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ABSTRACT: Poly(vinyl alcohol) (PVA)/poly(ethylene oxide) (PEO) hydrogels were prepared by freezing/thawing method for applica-
tion as a wound dressing. The effect of PEO content on the network structure of PVA hydrogel was investigated in terms of crystal-
line and reological properties. It was found that a low amount of PVA crystallites were present in PVA/PEO hydrogels. With increas-
ing content of PEO, the crstallinity of PVA hydrogel decreased, but the apparent dimensions of crystallites increased. The shear
storage modulus (G) decreased slightly with the increasing temperature within 30-50°C, probably resulting from the breaking of the
hydrogen bonding; while it decreased sharply within 50-70°C, probably resulting from the melt of the crystallites of PVA hydrogel.
The physical crosslinking density (D,.) increased with decreasing PEO content, while decreased more dramatically with increasing
temperature, indicating that hydrogen bonding was easier to be broken at high temperature. At very low strain amplitudes, the loss
modulus (G”) of the hydrogel is lower than the storage modulus (G') and G’ is independent of the strain amplitude, indicating that
the deformation imposed on the network structure is entirely reversible. With increasing content of PEO, G at low frequency
decreased, and the mesh size (L.) increased, indicating of the decrease of the physical crosslinking density of PVA/PEO hydrogels.
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INTRODUCTION

In recent years, hydrogels with high water content, mechanical
strength, and elasticity prepared by aqueous solution of PVA
have received increasing interest for their various pharmaceuti-
cal and biomedical applications. PVA hydrogels can be cross-
linked by difunctional crosslinking agents, electron beam or y-
irradiation and freezing/thawing method, of which freezing/
thawing method addresses toxicity issues because it does not
require the presence of a crosslinking agent, and freeze/thawed
gels have also demonstrated enhanced mechanical properties,
particularly for biomedical applications."?

Since the preparation of pure PVA hydrogels using freezing/
thawing techniques was first reported by Peppas in 1975, a
considerable amount of research has been conducted on the
freezing/thawing process as well as on the characterization of
such gels produced with these techniques. These previous works
demonstrated that frozen/thawed PVA hydrogels can be consid-
ered as complex systems whose structure and macroscopic
properties depend on several phenomena (crystallization, hydro-
gen bonding and, in some cases, phase separation) occurring
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during gelation. The presence of crystals in frozen/thawed PVA
hydrogels has been indicated by different authors employing
several techniques as, for instance, solid-state '>C-NMR, DSC,
X-ray diffraction, and wide-angle scattering techniques.*® NMR
experiments performed on a-PVA hydrogels obtained by freeze/
thaw cycles has indicated the presence of hydrogen bonds and
enabled the estimation of the number of monomer units
involved in zero, one, or two hydrogen bonds.”® Moreover,
there has been a considerable amount of research investigate the
addition of other components, notably other polymers, with
PVA to create a material with desirable characteristics, for exam-
ple, PVA/PAA TIPN-hydrogels were proved to be PH-sensitive;
PVA/glycerin hydrogels was highly absorbent and converts
wound exudates to the hydrogel matrices that create a moist
and clean environment in the wound healing process."*'°

Poly(ethylene oxide) (PEO) is a water-soluble, biocompatible
thermoplastic polymer, which has been widely applied in bio-
medical fields. Low molecular weight PEO can be used as plasti-
cizer due to its excellent chain flexibility, while high molecular
weight PEO exhibits high mechanical strength and toughness
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Figure 1. X-ray diffraction profiles of PVA/PEO hydrogels with different
compositions.

and has been successfully applied as toughening agent of poly-
mer materials. The system of PVA/PEO polymer blend is also of
great interest. linamura et al. reported the presence of a liquid—
liquid phase separation in the PVA/PEQ/water system.'' Yoshii
et al. investigated the behavior of electron beam (EB) cross-
linked PVA/PEO hydrogel.'”*> PVA/ PEO hydrogels with various
compositions were also prepared by freezing/thawing method
for application as a wound dressing in our previous work."® It
was found that both mechanical and swelling properties of PVA
hydrogel increased with increasing content of PEO. In this
work, the effect of PEO content on the crystalline and reological
properties of the PVA gel was investigated for the first time, and
the network structure related with the crystallization and hydro-
gen bonding of the gel was demonstrated.

