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Abstract: In this paper, polyvinyl alcohol/Ag-Metal-organic framework (PVA/Ag@MOF) and
polyvinyl alcohol/chitosan (PVA /CS) were used as the inner and outer layers to successfully prepare
a bilayer composite hydrogel for tissue engineering scaffold. The performance of bilayer hydro-
gels was evaluated. The outer layer (PVA/CS) has a uniform pore size distribution, good water
retention, biocompatibility and cell adhesion ability. The inner layer (PVA/Ag@MOF) has good
antibacterial activity and poor biocompatibility. PVA, PVA/0.1%Ag@MOF, PVA/0.5%Ag@MOF,
and PVA/1.0%Ag@MOF show anti-microbial activity in ascending order. However, its use as an
inner layer avoids direct contact with cells and prevents infection. The cell viability of all samples
was above 90%, indicating that the bilayer hydrogel was non-toxic to A549 cells. The bilayer hydro-
gel scaffold combines the advantages of the inner and outer layers. In summary, this new bilayer
composite is an ideal lung scaffold for tissue engineering.

Keywords: Ag-Metal-organic framework; polyvinyl alcohol; antibacterial activity; cytotoxicity

1. Introduction

Tissue engineering scaffold are materials that mimic the extracellular matrix (ECM)
environment to bind to living tissue cells and can be implanted into living organisms [1-6].
The ideal tissue engineering material should essentially have good biocompatibility and
good mechanical properties [7,8]. For optimal tissue regeneration, the scaffold should be
biodegradable and the rate of scaffold degradation should match the rate of new tissue
formation [9]. However, scaffolds that degrade slowly are usually preferred in practice to
minimize the risk associated with premature absorption of this scaffold.

Hydrogels are cross-linked three-dimensional polymer networks which can retain and
absorb a great deal of water [10-13]. Both natural and synthetic polymers can be physically
and chemically cross-linked to prepare hydrogels [14,15]. Due to their high water content,
hydrogels are highly biocompatible, as well as having rubbery mechanical properties close
to those of soft tissues, and often allow the incorporation of cells and bioactive molecules
during the gelling process.

Chitosan is a polycationic natural polysaccharide biopolymer widely used in the
manufacture of hydrogels [16]. Chitosan is a biocompatibility material with non-toxic and
antibacterial activity [17]. The amino group on the chitosan interacts with the negative
charge on the red blood cell membrane, which cause it to have an anticoagulation effect.
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Chitosan can promote the proliferation of fibroblasts, enhance the generation of the extra-
cellular matrix and the activation of macrophages [18]. As chitosan hydrogels are prepared
by chemical cross-linking, their biocompatibility is poor. Therefore, chitosan is blended
with other polymers (polyvinyl alcohol) to prepare hydrogels with good biocompatibility
by freeze-thaw cycling to expand its application in biomedical fields.

Polyvinyl alcohol as an extremely safe polymer binder, its hydrogel has a similar
water content to natural human tissue, high mechanical strength, good biocompatibility,
and porous network structure as well as is widely used in biomedicine [19,20]. There are
certain complications in the transplantation process, such as malabsorption which can lead
to a serious risk of infection. The presence of silver ions virtually eliminates the risk of
bacterial infection [21].

Silver-based compounds and silver nanoparticles (AgNPs) have been shown to have
strong antibacterial activities and, thus, act as alternatives to antibiotics [22-24]. Silver
sulfadiazine and AgNPs, for example, have become topical antibacterial cream for burns
and wounds [25,26]. Although AgNPs are famous for their high bactericidal effects con-
nected with the release of Ag*, they tend to form aggregates when they come into contact
with bacteria, which limits their activity due to loss of active surface area [27-29]. Thus, it
is still essential to design new materials with controllable structures as efficient media to
overcome the limitation.

