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Facile preparation of transparent poly(vinyl alcohol)
hydrogels with uniform microcrystalline structure by
hot-pressing without using organic solvents

Tomoyo Sakaguchi1, Shusaku Nagano2, Mitsuo Hara3, Suong-Hyu Hyon4, Monika Patel1

and Kazuaki Matsumura1

Poly(vinyl alcohol) hydrogels (PVA-Hs) are promising materials for various biomedical applications and have been studied

extensively. Low-temperature crystallization is the most popular method used to prepare PVA-Hs with excellent mechanical

properties. However, this method uses dimethylsulfoxide (DMSO) as a solvent, which is toxic and difficult to handle. In this

study, a novel hot-pressing method was developed for preparing transparent PVA-Hs in order to eliminate the need of DMSO for

solubilizing PVA during gelation. Unlike the conventional methods, this method used high initial concentrations of PVA, which

made the molding of the gels easy and enhanced their gelation. The hydrogels prepared by hot-pressing showed rapid gelation of

the PVA molecules along with an enhanced crystallinity, unlike the hydrogels prepared by freezing and thawing. The efficiency of

different solvents (water and DMSO/water mixtures) for the preparation of PVA-Hs by the hot-pressing method was tested. The

total amount of crystallites was the same for all the gels irrespective of the solvent used. However, the gels solubilized in only

water showed a decrease in the net crystal size. This method not only eliminates the use of DMSO in preparing PVA-Hs but also

produces gels with high mechanical properties for future use.
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INTRODUCTION

Hydrogels are three-dimensional cross-linked macromolecular
networks having high water holding capability.1–3 Their unique
properties provide a great opportunity to explore their uses in various
dimensions of biological fields.4–6

Since the preparation of crosslinked poly(2-hydroxyethyl
methacrylate) hydrogels by Wichterle and Lim,7 hydrogels have
rapidly made their way from laboratory to market being of primary
interest to the field of biomaterials for applications such as wound
dressing,8,9 drug delivery,10,11 agriculture,12 implants13,14 and so on.
Hydrogels can be categorized into various categories based on their

chemical nature, stimuli responsiveness, strength and so on. In
addition, hydrogels are broadly classified into two types: chemical
and physical gels.15

Chemical gels are covalently crosslinked networks formed by
replacing the hydrogen bonds in the main chain by stronger and
stable covalent bonds. The commonly used chemical methods for the
synthesis of hydrogels include crosslinking with chemical crosslinkers,
grafting and radiation in solid and/or aqueous states.15,16

Physical gel networks on the other hand are held together by
molecular entanglements and/or secondary forces including ionic,
hydrogen bonding or hydrophobic interactions. Recently, physical gels

have gained immense attention because they are relatively easy to
produce, exhibit reversible sol–gel transitions and do not use chemical
crosslinking agents, which are toxic and need to be extracted or
neutralized before using the gels for their intended applications.
Moreover, chemical crosslinking agents can also undergo unwanted
reactions with bioactive substances present in the hydrogel matrix.15,16

In this context, poly(vinyl alcohol) hydrogels (PVA-Hs), which are
physically crosslinked, have several advantages over chemically cross-
linked gels, especially for biomaterial applications. Since Bray and
Merrill17 first reported the use of PVA-Hs in artificial cartilages, they
have been extensively studied for various biomedical owing to their
ease of characterization. Moreover, PVA-Hs exhibit biocompatibility
and mechanical, fluid flow and frictional properties similar to those
exhibited by articular cartilage.1,17–21

It is well known that aqueous solutions of PVA gradually undergo
gelation upon standing at room temperature. This gelation results from
the formation of networks, in which the PVA crystallites generated by
spinodal decomposition serve as the junction points.22 However, such
gels do not exhibit properties required to be used as biomaterials.23

A new freezing and thawing method was reported by Peppas for
preparing PVA-Hs with enhanced properties.24 In this method, an
aqueous solution of 2.5–15 wt% PVA is frozen at − 20 °C and is
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subsequently thawed back to room temperature to facilitate the crystal
formation. As the number of freezing/thawing cycles is increased, the
number and stability of these crystallites also increases because of the
condensation of the PVA solution by the formation of ice.25 Since this
pioneering report, the freezing and thawing method has been
extensively studied.26–29 However, because of the macroscopic phase
separation between the concentrated and dilute PVA solutions during
the crystallization of ice, the gels prepared by this method are opaque
and weak. The other problems associated with this technique
include the melting out of the crystallites and over-crystallization with
time.30 These complications can significantly affect the long-term
performance of the resulting gels and need to be addressed when
considering long-term applications.
As a solution to this problem, Hyon and Ikada prepared transparent

PVA-Hs by the low-temperature crystallization method and achieved
PVA-Hs with high mechanical strength, high water content (WC) and
excellent transparency.31,32 In this method, PVA was first dissolved in
a water/dimethylsulfoxide (DMSO) solvent at a low temperature
(−20 °C). This promoted the crystallization and crosslinking of
the PVA molecules without causing the spinodal decomposition.33

However, the use of water/DMSO solvents has safety issues.
In a similar study, Suzuki and co-workers prepared PVA cast gels

using only water as the solvent.34 The resulting hydrogels showed good
mechanical properties. However, their method required a prolonged
drying time, which influenced the physical properties of the gels.
Therefore, in order to address these issues, we report a novel

hot-pressing method to prepare PVA-H with uniform microcrystallite
structure, which should lead to good mechanical properties by simply
utilizing highly concentrated aqueous PVA solutions, thus eliminating
the need to use DMSO as the solvent.

