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ABSTRACT: To provide a novel approach for the clinical treatment
of cartilage tissue defects, we prepared a new type of magnetic
nanocomposite hydrogel with an optimal raw material ratio using
Fe;0,, polyvinyl alcohol (PVA), and type-Il collagen (COLII).
Briefly, five groups of PVA and collagen hydrogel matrices with
different mass ratios were prepared by a combination of repeated
thawing cycles and foam-frozen ice crystal separation methods.
Microscopic characterization was conducted using electron micros-
copy, and the biomechanical properties of each group of hydrogels
were then tested. The highest performing component hydrogel
matrix was selected after which Fe;O, with different mass ratios was
introduced to construct a new Fe;O,/PVA/COLII hydrogel. The
prepared composite hydrogels were also microscopically charac-
terized using electron microscopy along with scanning, measure-
ments for porosity and moisture content, and biomechanical, infr
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detection and staining to determine the amount of living and dead cells were also performed. Collectively, these results showed that
PVA/COLIL9S:5 was the optimal hydrogel matrix. Using this hydrogel matrix, five groups of composite hydrogels with different
Fe;O, mass ratios were then prepared. There was no significant difference in the microscopic characteristics between these different
hydrogels. Fe;0,/PVA/COLILS:95:5 had better physical properties as well as swelling performance and cell compatibility. The
PVA/COLIL95:5 hydrogel matrix was determined to be the best, while the new magnetic nanocomposite hydrogel Fe;O,/PVA/

COLILS:95:5 had good, comprehensive properties.

1. INTRODUCTION

Cartilage tissue damage occurs when the normal physiological
structure of cartilage tissue is destroyed. During the course of
this damage, the cartilage surface is initially thinned by
mechanical stress, which then ruptures and leaves the tissue
with minimal integrity. This type of damage is one of the most
common diseases encountered in clinical orthopedics.'
Fortunately, there are several treatment options for cartilage
damage. A mild, grade I cartilage injury may use a more
conservative treatment approach, including fixation, analgesia,
and the use of drugs that promote cartilage tissue repair. For
grades II and III damage, arthroscopic microfracture
techniques and autologous cartilage transplantation techniques
may be used. Despite the ability to use surgical treatment for
more serious types of damage,” its efficacy needs to be
improved. This is especially true for autologous cartilage
transplantation, which requires patients to sacrifice their own
healthy cartilage tissue.

Cartilage tissue engineering provides a new approach for the
treatment of cartilage tissue damage.” In principle, this
approach uses a biomimetic scaffold material that carries
seed cells. This scaffold is then placed in the damaged area
after which the seed cells divide and differentiate into cartilage
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tissue. Ultimately, these cells reach their target and allow for
cartilage repair. Given this approach, there are three basic
elements to cartilage tissue engineering: seed cells, scaffold
materials, and cytokines to indicate the direction for healthy
cells to migrate. These three elements have served as basic
areas of regenerative medicine research where efforts have
focused on their optimization.” Bifunctional, biomimetic
scaffold materials are a critical part of tissue engineering
research and require nontoxicity along with good histocompat-
ibility and biomechanical properties.’

Collagen acts as a major component of the extracellular
matrix and has good cytocompatibility.® Collagen hydrogels
have been explored but suffer from a lack of mechanical
strength and poor heat resistance. To counter this, studies have
shown that a composite collagen hydrogel prepared either (1)
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Figure 1. (A) Unmagnified view of the hydrogel matrices. (B) Electron microscopy of the hydrogel matrix, (1000X). Most of the groups (PVA/
COLIL92.5:7.5, PVA/COLIL9S:5, PVA/COLIL97.5:2.5, PVA) all showed loose porosity in their respective microscopic morphology features; no

obvious porous structure was observed in group PVA/COLIL90:10.
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Figure 2. (A) Young’s modulus diagram of the hydrogel matrix. The Young’s modulus index of PVA/COLIL9S:S was significantly higher than the
other groups (*P < 0.05, **P < 0.01). (B) Water contents of each hydrogel group being > 70% or more; water contents of PVA/COLIL9S:S, PVA/
COLIL97.5:2.5, and PVA being >85%. There was no statistically significant difference between these groups (P > 0.0S). The water contents of
PVA/COLIL90:10 and PVA/COLIL92.5:7.5 were less than the other groups. There were significant statistical differences (**P < 0.01) between
these other groups. (C) The porosities of PVA/COLIL9S:S, PVA/COLIL97.5:2.5, and PVA were all >85%; none were significantly different from
each other (P > 0.05). The porosities of PVA/COLIL90:10 and PVA/COLIL92.5:7.5 were significantly less than those of the other groups (**P <

