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ABSTRACT: A simple and green method, unidirectional nanopore dehydration (UND), directly processes 10% poly(vinyl alcohol)
(PVA) aqueous solution containing 20% egg white (EW) into a composite hydrogel membrane (PVA−EW). The tensile strength
and elongation of the UND-based PVA−EW at 25 °C were 0.91 MPa and 534.17%, respectively, while the two values at 70 °C were
increased by 700 and 38%, respectively. The PVA−EW (70 °C) was still dominated by random coils and α-helical structures. The
hydroxyl groups of intramolecules and intermolecules of both PVA and EW could be able to combine and form either more
hydrogen bonds or stronger hydrogen bonds. PVA−EW is soft and translucent, has good mechanical properties, and has a porous
networked structure with pores that have a diameter of 1−10 μm. L-929 mouse fibroblasts were found to be able to adhere, grow,
and proliferate well on the hydrogel composite membrane. This novel PVA−EW biomaterial has potential applications in
biomaterials especially medical tissue engineering.

1. INTRODUCTION
Poly(vinyl alcohol) (PVA) is a biodegradable synthetic polymer
material prepared from polyvinyl acetate via hydrolysis. Its side
chains contain many hydrophilic hydroxyls (−OH) groups.
PVA-based polymer materials have good mechanical, chemical,
and physical properties; are nontoxic; have barrier-like proper-
ties; are resistant to chemicals; and have film-forming
capabilities. It is widely used in the field of biomaterials in
applications such as wound care, nanomaterials, packaging
materials, biofilm separation, immobilized carriers, etc.1−4 Most
PVA-based composite hydrogels are prepared by chemical cross-
linking methods.5−7 PVA−boronate hydrogel prepared by
boronate esterification was used as a fluorescent chemical
sensor for copper ion in water.8 Ali et al. described that the
glucose-responsive protein−PVA hydrogels prepared by using
formylphenylboronic acid-based cross-linkers have great
potential as smart insulin release for in vivo applications.9,10 A
physical preparation method is mainly based on cyclic freeze−
thawingmethods,11 and there have also been studies focusing on
physical cross-linking methods such as irradiation, heat
treatment, and acetone desolvation.12−14 However, PVA

materials can still be improved in terms of their resistance to
water, processability, and flexibility. Therefore, PVA materials
are usually modified by blending with other polymer materials,
such as adding artificial or natural polymers, polysaccharides,
inorganic salts, or other inorganic substances.15−17 PVA
biomaterials, especially PVA composite hydrogels, are often
combined with natural polymers such as silk fibroin, soy protein
isolate, casein, and other proteins.18−20 Among these additives,
PVA composite films that are prepared by the addition of the
plasticizer casein using the simplest casting method can be
biodegradable and are mainly used for food packaging materials,
wound dressing materials, and enzyme carriers.21−23 The most
commonly used method to produce porous composite hydro-
gels or hydrogel films from PVA and other proteins is cyclic
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freeze−thaw, but the pore size of hydrogel membranes prepared
by the cyclic freeze−thaw method is too large to be controlled,
which limits their applications.
Egg white (EW) is a cheap and abundant natural source of

important proteins such as ovalbumin and lysozyme. Due to its
antibacterial properties and biodegradability, it is an ancient
biological material. EW is mainly composed of 54% ovalbumin,
12% ovotransferrin, 11% ovomucoid, 3.5% ovomucin, and 3.5%
lysozyme. Due to its unique thermal gelling properties, it has
been used in many new applications24−26 in the field of
biomaterials, such as in the form of hydrogels, food packaging,
biosensors, drug slow release, nanomaterials, etc. However,
these EW or EW-based biomaterials have poor mechanical
properties, and cross-linking agents are often added to make
wound dressings and composite films.27,28 By mixing EW into
PVA and other solutions, the cyclic freeze−thawing method can
be used to make PVA−EW bionanocomposite hydrogels,
composite scaffolds, smart colorimetric membrane, and other
materials.29−31 A mixed solution of PVA and EW could be
electrospun to make a composite fiber wound dressing.32,33

However, there have been few studies on the use of PVA and EW
in biomaterials to make composite hydrogel membranes or
scaffolds by green physical methods, especially in the context of
materials used in medical tissue engineering.
In this article, we will use our team’s newly developed

unidirectional dehydration technology (UND),34 where one-
way downward dehydration is achieved by using a nanopore
semi-permeable cellulose membrane, to make a PVA−EW
composite hydrogel with green, strong mechanical properties
and excellent biocompatibility. We will also conduct a detailed
investigation into its physical, chemical, mechanical, and
structural properties, as well as its biocompatibility.