MATERIALS AND METHODS

Sample preparation
Freezing and thawing method: PVA-H (FT). A unit of 15 g PVA, with
a viscosity-average degree of polymerization of 1700 and a degree of
saponification of 98.5 mol% (Japan VAM & POVAL, Osaka, Japan), was
dissolved in 135 g H2O at 95 °C. The resultant solution (10% w/w) was poured
between two brass plates with a 3 mm-thick spacer and cooled to − 20 °C for
24 h. After thawing at 4 °C, the obtained hydrogels were dried in air for 3 days
and in vacuum for 2 days (Supplementary Figure S1). Thus-prepared PVA
hydrogels are hereafter denoted as PVA-H (FT).

Low-temperature crystallization method: PVA-H (LTC). A unit of 15 g
PVA was dissolved in a solvent mixture of DMSO (108 g) and H2O (27 g)
(80/20 w/w) at 95 °C. The solution (PVA concentration was 10% w/w) was
poured between two brass plates with a 3 mm-thick spacer and was cooled
to − 20 °C for 24 h. The PVA gel sheets obtained by low-temperature
crystallization were immersed in excess ethanol at 25 °C for 3 days to remove
the solvents from the gels. Ethanol was removed from the hydrogel by vacuum

drying for 2 days (Supplementary Figure S2). Thus-prepared PVA hydrogels are
hereafter denoted as PVA-H (LTC).

Hot-pressing method: PVA-H (HP-W)/PVA-H (HP-D/W). A unit of 20 g PVA
powder was swollen in 20 g of solvent (either water or DMSO/H2O mixture
(80/20 w/w)) at room temperature. To obtain the hydrogel, a brass frame mold
(183 mm×134 mm) with 2 mm thickness was used.

In the case of hydrogel prepared with water as a solvent, the temperature of
hot-pressing machine (AH-2003, AS ONE, Osaka, Japan) was set at around 95 °
C. The swollen PVA (40 g) was placed on the plate of the hot-pressing machine
and was pressed at 2 MPa for 5 min, followed by 10 MPa for 10 min and finally
at 20 MPa for 15 min. After removing from the hot-pressing machine, the PVA
solution was kept in the mold at room temperature for gelation, without drying
for 1 week. Subsequently, thus-obtained hydrogels were dried in air for 2 days,
followed by vacuum drying for 2 days (Supplementary Figure S3).

When the mixed solvent was used, the temperature of the hot-pressing
machine was set at ~ 130 °C. The swollen PVA was set on the pressing plate of
the machine and pressing was started, allowing the temperature to gradually
decrease to 95 °C during pressing. During this gradual decrease, a similar
pressing pattern was applied as for water-swollen PVA. After this, the pressed
PVA was kept in the mold for gelation at room temperature for 1 week.
Subsequently, DMSO/H2O mixture was removed by immersing the gels in
excess ethanol at 25 °C for 3 days, followed by ethanol removal from the
samples by vacuum drying for 2 days (Supplementary Figure S4). PVA-Hs
prepared by hot-pressing with water solvent and mixed solvent are hereafter
denoted as PVA-H (HP-W) and PVA-H (HP-D/W), respectively. Hydrogel
preparation processes are summarized in Table 1.

PVA elution into water. To determine the gelation speed, we measured
time-dependent elution ratio (ER) of PVA molecules into water from
PVA-H (HP-W).

Test pieces (20× 20 mm2) were cut from the PVA gels at definite intervals
during gelation of PVA (at room temperature) after completion of the pressing
and were soaked in distilled water. After 2 days of soaking, the test pieces were
removed, dried completely and the weights of PVA-H (Wgel) and of eluted PVA
gels (Welu) were measured.

The ERs of the PVA gels were calculated from the equation (1)

ER %ð Þ ¼ W elu

W elu þWgel
´ 100 ð1Þ

Small-angle X-ray scattering. Micro-crystalline structure in PVA-H (HP-W)
and PVA-H (HP-D/W) was determined by time-dependent small-angle X-ray
scattering (SAXS) analysis for 1–8 days after hot-pressing.

SAXS measurement was performed with a NANO-Viewer (Rigaku, Tokyo,
Japan) at a voltage of 45 kV and current of 60 mA, with irradiation time of 12 h
to produce Cu Kα radiation (λ= 0.154 nm). The camera length was 960 mm.
Test samples cut with 1 mm thickness (PVA-H (HP-W)) or 2 mm thickness
(PVA-H (HP-D/W)) were irradiated from the cross-sectional direction.

