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Abstract−The effects of solvents such as water and ethanol on the rheological properties and crosslinking characteris-
tics of poly(ethylene glycol) (PEG) hydrogels were examined. Real-time storage modulus data for pre-polymerized mix-
tures containing different solvents during the photo-polymerization process successfully explained the differences in the
formation of crosslinked networks of the corresponding hydrogels. Various experimental methods for Fourier trans-
form infrared spectroscopy (FT-IR), swelling ratio, Rhodamine-B (Rh-B) loading/release properties, and scratch/inden-
tation depths on hydrogel surfaces, were employed to systematically compare macroscopic structural and mechanical
properties of the crosslinked PEG hydrogels with different solvents (water and ethanol). The effects of the solvents on
the hydrogel properties were satisfactorily consistent, and the results clearly indicated that water hindered the forma-
tion of the crosslinked network more severely than ethanol at the same weight ratio because of the presence of larger
number of water molecules in pre-polymerized mixtures, which was a more favorable feature for water than ethanol in
the initial crosslinking growth.
Keywords: PEG Hydrogels, Rheology, Photo-polymerization, Solvent Effect, Crosslinking, Elastic Modulus, Scratch and

Indentation Depths

INTRODUCTION

Hydrogels have received considerable attention for chemical, bio-
medical, and pharmaceutical applications because of their hydro-
philic nature and biocompatibility [1-6]. Polymer hydrogels have
three-dimensional crosslinked networks that can absorb large
amounts of water or aqueous solvents, yet are insoluble owing to
the presence of dense crosslinks. These crosslinked networks are
mainly formed by free-radical polymerization, known as gelation
or crosslinking. The network properties, such as the mesh size and
rheological/mechanical properties, are key factors affecting the spe-
cific bio-related applications of polymerized hydrogels. For example,
the mesh size of crosslinked hydrogels in drug delivery systems or
electrophoresis gels and the mechanical properties of hydrogels as
antifouling coating materials on the membranes or bone regenera-
tion scaffolds play important roles [7-9]; thus, it is desirable to tune
the hydrogel characteristics. However, the study of the crosslinked
network properties of hydrogels has been still regarded as unim-
portant.

Among the various techniques for investigating the network
properties of polymeric hydrogels, real-time rheological measure-
ments, such as elastic and viscous moduli (G' and G''), during the
gelation process from liquid- to solid-like phases, can offer benefi-
cial information about the evolution of crosslinked hydrogels. Few
reports have rheologically interpreted the relationship between the
real-time crosslinking kinetics and mechanical/structural features
of completely crosslinked hydrogel samples [10-16]. Employing rhe-
ological measurement method, in particular, will be important for
elucidating the role of solvents in the crosslinking process for the
control of the crosslinking density and the porous structure of hy-
drogels applied in drug delivery and membranes [17-21]. 

Thus, our primary purpose was to scrutinize the effects of sol-
vents in pre-polymerized mixtures on the network properties of
polymeric hydrogels by monitoring the in-situ rheological evolu-
tion of poly(ethylene glycol) (PEG) hydrogels during UV photo-
polymerization process to optimally tune hydrogels for customized
applications. PEG is an attractive hydrogel that has been employed
extensively for many applications, such as tissue engineering, drug
delivery devices, bioseparation, and antifouling membranes. PEG
is reputed for its biocompatibility, capability to make drugs solu-
ble, role in hiding drug-circulating systems from immune recogni-
tion (especially in the liver), good protein- and cell-resistant prop-
erties, non-serious interaction with blood- and cellular proteins,
and relatively easy excretion from the body [22-29]. Two kinds of
solvents, water and ethanol, were included in PEG pre-polymer-
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ized mixtures. Water is known for effectively reducing the activa-
tion energy in the polymerization process owing to its hydrogen-
bonding nature. Ethanol, whose molecules are larger than those of
water, affects the movement of radicals [30-32]. The effects of these
two solvents dispersed at a low concentration in pre-polymerized
mixtures on the crosslinking evolution for PEG hydrogels were
investigated, using real-time rheological tests in the small ampli-
tude oscillatory shear (SAOS) mode [33-35]. Fourier transform infra-
red (FT-IR) data were obtained at a wavelength 1,637 cm−1 for the
temporal change of methacrylate double bonds, which were sup-
ported by the rheological results at different irradiation times [36].
The final properties of the crosslinked PEG hydrogels produced
from rheological tests, such as the water swelling ratio and Rh-B
uptake/release amounts, were macroscopically examined [37]. The
mechanical properties of the crosslinked hydrogel films, e.g., scratch
and indentation depths on the film surface, were estimated by nano-
scratch [38,39] and ultra-nano-indentation tests [40].