0.01).

by appropriately reducing the collagen content in the
composite hydrogel or (2) by modifying the collagen provides
greater cellular benefits along with better growth and
biomechanical properties.”® PVA is a synthetic, nontoxic
biomacromolecule material with good biomechanical proper-
ties and is already widely used in various medical fields.”"’
Given its broad medical use, it has potential for wider
applications. Nanosized Fe;O, particles have superparamag-
netic and magnetic responsiveness, can be aggregated and
positioned under specific magnetic field conditions, and
generate heat after receiving electromagnetic waves. Moreover,
nanosized Fe;O, particles have good cell surface binding
ability. Previous work has shown that magnetic nanoparticles
can both regulate and promote the proliferation and
differentiation behavior of bone marrow mesenchymal stem
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cells. Finally, these particles have also been shown to promote
cartilage repair.' "'

Here, five sets of composite collagen hydrogel matrices for
screening PVA and COLII were prepared using Fe;O,, PVA,
and COLII as raw materials. Microscopic characterization and
biomechanical tests were conducted using electron micros-
copy, and the results were used to select the appropriate
concentrations of PVA and COLIL. PVA/COLIL9S:5 was
chosen as the hydrogel matrix to synthesize a novel magnetic
nanocomposite hydrogel; after this, five new magnetic
nanocomposite hydrogel biomimetic scaffolds with different
Fe;0, concentrations were successfully prepared and tested.
Microscopic characterization, biomechanical property assess-
ments, and measurements regarding porosity, water content,
and cell compatibility were all conducted."® The results of this
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Figure 3. (A) Unmagnified view of the magnetic nanocomposite hydrogels with different Fe;O, contents. (B) Electron microscopy of magnetic
nanocomposite hydrogels with different Fe;O, contents (1000Xx). All of the samples with different Fe;O, contents had loose, porous micro-
morphological characteristics. There were no significant differences in these characteristics between groups.
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Figure 4. (A) Young’s modulus diagram of the magnetic nanocomposite hydrogel. In the new magnetic nanocomposite hydrogel, increasing the
Fe;O, content resulted in a corresponding increase in the Young’s modulus index and stronger antideformation characteristics and biomechanics.
Stronger performers were statistically different (*P < 0.0S, **P < 0.01). (B) Water content of the magnetic nanocomposite hydrogels with different
Fe;0, contents. The water content of each magnetic nanocomposite hydrogel group with different Fe;O, contents were all above 85%. The water
content of Fe;0,/PVA/COLILS:90:S was significantly higher than the other tested groups (*P < 0.05). (C) Porosity of magnetic nanocomposite
hydrogels with different Fe;O, contents. The porosities of each magnetic nanocomposite hydrogel group were all >80% and were not significantly
different (P > 0.05).

work are expected to prepare future biomimetic scaffold structure was observed in the PVA/COLIL90:10 group

materials for use in the clinical treatment of damaged cartilage (Figure 1B).

tissue. A sample of each group’s hydrogel matrix was randomly
selected for the Young’s modulus index test to determine their

2. RESULTS AND DISCUSSION respective mechanical properties. Figure 2A shows the Young’s

modulus model of each set of hydrogel matrices. As shown, a

. decrease in COLII content resulted in an initial, gradual
Hydrogel Matrix. Three samples were randomly selected increase in the Young’s modulus index of the hydrogel matrix,

from each group for scanning electron microscopy. Most including the Young's modulus index of group PVA/
groups (PVA/COLIL92.5:7.5, PVA/COLIL9S:S, PVA/ COLIL9S:5. After peaking, the Young’s modulus index of the
COLIL97.5:2.5, PVA) showed loose, porous, microscopic hydrogel matrix then decreased with a decrease in COLII mass.

2.1. Performance Test Results for the Prepared

features along with loose porous network structures. The In all data shown, P < 0.05 indicated a statistically significant

macro- and micropores were interspersed in this arrangement. difference.