Metal-organic frameworks (MOFs), a relatively new type of the inorganic-organic
hybrid polymer, have exhibited their potential application for gas storage [30], gas separa-
tion [31], sensors, catalysis, and advanced biomedicine, as well as drug delivery [32,33].
However, the bactericidal applications of MOFs have rarely been explored up to now. Com-
pared with traditional bactericide, MOF antibacterial agent has the advantages of broad
antibacterial spectrum, high effectiveness, long-acting, tunable structures, and thermal
stability [34]. Ag@MOFs, composed by Ag*/clusters and the organic ligands, have the
potential application in antimicrobial materials against bacteria, yeast and mold [35]. The
functional groups of the organic ligands can strongly interact with the polymer matrix,
resulting in hydrogen bond, which improves the mechanical properties of films. Ag@MOFs
with the special rod-like structures not only result in homogeneous dispersion of it in poly-
mer matrix, but also sustained release Ag* to avoid aggregation. In addition, Ag@MOFs
have more excellent antibacterial activities compared with Ag-NPs, which were related
to (i) the disruption of cells owing to the penetration of bacterial cells by MOFs, (ii) the
bacterial membranes damage caused by the interaction of silver ions with thiol proteins,
(iii) the combination between the bacterial cell cations including Mg?* and the functional
groups of the organic linkers, and (iv) the release of reactive oxygen species (ROS) [29].
However, the cytotoxicity of Ag@MOF is high, so we have designed a bilayer hydrogel to
avoid this limitation.

With this backdrop, we use PVA/Ag@MOF hydrogel as the inner layer and PVA/CS
hydrogel as the outer layer to avoid direct contact between Ag@MOF and cells. The novelty
of the present study is to evaluate the antibacterial activity of PVA hydrogels with the use
of Ag@MOF for the first time in Figure 1. In addition, the physicochemical properties such
as surface morphology, water retention properties, degradation properties, antibacterial
activity, cytotoxicity and cell adhesion were also investigated in detail. Traditional tissue
engineered scaffolds containing nano-silver hydrogels cannot effectively maintain their
biocompatibility at low cost. The outer layer of the double-layer dressing has good bio-
compatibility, while the inner layer has high antibacterial activity and avoids direct contact
with cells. Therefore, compared with traditional hydrogel tissue engineering scaffolds,
the double-layer scaffolds are perfectly compatible with high antibacterial activity and
good biocompatibility.
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Figure 1. Antibacterial mechanisms of Ag-Metal-Organic Framework (Ag@MOF).

2. Materials and Methods
2.1. Materials

Polyvinyl alcohol (PVA: with an average degree of polymerization of 1799) and
chitosan were provided by Aladdin reagent Shanghai Co., Ltd. (Shanghai, China). Pyridine-
3, 5-dicarboxylic acid (H,PYDC) was purchased from Rhawn reagent Longxi Co., Ltd.
AgNOj3 was supplied by Sinopharm Chemical Reagent Co., Ltd. (St. Louis, MO, USA). All
the chemicals were used as received without any further treatment. The deionized water
was prepared by Millipore Milli-Q 18 MQ).

2.2. Synthesis of AQ@MOF

Ag@MOF [Ags(PYDC),(OH)] was synthesized under the modified hydrothermal
according to our previous work [35]. Briefly, 0.14 g of H,PYDC was dispersed into 20 mL of
deionized water to give the suspension and 0.32 g of AgNO3 was dissolved in suspension
A to give suspension B. Suspension B was sonicated for 20 min and was sealed in a 50 mL
Teflon-lined stainless steel autoclave and heated at 120 °C for 24 h. After cooling to room
temperature, the colorless crystals were obtained through repeated centrifugation and
redispersion with DI water (St. Louis, MO, USA). The Ag@MOF was dried at 80 °C for
12 h. The antibacterial mechanisms of Ag@MOF can be seen in Figure 1.

2.3. Preparation of Composites Hydrogels
2.3.1. PVA Hydrogels

Briefly, 15 g of PVA was dissolved in 85 mL of DI water and stirred at 90 °C for 3 h
till a homogeneous solution was obtained. The solution was frozen at 25 °C for 24 h and
thawed at —25 °C for 8 h for three cycles before being washed with deionized water.