Table 1 Preparation processes of various PVA-hydrogels: LTC; FT; HP-W; and HP-D/W

Process LTC FT HP-W HP-D/W

Solution condition DMSO/water=80/20 (w/w)

Initial PVA concentration 10% (w/w)

Only water

Initial PVA concentration 10% (w/w)

Only water

Initial PVA concentration 50% (w/w)

DMSO/water=50/50 (w/w)

Initial PVA concentration 50% (w/w)

Dissolving method Stirring (95 °C,o1 h) Stirring (95 °C,o1 h) Hot-pressing (95 °C,o30 min,

o2–20 MPa)

Hot-pressing (95–130 °C,o30 min,

o2–20 MPa)

Gelation −20 °C,o24 h −20 °C,o24 h 25 °C,7 days 25 °C, 3 days

Desolvation Soak in ethanol for 2 days Drying under room temperature Drying under room temperature Soak in ethanol for 2 days

Drying Under vacuum (1 day) Under vacuum (1 day) Under vacuum (1 day) Under vacuum (1 day)

Abbreviations: DMSO, dimethylsulfoxide; FT, freezing-and-thawing method; HP-D/W hot-pressing method (DMSO and water); HP-W, hot-pressing method (only water); LTC, low-temperature
crystallization method; PVA, poly(vinyl alcohol).
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Wide-angle X-ray scattering. Amount of crystallization in PVA-H (HP-W) and
PVA-H (HP-D/W) were determined by time-dependent wide-angle X-ray
scattering (WAXS) analysis for 1–8 days after hot-pressing.

WAXS measurement was performed with a FR-E (Rigaku) at a voltage
of 45 kV and current of 45 mA, with irradiation time of 10 min to produce
Cu Kα radiation (λ= 0.154 nm). The camera length was 180 mm. Test samples
cut with 1 mm thickness (PVA-H (HP-W)) or 2 mm thickness (PVA-H
(HP-D/W)) were irradiated from the cross-sectional direction.

Water contents of PVA-H. Dried PVA-H prepared by each method was
immersed in excess water at 25 °C for 2 days to obtain swollen PVA-H. The
WC of the PVA-H was calculated using Equation (2).

WC %ð Þ ¼ wwet � wdry

Wwet
´ 100 ð2Þ

whereWwet is the weight of hydrated PVA-H andWdry is the weight of dried
PVA-H.

Differential scanning calorimetry. Crystallinities of PVA-H (FT) and PVA-H
(HP-W) were measured by differential scanning calorimetry (DSC; DSC8500,
Perkin Elmer, Norwalk, CT, USA) under N2 gas.

About 2 mg of dried grain sample was cut and was sealed in an aluminum
DSC pan. This pan was heated from 10 to 280 °C at a rate of 10 °C min− 1. The
crystallinity (CR) was calculated using Equation (3) as the ratio between the

heat required to melt the polymer (ΔH) with the heat required to melt
a 100% crystalline PVA (H= 138.6 J g− 1).35

CR %ð Þ ¼ DH
H

´ 100 ð3Þ

RESULTS AND DISCUSSION

Preparation of PVA-H
To precisely evaluate PVA-Hs by our method, we compared
the characteristics of the hydrogels prepared by hot-pressing
method (our method) with the gels prepared by conventional methods
(freeze-thawing method and low-temperature method).
Figure 1 shows physical appearances of the precursors for preparing

PVA-H by all three methods (top) and those of the resulting gel
(bottom). The gels prepared by the freeze-and-thaw method were
obviously translucent (Figure 1a). The freezing process necessarily
induces condensation of the PVA solution due to formation of ice
crystals, which causes phase separation of the solution into frozen
phase (ice) and concentrated polymer solution phase during
gelation.31 The resulting PVA-H (FT) comprises nonuniform
polycrystalline PVA structures that give visible light scatterings.36

Figure 1 Photographs of poly(vinyl alcohol) hydrogels (PVA-Hs) prepared by various methods: (a) Translucent PVA-H (FT); (b) PVA-H (LTC) transparent
hydrogel; (c) PVA-H (HP-W) transparent hydrogel prepared without using dimethylsulfoxide. (d) Percent light transmittance at 550 nm of each PVA-H. HP-W,
hot-pressing method (water); FT, freezing and thawing method; LTC, low-temperature crystallization method. A full color version of this figure is available at
Polymer Journal online.
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On the other hand, PVA-H prepared by low-temperature crystal-
lization showed good transparency in the formed hydrogel
(Figure 1b). The mixed solvent (DMSO/water) exhibits a freezing
point lower than − 20 °C and prevents phase separation, unlike the
freeze-and-thaw method. In this method, the crystallization of water
to ice was avoided, enhancing the formation of small crystals of
PVA at low temperatures, without the phase separation due to
spinodal decomposition.31,37

The hot-pressing method successfully produced PVA-H with high
transparency without using DMSO (Figure 1c). However, in this
method the high initial concentration of PVA might accelerate
crystallization without spinodal decomposition. Owing to the high
initial concentration of PVA, high molecular entanglement can be
achieved in the resulting transparent hydrogel without resorting to low
temperatures. In this paper, we compare the process of gelation
of transparent PVA-H (Figure 1d) by hot-pressing method with
the conventional freeze–thaw and low-temperature crystallization
methods.