EXPERIMENTAL

Materials

PVA (polymerization degree of 1000, hydrolysis degree of 99%)
used in this work is a commercial product and supplied by
Sichuan Vinylon (China). PEO with an average molecular
weight (M,) of 5 x 10°> g/mol was purchased from Shanghai
Jichen Chemical (Shanghai, China). Other chemical agents were
all of analytical purity and used as received.

Preparation of PVA/PEO Hydrogels

Aqueous solution of PVA/PEO was prepared by dissolving PVA
and PEO in distilled water at 95°C. The PVA/PEO compositions
were 100/0, 98/2, 96/4, 94/6, 92/8, and 90/10 by weight, respec-
tively. The PVA aqueous solutions were poured into mold, and
hydrogel films with 2 mm thick were formed by subjecting the
polymer aqueous solutions to 5 repeated freezing/thawing
cycles, consisting of a 12 h freezing step at—20°C followed by a
4 h thawing step at room temperature.

Measurements

Wide Angle X-Ray Diffraction (WAXD) Analysis. Wide-angle
X-ray diffraction analysis of PVA/PEO hydrogels was performed
with a Rigaku D/max IIIB X-ray diffractometer (Japan) at room
temperature. The Cu Ka irradiation source was operated with
a step size of 0.02° from 20 = 5-60°, the scanning rate was
3°/min.
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Rheological Property

The viscoelasticity properties of PVA/PEO hydrogels were per-
formed on Rheometer System Gemini 200 of Malvern Instru-
ment Co. (UK) with parallel plates 25 mm in diameter with a
plate-to-plate distance of 1-2 mm. Both the strain and the fre-
quency sweep experiments were performed at room tempera-
ture. In the frequency sweep experiments, the shear storage
modulus G’ and loss modulus G’ were measured in the linear
viscoelastic regime, for frequencies ranging from 0.1 to 100 Hz,
at a maximum strain, y of 0.1%. This y value was determined
by preliminary strain sweep experiments, in which the storage
and loss modulus were measured as a function of strain at a
fixed frequency value of 1 Hz to check if the deformation
imposed on the gel structure during the rheological experiment
was entirely reversible. A strain value, y of 0.1% at 1 Hz was
found to be suitable for all the samples investigated. The
temperature dependence of the rheological properties was inves-
tigated in the temperature range of 30-50°C at 1 Hz with a
heating rate of 1 K/min.

RESULTS AND DISCUSSION

Crystalline Behavior of PVA/PEO Hydrogels

The X-ray diffraction profiles of the PVA/PEO hydrogel films
with different compositions were reported in Figure 1. The dif-
fraction profiles of the samples exhibit two halos centered at 20
~ 28° and 41°, forming from water in the hydrogel, and a weak
peak in the 20 range 18-21° which corresponds to the diffrac-
tion planes (101) of crystalline PVA. This result demonstrates
the presence of a low amount of small crystalline PVA aggre-
gates in the PVA/PEO hydrogels.

The degrees of crystallinity (X,) of the PVA/PEO hydrogel sam-
ples were evaluated from Figure 1 as the ratio between the area
of the crystalline reflection in the 20 range 18-21° and the area
subtending the whole diffraction profile of the gel sample. As
shown in Table I, in all cases, X, is very low, in the range 0.27—
2.08%, and it decreases with increasing content of PEO.