EXPERIMENTAL

1. Preparation of Pre-polymerized Mixtures Including Sol-
vents

Poly(ethylene glycol) methacrylate (PEGMA, molecular weight=
360) and poly(ethylene glycol) dimethacrylate (PEGDMA, molec-
ular weight=330) were used as a monomer and a crosslinker, respec-
tively, in the pre-polymerized mixtures for fabricating PEG hydrogels.
The photo-initiator for the photo-polymerization process was 2,2-
dimethoxy-2-phenylacetophenone (DMPA). The PEGMA and
DMPA were obtained from Sigma-Aldrich. PEGDMA was pur-
chased from Tokyo Chemical Industry (Japan).

The molar ratio of the monomer to the crosslinker was set as
1 :1. Water (W) or ethanol (Et) was included as a solvent by varying
its weight fraction for each test, to determine the effects of these

solvents on the real-time rheological and crosslinking properties of
PEG hydrogels. A small amount of DMPA was finally added to the
mixtures (1 wt% of above three compositions). The detailed formu-
lations for the pre-polymerized mixtures are listed in Table 1. Note
that two pre-polymerized samples containing solvents mixed with
water and ethanol were additionally prepared to compare their rhe-
ological properties with those by samples with single solvent.
2. Measurement of Real-time Rheological Properties During
UV Polymerization

In previous studies, the rheological measurements performed
during photo-polymerization supported the gelation or crosslink-
ing characteristics of curable materials [10-16]. Real-time rheologi-
cal data, including the storage or elastic modulus (G') growth, were
recorded during the UV exposure using a rotational rheometer
(MCR-301, Anton Paar, Austria) equipped with an external UV
light source in the SAOS mode. The storage modulus data are
highly related to the structural information of crosslinked hydro-
gels. The temperature and UV light intensity conditions were set
equally for each pre-polymerized mixture to compare the micro-

Fig. 1. Schematic diagram for rheological measurements of pre-polymerized mixtures with solvents (water or ethanol).

Table 1. Formulations of pre-polymerized mixtures having two
kinds of solvents (based on total amount of 3.03 g)

Sample PEGMA
(g)

PEGDMA
(g)

DMPA
(g)

Solvent
(g)

S0 1.5652 1.4348 0.03 0
SW10 1.4087 1.2913 0.03 0.3
SW20 1.2522 1.1478 0.03 0.6 
SEt10 1.4087 1.2913 0.03 0.3 
SEt20 1.2522 1.1478 0.03 0.6 
SM10 1.4087 1.2913 0.03 0.15(W)+0.15(Et)
SM20 1.2522 1.1478 0.03 0.3(W)+0.3(Et)
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scopic-network formation during photo-polymerization. The tem-
perature for the rheology test was maintained at 30 oC by the con-
vection of heating/cooling air in a controlled temperature cham-
ber. The UV light inducing the polymerization of the mixtures
was emitted under the same intensity conditions: 0.42 mW/cm2 at
a wavelength of 313 nm and 2.76 mW/cm2 at 365 nm.

Fig. 1 shows a schematic for measuring the rheological proper-
ties of the pre-polymerized samples listed in Table 1. The mixtures
placed on the glass substrate were evenly exposed to UV light. The
gap between the 8 mm upper-parallel plate and the glass plate was
300µm (Note that same rheological data were obtained under
500µm gap condition). The SAOS test was performed at a strain
change of 1% within the linear viscoelastic regime and at an input
frequency of 5 Hz because of the fast photo-polymerization.
3. Double-bond Conversion of PEG Hydrogels Indicated by
Change in FT-IR Spectra