PVA elution into water
To further compare the gels prepared by hot-pressing method with
those prepared by the other two methods, the gelation time and
efficiency of the novel method needs to be tested. The gelation time
of PVA-H (HP-W) was determined by studying the elution rate of
PVA molecules from PVA-H (HP-W) after removal from the hot-
pressing machine. Figure 2 shows that the ER decreased drastically
with increase in the resting time after hot-pressing. PVA-H (HP-W)
after 30 min from hot-pressing showed more than 80% elution
of PVA chains from the gels, in contrast to almost no elution from
PVA-H (HP-W) after 2 days from pressing. During the resting period
after pressing, the gels probably mature significantly. As PVA gelation
progressed during this period due to increased entanglement of the
chains in the hydrogel, which were not physically crosslinked in the gel
by small crystallites, elution of PVA molecules has decreased to a great
extent. As previously reported, PVA cast gel also showed elution as low
as 8% after the gel reached equilibrium state.38 On the other hand,
PVA-H prepared by seven repetitive freeze–thaw cycles showed
~ 20% dissolution after 30 days.30 Thus, comparing these studies,
PVA-H (HP-W) showed a relatively higher gelation speed with better
gelation efficiency.

CR and WC
CR is a key physical quantity to indicate the degree of crosslinking in
PVA-H. Therefore, the CR of PVA-H prepared by each method was
measured by DSC. The DSC results (Figure 3) clearly showed that the
CR of PVA-H (HP-W) was significantly higher than that of its
equivalent gels prepared by the freeze–thaw method (PVA-H (FT)).
For PVA-H (LTC), the remaining DMSO affected DSC measurement;
therefore, no clear conclusion can be inferred from the obtained data.
As a matter of fact, dried sample is a mandatory requirement for DSC
measurement; thus, the hydrogel must be dried before measurement.
The drying process is known to influence the CR of the gels: CR could
increase during drying due to an increase in molecular density.
Therefore, higher initial PVA concentration in the hot-pressing
method than that in the freezing-and-thawing method might lead to
enhanced CR of the hot-pressed PVA-H.39 This result is closely
synonymous with the WC data shown in Figure 4. Water contents of
PVA-H (FT), PVA-H (LTC) and PVA-H (HP-W) showed
no significant difference; the lowest WC was observed for PVA-H
(HP-W). The water molecules probably interacted with the
amorphous region of PVA rather than with the crystalline part;
therefore, the higher CR of PVA-H (HP-W), as seen previously, could
be the reason for the low water interaction and consequent lower

Figure 2 Time-dependent elution of PVA molecules from PVA-H (HP-W) into
water. HP-W, hot-pressing method (water); PVA-H, poly(vinyl alcohol) hydrogel.
A full color version of this figure is available at Polymer Journal online.

Figure 3 Crystallinities of PVA-H (HP-W) and PVA-H (FT) measured by
differential scanning calorimetry (mean± s.d., n=3,**Po0.05 analyzed by
Student’s t-test). FT, freezing and thawing method; HP-W, hot-pressing
method (water); PVA-H, poly(vinyl alcohol) hydrogel. A full color version of
this figure is available at Polymer Journal online.

Figure 4 Water contents of PVA-H prepared by various methods. (mean± s.d.,
n=3, NS, not significant, analyzed by analysis of variance). PVA-H,
poly(vinyl alcohol) hydrogel. A full color version of this figure is available at
Polymer Journal online.
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WC in PVA-H (HP-W). Moreover, as small crystals have an
important role in the crosslinking of PVA molecules, the presence
of crystalline microstructure in the hydrogels is crucial. As DSC
showed the total CR in the hydrogel (not just in the microcrystals), we
used X-ray scattering methods to determine the hydrogel structure
and the amount of small (micro) crystallites produced during gelation
to elucidate the gelation mechanism for the hot-pressing method.

SAXS and WAXS
Transparency of PVA-H (HP-W) strongly correlates with the
homogeneity of the gel structure. The crystal sizes and the distances
between the crystalline domains in PVA-H are small enough so
that visible light is not scattered. In our method, the hydrogel
precursor of swollen PVA (50% w/w) was heated to dissolve in the

high-concentration solution during hot-pressing. Then, the
macroscopic hydrogel was formed within 48 h at room temperature
after removal from the hot-pressing machine (Figure 2). Therefore,
dynamic changes in the spatial distributions and sizes of the
microcrystals in PVA-H (HP-W) were evaluated using SAXS and
WAXS after hot-pressing. For the low-temperature crystallization
method, DMSO/water mixed solvent was necessary. Here we
measured SAXS and WAXS in PVA-H (HP-W) and PVA-H
(HP-D/W) during the gelation process after the hot-pressing step.
The initial gels were prepared from lower-concentration solutions
in the conventional methods than in our hot-pressing method.
Therefore, comparison of the gelation conditions is difficult. We
compared the solvent effects on the gel structure and crystalline
structure between PVA-H (HP-W) and PVA-H (HP-D/W).

