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ABSTRACT: A promising technique for repairing necrotic mucosa of human

CL-WPU

organs has emerged, in which composite films are used to replace human

mucosa. In this work, neutral alpha-amylase corrosion solution with a
concentration of 0.40 mg/mL and hydrochloric acid corrosion solution at pH
0.9 were used as simulated oral cavity and gastric fluid environments under the
condition of human body temperature. The prepared cellulose film and the
cellulose water-based polyurethane composite film (the concentration of water-
based polyurethane was 90, 92, 94, 96, or 98%) were mixed in the simulated
environment. The composite membrane had a weaker water swelling property
(water swelling degree of 4.32%), weaker surface hydrophilicity (water contact
angle of 59.05°), and stronger enzyme activity (1.77 U). This functional film
composite material is expected to become an ideal substitute for human mucosa.

B INTRODUCTION

Autologous organ mucosal transplantation is a common
method to repair mucosal necrosis of human organs, but it
has many limitations, such as insufficient donor source, need of
additional incision, and so forth."” In recent years, the necrotic
mucosa of human organs has been replaced with other
biological thin films, which increases the demand for
biocompatible thin film materials.”~> Cellulose (CL) and
waterborne polyurethane (PU) have é)otential in this area
because of their good biocompatibility.””

CL exists in higher plants and some marine animals, algae,
bacteria, and fungi.*” The annual output of recyclable CL is
100—150 billion tons, but only 2 million tons is used in
production, accounting for 0.002% of the total output, which
can be described as “inexhaustible”.'” Researchers at the Swiss
Federal Laboratory for Testing and Research (Empa)
developed CL membranes with antibacterial peptides that
allow bacterial invasion of wounds and infection to be
eliminated at an early stage.'"'” Li et al. (2021) prepared
the first zeolitic imidazolate framework-90/laccase biocompo-
sites. A novel CL membrane with biocatalytic function was
prepared, which has good detection and degradation perform-
ance for phenolic pollutants.'*"*

PU is a polymer material; different types of PUs are obtained
by adjusting the types of monomers, dosage ratio, and reaction
conditions.'® As a viscoelastic damping material, PU is a key
research object due to the corresponding changes in its
structure and composition.'® To reduce the emissions of
organic compounds, waterborne PU (WPU) has been
developed. It retains the excellent properties of the traditional
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solvent PU, but it also has some problems, such as poor water
resistance.’” PU is a new type of biomaterial because of its
good physiological adaptability, air permeability, water
resistance, and moisture permeability; it can be used in
industrial filter materials, fabric coatings, and biomedical
fields.'"®'? Recent research shows that many PU systems are
suitable for medical stents.””"

The composite membrane prepared by mixing CL and WPU
in a certain proportion can have the advantages of both
materials according to the application requirements.””** In
2006, the composite of CNCs and PU was first reported.”*™°
Pei et al. (2011) added 1% CNCs into the reacted PU
prepolymer, and the prepared PU/CNCs composite had ultra-
high tensile strength and elongation at break. Girouard et al.
(2016) made use of the different reaction characteristics of two
isocyanate functional groups of isophorone diisocyanate to
prepare CNCs, which enhanced the interfacial bonding force
between CNCs and PU matrix, maintained the elongation at
break, and improved the dispersibility of CNCs.””*®

CL and WPU composites are the subject of recent
research.”> 3! However, there are few studies on the
preparation of composite films by compounding CL and
WPU, and the research on the biocompatibility of the
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composite films is almost blank.”>** This study reports the
preparation of CL film and CL—WPU composite film. The
concentration of WPU was 90, 92, 94, 96, or 98%. They were
separately placed in simulated oral and gastric fluid environ-
ments (neutral @-amylase corrosion solution at a concentration
of 0.40 mg/mL and hydrochloric acid corrosion solution at pH
0.9). Compared with the CL membrane, the composite
membrane had weaker water-absorbing swelling property
(water-absorbing swelling degree of 4.32%), surface hydro-
philicity (water contact angle of 59.05°), and stronger enzyme
activity (1.77 U). It is a promising functional film composite,
providing a possibility for repairing necrotic mucosa of human
organs as a replacement film.

