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Abstract: Crosslinking of polyethylene oxide (PEO) using a peroxide in the melt is employed to
synthesize soft hydrogels with the ability of controlled release of proteins. The viscoelastic properties of
the swollen networks confirm the elastic nature of the synthesized material and they are in agreement
with swelling characteristics. The hydrogels have mesh sizes at the nm scale as it is estimated by
swelling measurements and measured by small angle neutron scattering (SANS). Diffusion of bovine
serum albumin (BSA) and lysozyme (LYZ) out of the hydrogels is restricted by the presence of the
network. The diffusion coefficient in the hydrogels is lower for BSA in comparison to LYZ, while in
both cases it drops as the mesh size of the network becomes smaller. This study introduces the use of
peroxide-crosslinked PEO networks in the investigation of protein transport within hydrogels, the
development of hydrogel-based protein delivery patches and polymeric constructs.
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1. Introduction

Polyethylene oxide (PEO) hydrogels have been established as biocompatible materials for
applications in wound healing, drug delivery, and tissue engineering [1]. While PEO offers structural
integrity, hydrophilicity, and ability to combine in copolymers with other functional polymers [2],
it is nontoxic and biologically inert [3,4]. The control over architecture and mechanical properties of
synthetic PEO hydrogels allows investigations of the role of scaffold elasticity on cell differentiation
and proliferation [5] while their biodegradability and tissue adhesion properties may lead to promising
wound sealants [6]. PEO can be combined with other polymers to create multifunctional systems as for
example using heparin–peptide interactions for the formation of bioactive noncovalent networks [7]
and carboxymethyl cellulose to make hydrogel films with potential in tissue engineering [8].

Crosslinking with the use of peroxides offers the possibility for reaction in the melt state by thermal
decomposition, production of free radicals, and subsequent hydrogen abstraction from the polymer [9].
It has been successfully used to improve the processing and mechanical properties in bioplastics [10]
and traditional polymers [11] and to synthesize branched vinyl polymers [12]. Peroxides have been also
used to crosslink PEO in the melt and produce water-swellable hydrogels [13,14]. Controlled transport
of biomolecules within hydrogels is crucial as it defines whether sustained administration e.g., for tissue
regeneration applications [15] or acute release e.g., for the delivery anti-inflammatory agents [16] will
occur. Therefore, versatile crosslinking procedures are very important for the development of novel
multifunctional platforms for the investigation of loading and release of biomacromolecules.
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In this work we use 2,5-bis(tert-butylperoxy)-2,5-dimethylhexane under thermal decomposition
conditions to crosslink PEO in the melt in order to synthesize hydrogels with tunable mechanical and
morphological properties for applications in protein and drug delivery. Swelling measurements are
performed to estimate the mesh size and modulus of the swollen networks while these findings are
supported by small angle neutron scattering (SANS) and rheology experiments. The release of globular
proteins from the hydrogels is compatible with the morphological characteristics of the networks
at the nanoscale. The prepared PEO hydrogels can be used as templates for transport of bioactive
macromolecular substances.

2. Experimental

2.1. Materials

Poly(ethylene oxide) (PEO) with average molar mass (Mn) 5,000,000 gmol−1, 2,5-bis(tert-butylperoxy)
-2,5-dimethylhexane (Luperox 101), acetone (≥99.5%), dimethylformamide (DMF), and butanol (BUT) were
purchased from Sigma-Aldrich (Athens, Greece) and were used without further purification. Bovine serum
albumin (BSA) and lysozyme from chicken egg white (LYZ) were also purchased from Sigma-Aldrich
(Athens, Greece).

2.2. Hydrogel Synthesis and Preparation

Based on the procedure put forward by Emami et al. [13] 500 mg of PEO were mixed with 1 mL
of organic solvent/Luperox mixture. The final mixtures were placed at 85 ◦C for 15 min to become
homogeneous and the temperature was raised to 160 ◦C for another 15 min for the crosslinking reaction
to take place. In our case other solvents, i.e., butanol and DMF, were also used apart from acetone
which was originally proposed [13]. Three different peroxide/organic solvent volume ratios were used
for each solvent as shown in Table 1.

Table 1. Peroxide/solvent mixtures used for the synthesis of the polyethylene oxide (PEO) hydrogels
for acetone (AC), butanol (BUT) and dimethylformamide (DMF) solvent.

Sample % v/v Peroxide Solvent

AC1 15
AcetoneAC2 30

AC3 45

BUT1 15
ButanolBUT2 30

BUT3 45

DMF1 15
Dimethyl-formamideDMF2 30

DMF3 45

Hydrogels were immersed in excess amount of water for swelling for three days while excess water
was changed three times to wash uncrosslinked chains and remaining organic solvents/crosslinker.