Pore diameters ranged from 10 to 100 ym; in some cases, the As shown in Figure 2B, water content test results indicated

pore diameter was more than 20—50 um. No obvious porous that an increase in COLII content resulted in an initial increase
9735 https://dx.doi.org/10.1021/acsomega.9b04080

ACS Omega 2020, 5, 9733-9743


https://pubs.acs.org/doi/10.1021/acsomega.9b04080?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.9b04080?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.9b04080?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.9b04080?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.9b04080?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.9b04080?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.9b04080?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.9b04080?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.9b04080?ref=pdf

ACS Omega

http://pubs.acs.org/journal/acsodf

Transmittance

——Fe,O,/PVA/ColL II, 10:85:5

1 Fe- O
675.65
\/\/’—\W\/\/\f(\\ ——Fe,0,/PVA/CoL Il, 7.5:87.5:5
Fe,O,/PVA/CoL II, 5:90:5

Fe,0,/PVA/CoL I, 2.5:92.5:5

——PVA/Col Il, 95:5

T T T T
4000 3500 3000 2500 2000

T
1500

Wave number(cm™)

T T
1000 500

Figure S. Infrared spectrum of the magnetic nanocomposite hydrogels. The infrared spectra of each group of magnetic nanocomposite hydrogels
were similar, with all containing OH, C=0, and Fe—O groups that had their characteristic IR peaks. When compared with PVA/COLIL9S:S, the
magnetic nanocomposite hydrogel materials had the characteristic peaks of the special functional groups of Fe;O,.

in hydrogel matrix water content followed by a decrease. In
particular, the moisture contents of groups PVA/COLIL95:5
and PVA/COLIL97.5:2.5, PVA) were all >85%. There was no
statistically significant difference between these two groups (P
> 0.05). The water contents of the other groups—PVA/
COLIL90:10 and PVA/COLIL,92.5:7.5—were lower than
those of the other groups. In this case, there was a significant
statistical difference (P < 0.05). Given these results, we
determined that the swelling performance of group PVA/
COLIL95:5 was optimal.

As shown in Figure 2C, porosity test results showed that an
increase in COLII content was associated with an initial
increase in the porosity of the hydrogel matrix followed by a
decrease. The porosities of three groups (PVA/COLIL9S:S,
PVA/COLIL97.5:2.5, and PVA) were all >85%. There was no
statistically significant difference between these groups (P >
0.05). The porosities of the other groups—PVA/COLIL90:10
and PVA/COLIL,92.5:7.5—were significantly less than those
of the other groups. This difference was significant (P < 0.05).
Our results indicated that the porosity of group PVA/
COLIL95:5 was optimal.

2.2. Magnetic Nanocomposite Hydrogel Performance
Test Results. Scanning electron microscopy was used to
assess three randomly selected samples from each hydrogel
group. Each sample had microscopic pore structures, with
micropores that were uniformly distributed on the surface and
the interior of the newly formed magnetic nanocomposite
hydrogels. Imaging also revealed a loose porous network with
large pores and interspersed micropores. Large pores had
diameters ranging from 150—300 ym, while smaller pores had
diameters ranging between 20—50 ym. No Fe;O, particles had
deposited into the hydrogel blocks. There were no significant
differences in pore distribution between groups (Figure 3B).

2.2.1. Mechanical Property Test. Figure 4A shows the
Young’s modulus model of each magnetic nanocomposite
hydrogel group. As indicated, increasing the Fe;O, content
results in a gradual increase in the Young’s modulus index of
the new magnetic nanocomposite hydrogels. This also results
in a gradual increase in its antideformation ability. When a
bionic scaffold material is implanted in the body, it is to be
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affected by the shearing and compressive forces of the
surrounding tissue. If the bionic scaffold material does not
have a certain capacity to resist deformation, it may be
displaced—or even rupture—in the body. This would
ultimately affect the therapeutic effect of the scaffold and
even cause other damage. The Young’s moduli of the new
magnetic nanocomposite hydrogels groups were higher than
those of the hydrogel matrix without Fe;O,, indicating that the
introduction of Fe;O, lent the hydrogel matrix better
resistance to deformation.

We conducted our water content test by randomly selecting
three samples from each magnetic nanocomposite hydrogel
group. Samples that had similar appearance and dimensions
related to the water content index test were selected.

The water content of each magnetic nanocomposite
hydrogel group was above 80%. The water content of
Fe;0,/PVA/COLILS:90:S was the highest when compared
with the other groups; this difference was significant (P < 0.0S;
Figure 4B). Although the introduction of Fe;O, has no
obvious influence on the swelling properties of the new
magnetic nanocomposite hydrogel, it has an effect on water
content. Possible reasons behind this effect are discussed
further in the Discussion section.