B EXPERIMENTAL SECTION

Materials. CL (100%) was provided by Hebei Bailing
Weichao Fine Materials Co., Ltd (Hebei, China). WPU resin
was obtained from Guangzhou Hensic New Material Co., Ltd
(Guangdong, China). Alpha amylase was supplied by J&K
Scientific (China) Corporation (Shanghai, China). Citric acid
and soluble starch were purchased from T-Jkemao Chemical
Reagents Co., Ltd (Tianjin, China). Copper chloride was
received from Xilong Chemical Co., Ltd (Guangdong, China).
Potassium iodide (KI), iodine (I), hydrochloric acid (HCI),
and disodium hydrogen phosphate (Na,HPO,-12H,0) were
supplied by Tianjin Fuchen Chemical Reagents (Tianjin,
China).

Preparation of CL Films. A total of 50 g of sodium
hydroxide, thiourea, urea, and pure water with a mass ratio of
8.0:6.5:8.0:77.5 were placed in a 250 mL beater and stirred
until the mixture was transparent. Next, 2.05 g of absolutely
dried CL was evenly dispersed in the abovementioned liquid
and then placed at =20 °C. After freezing for 30 min, it was
stirred at room temperature for 10 min. If there was still solid
CL, it was frozen for an additional 15 min and then stirred at
room temperature. The process was repeated until the CL was
completely dissolved. The dissolved CL solution was
centrifuged at 8000 rpm for 10 min to obtain transparent
and viscous CL solution. The transparent and viscous CL
solution was slowly poured into pure water and quickly stirred
to make it flocculent; the floc is regenerated CL. The
flocculent regenerated CL was washed to neutral and then
pumped and filtered with a sand core filter to form a
membrane, as shown in Figure 1. After vacuum drying, it was
sealed for storage.

Preparation of CL—WPU Composite Films. A certain
amount of water-based PU was placed in a 200 mL beaker, and
then CL was added to disperse evenly. The mass
concentrations of PU were 98, 96, 94, 92, and 90%, which
were labeled as CL-WPU98, CL-WPU96, CL-WPU9%4, CL-
WPU92, and CL-WPU90, respectively. The film was scraped
to a constant thickness, and the composite film material was
vacuum-dried.

Effect of CL Films and CL-WPU Composite Films on
a-amylase Activity. A total of 0.04 g of a-amylase was
dissolved with buffer solution, with a final volume of 100 mL.
It was stored at 4 °C. The prepared film material was
immersed in a-amylase etching solution and heated in a 37 + 3
°C water bath to study the effect of lignocellulosic film material
on a-amylase activity.

Scanning Electron Microscopy. The lignocellulosic film
material was cut into S X S mm samples and placed on the
sample platform. After vacuum gold-plating for 1 min, the

Pure water

Regenerated
cellulose

N

Water
Circulating
Multi-
purpose
Vacuum
Pump

Figure 1. Simple flow chart for preparing CL films.

samples were placed into the scanning electron microscope (S-
3400N, Phenom-Word, Eindhoven, Netherlands) with an
acceleration voltage of 0.3—30 kV.

FTIR Spectroscopic Analysis. The film was ground into
powder, and 1—2 mg was evenly mixed with 200 mg of pure
KBr powder. The film was pressed into thin sheets with a mold
and kept at 8—10 MPa for 2 min. The sample was clamped
into the fixture and placed on the fixed bracket in the
instrument (TENSOR-27, Karlsruhe, Germany). The test
range was 400—4000 cm™.