2. MATERIALS AND METHODS
2.1. Experimental Materials. PVA (PVA-124, viscosity:

54−66mPa·s) was purchased fromChina Aladdin Co., Ltd. Hen
eggs (Lanfei brand) were purchased from Shanghai Dahe Egg
Products Co., Ltd. (China).
2.2. PVA Aqueous Solution Preparation. 10% PVA

aqueous solution was prepared according to the method
reported recently by authors.35

2.3. PVA−EW Hydrogel Composite Membrane Prep-
aration. The separation of EW from a hen egg and the
preparation of homogenized EW solution from thin and thick
EWs were carried out according to the method recently reported
by the authors.36 The homogeneous EW solution was mixed
with 10% PVA solution at a ratio of 5:20% (v/v). 5 mL of this
mixed sample solution was added to a mold that was composed
of a dialysis membrane with a molecular weight cutoff of 10 kDa
as described at the bottom of the box.32 The mold was placed
horizontally at room temperature or in a chamber held at a
constant temperature and humidity and subjected to unidirec-
tional dehydration (UND) through a nanopore for 15−20 h
(Figure 1). After the film was formed, the mold was opened and
the PVA−EW composite hydrogel was removed. The film was
stored at 4 °C for later use.
2.4. Mechanical Properties Analysis. After immersing in

water at 37 °C for 24 h, the tensile test of the PVA−EWhydrogel
film (5.0 mm × 30 mm × 0.8 mm) was carried out using an
INSTRON 3365 universal material testing machine according
to the method recently reported by the authors.32 Five
measurements were repeated per group.
2.5. Infrared, X-Diffraction, and Thermal Performance

Measurement. A dry sample of the hydrogel film was ground
into a fine powder. 5.0−20 mg of powdered sample was used for
detection on a Nicolet 6700 infrared spectrometer (Thermo
Fisher), for the measurement of X-ray diffraction pattern using
an X’pert Pro MPD X-ray diffractometer (PANalytical, Holland
Panalytical), and for the analysis of thermogravimetry (TG),
derivative TG (DTG), and differential scanning calorimetry
(DSC) curves using an SDT2960 differential thermoreg-
eneration instrument (30−1400 °C;TA Instruments) according
to the method recently reported by the authors.32 The hydrogel
film was cut to a certain size and tested by the small-angle X-ray
scattering SAXS (Anton Paar SAXSess MC2, Austria).
2.6. SEM Observation. After immersing in liquid nitrogen

for a few minutes, the resulting cracked sample was fixed onto
the sampling stage and sprayed with gold for 60 s. Then, the
surface of the sample and the apparent shape of the cross section
were observed using a Hitachi S-4700 cold field emission
scanning electron microscope (SEM, Hitachi Co., Ltd., Japan).
2.7. In Vitro Enzymolysis. According to the method

reported by Li et al. with slight modification,37 the enzymes

Figure 1. Schematic for the process of PVA−EWhydrogel compositionmembrane preparationUNDmold:① film-forming cup body,② filter filmwith
nanopore, ③ fixed flange, ④ sampling hole, and ⑤ rubber plug.
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Figure 2. Effect of EW level onmechanical properties (a) and swelling ratios (b) of PVA−EWhydrogel films; the film size when stretched is 5mm× 30
mm × 0.8 mm.