Figure 5 SAXS profiles of (a) PVA-H (HP-D/W) and (b) PVA-H (HP-W) from 1 to 6 days after hot-pressing. HP-DW, hot-pressing method (dimethylsulfoxide
and water); HP-W, hot-pressing method (water) solvent; PVA-H, poly(vinyl alcohol) hydrogel; SAXS, small-angle X-ray scattering. A full color version of this
figure is available at Polymer Journal online.

Figure 6 WAXS profiles of (a) PVA-H (HP-D/W) and PVA-H (HP-W) at 8 days after hot-pressing and time-dependent WAXS profiles of (b) PVA-H (HP-D/W) and
(c) PVA-H (HP-W) after hot-pressing. HP-DW, hot-pressing method (dimethylsulfoxide and water); HP-W, hot-pressing method (water) solvent; PVA-H, poly
(vinyl alcohol) hydrogel; WAXS, wide-angle X-ray scattering. A full color version of this figure is available at Polymer Journal online.
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Figure 5a shows the SAXS profile of PVA-H (HP-D/W) at 1–6 days
after hot-pressing. A broad scattering at 2θ= 0.35° (25.2 nm) was
observed at day 1 after preparing PVA-H (HP-D/W). With increasing
time, the broad peak shifted to 2θ= 0.49° (18 nm). This scattering
reflects the average distance between the microcrystalline structures
formed in the hydrogel; after 3 days, PVA-H (HP-D/W) has
microcrystalline structures dispersed with an average distance of
18 nm. The wide-angle shift indicates a decrease in the average
distance between the microcrystals with increasing time, due to an
increase in the number of microcrystallites produced by crystallization.
On the other hand, PVA-H (HP-W) exhibits smaller angle and
broader scatterings than those observed for PVA-H (HP-D/W) in the
early stages (Figure 5b). The small-angle scattering also shifted toward
2θ= 0.88° (10 nm) for the next 7 days (Figure 5b), suggesting that the
microcrystalline distance in PVA-H (HP-W) is 10 nm, smaller than
that in PVA-H (HP-D/W). This weak scattering intensity also agreed
with the better transparency (Figure 1d) of PVA-H (HP-W) due to the
inhibition of Rayleigh scattering. Here the scattering lower than
2θ= 0.2° represents the leakage light from the beam stopper of
X-ray direct beam.
The crystalline structures of PVA-H (HP-D/W) and PVA-H

(HP-W) were compared by WAXS. Figure 6a shows that the peak
corresponding to (101) (2θ= 19.3° (0.46 nm)) and the shoulder
corresponding to (101), characterized from PVA crystallites, were
observed in both hydrogels.40,41 These peaks were clearly observed,
suggesting that both hydrogels have high crystallinities. The peak at
2θ= 5.58° was assigned to the scatter from the kapton film used for
prevention of drying. When we compared scattering intensities, a clear
peak from the (101) plane was observed immediately after pressing in
PVA-H (HP-D/W). The PVA crystal growth in PVA-H (HP-D/W)
was fast and instantaneous, without any induction period of
crystallization. In contrast, PVA-H (HP-W) required 3 days to show
the same profile as PVA-H (HP-D/W) (Figure 6b and c). PVA-H
(HP-W) exhibited relatively slow crystallization rate and a longer
induction period. The induction period of crystallization should be
present under highly random conditions in bulk or solutions by
preventing nucleation in systems. Therefore, the crystal growth of
PVA-H (HP-W) involves the longer induction period because water is
relatively better solvent compared with DMSO/water mixed solvent.42

Hence, the mobility of PVA molecule in water under the hot-pressing
conditions induces high homogeneity and homogeneous
crystallization.
CR of PVA-H (HP-W), which leads to fusion enthalpy, was ~ 20%

(CR in dried gel: ~ 40%; and WCs of hydrogel: ~ 50%) and WC was
~ 50%. From the WAXS data, we obtained almost similar profiles for
PVA-H (HP-W) and PVA-H (HP-D/W) after 8 days of hot-pressing,
suggesting that the crystalline structures in PVA-H (HP-W) and
PVA-H (HP-D/W) are essentially the same (Figure 6a). Here we
converted the weight fraction of CR obtained from DSC to volume
fraction of CR using following equation (4).

Xw ¼ Xvrc= Xvrc þ 1� Xvð Þra½ �: ð4Þ
where Xw and Xv are weight fraction and volume fraction of CR,
respectively, ρc (1.345) and ρa (1.269) are crystal and amorphous
density,43 respectively.
And we assumed that solvent exists only in the amorphous region

and volume fraction of CR in PVA-H is 19% with the distance
between microstructures being 10 nm. From the distance between
microstructures observed by SAXS, we can roughly estimate
the average size of crystal domains in the 183 nm3 space to be
~ 12.8 nm for PVA-H (HP-D/W) and 103 nm3 space to be 7.14 nm for
PVA-H (HP-W) (Supplementary Figure S5).
On the basis of these results, schematics of the microstructure in

both the hydrogels are shown in Figure 7. Small crystallites are
represented by spheres, whereas the outer space includes amorphous
PVA and solvent. After the hot-pressing step, both the hydrogels
reached equilibrium almost in the same time. The crystallinities of
both PVA gels were almost similar, as confirmed by the WAXS results.
Therefore, the total volumes of the crystalline regions (spheres)
are depicted to be the same in both the PVA-H (HP-W) and
PVA-H (HP-D/W) models. In contrast, the size distributions of the
microcrystallites in PVA-H (HP-W) are smaller due to the relatively
short distances between the microcrystallites, as confirmed by the
SAXS data. According to these models, PVA-H (HP-W) forms
more uniform structure than in PVA-H (HP-D/W). Recently,
hydrogels possessing uniform crosslinking structures have been
reported to have high mechanical properties.44–46 The present results
show that our hot-press method provides highly uniform and