Surface Hydrophilicity Testing. The water contact angle
was used to evaluate the hydrophilicity of the material surface
(VS contact angle measuring instrument, Tianjin Yunfan
Technology Co., LTD, Tianjin, China). The contact angle
refers to the angle 6 at the junction of solid, liquid, and gas
phases, from the solid—liquid interface through the interior of
the liquid to the gas—liquid. Usually, 8 = 90° is used as the
boundary between hydrophilicity and hydrophobicity of the
material surface. When the water contact angle @ > 90°, the
surface is considered hydrophobic; otherwise, it is considered
hydrophilic.

Water Absorption and Swelling Testing. The ligno-
cellulosic membrane material was cut into a 30 X S mm sample
and freeze-dried to a constant re-denoted as m,. The sample
was placed in deionized water and naturally expanded to a
constant weight at 25 °C and relative humidity of 99 + 1%,
denoted as m,. The equilibrium degree of swelling (Q,) was
calculated as follows.

m, — mg
Q, = ——2 x 100%
mg (1)

Corrosion Resistance Testing. The prepared a-amylase
corrosion solution was a neutral solution with a concentration
of 0.40 mg/mL, and the HCI corrosion solution was diluted to
pH 0.9 with concentrated hydrochloric acid at pH 0.1. The
prepared lignocellulosic membrane materials were completely
immersed into the culture dishes containing a-amylase
corrosion solution and HCI corrosion solution, respectively,
and corroded at 37 & 3 °C for 24 h. The effect of a-amylase
etching solution and HCI etching solution on the corrosion
resistance of membrane materials was studied.

Enzyme Activity Testing. The a-amylase activity was
determined by a spectrophotometer. The same concentration
of a-amylase solution and membrane material were added to a
number of colorimetric tubes as sample tubes; buffer solution
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was added to the colorimetric tubes as standard tubes. All
tubes were kept in a 37 + 3 °C water bath for 2 min, and an
appropriate amount of 0.008 g/mL starch solution and 1 mL of
termination solution were added under certain conditions.
After shaking, the tubes were cooled to room temperature to
determine their absorbance at 580 nm, as follows

my _ My

A, A, @)
_ mgX Ay

T, 3)

where m, is the mass of a-amylase, m, and A, are the mass and
absorbance of starch in the sample tube, respectively, and m;
and A, are the mass and absorbance of standard starch,
respectively.

The amount of starch in both the sample tube and the
standard tube is S mL and 0.8% starch, namely, 40 mg.
According to the abovementioned method, the amount of
starch degradation in the sample tube is (40-m,) mg. The
enzyme activity A and specific activity ¢ in the sample tube are
calculated as follows.

mgX A,

40 —m, A0~ 7 — A,
A= = =41 - =

10 10 A

S

(4)

S ()

Mechanical Testing. The mechanical properties of the
film were tested using a 5940 universal mechanical testing
machine (Instron, Norwood, MA, USA), with reference to the
national standard GB/T 1040.3 (2006).The sample size was
30 X S mm, and the tensile test was carried out at room
temperature at a speed of 10 mm/min. Each sample was
repeated five times, and the average value was taken.

B RESULTS AND DISCUSSION

Scanning Electron Microscopy. Figure 2f shows pure RC
film materials with a relatively dense surface. The comparison
of the six images shows that these lignocellulosic materials are
evenly distributed in the composite film materials. With

Figure 2. SEM images of different membrane materials without
corrosion: (a) CL-WPU9S8; (b) CL-WPU96; (c) CL-WPU94; (d)
CL-WPU92; (e) CL-WPU90; and (f) CL.
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Figure 3. FTIR spectra of different composite membrane materials.
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Figure 4. Contact angle between different membrane composite
materials and water.
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Figure S. Change curve of the swelling degree of different membrane
materials with change in time (b is 6.25 times the magnification of
Part a).

increasing CL concentration, the lignocellulosic material was
the most sparse in CL-WPU98 composite film material, while
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Figure 6. Influence of different etching solutions on tensile stress and strain of the CL—WPU composite membrane (a: CL-WPU98, b: CL-

WPU96, c: CL-WPU94, d: CL-WPU92, e: CL-WPU90, and f: CL).