Figure 3. Effects of film thicknesses (a) and UND temperatures (b) on mechanical properties of PVA−EW and appearance and stress−strain curves
(c) of PVA−EW (20%) prepared at 25 and 70 °C.
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trypsin and alkaline protease were prepared into 140 U/mL
enzyme stock solution with phosphate-buffered saline (PBS).
The two enzymes were trypsin (pH 7.4−7.6, 37 °C) and alkaline
protease (pH 9.0−12.0, 40−50 °C). The prepared enzyme
solution was filtered and sterilized. These aseptic enzyme
solutions were diluted 10 times with PBS before use. Around
0.15 g of the dry PVA−EW hydrogel was immersed in ∼5 mL of
enzyme solution; this process was repeated for three samples in
each group in a 12-well plate. The sample immersed in the
trypsin solution was placed in a shaker (110 rpm), while the
sample immersed in the alkaline protease solution was placed in
a shaker held at a constant 50 °C for degradation (110 rpm).
The degradation was observed and the enzyme solution was
replaced daily. Every 2 days, the samples were taken out, washed
with PBS, dried, and weighed.
2.8. Cell Culture. The method reported by Wang et al. was

slightly improved,38 and the cytocompatibility was tested on
mouse L-929. A round sample of the hydrogel membrane with a
diameter of 10 mmwas prepared and cultured in a 48-well plate.
During the culture period, the 48-well plate was removed from
the incubator daily; the cell growth was observed using an
inverted fluorescence microscope and recorded. CCK-8 was
used to determine cell viability.
2.9. Statistics. The data obtained in the experiment were

processed using the Origin 10 software. The results are
presented in the form of a mean ± standard error.

3. RESULTS
3.1. Effect of EW Incorporation on Mechanical Proper-

ties and Swelling Rates.To understand the influence that the
addition of EW has on the mechanical properties of the PVA
hydrogel composite membrane, EW was added to the aqueous
PVA solution at volumes of 5, 10, 15, 20, 25, and 40% (v/v), and
was dehydrated unidirectionally via film nanopores at room
temperature for 24 h to form a translucent PVA−EW composite
hydrogel film. Figure 2a presents the results of the mechanical
performance tests on PVA−EW hydrogels with different
proportions of EW. It can be seen that as the EW content
increases, the tensile force (Fmax) and tensile strength (σ) of the
film gradually decreases; the σ-value started at 2.84 MPa when
the hydrogel contained no EW, and in the sample with 40% EW,
the σ-value was only 0.75 MPa. Similarly, the elastic modulus
(ME) of the sample decreases from 0.52 to 0.15 MPa. However,
the film’s elongation at break (EB) increased as the amount of
EW was increased, exhibiting a dose−effect relationship; the
elongation was 473.20% when no EW was added and increased
to 649.02% at 40% EW. These results indicate that the addition
of EW significantly reduces the tensile strength and elastic
modulus of the PVA−EW composite hydrogel film, while the
elongation at break increases significantly following a dose−
effect relationship. However, when the EW reaches 40%, the
elongation at break no longer increases. In addition, when the
hydrogel film is composed of more than 40% EW, a small
amount of EW protein will separate from the film when it is
soaked in water. Therefore, a hydrogel composite film
containing 20% EW, henceforth referred to as PVA−EW
(20%), was used in the following experiments.
The influence of EW content on the swelling exhibited by the

PVA−EW composite hydrogel films is shown in Figure 2b. The
swelling ratio of the pure PVA hydrogel film reached 341.17%;
after the addition of 5% EW, the swelling ratio of the hydrogel
composite film decreased significantly to 265.05%. As the
amount of EW added was increased, its swelling ratios continued

to decrease significantly. For every 5% increase in EW, the
swelling ratio drops by an average of 11.5%. However, when 25%
EWwas added, the swelling ratio of the composite hydrogel film
decreased to 218.9%. This suggests that the amount of EW
added can adjust not only the tensile strength of the composite
hydrogel but also its elongation at break.
3.2. Hydrogel Composite Film Thickness. For this

experiment, five different volumes of PVA−EW mixtures were
used to create PVA−EW (20%) composite hydrogel membranes
with different thicknesses. Their mechanical properties are
presented in Figure 3a. The results show that larger volumes
resulted in greater thicknesses in the formed films. In addition, as
the thickness of the film increased, the tensile force, tensile
strength, elongation at break, and compression modulus also
increased. The results exhibited a dose−effect relationship.
When a maximum volume of 12.5 mL was used, the maximum
tensile force was 17.32 N, the tensile strength reached 1.74MPa,
the elongation at break was 563.53%, and the compressive
modulus was 0.77 MPa.
3.3. Temperature Effects. To explore the influence of