2.3. Fourier Transform Infrared Spectroscopy

A Bruker Equinox 55 Fourier Transform Instrument was used to record the infrared spectra
(FTIR). It was equipped with an attenuated total reflectance (ATR) diamond accessory (SENS-IR)
and a press. Small pieces of swollen and washed hydrogels were placed at the center of the sample
holding device, were dried under nitrogen stream and 64 scans were collected in the wavenumber
range 500–5000 cm−1, at 2 cm−1 resolution. Three measurements on different loaded samples were
performed to confirm reproducibility.
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2.4. Swelling Measurements

Hydrogel samples were equilibrated in distilled water at room temperature for 24 h. The mass
of the swollen networks (ms) was extracted by weighing the samples after removing excess solvent
superficially with filter paper. Subsequently the hydrogel samples were placed in a vacuum oven for
about one week under vacuum (at room temperature) and were weighed immediately after they were
removed from the oven to obtain their dry mass (md). The swelling ratio was extracted by Equation (1).
All experiments were run in triplicate.

rs =
ms −md

md
× 100 (1)

2.5. Small Angle Neutron Scattering

Small angle neutron scattering (SANS) was performed on the KWS-2 high intensity/wide-q small
angle neutron scattering diffractometer, at the Jülich Centre for Neutron Science (reactor FRM II).
The scattering vector (q) range was 0.002–0.1 Å−1 and was covered by three separate detection
configurations (2, 8, and 20 m detection length) with neutron wavelength λ = 4.5 Å. 2-D raw data were
reduced by standard methodology and the reduced 2-D raw data that were isotropic were azimuthally
integrated into 1-D scattered intensity I(q). Numerically calculated model intensities used to fit the
experimental data are convoluted [17] with a Gaussian function so that instrumental resolution is taken
into account [18,19].

2.6. Rheometry

Rheological measurements were performed using a stress-controlled rheometer AR-2000 ex
(TA Instruments), equipped with a plate-on-plate geometry (diameter = 20 mm). Dynamic oscillatory
frequency sweep tests were carried out on the swollen hydrogels at strain amplitude 1% which was
well inside the linear response. The linear response regime was estimated by oscillatory strain sweeps
at constant frequency 1 Hz. Measurements were performed at 25 ◦C with the aid of a Peltier control
system. A solvent trap was used to minimize water evaporation.

2.7. Loading and Release of Proteins

BSA and LYZ solutions of 20 mg·mL−1 concentration were prepared by dissolving protein powders
in distilled water (pH 6.5) and allowing to equilibrate for 24 h at 4 ◦C. Swollen hydrogels were incubated
in 10 mL protein solutions and kept at 4 ◦C for 144 h to equilibrate. Protein solution-swollen hydrogels
of disc shape (1 mm in height and 8 mm in diameter) were cut with a biopsy punch, washed with
distilled water to remove protein solution from their surface, and were immersed in 10 mL of distilled
water at 25 ◦C. Aliquots of 1 mL from the solution were taken at predetermined time intervals and
protein concentration was determined by UV-vis absorption at 280 nm. The aliquots were returned to
the sample vial after UV-vis measurement. Experiments were run in triplicate. Calibration curves for
BSA and LYZ were constructed using solutions of proteins with known concentration.

2.8. UV-Vis Absorption Measurements

UV–vis absorption spectroscopy was carried out on a UV–vis-NIR spectrophotometer Perkin-Elmer
(Lamda 19) using an 1-cm-long quartz cuvette to load the samples. The absorbance at 280 nm was
recorded for the quantification of protein concentration.

3. Results and Discussion

The crosslinking reaction was evaluated by FTIR experiments on PEO powder (before crosslinking)
and on hydrogels that were previously washed and subsequently dried under nitrogen. The characteristic
bands (Figure 1) that are found in the PEO powder are the CH bending at 1465, 1360, and 1343 cm−1,
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the C–O stretching at 1279, 1249, and 959 cm−1, the C-O-C stretching at 1095 cm−1, and the CH2 rocking at
842 cm−1. In the crosslinked PEO the bands appear broader. The new characteristic band at 1720 cm−1 is
related to C=O stretching of ester groups formed during the crosslinking reaction.
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Figure 1. FTIR spectra from uncrosslinked polyethylene oxide (PEO) in the form of PEO powder (red)
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In the reaction of PEO with the peroxide the thermal decomposition of Luperox 101 leads to
crosslinking by the formation of tertiary alkoxy radicals that abstract the α hydrogens of PEO leading to
polyether radicals [13]. Pairs of these radicals may combine to produce ether crosslinks. According to
Emami et al. crosslinking may also occur by reaction of the tertiary alkoxy radicals with the polyether
radicals which results in acetals with peroxide groups that can also decompose. This may lead to
acetal crosslinks with other polyether or acetal radicals. The formed network contains crosslinks that
eventually may consist of one ether, two ether, two acetal, or one ether and one acetal linkages [13]
(e.g., Scheme 1). Another reaction, that is faster than the one of crosslinking, is between the tertiary
alkoxy radicals with the acetal radicals leading to esters. This side-reaction is detected by the peak
at 1720 cm−1 (Figure 1) implying that the decomposition of Luperox 101 and the production of the
radicals that are necessary for crosslinking take place successfully.
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Scheme 1. Possible crosslinking modes of PEO by (a) one ether and (b) two acetal linkages.