2.3.2. PVA/CS Hydrogels

For the preparation of PVA /CS hydrogels, 2 g of chitosan was dissolved in 100 mL
1.5% (v/v) acetic acid solution, stirred at room temperature for 1 h to prepare chitosan
solution. Then, 15 g of PVA was dissolved in 85 mL of DI water by stirring at 90 °C for 3 h.
Mixing the two solutions and stirring at 80 °C for 1 h. The stirring speed at preparation of
PVA/CS hydrogels was 200 rpm. Finally, the resulting solution was frozen at 25 °C for 24 h
and thawed at —25°C for 8 h for three cycles before being washed with deionized water.

2.3.3. PVA/Ag@MOF Hydrogels

PVA/Ag@MOF hydrogels was synthesized in PVA as a medium. 0.025 g Ag@MOF
(0.5 wt%) was dissolved in 85 mL of DI water and sonicated for 30 min till a suspension was
acquired. The mixture of 15 g PVA was dissolved in 85 mL of suspension by heating at 90 °C
for 3 h. Finally, the resulting solution was frozen at 25 °C for 24 h and thawed at —25 °C
for 8 h for three cycles before being washed with deionized water. The concentration of



Polymers 2021, 13, 3151

40f12

Ag@MOF was varied from 0.1 to 1 wt% and three hydrogels (0.1 wt%, 0.5 wt%, and 1 wt%)
were prepared by same method.

2.3.4. Bilayer Hydrogels

The prepared PVA/Ag@MOF cylindrical hydrogel is placed in a larger cylindrical
container and then the PVA/CS solution is poured in to coat the PVA/Ag@MOF hydrogel.
Finally, the resulting solution was frozen at 25 °C for 24 h and thawed at —25 °C for 8 h for
three cycles before being washed with deionized water.

2.4. Characterization
24.1. FT-IR

FT-IR spectra of the samples was recorded by a IRAffinity-1 spectrometer (Tokyo,
Japan) attached to universal ATR accessory. The samples were analyzed from 600! to

4000 cm~! with a scan rate of 2 cm~!.

2.4.2. XRD

The XRD patterns of samples was recorded on X-Ray diffractometer (ULTIMALY,
Japan Science Corporation, Tokyo, Japan) using Cu K« radiation (40 kV, 40 mA, 1°/min
from 5° to 80°, 0.05° scan amplitude).

2.4.3. SEM

The morphology of samples was investigated using a JSM-6700 F scanning electron
microscope (SEM) (JEOL, Japan). Ag@MOF nanoparticle was analyzed directly whereas
composite hydrogels were analyzed by cross-section. The operating voltage was 5.00 kV.

244 TGA

The thermal properties of the samples were recorded on SDT-Q600 thermal analyzer
(St. Louis, MO, USA). The samples were heated from 25 °C to 600 °C at the rate of
10 °C/min under the flow of nitrogen.

2.4.5. Rheological Characterization

The rheological measurements were measured by an MCR 101 rheometer (Anton
Paar, Austria), which was fitted with a parallel plate geometry (diameter of 50 mm, a gap
value of 1.2 mm). Dynamic viscoelastic measurement was performed in a constant strain
(0.01%) to ensure that the deformation applied to the hydrogel was in a linear viscoelastic
region. Viscoelastic properties of the lower layer were tested within the frequency range of
0.1-10 Hz.

2.4.6. Water Retention Studies

The hydrogel was soaked in distilled water at 37 °C, and the equilibrium swelled
hydrogel was placed in an oven at 37 °C. The hydrogel was weighed at predetermined
intervals. The water retention (WR) for the hydrogel was calculated as follows:

WR(%) = % % 100 1)

e

where Wi is the weight of the hydrogel at time t and W, is the swelling weight at equilibrium.

2.4.7. In Vitro Degradation

In vitro biodegradation of wound dressings was tested by calculating the rate of
weight loss in the presence of hydrolases encountered by the dressings at the site of in-
jury [17]. The sample (2 x 1 cm?) was placed in phosphate-buffered saline (PBS) containing
10,000 U/mL lysozyme for enzymatic degradation. All samples were incubated at 37 °C for
25 days and the percentage of weightlessness was assessed at a pre-selected time point. The
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samples were removed and then freeze-dried at pre-selected time points. The percentage
of weight loss was calculated as follows:

Weight loss(%) = [(Wq — Wt)/Wy] x 100 2)

where Wy is the weight of the sample before degradation and W; is the weight of the
sample after degradation.