environmental factors on the formation of composite hydrogel
membranes using UND, we prepared these composite
membranes at seven different temperatures. This was accom-
plished by placing the mold containing the mixed PVA−EW
solution into a box that was held at a constant temperature and
humidity. The temperature was changed to the desired
experimental values when the relative humidity was at a constant
50% (Figure 3b). At 25 °C, the maximum tensile force of the
sample was 3.64 N and its elongation at break was 534.17%.
When the temperature was increased during UND, the
mechanical strength and elongation at break increased and the
compression modulus also increased, but the thickness of the
hydrogel film decreased. At a processing temperature of 80 °C,
the mechanical strength of the sample was 9.46 MPa and its
elongation at break was 801.16%. Here, it should be noted that a
small peak in elongation at break at 60 °C in Figure 3b may be
caused by temperature control errors. At processing temper-
atures higher than 80 °C, a small amount of white EW protein
precipitated into the formed hydrogel film. Therefore, in the
following experiments, the PVA−EW hydrogel composite films
were generally prepared at two temperatures: 25 and 70 °C.
3.4. Stress−Strain Curves. The stress−strain curves of the

hydrogel membranes prepared at a constant temperature of 25
and 70 °C at 50% relative humidity (RH) are presented in Figure
3c. At a processing temperature of 25 °C, the PVA−EW film is
semitransparent (Figure 3 inset, left photograph). Its maximum
tensile force was 3.41 N, its elongation at break was 532.03%,
and its tensile strength was 0.85 MPa. At a processing
temperature of 70 °C, the PVA−EW film is semitransparent
with a light yellow coloration (Figure 3 inset, right photograph).
The maximum tensile force of the hydrogel composite
membrane was as high as 18.76 N, its elongation at break was
800.71%, and its tensile strength was 6.25 MPa. It can be seen
that as the temperature of UNDwas increased from 25 to 70 °C,
the 20% EW protein contained within the film did not denature,
the tensile strength of the hydrogel composite film increased by
more than seven times, and its elongation at break increased by
50%. The results from Figure 3b,c thus indicate that the
temperature of UND has a strong influence on the mechanical
properties of the resultant PVA−EW hydrogel; in other words,
we can effectively control the properties of the composite
hydrogel through temperature regulation. When the hydrogel
filmwas prepared at 70 °C, the increase of temperature led to the
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acceleration of molecular motion, the shortening of film
formation time, the formation of more and stronger hydrogen
bonds between the hydroxyl groups of PVA and EW molecules,
thus forming a denser structure with enhanced mechanical
properties, and the thickness of the hydrogel film was thinner.
In addition, the PVA−EW hydrogel above formed by UND at

70 °C showed a pale yellow color (Figure 3 inset, right
photograph), which is mainly caused by the Maillard reaction in
the EW of PVA−EW hydrogel. The EW sample prepared in this
experiment has not been sweetened, so the homogenized EW
contains a certain amount of reducing sugar, such as glucose.
The UND of PVA and EW mixed solution at a higher
temperature leads to the Maillard reaction between reducing
sugar and free amino acid residues in protein.39,40

3.5. Microstructure Observations. The structure of the
fracture surface of the PVA−EW hydrogel membrane is shown
in Figure 4. As the EW content increases, the wet PVA−EW

hydrogel film becomes softer. When observed under an SEM
magnification of 1000×, it was revealed that the fracture surface
of the membrane formed at both 25 and 75 °C has a porous
structure. At an EW content of 5%, the distribution of pore sizes
ranges from 0.2 to 9.0 μm, with a mean value of 2.6 μm (Table 1
and Figure 4a). When the EW content was increased to 20%
(Figure 4b,c), the pore sizes were found to be significantly larger,
and the average pore size was observed to have increased by a
factor of three. Additional careful observation revealed that there
was one type of pore that was particularly large (∼25 μm), while
the other type of pore was more numerous but exhibited smaller
pore diameters (∼5 μm). In addition, the fracture surface was
smoother. When the temperature of directional dehydration was
increased to 70 °C, the average pore size decreased by ∼30%.
Therefore, the size and distribution of pore may be mainly
related to the EW level and temperature of nanopore
dehydration during preparation. The size distribution of the

Figure 4.Cross-sectional photographs of PVA−EW hydrogel composite membranes. PVA−EW (5%) hydrogel film containing 5% EW (1000×) at 25
°C (a), PVA−EW (20%) hydrogel film containing 20% EW (1000× and 5000×) at 25 °C (b, c), and PVA−EW (20%) hydrogel film containing 20%
EW (1000×) at 70 °C (d).