The ability of hydrogels to accommodate large amounts of aqueous media while keeping their
mechanical integrity can be proved by swelling experiments. The results from the synthesized
hydrogels swollen in water are shown in Table 2. It is found that rs values are between 400 and 700.
The swelling ratio is somewhat higher in hydrogels arising from acetone. There is possibly a slight
decrease of rs as concentration of the crosslinker increases, which would be expected as the molar mass
between crosslinks should decrease at higher crosslinker concentrations. However, this drop, although
systematic, it is not outside the experimental error.



Macromol 2021, 1 41

Table 2. Parameters extracted from swelling experiments.

Parameter/Sample rs ξcalc (nm) G′calc (Pa) ρ (1023 m−3)

AC1 635 ± 52 8.70 573 1.42
AC2 605 ± 45 8.19 628 1.55
AC3 541 ± 65 7.12 780 1.93

BUT1 575 ± 63 7.68 693 1.71
BUT2 548 ± 51 7.24 760 1.88
BUT3 491 ± 41 6.32 938 2.32
DMF1 551 ± 57 7.29 752 1.86
DMF2 556 ± 56 7.37 739 1.83
DMF3 423 ± 37 5.25 1250 3.09

Based on standard theory on swollen networks of neutral hydrophilic polymers one can estimate
the correlation length (ξcalc) and the elastic modulus (G′calc) of the PEO hydrogels (Table 2).

1

Mc
=

2

Mn
−

υ
V1

(
ln(1− υ2) + υ2 + χ1υ2

2

)
υ1/3

2 − υ2/2
(2)

According to Flory–Rehner calculations the molecular weight between crosslinks Mc is derived
by Equation (2). Mn is the number-average molecular weight of the uncrosslinked polymer, V1 the
solvent molar volume, υ2 the volume fraction of the polymer in the swollen hydrogel, υ the polymer
specific volume, and χ1 the interaction parameter between polymer and solvent [16–20].

The correlation length is written in Equation (3) in terms of the mean-square end-to-end distance of

the unperturbed polymer chain
(
r2

0

)1/2
= lC1/2

n (2n)1/2 (where l, Cn, and n are the average bond length,

polymer characteristic ratio, and number of monomers between crosslinks, respectively). This distance,
also termed the characteristic mesh size, is the mean distance between crosslinks in the hydrogel.

ξcalc = υ−1/3
2

(
r2

0

)1/2
(3)

The elastic modulus of the hydrogels is customarily estimated by the average density of crosslinks
ρ = cNA

Mc
where c is the polymer concentration in the swollen hydrogel (Equation (4)).

G′calc = ρkBT (4)

The estimated correlation length is the average distance between chains segments in the semidilute
solution. It is in the order of 5–9 nm and it decreases as crosslinker amount increases. The modulus of
the swollen hydrogels is estimated at 600–1200 Pa and (as expected) follows an inverse relation with rs.

Concentration fluctuations in hydrogels and polymer solutions are traditionally studied by small
angle scattering methods where, among others, the correlation length can be measured. Swollen polymer
networks differ from uncrosslinked semidilute solutions in terms of morphology because crosslinks
introduce spatial concentration fluctuations [21,22] that do not relax by thermal diffusion [23,24].
These static correlations are expressed by a characteristic size (Ξ). Thermal fluctuations that would
appear also in uncrosslinked semidilute solutions are present and are expressed by the correlation
length of the semidilute solution (ξ). Normally the length-scale of “frozen” correlations is much larger
than the solution correlation length (Ξ � ξ). In literature, a superposition of two scattering functions
has been used to model data from swollen hydrogels [21,23–25]. Each of these functions generally
consist of a Guinier plateau and a power-law.