Apparent crystalline dimensions alone the diffraction planes
(101) were calculated by measuring the half-width of the corre-
sponding Bragg reflection and applying the Scherrer formula'*':

k*A

Dhia = P cosl

where Dy is the apparent crystalline dimension along a given

b

lattice direction, k is a constant (k = 0.89 rad), A is the wave

Table I. Degree of Crystallinity and Apparent Dimensions of Crystallites
of PVA/PEO Hydrogels with Different Compositions

PVA/PEO Peak Apparent
(weight height Crystallinity = dimensions of
ratio) 20 (counts/s)  (X:%) crystallites (A)
100/0 19177 7232 2.08 40

98/2 19.444 7293 1.28 51

94/6 19.630 75.03 0.93 61

90/10 19.017 70.85 0.27 93
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Figure 2. Storage modulus G as a function of temperature for PVA/PEO
hydrogels with different compositions.

length of the X-rays, f§ is the half-width (expressed in radians),
and 0 is the Bragg angle. As shown in Table I, the apparent
dimensions of crystallites increases with increasing content of
PEO, indicating the increase of the crystallite size of the PVA
crystalline.

Physical Crosslinks in PVA/PEO Hydrogels

The temperature dependence of shear storage modulus G is
plotted in Figure 2 for hydrogel films with different PVA/PEO
compositions. It can be seen that for all samples, G decreased
slightly with increasing temperature in the temperature range of
30-50°C, probably resulting from the breaking of the hydrogen
bonding; while G’ decreased sharply with increasing temperature
in the temperature range of 50-70°C, probably resulting from
the melt of the crystallites of PVA hydrogel. However, the more
PEO content in PVA/PEO hydrogel film, the less the decreasing
trend of G.

According to Weisfeld etc., while the primary or covalent cross-
links are unaffected under normal conditions, secondary bonds,
or physical crosslinks disappear with increasing temperature in
a manner that may be estimated by the Arrhenius relation-
ship'®'”:

a

RT

D, =~ Aexp

1

where D, is the secondary crosslink concentration, A a con-
stant, R the general gas constant, T the absolute temperature,
and E, is the activation energy of bonding.

Since freeze/thawed hydrogels are formed by physical crosslinks,
the measured modulus is the effective sum of secondary bond-
ing effects, as shown as follows:

E = DyRT = ART exp 2)

_a
RT
where E is elastic modulus. Another form of the equation can
be written as:
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E E,
In( =) =In(AR) — —
n<T> n(AR) RT (3)
E can also be obtained by
E=2G(1+p) (4)

where yu is Poisson ratio. As u equals to 0.43-0.47 for hydrogel
materials, we take average value 0.45 in calculation.

So eq. (5) can be written as:
G E,
In <T) =1In(AR) — T In2(1 4 w)] (5)

Values of E, thus obtained are in the order of 76-2096 J/mol.
Dy was therefore calculated according to eqs. (2) and (4). For
the temperature range of 30-50°C, the plot of Dy versus tem-
perature was shown in Figure 3. It can be seen that for all sam-
ples of PVA hydrogel, D,. decreased with increasing tempera-
ture, indicating of the breaking of hydrogen bonding. PVA
hydrogel film with less PEO content has relatively high physical
crosslink density, indicating of the increasing number of hydro-
gen bonds and degree of crystallinity of PVA hydrogel.

It can also be noted that for hydrogel film with less PEO con-
tent, Dy decreased more dramatically with increasing tempera-
ture, indicating that large amount of weak hydrogen bonds per
unit volume are easier to be broken at high temperature.

Network Structure of PVA/PEO Hydrogels

Figure 4 shows the strain dependence at the frequency of 1 Hz
of the shear storage modulus, G, and loss modulus, G’ for
PVA/PEO hydrogels with different PVA/PEO composition. At
very low strain amplitudes, the loss modulus of the hydrogel is
lower than the storage modulus, which is consistent with the
existence of a network structure. In addition, it can be noted
(Figure 4) that, for small strain amplitudes, G’ is independent
of the strain amplitude, which indicates that the deformation
imposed on the network structure is entirely reversible. At
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Figure 3. Physical crosslinking density of PVA/PEO hydrogels with differ-
ent compositions.
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Figure 4. Storage modulus G’ and loss modulus G” at 1 Hz as a function
of strain for PVA/PEO hydrogels with different compositions.

higher strain amplitudes, G is a decreasing function of the
strain amplitude and the deformation is no longer reversible.