Table 1. Effects of EW Addition and Temperature on the Porosity of PVA−EW Hydrogel Membranes

PVA hydrogels mean size (μm) ±SD max mini pore number ±SD porosity (%) ±SD

PVA−EW (5%) 25 °C 2.6 2.0 9.0 0.2 210 5 14.2 1.5
PVA−EW (20%) 25 °C 8.9 6.7 25.3 0.6 260 8 52.0 3.1
PVA−EW (20%) 70 °C 6.0 3.9 18.7 0.5 215 6 31.0 1.4
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second type of pore was similar, but the fracture surface was
relatively rough; in addition, a large number of small particles
(less than 1 μm) also appeared. These may be due to the
aggregation of a few EW protein molecules at higher
temperatures (Figure 4d). These results show that PVA−EW
(20%) hydrogel composite membranes can still form porous
hydrogel structures, that the two materials are compatible, and
that the pore size had significantly increased. Our observations
suggest that the EW concentration can be used to adjust the pore
size of the PVA−EW hydrogel composite membrane.
3.6. FTIR Spectra. Figure 5a shows the infrared spectra

(FTIR-ATR) of a single PVA hydrogel film formed by UND at
25 °C and of two PVA−EW (20%) hydrogel composite films
formed at 25 and 70 °C. The very broad peak at 3415.31 cm−1 in
the PVA hydrogel film alone (PVA 25 °C in Figure 5a)
corresponds to the stretching vibrations of the −OH group. The
peak at 1715.85 cm−1 is characteristic of the −C�O stretching
vibration, and the peak at 1456.75 cm−1 represents the
stretching vibration of the −CH group (black line). At 25 °C,
the PVA−EW (20%) hydrogel composite membrane exhibited a
peak at 1658.96 cm−1 corresponding to the amide I band, while
the peak of the amide II band was at 1539.88 cm−1,
corresponding to the α-helical structure. In addition, the peak
of the −OH groups belonging to the EW appeared at 3396.14
cm−1, which can combine with the −OH groups from the PVA
to form strong hydrogen bonds, which can improve the
interactions between molecules, increase the cohesion of the
biopolymer matrix, reduce its water sensitivity, and result in a
peak at 1439.60 cm−1 (blue line). When the hydrogel film was
formed at 70 °C, the −C�O stretching peak from the amide I

band and the−NHbending peak from the amide II band did not
shift significantly. In contrast, the stretching vibration peak of
the −OH group shifted significantly to 3345.41 cm−1 (red line),
which is due to the improved hydrogen bonding capability
within the composite hydrogel at this UND temperature. The
lack of changes to the amide I and amide II bands indicate that
when the processing temperature was increased to 70 °C, the
protein structure of the PVA−EW hydrogel membrane did not
change significantly. However, the significant shift in the
vibration peak of the −OH group indicates that there are
more numerous and stronger hydrogen bonds within the
composite hydrogel; this is consistent with its enhanced
mechanical properties.
3.7. XRD Patterns. To study the change in the crystal

structure of the PVA/EW blend, the X-ray diffraction (XRD)
pattern of the samples was analyzed (Figure 5b). The PVA
hydrogel film alone as a control exhibits strong peaks at 19.50
and 40.14° as well as weak peaks at 11.18 and 29.38°. The
characteristics of the two main peaks of the PVA−EW (20%)
hydrogel composite membrane did not change significantly,
suggesting that there were no observable changes in the crystal
structure due to the addition of EW proteins. However, the main
peak of the composite membrane prepared at 70 °C was found
to have shifted slightly to 19.63°, while the shifts in the three
smaller peaks at 11.18, 22.17, and 40.14° were more significant.
This indicates that faster one-way dehydration at higher
temperatures can change the crystal structure of the hydrogel
composite film. It is possible that the hydroxyl groups between
adjacent segments formed stronger and more numerous