In our case SANS data show a low q upturn at q < 0.01 A−1 (Figure 2). Under the assumption
of inhomogeneities, this is the power-law regime of the static fluctuations that is dominant at
q� 1/Ξ. Obviously, our SANS measurement window is outside the characteristic length scale of static
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fluctuations that originate from the crosslinks. At q ∼ 0.1 A−1 the shoulder that appears relates to
scattering from semidilute solutions. We used the superposition of two terms (Equations (5)–(7)) i.e.,
Iin(q) and Isd(q) representing inhomogeneities and thermal fluctuations, respectively.

I(q) = Iin(q) + Isd(q) (5)

Iin(q) = A·q−D (6)

Isd(q) = B·
(
1 +

(
d + 1

3

)
·(qξ)2

)− d
2

(7)
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The second term is an empirical function that captures both the correlation length ξ and the
characteristic fractal exponent d of the unperturbed chain conformation. This correlation length is a
measure of the gel mesh size [26]. The exponents D and d are the characteristic fractal exponent of the
inhomogeneities and thermal fluctuations, respectively.

The values of the correlation length ξ measured by SANS (Table 3) are near the ones estimated
by swelling experiments (Table 2). In all cases the lowest content of peroxide leads to the highest ξ,
however, a systematic decrease of ξ with the increase of crosslinker is clear only in DMF hydrogels.
However, in all cases there is a clear and systematic difference between the lowest and the highest
amount of crosslinker. Based on the results of Tables 2 and 3 it can be concluded that for all three
solvents the mesh size of the PEO networks can be tuned by choosing the proper amount of added
peroxide in a range of the order 2–3 nm. The characteristic exponents of the unperturbed segment
conformation (d) lie between 1.2 and 1.7 and there is a trend to decrease as crosslinking density
increases. This shows a tendency of the PEO segments to change from an excluded volume chain
conformation [27,28] (d~1.6) to a more stretched conformation (d~1) as crosslinking density increases.
The characteristic exponent of inhomogeneities is about 3.5–3.8 and, therefore, the scattering from
these large-scale structures is defined by rough surface fractals.
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Table 3. Parameters extracted from small angle neutron scattering (SANS) for the PEO hydrogels.

Parameter/Sample A (10−8 cm−1 Å−D) D B (cm−1) ξ (nm) d

AC1 12.97 3.67 4.73 10.2 1.69
AC2 45.76 3.46 2.38 6.78 1.57
AC3 9.39 3.80 1.25 8.05 1.18

BUT1 4.16 3.82 4.34 11.9 1.59
BUT2 58.75 3.52 2.01 6.38 1.29
BUT3 10.78 3.71 1.59 7.42 1.35
DMF1 5.57 3.81 4.18 12.3 1.52
DMF2 6.32 3.72 1.85 8.00 1.50
DMF3 4.75 3.84 1.42 7.89 1.25

% δP/P * 3.1 3.5 9.8 8.7 2.0

* uncertainty in parameter estimation.

G′ and G” from rheology experiments were found fairly frequency-independent while G′ was
higher than G” by roughly an order of magnitude (Figure 3). The measured storage modulus (Table 4)
appears not too far from the one estimated from swelling experiments (Table 2). Its values are mostly
between 500 and 1000 Pa. There is a tendency of both G′ and G” to increase as a function of crosslinker
percentage which is also followed by the values of ρ (Table 2). However, this trend is very strong in
hydrogels synthesized in DMF either in comparison to the other two hydrogels or in comparison to
what is expected from swelling experiments. The differences between the hydrogels from different
solvents may originate from different degrees of heterogeneity and porosity at the length scale of µm.
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Table 4. Parameters extracted from rheological experiments.