Three samples from each magnetic nanocomposite hydrogel
group were randomly selected to use in our porosity test. Each
sample had a similar appearance and dimensions related to the
porosity index test. The porosity of each magnetic nano-
composite hydrogel group was above 85%, and there were no
significant differences between groups (P > 0.0S; Figure 4C).
The introduction of Fe;0, had no significant effect on the new
magnetic nanohydraulic porosity index, which was consistent
with our electron microscopy results.

Infrared spectroscopy was used to assess each magnetic
nanocomposite hydrogel group at random points. Results show
that the OH (PVA), C=0 (COLII), and F—O (Fe;0,) were
all observed in the infrared spectra of each magnetic
nanocomposite hydrogel group. The presence of functional
groups (Figure S) indicated that each magnetic nanocomposite
hydrogel group contained PVA, COLII, and Fe;O,. When
compared with PVA/COLIL9S:S5, the magnetic nanocompo-
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Figure 6. (A) Degradation process of the new magnetic nanocomposite hydrogel. Increased degradation time resulted in lightening and darkening
of the color of each hydrogel group. Increased degradation time also resulted in hydrogel thinning. (B) With increased degradation time, the quality
of each group of magnetic nanocomposite hydrogels being steadily decreased. There were no statistically significant differences in the mass loss

between groups (P > 0.0S).

site hydrogel materials had the characteristic peaks of the
special functional groups seen in Fe;0,.

2.2.2. In Vitro Degradation Experiments. Samples from the
five magnetic nanocomposite hydrogel groups were subjected
to in vitro degradation experiments for 22 weeks. As shown in
Figure 6A, increased in vitro degradation time resulted in
lightening and darkening of the color of each group of
magnetic nanocomposite hydrogels. Increased in vitro
degradation time also resulted in a thinner thickness. Figure
6B shows the tested hydrogels of each group. Continuous
monitoring of the mass loss ratio indicated that the quality of
each magnetic nanocomposite hydrogel group was stable.
Moreover, this stability was lost with increased degradation
time. There were no statistically significant differences in the
mass loss between groups (P > 0.05).

2.2.3. Living and Dead Cell Staining Experiments. BMSCs
were allowed to proliferate for 7 days; afterward, staining for
living and dead cells revealed green fluorescence from living
cells. The cellular proliferation of each group was well
differentiated, and there were different degrees of cell
proliferation. The live cells from Fe;0,/PVA/COLILS5:90:5
had a large number of cells with regular, cell stacking growth
(Figure 7A). Cell proliferation was also superior relative to
other groups, indicating that Fe;O,/PVA/COLILS:90:5 had
better cell compatibility than the other tested groups.
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2.2.4. CCK-8 Cell Proliferation Assay. Three samples from
each magnetic nanocomposite hydrogel group were randomly
selected for CCK-8 cell proliferation experiments (Figure 7B).
Rabbit bone marrow mesenchymal stem cells were introduced
to each group of magnetic nanocomposite hydrogels after
which they survived and proliferated. On the first day after cell
inoculation, there were no significant differences in cell
proliferation between groups (P > 0.05). On the 3rd and 7th
days, the bone marrow mesenchymal stem cells proliferated to
a large degree. Moreover, the bone marrow mesenchymal stem
cells that were inoculated on the Fe;O,/PVA/COLIILS5:90:5
hydrogel were the most active when compared with the other
groups. This difference was significantly higher than all other
tested groups (P < 0.05).

2.3. Discussion. The joint cavity is a relatively closed,
hypoxic microenvironment, and the distribution of blood
vessels and nerves in the cartilage of the joint surface is notably
decreased. Cartilage tissue damage has always been a major
problem in both basic and clinical orthopedic research.'®"®
One promising treatment for cartilage tissue damage has been
cartilage tissue engineering, which uses seeded cells onto
biocompatible stents."”'” In such cartilage tissue engineering,
there are innumerable reports usin§ various types of collagen-
based composite hydrogels.'®'” However, no artificial
biomimetic scaffold material has yet been shown to be

https://dx.doi.org/10.1021/acsomega.9b04080
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Figure 7. (A) Staining for living and dead cells on magnetic nanocomposite hydrogels with different Fe;O, contents after 7 days of cell culture.
Cells were inoculated in samples from each group; after inoculation, all cells proliferated well. The cell proliferation of the Fe;O,/PVA/
COLILS:90:S group was better than that of the other groups. (B) CCK-8 cellular proliferation results from magnetic nanocomposite hydrogels with
different Fe;O, contents. Cells were inoculated on each group, survived, and proliferated. On the third day after inoculation, the cell proliferation of
Fe;0,/PVA/COLILS:90:5 was notably better than the other tested groups. This difference was significant until the 7th day after inoculation (*P <