Figure 7 Schematic of microstructures in the PVA-H (HP-D/W) and PVA-H (HP-W) derived from SAXS and WAXS results. Microcrystallites are represented by
circles and other parts include amorphous and water. HP-DW, hot-pressing method (dimethylsulfoxide and water); HP-W, hot-pressing method (water) solvent;
PVA-H, poly(vinyl alcohol) hydrogel; SAXS, small-angle X-ray scattering; WAXS, wide-angle X-ray scattering. A full color version of this figure is available at
Polymer Journal online.
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transparent PVA hydrogel without using toxic DMSO. Therefore, in
the next stage, we anticipate that the proposed method should
facilitate and accelerate the preparation of PVA hydrogels with higher
mechanical properties, and expedite the biomedical application pf
PVA hydrogels with high WC.47 Further investigations exploring the
mechanical properties are now in progress and will be reported in due
course.

CONCLUSION

Through our experiments, the gels prepared by the novel hot-pressing
method were evaluated in terms of transparency, elution of
PVA chains, WC and CR. From the above studies, it can be concluded
that we successfully prepared transparent PVA-H without using toxic
DMSO using the hot-pressing method. After 2 days from pressing,
almost no elution was observed from PVA-H (HP-W), which signifies
quick and efficient gelation, because PVA gelation progressed rapidly,
and the amount of PVA molecules that were not physically crosslinked
by small crystallites decreased drastically.
We also found higher CR in PVA-H (HP-W) than in PVA-H (FT).

Although their WCs showed no significant difference, the lowest WC
was observed in PVA-H (HP-W), leading to better gelation. SAXS and
WAXS profiles of PVA-H (HP-W) and PVA-H (HP-D/W) during the
gelation process after hot-pressing confirmed that the total amount of
crystallites was the same for PVA-H (HP-W) and PVA-H (HP-D/W).
In contrast, size distribution of microcrystallites in PVA-H (HP-W)
was smaller than that in PVA-H (HP-D/W), which clearly signifies
that better gelation and greater strength of PVA hydrogels can be
achieved by our method without using toxic DMSO.
This could be a crucial step toward overcoming the current

challenges for the use of PVA hydrogels prepared without using toxic
DMSO for biomedical applications, especially in the field of artificial
cartilages.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

ACKNOWLEDGEMENTS

We thank Japan VAM & POVAL for kindly donating PVA. This work was
partly supported by Nanotechnology Platform Program (Nagoya University,
Molecule and Material Synthesis) of the Ministry of Education, Culture, Sports,
Science and Technology (MEXT), Japan.

1 Ratner, B. & Hoffman, A. Hydrogels for medical related applications. ACS Symp. Ser.
1–36 (1976).

2 Hoffman, A. S. Hydrogels for biomedical applications. Adv. Drug Deliv. Rev. 64,
18–23 (2012).

3 Bohl Masters, K. S., Leibovich, S. J., Belem, P., West, J. L. & Poole-Warren, L. A.
Effects of nitric oxide releasing poly(vinyl alcohol) hydrogel dressings on dermal wound
healing in diabetic mice. Wound Repair Regen. 10, 286–294 (2002).

4 Peppas, N. A., Bures, P., Leobandung, W. & Ichikawa, H. Hydrogels in pharmaceutical
formulations. Eur. J. Pharm. Biopharm. 50, 27–46 (2000).

5 Brannon-Peppas, L. in Absorbent Polymer Technology (eds Brannon-Peppas L.
& Harland R. S.) 45–66 (Elsevier, Amsterdam, Netherlands, 1990).

6 Oliveira, J. T. & Reis, R. L. Hydrogels from polysaccharide-based materials:
fundamentals and applications in regenerative medicine. in Natural-Based Polymers
for Biomedical Applications. (eds Reis, R. L., Neves, N. M., Mano, J. F., Gomes, M. E.,
Marques, A. P., & Azevedo, H. S.) Ch. 18, 485–514. (Woodhead Publishing,
Cambridge, UK, 2008).

7 Wichterle, O. & Lím, D. in Natural-Based Polymers for Biomedical Applications. (eds
Reis, R. L., Neves, N. M., Mano, J. F., Gomes, M. E., Marques, A. P., & Azevedo, H. S.)
Ch. 18, 485–514. (Woodhead Publishing, Cambridge, UK, 2008).

8 Kirker, K. R., Luo, Y., Nielson, J. H., Shelby, J. & Prestwich, G. D. Glycosaminoglycan
hydrogel films as bio-interactive dressings for wound healing. Biomaterials 23,
3661–3671 (2002).