The crosslinking density of the polymer network was analyzed
by examining the change in the C=C double bonds of PEGMA and
PEGDMA using the transmittance mode of a Nicolet-6700 FT-IR
spectrometer. The peak of the double bond appeared at 1,637 nm−1

in the IR band. The qualitative changes of the IR peaks were com-
pared for samples with different portions of solvents and were
extracted at varying rheological measurement times: 0 s (before
the test), 75 s, and 300 s (after the test).
4. Swelling Ratio and Rh-B Incorporation/Release Analysis
of PEG Hydrogels

The water-swelling characteristics of the disk-like PEG hydro-
gel films were examined after the photo-polymerization via rheol-
ogy tests. The films were dried in a vacuum oven for 24 h at 80 oC.
The dried samples were weighed and then soaked in distilled water
at room temperature for 72 h. The swollen film was removed from
the water and weighed again after the wetted surfaces were care-
fully wiped. The water-swelling ratio of a hydrogel film is defined as

q=Ws/Wd , (1)

where Ws and Wd are the weights of the swollen hydrogel after
swelling test and the initial dried hydrogel before the swelling test,
respectively.

We prepared a 0.05 mM Rh-B (Rhodamine B) stock solution
and measured its absorbance at a wavelength of 554 nm using a
UV-visible spectrophotometer (Varian, Cary100). Rh-B was incor-
porated into the crosslinked hydrogels by soaking the crosslinked
hydrogel disks in 20 mL of the Rh-B stock solution. After 24 h,
0.5 mL samples were removed from the solution, and their absor-
bance was measured to determine the loading amount of Rh-B.
The Rh-B-loaded hydrogel disks were separated from the solution
by centrifugation and then used for release experiments. To release
the Rh-B from the hydrogels, Rh-B-loaded hydrogel disks were
placed in PBS of 25 ml. After 24 h, a 0.5 mL sample was withdrawn
from the solution, and its absorbance was measured. The amounts of
incorporated and released Rh-B were determined using the calibra-
tion curve of the Rh-B concentrations versus the absorbance [37].
5. Mechanical Properties of Final Crosslinked PEG Hydrogels

The mechanical resistance at the surface of 300µm-thick cross-
linked hydrogels, produced from rheological tests, was measured
using a nano-scratch tester (Anton Paar Tritec SA, Switzerland). A

normal force ranging from 1 to 20 mN was progressively applied
on the surface of the hydrogel film along a horizontal scratch 1 mm
in length at a scratch speed of 2 mm/min. A sphero-conical nano
scratch tip with an indenter radius of 2µm and a cone angle of
90o was used for all the scratch tests [38,39]. A nano-indentation
tester (Anton Paar Tritec SA, Switzerland) was used to estimate
the mechanical hardness of the hydrogel film surface according to
an indentation load-displacement curve [40]. A Berkovich dia-
mond tip was used to perform indentation tests. A maximum
indentation load of 2,000µN was imposed, considering the rela-
tively low vertical penetration depth needed to exclude the sub-
strate effect. The rate of loading and unloading of the indentation
tip was set as 4,000µN/min.

RESULTS AND DISCUSSION

1. Real-time Rheological Characteristics of Pre-polymerized
Samples During UV Irradiation Process

The gelation process for the PEG hydrogels was investigated in
real-time rheological tests by measuring the storage modulus (G')
of pre-polymerized samples with different amounts of solvents.
Storage modulus data obtained from a rheometer equipped with a
UV module provided useful information about the crosslinking
behaviors of hydrogels [10-16,33-35]. G' could not be detected
before the onset of crosslinking because there was no significant
elastic contribution in the primitive samples.

In this study, the type and amount of solvents dispersed in the
pre-polymerized solutions were the factors affecting the crosslink-
ing characteristics, such as the onset time, transient response of G',
and final G' values at the end of irradiation (300 s). The evolution
of the elastic modulus for various samples, which directly rep-
resents the crosslinked network development, is illustrated in Fig.
2(a). The sample without any solvent, S0, had the fastest crosslink-
ing onset time and reached the highest final G' value at the high-
est crosslinking rate. This is due to the absence of hindrance by a
solvent at the crosslinking reaction stage. As the amount of sol-
vent within the samples increased, the final G' value gradually
decreased (Fig. 2(b)). The final G' data indicate that the ethanol
solvent hindered the crosslinking formation less than the water
solvent at the same weight concentration. Interestingly, however,
the temporal crosslinking rate of water was larger than that of eth-
anol. This is because water triggered the crosslinking formation of
hydrogels to a greater extent than ethanol due to its hydrogen-
bonding feature [31,32], but the large number of water molecules
compared with the number of ethanol molecules caused greater
disturbance of the crosslinking at the same weight ratio. For the
record, real-time rheological data for samples (SM10 and SM20) in-
cluding both water and ethanol solvents were compared with those
by samples with single solvents. For instance, the initial crosslink-
ing rate of SM10 was similar to that of SW10 due to the hydrogen
bonds [41], whereas its final G' was lower than those of both SW10