Figure 5. FTIR spectra (a), X-ray diffraction (b), and SAXS (c) patterns of PVA−EW hydrogel film containing 20% EW formed at 25 and 70 °C.
PVAHM_25 °C is the UND-based PVA hydrogel film alone at 25 °C as a control group.
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hydrogen bonds. This is consistent with the significantly
improved tensile properties reported in previous sections.
3.8. SAXS Patterns. The small-angle X-ray scattering

(SAXS) patterns of PVA−EW hydrogel films formed by
unidirectional dehydration at 25 and 70 °C were analyzed.
Figure 5c shows the scattering intensity−scattering vector (q)
curves of the PVA−EW (20%) hydrogel composite film
obtained using SAXS. The figure shows that the two hydrogel
membranes have very clear scattering peaks, while the
evaporation membranes (PVA−EW_EA) prepared by slow
evaporating and drying using the casting method do not exhibit
scattering peaks. This shows that unidirectional dehydration
through nanopores promotes the formation of ordered
structures in the PVA−EW hydrogel composite film. The
crystalline form of the hydrogel film is exhibited as lamellae, and
the scattering peaks are caused by the scattering interference
between the lamellae. The long period represents the statistical
average distance between the lamellae and can be calculated
using Bragg’s law (2π/Q). The intercrystallite spacings (d) of
the PVA−EW hydrogel membranes formed at 25 and 70 °C are
12.92 and 12.84 nm, respectively, indicating that there is almost
no change in the intercrystallite spacing between these two
temperature regimes. This shows that the significant difference
between the intensity of the scattering peaks between the two

samples is not dependent on the spacing d between the lamellae.
When unidirectional dehydration is carried out at 70 °C, the
molecular motion is accelerated, the film-forming time is
significantly shortened, and the thickness of the formed hydrogel
film is thinner than those formed at 25 °C. In addition, strong
hydrogen bonds are formed between the molecules, resulting in
a denser structure and enhanced mechanical properties,
especially with regard to tensile strength. However, due to the
rapid dehydration, the regularity of the thickness and spacing of
the lamellae decreases, causing the intensity of the scattering
peak to be significantly reduced to half the value observed at 25
°C. These results suggest that the temperature of UND has a
significant effect on the regularity of the lamella structure in
PVA−EW hydrogel composite films.
3.9. Thermal Analysis. Figure 6 presents the thermal

analytical TG and DSC patterns of the PVA−EW hydrogel
composite films produced under two different processing
temperatures. It also presents the patterns of pure EW powder
and pure PVA hydrogel film (PVAHM) as two experimental
controls. First, it should be noted that the water content of the
pure EWpowder is as high as 12.50%. The water evaporates after
it reaches 202.00 °C, at which point it absorbs more heat and
reaches the glass-point-transition temperature at 233.90 °C, and
reaches a peak thermal decomposition temperature at 315.20 °C

Figure 6. Effect of temperature during unidirectional dehydration on thermal properties of PVA−EW hydrogel composite membranes. TG and DSC
of egg white (EW) powder (a), PVA hydrogel filmwithout EW (PVAHM_25 °C) at 25 °C (b), and PVA−EW (20%) hydrogel composite membranes
formed by UND at 25 and 70 °C (c, d).
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(Figure 6a). In contrast, the water content of the pure PVA
hydrogel film is only 4.87%. After heat absorption, the water
reaches the glass-point temperature at 226.26 °C, after which
there are two thermal decomposition temperature peaks at
292.70 °C and 355.47 °C. This is likely due to the weak and

strong hydrogen bonds formed in the hydrogel membrane due
to UND (Figure 6b). After the addition of 20% EW, the water
content of the composite hydrogel film formed at 25 °C
increased significantly to 10.04%. Furthermore, the glass-point-
transition temperature after the endotherm was 225.37 °C and