2.4.8. Antibacterial Properties

The antibacterial activity of the samples was measured against E. coli (ATCC25922)
and S. aureus (ATCC6538) by agar disk diffusion test. The sterilized Petri dishes with LB
broth and dissolved agar was heated for 15 min at 121 °C. The strains were inoculated into
the Petri dishes at 37 °C for 24 h. The bactericidal effect of the samples was examined on
culture dish inoculated with microbes. The strain was put on the agar plate, and spread
evenly over the surface by sterile glass spreading rod. The samples were cut 5 mm discs
and then placed on the agar plates. These plates were put in an incubator at 37 °C overnight.
The diameters of inhibition zones were measured using a vernier calipers. All tests were
performed in duplicate.

2.4.9. Cytotoxicity Test

A549 cells were grown at 37 °C and 5% CO, for 24 h in Dulbecco’ s modified Eagle
medium supplemented with 10% fetal bovine serum and were seeded in 96-well plates at
the density of 10° cells and in a volume of 100 pL per well. Then, 20 uL of these polymer
dispersions was added to the concentrations of 10, 20, and 50 pug/mL. The cells were
incubation for 8, 16, and 24 h. After incubating for 8, 16, and 24 h, add 10uL CCK-8 reagent
to per well, and then incubate for 1 h. The optical density was measured at 450 nm by a
microplate reader (BioTek, EXL808, Qingdao, China).

2.4.10. Cell Observations

After 5 days of culturing MDA-MB-231 cells and A549 cells on pure PVA hydrogels
and PVA /CS hydrogels, the cells were gently rinsed with PBS (37 °C, pH 7.4) to remove
non-adherent cells. Each sample was then fixed with 4% paraformaldehyde in PBS for
30 min, followed by permeabilization with 0.1% (v/v) Triton X-100 for 10 min. Afterwards,
all samples were thoroughly rinsed 3 times with PBS and then observed under a fluorescent
microscope (Olympus, Tokyo, Japan).

2.4.11. Statistical Analysis

All experiments were carried out 3 times (1 = 3), and the data are expressed as mean
+ standard deviation. The results were analyzed with one-way ANOVA by SPSS (version
22.0, SPSS Inc., Chicago, IL, USA).

3. Results and Discussion
3.1. Structure and Morphology of AQ@MOF

To reveal structural changes of samples, XRD, FTIR, TGA and SEM of Ag@MOF have
been analyzed. Figure 2a shows the FTIR spectra of Ag@MOF.

From the FTIR spectrum of Ag@MOF, the presence of broad peak at 3451 cm™!
corresponds to the vibrational stretching of O-H groups while peak at 2915 cm™! is
assigned to C-H stretching. The peaks at 1650 and 1722 cm~! are attributed to C = N
and C = O stretching vibration for the pyridine ring group, respectively. The peak near
779 cm~! is assigned to Ag-O stretching vibrations, as previously reported [36]. This
indicates that Ag* is coordinated to the -COOH group in the H,PYDC ligand rather than
to the -NH group [36].
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Figure 2. (a) FTIR spectra, (b) XRD pattern, (c¢) TGA curve and (d) SEM image of Ag@MOEF.

The XRD pattern of Ag@MOF was shown in Figure 2b. On account of Ag@MOF, the
diffraction peaks at 6.9°,12.5°, and 15.6° are attributed to the (100), (110), and (112) crystal
plane in the Ag@MOF, as reported before [35].

Figure 2c shows the TGA curves of Ag@MOF. The TGA curves of AG@MOF reflects
two step degradation: firstly, water is evaporated at 260 °C and secondly, the decomposition
starts at 300 °C and accomplishes at 400 °C for hydroxyl, carboxylic, and pyridyl rings and
mass loss is about 50%. After the temperature reached 400°C, Ag@MOF did not degrade
further [35].