and SEt10, exhibiting the negative effect of solvent mixing on the
rheological property.

Note that a pre-polymerized mixture with 20 wt% of the water
solvent, SW20, was very turbid owing to the phase separation caused
by the low solubility of water [6], as shown in Fig. 3(a) (in con-
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trast, SEt20 was still transparent.), resulting in the uneven shape of
the fully crosslinked sample for SW20 (Fig. 3(b)). For this reason, we
mainly focused on samples with a solvent concentration of 10 wt%
in describing the subsequent experimental results.
2. Variation of Double Bonds Inside PEG Hydrogels During
UV Irradiation through FT-IR Analysis

IR peaks of samples exposed to UV light for different dura-

tions - 0, 75, and 300 s, were measured to qualitatively interpret
the change of the double bond amount during the free-radical
polymerization process. In Fig. 4(a), two overall IR absorption
peaks for three mixtures without a solvent and with a solvent at a
concentration of 10 wt% (S0, SW10, and SEt10) are observed at a
wavelength of 1,637 cm−1 for the vibration of C=C double bonds
on methacrylate groups (symmetric methylene stretching, νs CH2)
at 2,870 cm−1 and carbonyl groups (C=O) at 1,730 cm−1 for unre-

Fig. 2. (a) Evolution of storage modulus for pre-polymerized sam-
ples listed in Table 1 and (b) their final storage modulus val-
ues at UV irradiation end time.

Fig. 3. Photographs of (a) pre-polymerized samples, SW20 and SEt20
before the rheology test and (b) their crosslinked samples
after the rheology test.

Fig. 4. IR peaks of samples for S0, SW10, and SEt10 (a) in the wide range
of wavelength, (b) near wavelength 1,637 cm−1. (c) Absor-
bance ratio between IR peaks at 1,637 cm−1 and 1,730 cm−1.
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acted groups. The heights of the peaks at 1,637 cm−1 (Fig. 4(b)) and
the absorbance ratios between peaks at 1,637 cm−1 and 1,730 cm−1

for various samples (Fig. 4(c)) indicate the relative quantities of
remnant double bonds at the pre-irradiation (0 s), intermediate
(75 s), and post-irradiation (300 s) stages. The G' data in Fig. 2(a)
are nearly constant around the UV irradiation time of 75 s. In the
non-UV irradiation stage, the peak height for sample S0 without a
solvent was naturally more than that for samples containing sol-
vents because of the larger amounts of PEGMA and PEGDMA in
S0. The mixtures with the same amounts of solvents exhibited sim-
ilar peaks, which were lower than that of S0.

At the given UV exposure times (75 and 300 s), the IR absor-
bance differed among the samples, clarifying the effects of the sol-
vents on the photo-polymerization process. The crosslinked PEG
hydrogel without a solvent (at 300 s) exhibited the highest reduc-
tion of double bonds owing to the formation of a denser cross-
linking network. In comparison, the solvent-containing hydrogels
had a less-dense structure, possibly because of the interruption of
the crosslinking by the solvents during the polymerization process.