The frequency dependence of G is plotted in Figure 5 for
hydrogel films with different PVA/PEO compositions. It can be
seen that G’ does not depend on the test frequency in the range
between 0.1 and 100 Hz. With increasing content of PEO, G
decreased.

The relationships between the network structure of the PVA/
PEO hydrogels and their rheological behavior can be better
understood in Figure 6, where G, the storage modulus values at
1 Hz, are plotted as a function of the degree of crystallinity, X,
determined from X-ray diffraction analysis. It can be seen that
the crystallinity of the hydrogel is the main factor that controls
the G values at low strain amplitude.

In the hypothesis that the hydrogels may be regarded as a classic
network, in spite of the fact that they present a complex hier-
archical structure, the storage modulus determined at low strain
amplitude and low frequency of the hydrogels (i.e., in the
fully elastic, reversible regime), G may be related to the
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Figure 5. Shear modulus G' as a function of frequency for PVA/PEO
hydrogels with different compositions.
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Figure 6. Shear modulus G, at 1 Hz, as a function of the degree of crys-
tallinity, X, for PVA/PEO hydrogels with different compositions.

average number of equivalent units in a “network strand, > N,
connecting two “ideal” junctions and to the approximate,
the average value of the network mesh size L. by use of egs. (6)
and (7)>'0M%:

G = RT®'?/Nya’N (6)

L = (®)73(CN)a (7)

In eq. (6) Ny, is the Avogadro number, G is the shear modulus
of PVA/PEO hydrogel samples, R is the gas constant, T is the
absolute temperature, ¢ is the polymer volume fractions of gel
in the swollen state, Ny,a> is the molar volume of the solvent,
N is the average number of equivalent units with volume equal
to the solvent volume (a’), comprised between two junctions
(in a “network strand”). In eq. (7) C. is the characteristic ratio
of PVA, equal to 8.3.

As shown in Table II, values of L. thus obtained are in the order
of 47-87 nm. With increasing content of PEO, G decreased,
and L, increased, indicating that addition of PEO reduced the
physical crosslinking density. This result was consistent with the
SEM result in our previous work."> As shown in Figure 7, PVA/
PEO hydrogel films represent a porous structure and the size of
pores increased with increasing content of PEO.

In summary, in the PVA/PEO hydrogel network, the polymer
chains interact through hydrogen bonding, which is responsible

Table II. Storage Modulus, G’ at 1 Hz, Average Number of Equivalent
Units in a Network Strand, N, and Average Length of Network Strands
L. in PVA/PEO Hydrogels with Different Compositions

PVAIPEO

(weight ratio) G’ (Pa) N Lc (nm)
100/0 17,720 5.60 47.05
98/2 12,610 8.20 5941
94/6 10,040 10.81 71.62
90/10 7,481 14.99 87.14
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PVA/PEO:90/10

Figure 7. SEM of PVA/PEO hydrogel films with different compositions.

for the formation of crystalline region, and the crystallites act
as physically cross-linking points. Addition of PEO to PVA/
water system increased the distance between PVA molecules
resulting in decrease of the number of hydroxyl groups in per
unit volume, and thus the interaction of hydrogen bonding
was weakened. Therefore, with the increasing content of PEO,
the degree of crystallinity of PVA hydrogel decreased, and the
physical crosslinking density decreased, resulting in the
increase of the network mesh size and decrease of the storage
modulus.