Table 1. Corrosion Resistance of Different Membrane Materials under Tensile Strain of 140%

uncorroded tensile

polymer stress (MPa) stress (MPa)
CL-WPU98 1.21 0.67
CL-WPU96 1.53 1.05
CL-WPU9%4 2.00 0.57
CL-WPU92 2.31 0.86
CL-WPU90 2.06 1.41
CL 14.55 0.10

(maximum tensile stress)

HCI corrosion tensile

HCI corrosion
effect (%)

a-amylase corrosion tensile

a-amylase corrosion
stress (MPa)

effect (%)

0.46 44.63 61.98

0.92 31.37 39.87

0.46 71.50 77.00

0.92 62.77 60.17
31.55

0.48 99.31 96.70

the lignocellulosic density was the highest in CL-WPU90
composite film material.

FTIR Spectroscopic Analysis. Figure 3 shows the infrared
spectra of CL—WPU composite film materials with different
lignocellulosic concentrations, which is used to study the
material compatibility of lignocellulosic and PU. There are
strong hydroxyl absorption peaks around 3425 cm™, which are
hydrogen bond stretching vibration peaks formed by —OH

30852

within the CL molecule. With the increase of CL content, the
absorption peaks were enhanced due to the presence of —CH
in CL. Both vibrational peaks appearing at 2800—3000 cm™!
are saturated alkane C—H stretching vibration peaks. The
bending vibration absorption peaks of H—O—H adsorbing
water molecules all appear near 1645 cm™, and the absorption
peak of CL film material is obviously stronger than that of
CL-WPU composite film materials because CL contains
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Table 2. Relationship between A and Concentration of WPU
in CL—WPU Composite Films Materials

amount of enzyme

number added/mg absorbance /U ¢/(Umg™)
standard of 0 0.991 0 0
pipe
contrast of 0.40 0.436 2.24 5.60
pipe
CL-WPU98 0.40 0.586 1.63 4.09
CL-WPU96 0.40 0.574 1.68 4.21
CL-WPU%4 0.40 0.568 1.71 4.27
CL-WPU92 0.40 0.560 1.74 4.35
CL-WPU90 0.40 0.552 1.77 4.43
CL 0.40 0.568 1.71 4.27

—OH and has a strong ability to adsorb water molecules. There
are C—N stretching vibration peaks near 1600 cm™', and N—H
bending vibration absorption peaks at 1510 cm™'. All film
materials showed absorption peaks caused by C—H bending
vibrations near 1400 cm™". In the range of 3400—3500 cm™’,
the CL—WPU wave peak becomes wider and moves to the
lower wave direction compared with CL. This phenomenon
also occurred with the increase of the content of water-based
PU in the composite film materials, indicating that the
hydroxyl group superposition between CL and water-based PU
occurs with mutual association and cooperation. Figure 2
shows that no new absorption peak was generated after the
composite of CL and WPU, indicating that the physical
blending of CL and water-based PU only had a certain
hydrogen bonding force.

Surface Hydrophilicity Analysis. As shown in Figure 4,
CL-WPU98 had the largest contact angle with water of 59.05°,
while CL-WPU90 had the lowest contact angle of 45.84°. With
the increasing concentration of PU, the hydrophilicity of the
composite membrane material became weaker, resulting in a
larger contact angle with water. However, the water drops are
absorbed on the surface of CL film materials less than 1 s, and
the contact angle with water was 29.51°, which was much
lower than that of CL—WPU composite film materials. Thus,
the hydrophilicity of the film materials decreased after the
modification of PU.