0.05, **P < 0.01).

equivalent to natural cartilage in terms of its biomechanical
properties.zo

Here, PVA and type-II collagen were used as raw materials,
and five groups of hydrogel matrix biomimetic scaffolds with
different composition ratios were prepared by a physical cross-
linking method of repeated freeze—thaw and surfactant
foaming techniques (Figure 1A). A group of hydrogel matrices
with an optimal ratio of PVA and COLII was screened using
microscopic scanning and biomechanical testing under
electron microscopy. Based on the resulting hydrogel matrix
from this initial testing, five groups of hydrogels with new
magnetic properties were prepared using different Fe;O,
concentrations, resulting in new magnetic nanocomposite
hydrogels (Figure 3A).

The bionic scaffold materials of each group did not show any
obvious microscopic morphological differences under electron
microscope scanning, and all had many microporous
structures. The reason for this similarity may have been
because the ratio of polysorbate 80 surfactant introduced into
each group was the same. The pore formation of each hydrogel
group was primarily dependent on the bubbles generated by
the polysorbate 80 surfactant during the stirring process during
the early stage of the preparation process and had nothing to
do with the contents of Fe;O,, PVA, or COLIL Prior to any
experiments, a hydrogel of the same composition ratio that did
not have any polysorbate 80 was prepared. A large amount of
microporous structures was observed using electron micros-
copy. The fixation ratio of polysorbate 80 surfactant has been
shown to determine the stability of the hydrogel’s pore
structure.”’ This is consistent with the porosity test results of
each hydrogel group. In our water content testing, Fe;O,/
PVA/COLILS5:90:S was the magnetic nanocomposite hydrogel
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that had the highest water content relative to other hydrogels.
This difference was significant (P < 0.0S). The existence of
Fe;0, particles was not directly observed using electron
microscopy. On the one hand, the magnetic nanoparticles were
uniformly distributed and not aggregated. On the other, the
uniform distribution of Fe;O, nanoparticles may have resulted
in an amount of hydrophilicity in the hydrogel matrix. Each
group also had different water contents. The hydrogel matrix
showed stronger hydrophilicity in the case of the Fe;O, ratio
found in the group Fe;0,/PVA/COLILS:90:5. Excessive
nanoparticles may clog the hydrogel when the Fe;O, ratio
increases too much. When coupled with the tiny pores in the
hydrozgzel, the water carrying capacity of the hydrogel would
drop.

The polysorbate 80 surfactant is toxic,”> and it was subjected
to multiple rounds of soaking in ultrapure water prior to all
CCK-8 and cell staining experiments. Despite this, it is difficult
to ensure that there was no small amount of remaining residue.
However, any potential polysorbate 80 surfactant residue and
the hydrogel’s pore structure are easy problems to solve.”* The
selection of polysorbate 80 surfactant in the preparation
process should be done to ensure sufficient pore formation and
to allow for a standard structure.”

Due to their good histocompatibility and low immunoge-
nicity, hydrogels have inherent advantages in medical research
and application. The introduction of magnetic particle
materials makes the hydrogels responsive to magnetic fields,
which is in line with current medical science and the increasing
demand for medical materials to be intelligent and control-
lable. In addition to the development of magnetic hydrogels for
use in bone and cartilage tissue engineering, they have also
been explored in the fields of tibia healing,™ artificial
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muscles,”” and osteomyelitis treatment.”® Moreover, the
magnetic influence of magnetic hydrogels when combined
with chemotherapeutic drugs has also been explored to achieve
controlled and targeted transport and release of bone and
cartilage tumor treatment clrugs.29 This area of research
requires additional attention and exploration, with one of the
larger problems being the difficulty in effectively passing the
drug from the magnetic hydrogel through the denser bone and
cartilage tissue into the target area. Of note is the fact that
there is a contradiction between the deformation ability of the
magnetic hydrogel and its mechanical strength. This highlights
the importance of the selection and proportion of component
materials, as well as the need for further research and
improvement. The develo&)ment of interdisciplinary research,
3D printing technology,3 31 ceramic materials,*> and other
related disciplines is expected to be combined with magnetic
hydrogel research. This will provide a fruitful intersection in
the research and application of magnetic hydrogels—
particularly in bone and cartilage tissue engineering.’>”>’
The magnetic field reactivity of Fe;O, was retained in our
novel magnetic nanocomposite hydrogel. Although the Fe;O,
content was low in each magnetic nanocomposite hydrogel
group, each was able to be attracted by magnets and there was
no decrease in this ability (Figure S3). This finding indicated
that all groups had strong magnetic field responsiveness.