Figure 7. Protease resistance of the two PVA−EWs and their biocompatibility. Influence of temperature on of twoUND-based PVA−EWs(20%) at 25
and 70 °C to both trypsin and alkaline protease (a), 5-day growth histograms of L-929 cells on the two hydrogel membrane and control (b), control
group without film (c), and two UND-based PVA−EW (20%) hydrogel membranes at 25 and 70 °C (d, e).
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the first thermal degradation peak disappeared, while the second
degradation peak moved forward significantly, appearing at
345.64 °C. This indicates that the thermal stability of the mixed
PVA−EW composite film was reduced (Figure 6c). However,
when the temperature of the UND process was raised to 70 °C,
the water content of the hydrogel film reduced, and the thermal
decomposition temperature significantly increased to 348.76 °C
(Figure 5d); this result is consistent with the enhanced
stretching observed in previous experiments. These results
show that increasing the UND temperature allows for the
formation of either more hydrogen bonds or stronger hydrogen
bonds between the hydroxyl groups in the PVA chain and the
hydroxyl groups of EW protein. The thermal stability of the
hydrogel composite film at 70 °C is significantly higher than the
hydrogel film prepared at 25 °C; this shows that the thermal
stability of the hydrogel composite membrane can be controlled
by the temperature of the process.
3.10. Antiprotease Ability. To assess the resistance of the

PVA−EW hydrogel composite membrane to proteases, an in
vitro enzymolysis test with two proteases was performed. The
values presented in Figure 7a are the residual amounts (recorded
every 2 days) of PVA−EW (20%) hydrogel membranes that
were enzymatically hydrolyzed. The figure shows that the
residual amounts of the hydrogel membranes in the two protease
aqueous solutions decrease over several days of enzymatic
hydrolysis. As the number of hydrolyzed days prolonged and
decreased, the overall enzymatic hydrolysis trend was similar.
79.80 and 89.67% of the two hydrogel membranes (PVA−EW
(20%) _25 and _70 °C) remained in the trypsin solution after 4
days, and only 72.47 and 75.67%were left on the 12th day. In the
alkaline protease solution, the enzymatic hydrolysis of the two
PVA−EW hydrogel membranes was much more rapid, leaving
only 61.37 and 70.93% of the hydrogel membranes after 12 days.
These results show that the degradation rate of the hydrogel film
in the two enzymes was related to the temperature of the
preparation process. The higher the temperature during the
preparation of the PVA−EW hydrogel film, the slower the
degradation rate in trypsin and alkaline protease. In addition, the
rate of degradation of the hydrogel membranes by enzymatic
hydrolysis was faster in alkaline protease than in trypsin. The
PVA−EWhydrogel composite membrane formed by directional
dehydration at higher temperatures has better resistance to
enzymatic hydrolysis than membranes formed at lower temper-
atures. These results are consistent with those regarding the
film’s mechanical properties. These results thus indicate that
temperature during UND can be used to adjust the resistance of
the PVA−EW hydrogel composite membrane to enzymatic
hydrolysis.
3.11. Biocompatibility. Figure 7b−e shows the growth and

proliferation of mouse fibroblast L-929 on two PVA−EW
hydrogel composite membranes over 5 days. In this experiment,
a CCK-8 detection method was used to determine the viability
of both the hydrogel membrane and a control group for 1−5
days. One day after the cells were seeded on the surface of the
hydrogel, most of them were round, sparse, and evenly
distributed on the surface of the bioscaffold. These cells
gradually adhered and attached themselves to the bioscaffold,
and changed from a spherical shape to a spindle shape. On the
4th day, the cells had proliferated across the surface of the
hydrogel, were densely distributed on the surface of the
bioscaffold, and almost all of them exhibited a spindle-like
shape. The pseudopodia of the cells were stretched, took the
form of a mature spindle shape, and the cells grew vigorously.

After the first and second days, the two experimental groups and
the control group had similar rates of cell growth, and their
ABS450 values were not significantly different. On the second
day, the cells in all groups began to proliferate rapidly. Although
the difference between the ABS450 of the experimental groups
and the control group was still relatively small, the experimental
groups exhibited values that were slightly higher than the control
group. On the fourth day, the optical density values of both the
control and the two experimental groups were almost double
that observed after the first day of growth. In addition, it was
found that the cells grew and divided rapidly on the second day,
but the rate of growth decreased after the third day. An analysis
of the overall status of the cell growth showed that the growth of
the cells in the control group was relatively flat and slender, while
the cells in the two sample groups grew normally; specifically,
the cells were comb-shaped, grew well, were relatively full, had a
strong three-dimensional (3D) effect, and were of a higher
density. They can almost be observed after zooming in. In the
context of the cell’s nucleus, the difference in production status
between the two experimental groups prepared at 25 and 70 °C
was not significant (Figure 7d,e). This may be because the
basementmembrane is a porous hydrogel composed of PVA and
EW protein with good biocompatibility, allowing the two heads
of the cell to stretch down and grow. This indicates that the
PVA−EW hydrogel composite membrane is suitable for the
adhesion, growth, and proliferation of L-929 cells. Thus, the
PVA−EW hydrogel composite membrane has excellent porosity
and biocompatibility, and can be used as a potential substrate for
cell cultures.