Parameter/Sample G′ (Pa) G” (Pa) tan δ

AC1 506 65.2 0.129
AC2 825 74.2 0.090
AC3 1003 119 0.119

BUT1 695 52.0 0.075
BUT2 725 13.4 0.018
BUT3 959 123 0.128
DMF1 251 27.6 0.110
DMF2 902 38.1 0.042
DMF3 1987 170 0.086

The mechanical and swelling properties of the synthesized hydrogels were proved to be adequate
for applications in biomaterials for drug delivery and wound healing. The hydrogels are self-supported
and can accommodate large amounts of water in order to interact with tissues and cells and at the
same time carry growth factors, proteins, and drug molecules. Therefore, we further tested their ability
to accommodate and release model globular proteins. Hydrogels originating from AC were chosen for
this test because in comparison to DMF and BUT AC has the lowest boiling point. Additionally, it is
the solvent proposed in the original works of Emami et al. [13]. The proteins of choice were BSA
and LYZ. They have been both used in release studies from PEO hydrogels [16], with BSA being of
larger molecular weight and size. The release experiments were performed in water and not in a
physiologically relevant medium e.g., PBS because the aim was an investigation that establishes the
hydrogels’ properties in a range that covers both their fundamental characteristics and their ability
to control interactions with biological molecules i.e., from swelling and viscoelasticity to protein
diffusion. Therefore, the choice was to do this under conditions that were simplest and uniform for all
experiments. In any case no significant electrostatic or specific interaction effects (related with salt
ions) are expected in the fairly inert PEO network. The two proteins have different isoelectric points
which are about 5 for BSA and 11 for LYZ. Therefore, were expected to have opposite overall charge at
pH 6.5 where the experiments were performed. However, only steric and no electrostatic interactions
were expected to occur between the proteins and the hydrogel and their charge is not anticipated to
change the release properties.

The release of the globular proteins from the hydrogel was modelled by Equation (8). The amount
of protein Mt which is released at time t is defined [29] by the amount released at sufficiently long time
M∞ the diffusion coefficient of the protein D within the hydrogel and the hydrogel sample thickness L.

Mt

M∞
= 1−

∞∑
n=0

8

(2n + 1)2π2
·exp

− (2n + 1)2π2D
L2 t

 (8)

The release profiles of BSA and LYZ from the hydrogels is illustrated in Figure 4. Data were
collected up to 100 h confirming the plateau behavior at long times. However, data up to 50 h are
shown for clarity. Fitting with Equation (8) was used to extract the diffusion coefficient of the proteins
in the PEO hydrogels. Regarding BSA, the values shown in Table 5 (5–8 × 10−8 cm2 s−1) are significantly
lower than the one of BSA in aqueous media (67 × 10−8 cm2 s−1). Motion inside the network is hindered
as the hydrodynamic radius of BSA [16,30] is 3.5–4 nm and is therefore comparable to the correlation
length ξ of the hydrogels. The scaling relation introduced by Lustig and Peppas [31] dictates that the
diffusion coefficient D inside the hydrogel will drop in comparison to the one in free solution D f as
D

D f
= 1− Rh

ξ , where Rh is the protein’s hydrodynamic radius. A strong decrease of solute diffusivity
when the hydrodynamic radius is comparable to the correlation length is also predicted by the more
recent scaling [32] and multiscale approach [33]. There is apparently a decrease of D as crosslinker
concentration increases (Table 5) which would be expected as ξ was demonstrated to decrease (at least
to some extend) by our SANS data (Table 3). Recently mesh size estimation and tuned protein release
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were proposed with step growth PEO hydrogels 30. The authors demonstrated that a delicate tuning of
the mesh size allowed the selective release of proteins from a “cocktail” based on their size.
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Table 5. Diffusion coefficient (in 10−8 cm2 s−1) of proteins in the hydrogels extracted from release experiments.

Protein/Sample BSA LYZ

AC1 7.7 ± 0.8 36 ± 6
AC3 5.2 ± 0.7 24 ± 5

The case of LYZ release (Figure 4) is qualitatively similar to the one in BSA. D is found between 20
and 40 × 10−8 cm2 s−1 whereas for free diffusion of LYZ the value is 145 × 10−8 cm2 s−1. Although
the hydrodynamic radius of LYZ (1.6 nm) is smaller than the one of BSA the effect of the hydrogel on
protein’s diffusion is evident. It has to be noted that the equilibration time of 144 h allowed for the
proteins to load into the hydrogels is adequate. This is evident from Figure 4a,b, where in 40 (BSA)
and 20 h (LYZ), respectively, the release kinetics is practically finished. Additionally, the characteristic
time for diffusion in (or out) from a hydrogel [34] is τ = L2

D which for the slowest diffusion coefficient
in this study (5 × 10−8 cm2 s−1) results to 56 h.
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4. Conclusions

Peroxide Luperox 101 was used to prepare PEO hydrogels in the melt by the thermally stimulated
tertiary alkoxy radicals and abstraction of α hydrogens of PEO. This versatile synthesis scheme allows
fabrication of hydrogels with mesh size in the order of the size of globular proteins (≈10 nm) and
modulus between 500 and 1000 Pa. Swelling experiments in water were predictive of the mesh size
and modulus of the hydrogels and they were supported by SANS and rheometry. The mesh size of the
hydrogels could be tuned by the peroxide content. The diffusion of the model proteins BSA and LYZ
from the hydrogels was found slower for BSA in comparison to LYZ because of their different sizes.
Additionally, it was demonstrated that protein release profiles correlated with the mesh size of the
prepared networks. Therefore, these hydrogels can be designed as platforms for controllable release
of biomacromolecules.
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