules
forms H-bonds with hydrophilic molecules of PEG
increasing the overall amount of bound water. The latter
results in a decrease in the melting enthalpies (AH ;) of
the mixed solutions: AH,,.;; for 20 vol% PEG 600 and PEG
400 were 168 and 194, respectively, indicating that about
42 and 50 % of all water in mixed solutions becomes non-
freezable. When 20 vol% PEGs (400 or 600) are added to
the hydrogel liquid medium, the total amount of bound
water is also expected to grow thus lowering the amount of
free water (Fig. 7).

Conclusions

Overall, a combination of the thermoanalytical methods
(TG and DSC) allowed evaluating the properties of water
in the HEA-HEMA hydrogels of different compositions
swollen in water and PEG aqueous solutions. The HEA—
HEMA composition has a strong effect on hydrogels
morphology, the total amount of liquid and ratio of free and
bound water in hydrogels. The swelling degree of hydro-
gels increases non-linearly when the HEA content exceeds
40-50 mol% regardless of the liquid phase, i.e., pure water
or 20 % PEG solutions. The introduction of the viscous co-
solvent (PEG) into the liquid medium results in significant
improvement of the mechanical properties of HEA-HEMA
hydrogels. An addition of PEG also decreases the amount
of freezing water in hydrogels and diminishes the compo-
sition effect on the quantity of freezing/bound water. TG
study of water-retention properties of HEA—HEMA shows
that the presence of 20 vol% PEG in formulations does not
change the profiles of water evaporation but slightly retards
the water loss from hydrogels. A redistribution of free and
bound water in the hydrogel samples occurring in the
mixed solutions containing PEG can have an impact on the
rate of drug diffusion to/from hydrogels.
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