4. DISCUSSION
Pure EWs can also be made into a hydrogel, but the resulting
hydrogel film can dissolve in water. EW hydrogels can be
prepared by boiling EWs at 98 °C for 15 min and then placing
them into a refrigerator at 5 °C and 60% RH for 2 weeks. After
dehydration, the material becomes hard and is somewhat similar
to plastic, but no further investigation has been made regarding
the resultant material’s characteristics, mechanical and phys-
icochemical properties, and its stability in water.41 Someone also
investigated EWbioplastics produced by the addition of glycerin
via a thermomechanical processing method.42 Just recently, the
author has also developed a green three-step processing method
involving a “steaming-slow drying-annealing” process to prepare
pure EW hydrogel films. This film is soft, translucent, and has
strong mechanical and swelling properties;33 it has the potential
to be used in the development of materials for medical tissue
engineering. However, in all of the technologies described, high-
temperature heat treatment is still required to denature the EW
protein to form a water-insoluble hydrogel material.
In addition, an oriented porous biological material can be

obtained from an aqueous PVA solution via directional freezing
and room-temperature thawing. This material has significantly
improved mechanical properties and is more suitable for the
implantation of medical stents such as anisotropic organs.43−45

However, the preparation process of these anisotropic PVA
hydrogels or composite hydrogel materials requires extremely
low-temperature processing and room-temperature circulation.
Furthermore, the processing process is difficult to control, and it
is difficult to add living cells to these scaffolds.
In this experiment, a green and environmentally friendly

hydrogel composite material was produced by combining EW,
which exhibits poor mechanical properties, and PVA. The
process does not require any physical or chemical treatment at
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room temperature and can only be dehydrated using a nanopore
semipermeable cellulose membrane. The PVA−EW hydrogel
composite membrane produced has strong mechanical proper-
ties. During processing, the physical, chemical, and mechanical
properties of the PVA−EW hydrogel composite membrane can
be controlled by the amount of EW used and the processing
temperature. This is highly desirable to tailor the material to
various applications such as biomaterials and biomedicine,
especially in the form of artificial skin, implants in the body,
wound dressings, etc.

5. CONCLUSIONS
After incorporating 20% EW, a PVA−EW hydrogel obtained by
UND at 25 °C still possesses a tensile strength of 0.91 MPa, an
elongation at break of 534.17%, and a swelling rate of 230%. As
the temperature during UND increases between 25 and 70 °C,
the resulting PVA−EW improves in mechanical properties and
thermal stability. The tensile strength of UND-based PVA−EW
at 70 °Cwas seven times stronger than the hydrogel produced at
25 °C, and the elongation at break increased to 738.86%. UND
results in the ordered rearrangement of PVA molecules and EW
protein molecules, which increases or strengthens the hydrogen
bonds that form in PVA intramolecular and intermolecular
chains. PVA−EW had an ordered lamellar structure with a pore
size between 1 and 10 μm. The residual amount of PVA−EW
hydrogel after in vitro trypsin hydrolysis for 12 days is greater
than the amount that remained after in vitro alkaline protease
hydrolysis. Mouse fibroblast L-929 was found to be able to
adhere, grow, and proliferate well on a PVA−EW bioscaffold.
The experimental results show that the mechanical properties of
the composite hydrogel membrane can be controlled by EW
content and unidirectional nanopore dehydration temperature.
The PVA−EW composite hydrogel membrane has potential
development values and application in the fields of biomaterials,
artificial skin, beauty facial mask, bionic materials, medical tissue
engineering materials, etc.
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