Since the preparation of biomimetic scaffold materials for
cartilage tissue engineering involves the use of raw materials,
component ratio adjustment, pre-experiment, and performance
testing, it is a very large system engineering problem. As a
result, there are limitations here that will require further
exploration, including (1) decreased groups and adjustment
and further refinement of the composition ratio, (2) better
understanding of the distribution of bone marrow mesen-
chymal stem cells inside the new magnetic nanocomposite
hydrogel, and (3) further in vivo experiments to confirm the
repair effect on cartilage tissue damage of the new magnetic
nanocomposite hydrogels.

3. CONCLUSIONS

Here, microscopic characterization, biomechanical properties,
water content, porosity, infrared spectroscopy, in vitro
degradation, CCK-8 and cell staining of five groups of
hydrogel matrix biomimetic scaffolds and novel magnetic
nanocomposite hydrogels were tested. The experimental
results showed that PVA/COLIL90:5 was the best-performing
hydrogel matrix bionic scaffold material. Fe304/PVA/
COLILS5:90:5 emerged as a new type of magnetic nano-
composite hydrogel with the best comprehensive performance,
including in terms of its microscopic pore structure,
biomechanical and swelling properties, and cell compatibility.
Future experiments will be needed regarding cell proliferation
and in vivo testing to further evaluate the feasibility of these
new magnetic nanocomposite hydrogels for use in cartilage
tissue engineering.

4. MATERIALS AND METHODS

4.1. Main Materials and Reagents. Main materials and
reagents used are as follows: Magnetic nanoparticles (Fe;O,)
(Jiangsu Xianfeng Nanomaterials Technology Co., Ltd.) and
polyvinyl alcohol (PVA) (Changchun Chemical Co., Ltd.)
were obtained from their respective companies. Type-II
collagen (COLII), DMEM cell culture medium, PBS buffer,
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fetal calf serum, double antibody, and 1%o0 FGF were all
obtained from Gibco (USA). The polysorbate 80 surfactant
was from Sigma, USA, and 75% and 95% medical-grade
alcohol were purchased from Fujian Province III Lin
Pharmaceutical Co., Ltd. A commercially available CCK-8 kit
was obtained from Biyuntian Biotechnology Co., Ltd.

Equipment included an electronic balance (Fangrui
Company, Shanghai, China), electronic universal ability testing
machine (Shenzhen Suns Industrial Instrument Company),
DSC Q00 system (TA Company, USA), magnetic stirrer
(IKA Company, Germany), freeze dryer (Beijing Sihuan
Precision Instrument Company), cell incubator (Thermo
Company, USA), scanning electron microscope (TESCAN
Company, Czech Republic), infrared spectrometer (Neaspec,
Germany), fluorescence inverted microscope (Leica, Ger-
many), and pH tester (Shanghai Lichen Technology Co.,
Ltd.).

4.2. Experimental Methods. 4.2.1. Preparation of the
Hydrogel Matrix. Ten grams of PVA was weighed and placed
in 90 mL of ultrapure water. The resulting mixture was sealed
and placed on a magnetic stirrer (60 °C, 30 min). The
magnetic stirrer remained engaged at a rotation speed of 600
rpm, and the solution was heated to 90 °C. The solution was
stirred for 3 h until a transparent viscous mass formed with a
ratio of 10% PVA solution (liquid A). Liquid A was stored at
90 °C until later use. COLII (1.00 g) was dissolved in 99 mL
of ultrapure water, heated to 40 °C, and stirred for 60 min to
form a viscous translucent mass with a ratio of 1% COLII
solution (liquid B). Liquid B was stored at 40 °C until later
use.