9 Obara, K., Ishihara, M., Fujita, M., Kanatani, Y., Hattori, H., Matsui, T., Takase, B.,
Ozeki, Y., Nakamura, S., Ishizuka, T., Tominaga, S., Hiroi, S., Kawai, T. & Maehara, T.
Acceleration of wound healing in healing-impaired db/db mice with a photocrosslink-
able chitosan hydrogel containing fibroblast growth factor-2. Wound Repair Regen. 13,
390–397 (2005).

10 Xie, Y., Zhao, J., Huang, R., Qi, W., Wang, Y., Su, R. & He, Z. Calcium-ion-triggered
co-assembly of peptide and polysaccharide into a hybrid hydrogel for drug delivery.
Nanoscale Res. Lett. 11, 184 (2016).

11 Yu, Z., Xu, Q., Dong, C., Lee, S. S., Gao, L., Li, Y., D’Ortenzio, M. & Wu, J.
Self-assembling peptide nanofibrous hydrogel as a versatile drug delivery platform.
Curr. Pharm. Des. 21, 4342–4354 (2015).

12 Bigot, M., Guterres, J., Rossato, L., Pudmenzky, A., Doley, D., Whittaker, M.,
Pillai-McGarry, U. & Schmidt, S. Metal-binding hydrogel particles alleviate soil toxicity
and facilitate healthy plant establishment of the native metallophyte grass Astrebla
lappacea in mine waste rock and tailings. J. Hazard. Mater. 248–249,
424–434 (2013).

13 Tolentino, F. I., Roldan, M., Nassif, J. & Refojo, M. F. Hydrogel implant for scleral
buckling. Long-term observations. Retina 5, 38–41 (1985).

14 Koreen, I. V., McClintic, E. A., Mott, R. T., Stanton, C. & Yeatts, R. P. Evisceration with
injectable hydrogel implant in a rabbit model. Ophthal. Plast. Reconstr. Surg. (e-pub
ahead of print 24 March 2016; doi:10.1097/IOP.0000000000000679).

15 Gulrez, Syed K. H., Al-Assaf, S., G. O, P. in Prog. Mol. Environ. Bioeng.—From Anal.
Moddelling to Technol. Appl. (ed. Angelo Carpi) 117–150 (InTech, 2011).

16 Hennink, W. E. & van Nostrum, C. F. Novel crosslinking methods to design hydrogels.
Adv. Drug Deliv. Rev. 64, 223–236 (2012).

17 Bray, J. C. & Merrill, E. W. Poly(vinyl alcohol) hydrogels for synthetic articular cartilage
material. J. Biomed. Mater. Res. 7, 431–443 (1973).

18 Spiller, K. L., Maher, S. A. & Lowman, A. M. Hydrogels for the repair of articular
cartilage defects. Tissue Eng. B. Rev. 17, 281–299 (2011).

19 Lowman, A. M., Peppas, N. in Encyclopedia of Controlled Drug Delivery (ed.
Mathiowitz, E.) 397-418 (Wiley, NY, USA, 1999).

20 Bodugoz-Senturk, H., Macias, C. E., Kung, J. H. & Muratoglu, O. K. Poly(vinyl alcohol)-
acrylamide hydrogels as load-bearing cartilage substitute. Biomaterials 30,
589–596 (2009).

21 Stauffer, S. R. & Peppast, N. A. Poly(vinyl alcohol) hydrogels prepared by freezing-
thawing cyclic processing. Polymer (Guildf) 33, 3932–3936 (1992).

22 Yokoyama, F., Masada, I., Shimamura, K., Ikawa, T. & Monobe, K. Morphology and
structure of highly elastic poly(vinyl alcohol) hydrogel prepared by repeated freezing-
and-melting. Colloid Polym. Sci. 264, 595–601 (1986).

23 Komatsu, M., Inoue, T. & Miyasaka, K. Light-scattering studies on the sol–gel transition
in aqueous solutions of poly(vinyl alcohol). J. Polym. Sci. B Polym. Phys. 24,
303–311 (1986).

24 Peppas, N. A. [Turbidimetric studies of aqueous poly(vinyl alcohol) solutions].
Die Makromol. Chem. 176, 3433–3440 (1975).

25 Hassan, C. M. & Peppas, N. A. Structure and applications of poly ( vinyl alcohol)
hydrogels produced by conventional crosslinking or by freezing / thawing methods. Adv.
Polym. Sci. 153, 37–65 (2000).

26 Nishinari, K., Watase, M., Ogino, K. & Nambu, M. Simple extension of poly(vinyl
alcohol) gels. Polym. Commun. 24, 345–347 (1983).

27 Mano, I., Goshima, H., Nambu, M. & Iio, M. New polyvinyl alcohol gel material for MRI
phantoms. Magn. Reson. Med. 3, 921–926 (1986).

28 Watase, M. & Nishinari, K. Rheological and DSC changes in poly(viny alcohol) gels
induced by immersion in water. J. Polym. Sci. Polym. Phys. Ed. 23,
1803–1811 (1985).