CONCLUSIONS

PVA/PEO hydrogels with various compositions were prepared
by freezing/thawing method. The effect of PEO content on the
network structure of the hydrogel was studied. The WAXD
result showed that a low amount of small PVA crystalline aggre-
gates were present in PVA/PEO hydrogels. With increasing con-
tent of PEO, the crstallinity of PVA hydrogel decreased, but the
apparent dimensions of crystallites increased. The shear storage
modulus (G) decreased slightly with increasing temperature
within 30-50°C, probably resulting from the breaking of the
hydrogen bonding; while G decreased sharply with increasing
temperature within 50-70°C, probably resulting from the melt
of the crystallites of PVA hydrogel. The physical crosslinking
density (D) increased with decreasing PEO content, while it
decreased more dramatically with increasing temperature, indi-
cating that hydrogen bonding was easier to be broken at high
temperature. At very low strain amplitudes, the loss modulus
(G") of the hydrogel is lower than the storage modulus (G)
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and G is independent of the strain amplitude, indicating that
the deformation imposed on the network structure is entirely
reversible. The crystallinity of the hydrogel is the main factor
that controls the G' values. With increasing content of PEO, G
at low frequency decreased, the mesh size (L,) increased, indi-
cating of the decrease of the physical crosslinking density of
PVA/PEO hydrogels.

REFERENCES

1. Ma-Ro, H,; Jong, O. K,; Jeong, H. L.; Yong, I. K; Jeong, H.
K.;; Sun, W. C; Sung, G. J.; Jung, A. K;; Won, S. L.; Sung, S.
H., et al. AAPS Pharm. Sci. Tech. 2010, 11, 1092.

2. Leonardo, E. M.; Donna, T. P; Amanda, M. H.; Derek, R.
B.; Wankei, W. J. Biomed. Mater. Res. B. 2012, 1, 1.

3. Peppas, N A. Makromol. Chem. 1975, 176, 3433.

4. Rosa, R.; Finizia, A.; Christine, G.; Claudio,
Francoise, L. Macromolecules 2004, 37, 9510.

5. Rosa, R.; Gerardino, D’E.; Finizia, A.; Guylaine, D.; Anna
Maria, T.; Claudio, De R.; Francoise, L.; Francoise, L. Mac-
romolecules 2005, 38, 6629.

6. Rosa, R.; Christine, G.; Guylaine, D.; Francoise, L.;
Francoise, L. Polymer 2003, 44, 3375.

7. Takehiko, T.; Shiro, M.; Saika, A. Macromolecules 1983, 16,
1535.

8. Masahito, K.; Masatoshi, K.; Isao, A.; Hiromichi, K.; Shige-
toshi, A. Macromolecules 2000, 33, 7971.

9. Abhijeet, J.; Garland, E; Jonathan, T.; Andrew, H.; Anthony,

L.; Andrew, K;; Ed, V.; Michele, M. Biomaterials 2006, 27,
176.

10. Michael, J.; Mc Gann, C. L.; Higginbotham, L. M.; Geever;
Michael, J. D. N. Int. J. Pharm. 2009, 372, 154.

11. Isamu, L; Yuji, J.; Yoriko, A.; Yasuo, K. B. Chem. Soc. JPN.
1995, 68, 2021.

12. Yoshii, F; Zhanshan, Y.; Isobe, K.; Shinozaki, K.; Makuuchi,
K. Radiat. Phys. Chem. 1999, 55, 133.

13. Zhe, L.; Lin, Y. J. Thermoplast Compos 2011 (published
online).

14. Rosa, R.; Finizia, A.; Claudio, De R. Macromol. Symp. 2005,
222, 49.

15. Rosa, R.; Finizia, A.; Claudio, De R.; Francoise, L. Macro-
molecules 2004, 37, 1921.

16. Weisfeld, L. B.; Little, J. R.; Wolstenholme, W. E. J. Polym.
Sci. 1962, 56, 455.

17. Yang, R.-J.; Qiao, L.-K;; Li, X.-C.; He, J.- Y. Trans. Beijing
Inst. Technol. 2004, 24, 1005.

De R,

J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38544



http://www.materialsviews.com/
http://onlinelibrary.wiley.com/