To view the morphology of samples, Ag@MOF is shown by SEM. The SEM image of
Ag@MOF (Figure 2d) shows the rod-like structures, having the diameter of 0.3-1.2 um and
length of 3.0-9.0 um. The results are consistent with previous reports [35].

3.2. SEM of the Hydrogels

The morphology of the hydrogel was analyzed using scanning electron microscopy [10].
Figure 3 shows the cross-sectional images of the hydrogels. The hydrogel has a three-
dimensional network structure as can be seen from the figures. There are interconnected
micropores in the hydrogel structure which are evenly distributed and allow the pene-
tration of oxygen and nutrients, thus the hydrogel can be regarded as an ECM [2]. In
addition, a clear bilayer structure can be seen in Figure 3d, indicating that the bilayer
hydrogel scaffold was successfully prepared. In addition, the picture of PVA is in Figure 52
of Supplementary Materials.
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Figure 3. SEM images of (a) PVA, (b) PVA/CS (outer hydrogel), (c) PVA/Ag@MOF (inner hydrogel), and (d) Bilayer hydrogel.

3.3. Rheological Analysis of Hydrogels

Figure 4 exhibits typical gel rheological behaviour by the linear viscoelastic frequency
scan response. The storage modulus (G’) of the hydrogels is much higher than the loss
modulus (G”). PVA/Ag@MOF, bilayer, and PVA/CS show rheological properties in as-
cending order. This indicates that the hydrogels are highly elastic [37]. This suggests that
the addition of Ag@MOF has a negative effect on the hydrogen bonding crosslinking of
PVA and reduces the density of the polymer network. The rheological properties of the
bilayer hydrogel, on the other hand, are much higher than those of commercial scaffold.

1000
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Figure 4. Frequency of (a) storage modulus (G) and (b) loss modulus (G”) of PVA/CS (outer hydrogel), PVA/Ag@MOF
(inner hydrogel), and Bilayer hydrogel.
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3.4. Water Retention of Hydrogels

Figure 5a exhibits the results of water retention. PVA/CS, PVA/Ag@MOF, and bilayer
showed water retention in ascending order. This may be due to the rigid hydrophobic
structure of Ag@MOF and the layered structure of bilayer hydrogels [36]. The higher
water retention of the hydrogels can prevent the hydrogels from dissolving or deforming
and causing negative effects on the body. In addition, hydrogels has a porous spatial
structure, which is conducive to gaseous exchange and provides a site for cell adhesion
and proliferation.

0
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Figure 5. (a) Water retention and (b) degradation of PVA/CS (outer hydrogel), PVA/Ag@MOF (inner hydrogel), and
Bilayer hydrogel.

3.5. Biodegradation of Hydrogels

The degradation rate of the tissue engineered scaffold should match the regeneration
rate of the damaged tissue to ensure effective cell proliferation and growth [5]. Figure 5
shows the degradation curves of PVA/CS, PVA /Ag@MOF, bilayer hydrogels. PVA /CS,
PVA/Ag@MOF, and bilayer show degradation rate in descending order. This may be
because the addition of Ag@MOF leads to the increase in crystallinity and decrease in
hydrophilicity of nanocomposites, which reduces the number of enzyme molecules con-
taining water diffusing into the mesh, thus reducing the degradation rate [38]. However,
the low crystallinity of PVA /CS leads to a large exposure of the macromolecular chains to
invading enzyme molecules, resulting in a large degradation of the PVA/CS hydrogel.