Liquids A and B were mixed in different volume ratios; more
specifically, 10, 7.5, 5.0, 2.5, or 0 mL of Liquid B were
separately added to 10 mL of Liquid A and designated as
follows: PVA/COLIL90:10, PVA/COLIL92.5:7.5, PVA/
COLIL95:5, PVA/COLIL97.5:2.5, and PVA. Each solution
was then sealed, heated to 40 °C, and stirred at 600 rpm for 2
h. The mixture was thoroughly mixed until it formed a viscous,
translucent homogeneous liquid. A few drops of polysorbate 80
surfactant were added dropwise to each solution at a volume
ratio of 100:1. The resulting solutions were separately sealed,
heated to 40 °C, and stirred at 600 rpm for 30 min until each
solution was thoroughly mixed. The resulting solutions were
then individually transferred to a 24-well culture plate and
sealed for 7 freeze—thaw cycles (—20 °C for 16 h/room
temperature for 8 h).* The resulting hydrogel matrices were
divided into two batches: One batch was stored in ultrapure
water at room temperature, and the second (3 mm thickness)
was vacuum freeze-dried to remove any water. All matrices
were then stored in a dry environment until later experiments.

4.2.2. Performance Test of Hydrogel Matrices.
4.2.2.1. Scanning Electron Microscopy. The surface of each
hydrogel matrix group sheet was vacuum-dried and sprayed
with gold. Electron microscopy was then used to determine the
three-dimensional structure of the pore morphology of each
type of hydrogel matrix.

4.2.2.2. Mechanical Property Test. The mechanical proper-
ties of each group of hydrogel matrices (Figure S1A) were
tested with a uniform shape of each type of hydrogel matrix
using an electronic versatility tester. The uniform shape of each
hydrogel matrix was cylindrical with a diameter of 12 mm and
a height of 6 mm. The compression speed of the electronic
universal testing machine was 2 mm/min. Each group was
tested with five monomer samples, and the hydrogel matrix
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was compressed according to the national standard (stress and
strain capacity indicators).

4.2.2.3. Moisture Content. Each type of hydrogel matrix
was cut with a blade into a cylinder with a diameter of 12 mm
and a height of about 6 mm. Excess moisture on the surface of
the hydrogel was dried with filter paper, and the hydrogel was
then weighed using an electronic balance. The mass of each
hydrogel was recorded as m;. After weighing, each type of
hydrogel matrix cylinder was placed in a vacuum freeze-drying
oven for 72 h to remove all water then weighed separately on
an electronic balance. This mass was recorded as m, and the
water content was calculated as follows: C = (m, — m,)/m; X
100%."" Three sets of monomer samples were used for each
hydrogel matrix type and the average was used for all final
results.

4.2.2.4. Porosity. Each group of hydrogel matrix was cut
into a square using a blade. Each square’s side length was 1 cm,
with a water volume of 1 cm®. Excess water on the surface of
the hydrogel was dried with a filter paper after which it was
weighed using an electronic balance. All masses were recorded
as mj3. After weighing, each group of hydrogel matrix cubes was
placed in a vacuum freeze-drying oven for 72 h to remove all
moisture. Hydrogel matrix cubes were then weighed using an
electronic balance and resulting masses were recorded as m,.
The porosity was calculated as follows: C = (my; — m,)/1 X
100%."" Three sets of monomer samples were used for each
hydrogel matrix type and the average was used for all final
results.

4.2.3. Preparation of a Novel Magnetic Nanocomposite
Hydrogel. The best hydrogel matrix was selected after 4.2.1
and 4.2.2 experimental procedures and was determined to be
PVA/COLIL95:5. This hydrogel was used for the preparation
of a novel magnetic nanocomposite hydrogel.