29 Watase, M. & Nishinari, K. [Effect of the degree of saponification on the rheological and
thermal properties of poly(vinyl alcohol) gels]. Die Makromol. Chem. 190,
155–163 (1989).

30 Hassan, C. M. & Peppas, N. A. Structure and morphology of freeze/thawed PVA
hydrogels. Macromolecules 33, 2472–2479 (2000).

31 Hyon, S. H., Cha, W. I. & Ikada, Y. Preparation of transparent poly(vinyl alcohol)
hydrogel. Polym. Bull. 22, 119–122 (1989).

32 Cha, W.-I., Hyon, S.-H., Oka, M. & Ikada, Y. Mechanical and wear properties of poly
(vinyl alcohol) hydrogels. Macromol. Symp. 109, 115–126 (1996).

33 Kobayashi, M. & Hyon, S. H. Development and evaluation of polyvinyl alcohol-hydrogels
as an artificial atrticular cartilage for orthopedic implants. Materials (Basel) 3,
2753–2771 (2010).

34 Otsuka, E., Komiya, S., Sasaki, S., Xing, J. W., Bando, Y., Hirashima, Y., Sugiyama, M.
& Suzuki, A. Effects of preparation temperature on swelling and mechanical properties
of PVA cast gels. Soft Matter 8, 8129–8136 (2012).

35 Tubbs, R. K. Melting point and heat of fusion of poly(vinyl alcohol). J. Polym. Sci. A
Gen. Pap. 3, 4181–4189 (1965).

36 Hou, Y., Chen, C., Liu, K., Tu, Y., Zhang, L. & Li, Y. Preparation of PVA hydrogel with
high-transparence and investigations of its transparent mechanism. RSC Adv. 5,
24023–24030 (2015).

37 Takeshita, H., Kanaya, T., Nishida, K. & Kaji, K. Spinodal decomposition and syneresis
of PVA gel. Macromolecules 34, 7894–7898 (2001).

38 Sasaki, S., Otsuka, E., Hirashima, Y. & Suzuki, A. Elution of polymers from poly(vinyl
alcohol) cast gels with different degrees of polymerization and hydrolysis. J. Appl.
Polym. Sci. 126, E233–E241 (2012).

39 Tretinnikov, O. N., Sushko, N. I. & Zagorskaya, S. A. Detection and quantitative
determination of the crystalline phase in poly(vinyl alcohol) cryogels by ATR FTIR
spectroscopy. Polym. Sci. Ser. A 55, 91–97 (2013).

Transparent PVA hydrogels by hot-pressing
T Sakaguchi et al

541

Polymer Journal



40 Gupta, S., Webster, T. J. & Sinha, A. Evolution of PVA gels prepared without
crosslinking agents as a cell adhesive surface. J. Mater. Sci. Mater. Med. 22,
1763–1772 (2011).

41 COLVIN, B. G. Crystal structure of polyvinyl alcohol. Nature 248, 756–759 (1974).
42 Takahashi, N., Kanaya, T., Nishida, K. & Kaji, K. Effects of cononsolvency on gelation

of poly(vinyl alcohol) in mixed solvents of dimethyl sulfoxide and water. Polymer (Guildf)
44, 4075–4078 (2003).

43 Keller, A. in Growth and Perfection of Crystals (eds Doremus R. H., Roberts B. W.
& Turnbull D.) 499–532 (Wiley, Hoboken, NY, USA, 1958).

44 Kamata, H., Akagi, Y., Kayasuga-Kariya, Y., Chung, U. & Sakai, T. ‘Nonswellable’
hydrogel without mechanical hysteresis. Science 343, 873–875 (2014).

45 Bin Imran, A., Esaki, K., Gotoh, H., Seki, T., Ito, K., Sakai, Y. & Takeoka, Y. Extremely
stretchable thermosensitive hydrogels by introducing slide-ring polyrotaxane cross-
linkers and ionic groups into the polymer network. Nat. Commun. 5, 5124 (2014).

46 Okumura, Y. & Ito, K. The polyrotaxane gel: a topological gel by figure-of-eight cross-
links. Adv. Mater. 13, 485–487 (2001).

47 Oka, M., Noguchi, T., Kumar, P. & Ikeuchi, K. Development of an artificial articular
cartilage. Clin. Mater. 6, 361–381 (1990).

Supplementary Information accompanies the paper on Polymer Journal website (http://www.nature.com/pj)

Transparent PVA hydrogels by hot-pressing
T Sakaguchi et al

542

Polymer Journal


	Facile preparation of transparent poly(vinyl alcohol) hydrogels with uniform microcrystalline structure by hot-pressing without using organic solvents
	Introduction
	Materials and Methods
	Sample preparation
	Freezing and thawing method: PVA-H (FT)
	Low-temperature crystallization method: PVA-H (LTC)
	Hot-pressing method: PVA-H (HP-W)/PVA-H (HP-D/W)
	PVA elution into water
	Small-angle X-ray scattering
	Wide-angle X-ray scattering
	Water contents of PVA-H
	Differential scanning calorimetry


	Results and Discussion
	Preparation of PVA-H
	PVA elution into water
	CR and WC
	SAXS and WAXS

	Conclusion
	Acknowledgements
	Note
	References