3.6. Antibacterial Properties of Hydrogels

Tissue engineering scaffold should have good antibacterial activity to prevent a serious
risk of infection [21]. The antimicrobial activity of composites hydrogel was tested against S.
aureus and E. coli which represent Gram-positive and Gram-negative bacteria, respectively
in Figure 6. The diameter of inhibition zone is related to the sensitivity of the hydrogels
to microorganisms in the disk diffusion test. The PVA have hardly any antibacterial
activity. PVA/Ag@MOF hydrogels exhibited excellent antibacterial activity on both Gram-
negative and Gram-positive bacteria. PVA, PVA/0.1%Ag@MOEF, PVA /0.5%Ag@MOF, and
PVA /1.0%Ag@MOF show antimicrobial activity in ascending order. Due to its relatively
large size, Ag@MOF cannot penetrate bacterial cell membranes. PVA /Ag@MOF can release
Ag™ to strongly attract the enzyme protein in bacteria, and quickly bind together to destroy
the bacterial cell membrane. Ag* can also form reactive oxygen species (ROS) that further
attack cell membranes [35]. In addition, Ag@MOF can cause the functional groups of
organic ligand to form bonds with the cations of cells, further promoting bacterial death.
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Figure 6. Images and diameters of inhibition zones for PVA and PVA /Ag@MOF hydrogels against E. coli and S. aureus.

3.7. Biocompatibility and Cell Adhesion of Hydrogels

Good biocompatibility is an important factor in tissue engineered scaffold [39]. In
order to further evaluate the cytocompatibility of these samples, the samples were tested
for cytotoxicity. Figure 7a shows the viability of A549 cells after 8 and 24 h of incubation.
As can be seen in Figure 7b, the cell viability of all samples was above 90%, indicating that
the bilayer hydrogel was non-toxic to A549 cells. The good cell viability of the hydrogels
is mainly due to the bilayer structure which avoids direct contact between Ag@MOF and
cells, and the green preparation process of the hydrogel. In this case, the release of Ag™*
may be a fairly small number and balanced with molecules that are beneficial to the cells,
such as carbon, which is a source of energy and allows the cell to proliferate.

MDA-MB-231 cells and A549 cells were cultured on approximately 3 mm thick hy-
drogel films to observe their adhesion on bilayer hydrogels and PVA/CS hydrogels. After
5 d of culture, A549 cells cultured on both the bilayer hydrogel and PVA /CS hydrogel
were spindle-shaped, indicating good cell adhesion and spreading. MDA-MB-231 cells
also showed a similar phenomenon. These results suggest that the bilayer hydrogels have
better cell adhesion properties, which is related to the slow release of Ag* from the inner
PVA/Ag@MOF layer to the outer surface. the slow release of Ag* increases the roughness
of the outer surface and improves the cell adhesion ability of the bilayer hydrogels.



Polymers 2021, 13, 3151

10 of 12

a - b
1004 B]]ayer PVA/CS
100 <
80
. 80
Z 60 £
= = 60
3 E
2 £
2 40 =
= = 404
g 3
20 4 20
0 0
$h 24h 8h 24h
N 5 mg/ml [ 30 mg/mL [ 45 mg/mL N (5 mg/mL I 30 mg/ml. [ 45 mg/mL
C . < F - C > - d : 2 ¥ - B <
€

Figure 7. Viability of A549 cells treated with increasing concentrations of (a) PVA/CS and (b) bilayer
hydrogels for 8, 16, and 24 h; Optical microscope images (100x) of (c,d) MDA-MB-231 cells and
(e,f) A549 cells cultured on the surface of PVA/CS and bilayer hydrogels.

4. Conclusions

In this study, the bilayer composite hydrogels composed of PVA/Ag@MOF and
PVA/CS as inner and outer layers, respectively, were successfully prepared for tissue
engineering. The excellent pore size distribution, water retention, biocompatibility and cell
adhesion of the outer layer (PVA/CS) make it suitable for tissue engineering scaffolds. The
good antibacterial activity of the inner PVA/Ag@MOF can prevent bacterial infection. PVA,
PVA/0.1%Ag@MOF, PVA /0.5%Ag@MOF, and PVA /1.0%Ag@MOF show antimi-crobial
activity in ascending order. The bilayer hydrogel scaffold combines the advantages of the
inner and outer layers. The cell viability of all samples was above 90%, indicating that the
bilayer hydrogel was non-toxic to A549 cells. Therefore, new bilayer composite proved to
be a promising application that can be used as lung tissue engineering scaffold.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/polym13183151/s1, Figure S1: Cumulative release profiles of Ag, Figure S2: digital image
of bilayer.
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