Water Absorption and Swelling Analysis. The swelling
degree of composite film materials was measured in water
absorption, and the results are shown in Figure S. The CL film
material almost stopped growing after 6 h immersion in
deionized water, indicating that it slowly tended to reach the
swelling equilibrium. It completely reached the swelling
equilibrium completely after 9 h, at which time the equilibrium
swelling degree Q, of CL film was 88.4%. The high swelling
degree of the film material is due to the large amount of
hydrophilic hydroxyl groups in the CL molecules. CL—WPU
composite film material tends to water absorption and swelling
equilibrium at about 8 h and reaches water absorption and
swelling equilibrium at about 9—10 h. With the increase of the
concentration of PU in the composite films, the swelling rate of
CL-WPU98 composite films was decreased, and the swelling
degree of CL-WPU98 composite film was only 4.32% when it
reached the absorbent swelling equilibrium. The swelling
degree of CL-WPU90 composite film material reached the
absorbent swelling equilibrium as high as 15.28%, which is
about 3.5 times of that of CL-WPU98. This result reflects that
PU has good hydrophobicity, while CL has good hydro-
philicity.

Corrosion Resistance Analysis. Figure 6 and Table 1
show that the tensile strength of different film materials
decreased obviously after corrosion, but the CL mass
concentration of composite film material did not show a linear
relationship with the tensile strength. The tensile stress of
composite film material CL-WPU92 was the largest, and the
tensile stress of CL-WPU90 was the largest after corrosion by
HCL. The tensile stress of CL-WPU92 and CL-WPU96 were
the highest after a-amylase corrosion. When the mass
concentration of lignocellulosic was 10%, the elongation at
break of CL-WPU90 composite films decreased the most and
reached the elongation at break at 76.76% after a-amylase
corrosion, and the maximum tensile stress was 1.74 MPa.

Table 1 shows that the corrosion resistance of composite
films materials was improved compared with that of pure CL
films materials, and CL-WPU96 had the strongest corrosion
resistance. After HCl and a-amylase corrosion, the tensile
stress only decreased by 31.37 and 39.87%, respectively, and
the corrosion resistance of composite films materials increased
by 67.94 and 56.83%, respectively, compared with that of pure
CL film materials.

Enzyme Activity Analysis. The CL—WPU composite film
materials with different concentrations of aqueous PU were put
into the solution to study the effect on the enzyme activity, and
the data are shown in Table 2. All film materials were lower
than the enzyme activity of the control tube, indicating that
both CL films and CL—WPU film materials had an effect on
the activity of @-amylase. As the concentration of CL in the
composite films increased, the enzyme activity became
stronger. The enzyme activity and specific activity of the
sample tube CL-WPU90 were 1.77 U and 443 U/mg,
respectively, which were 0.06 U and 0.16 U/mg higher than
the sample tube CL, although it is still lower than the enzyme
activity and specific activity of the control tube. Compared
with the pure CL membrane material, the biocompatibility of
the CL—WPU composite membrane material has been
improved.

B CONCLUSIONS

1. The hydrophilicity of the CL material modified by WPU
was lower than that of the pure CL film material, and the
higher concentration of CL in the composite film led to
a weaker hydrophilicity. The contact angle with water
increased from 29.5 to $9.05°.

2. With the increase of CL concentration, tensile stress
increased and tensile strain decreased. CL-WPU96
composite films showed the best corrosion resistance,
and the tensile stress decreased by 28.46 and 38.66%
after corrosion by HCI corrosion solution and a-amylase
corrosion solution.

3. CL-WPU composite film material had better bio-
compatibility than RC film material. When the CL
concentration reached the highest, CL—WPU composite
film material had the highest a-amylase activity, which is
1.77 U, 0.06 U higher than CL film material.

4. There was only a simple physical blending between CL
and water-based PU. The hydrogen bond formed
between the two destroys the crystallization of the
composite film material. As its crystallinity decreased,
the tensile properties of the film material after being
compounded with water-based PU were reduced.
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