After 300 s of UV irradiation, the peak for SW10 was higher than
that for SEt10, indicating that the water solvent hindered the gela-
tion process slightly more than the ethanol solvent. However, at
the intermediate irradiation time of 75 s, two samples showed the
opposite trend: the peak for SEt10 was higher than that for SW10. This
clearly demonstrates the low crosslinking rate of the SEt10 sample,

as addressed in Fig. 2.
3. Swelling Ratio and Rh-B Incorporation/Release Features of
Hydrogels Networks

PEG hydrogel films produced from rheology tests were used for
macroscopic structure analysis. The change in the crosslinking den-
sity inside the hydrogel films with respect to the type and amount
of solvent was estimated according to the water-swelling ratio and
Rh-B loading/release properties. Fig. 5(a) shows that the PEG hy-
drogels absorbed more water when the amount of solvent increased,
indicating that a relatively low-dense crosslinking network was
formed by the solvent. The inclusion of a solvent in a pre-polym-
erized mixture can cause a less-dense crosslinked network by pro-
viding space between the crosslinks during the polymerization
process. A comparison of the swelling ratio at the same solvent
weight ratio proves that the water solvent hindered the crosslink-
ing formation more than the ethanol solvent, which is consistent
with previous rheology and FT-IR tests.

The uptake and release amounts of Rh-B in various PEG hydro-
gels made from the rheology test showed similar patterns, as was
the case for the swelling ratio test (Fig. 5(b)). The loading/release
amounts of Rh-B were very low in the hydrogel of S0, which had
no solvent, because of the formation of a dense crosslinked net-
work. They were slightly higher for SW10 than for SEt10 at the same
solvent concentration, which agrees with previous results.

Fig. 5. (a) Water swelling ratios and (b) Rh-B incorporation/release
properties for crosslinked samples, S0, SW10, and SEt10.

Fig. 6. (a) Scratch penetration depths from nano scratch test and
(b) indentation depths from ultra-nano indentation test for
crosslinked samples, S0, SW10, and SEt10.
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4. Mechanical Strength of PEG Hydrogel Films
The scratch and indentation depth properties of crosslinked

PEG hydrogel films were compared via nano scratch and ultra-
nano indentation tests of the film surfaces. Fig. 6(a) depicts the
penetration depth profiles on the film surfaces of the crosslinked
samples - S0, SW10, and SEt10 - along a horizontal movement up to
1mm of the vertical-load tip under the progressive loading from
0.5 to 20 mN. The mechanical strength is directly correlated to the
penetration depth on the surface of the hydrogel film. In general, a
soft film with a less-dense crosslinked structure suffers deeper
scratches or mars than a hard one. The scratch resistance proper-
ties of hydrogels with different types and amounts of solvents
exhibited a similar trend to the final storage modulus data for the
hydrogels: smaller and larger penetration depths for the S0 (with-
out any solvent) and SW10 hydrogels, respectively.

The hardness of crosslinked hydrogel films was measured in an
ultra-nano indentation test. Under the vertical load range of 0 to
2,000µN, there were clear differences among the indentation depth
profiles of the S0, SW10, and SEt10 hydrogels (Fig. 6(b)), which agree
with the scratch results. According to the level of the crosslinked
network structure of the hydrogels, the indentation depth for the
S0 hydrogel was smaller than that of SW10 and SEt10 under the same
loading condition. The SEt10 hydrogel, which had a denser cross-
linked structure than SW10, gave a smaller indentation depth.

Real-time rheological data regarding the development of the
crosslinked network inside PEG hydrogels during the gelation pro-
cess are highly useful for elucidating the final mechanical and
macroscopic structural properties of crosslinked hydrogel systems
with controlled solvents.

CONCLUSION

The fundamental properties of hydrogels can be desirably tuned
for many applications by controlling the space between crosslinks
during the gelation process via a solvent. The effects of water and
ethanol solvents on the rheological and crosslinking properties of
PEG hydrogels were examined. The addition of water or ethanol
to pre-polymerized mixtures produced less-dense crosslinked net-
works in hydrogels compared to the case without a solvent. At the
same weight ratio, the water solvent disturbed the final crosslink-
ing of hydrogels more than the ethanol solvent, although it in-
creased the free-radical polymerization rate at the early stage of
crosslinking more than the ethanol solvent. This result was demon-
strated by the real-time rheological properties (e.g., storage modu-
lus) of pre-polymerized mixtures with different solvents during the
photo-polymerization process. Real-time rheological data regard-
ing the PEG hydrogels corroborated the different macroscopic
structural and mechanical properties of the final crosslinked hydro-
gels with solvents, including the double bond change revealed by
FT-IR, water swelling ratio, Rh-B loading/release properties, and
scratch/indentation depths on hydrogel film surfaces.
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