Five hundred milliliters of A solution and 250 mL of B
solution (0.5 g of COLII dissolved in SO mL of ultrapure
water) were prepared according to the experimental protocol
described in section 4.2.1. Five hundred milliliters of liquid A
and 250 mL of liquid B were divided into five groups: PVA/
COLILYS:5, Fe;0,/ PVA/COLIL2.5:92.5:5, Fe,0,/PVA/
COLIL5:90:5, Fe,O,/PVA/COLIL7.5:87.5:5, and Fe;0,/
PVA/COLIL10:85:5. The groups were determined according
to the 2:1 volume ratio. After mixing liquids A and B, 150 mL
of each group was added into separate A and B mixtures. All
resulting solutions were then stirred using a large magnetic
stirrer and sealed with disposable sealing glue. The container
mouth was placed on a magnetic stirrer and heated to 40 °C.
Stirring alternated between clockwise/counterclockwise mo-
tions; total stirring was 2 h and stirring was done until liquids
A and B were thoroughly mixed to form a viscous, translucent
shape. All solutions were mixed evenly. Fe;O, nanoparticles
were weighed using an electronic balance: 0, 0.25, 0.5, 0.75, or
1.00 g of Fe;O, nanoparticles were added to each separate
mixture and stirred continuously for 1 h using a magnetic
stirrer.

After stirring, the black Fe;O, nanoparticles were uniformly
distributed in the hydrogel matrix. A few drops of polysorbate
80 surfactant were then added to each solution at a volume
ratio of 100:1. The beaker mouth was sealed again and stirred
at 40 °C for 2 h in a clockwise/counterclockwise direction
using a magnetic stirrer. After stirring, each solution was more
turbid than prior to the addition of polysorbate; moreover,
each solution was filled with microbubbles. Each solution was
mixed at 40 °C before being transferred using a disposable

9740

pipette to a 24-well culture plate. Culture plates were then
covered with separate plate covers after which plates were
sealed with tape to prevent water evaporation. Each group was
marked and dated. The culture plate containing the mixed
solution was sealed and then placed in a freezer and cross-
linked using a freeze—thaw method. Briefly, the freezer was set
to —20 °C and the sealed culture plate was frozen for 16 h after
which it was carefully removed and maintained at room
temperature to melt. After 8 h in room temperature, the plate
was again placed in a freezer compartment at —20 °C for
freezing. Each freeze—thaw cycle was performed once, and this
freeze—thaw cycle was performed 7 times. The final hydrogel
matrices that resulted were divided into two batches, with the
first being stored in ultrapure water at room temperature. The
second (3 mm thickness) was vacuum freeze-dried to remove
any residual water and then stored in a dry environment before
later experiments.

4.2.4. Thawing Cells and Culturing of Rabbit Bone
Marrow Mesenchymal Stem Cells. Frozen rabbit bone
marrow mesenchymal stem cells were removed from liquid
nitrogen, placed in a 37 °C water bath, and shaken for 5 min to
promote melting. After 30 min of UV irradiation on an an
ultraclean workbench, the rabbit bone marrow mesenchymal
stem cells were transferred to a 15 mL centrifuge tube using a
sterile pipette on a clean bench, and another sterile pipette was
used. DMEM medium (10 mL, maintained at 37 °C) was
gently pipetted into the centrifuge tube. The mixture of
DMEM and rabbit bone marrow mesenchymal stem cells was
then centrifuged for 10 min (1000 r/min) after which the
supernatant was discarded and 10 mL of DMEM (maintained
at 37 °C) was added to the precipitate. Mix gently with a
pipette to make it even. The mixture of DMEM and rabbit
bone marrow mesenchymal stem cells was inoculated into a
cell culture flask after which the cell culture was conducted in a
cell culture incubator at 37 °C in a 5% CO, atmosphere. The
next day, the culture solution was discarded, and 10 mL of
DMEM (maintained at 37 °C) was added. On the third day
post-inoculation, microscopy was used to determine the cell
density; cell density was determined to be 80%. At this point,
the culture solution was discarded and cells were washed twice
with 10 mL of PBS. Afterward, 3 mL of 0.25% trypsin was
added using a sterile pipette after which the cell culture was
placed in an incubator for 3 min. To stop the digestion, 1 mL
of DMEM was added after which cells were transferred to a 15
mL centrifuge tube with a sterile pipette. Cells were
centrifuged for 10 min (1000 r/min) after which the
supernatant was discarded. DMEM (10 mL, maintained at
37 °C) was gently pipetted to the precipitate. Finally, a sterile
pipette was used to add 10 mL of culture medium to each
group of the prepared magnetic nanocomposite hydrogels. The
seeded hydrogels were then placed in an incubator at 37 °C
and in a 5% CO, atmosphere. All cell cultures were conducted
in a cell culture incubator (Figure S2A,B); the resulting seeded
hydrogels were then used in later experiments.

4.2.5. Disinfection of New Magnetic Nanocomposite
Hydrogel Biomimetic Scaffold Materials. The first batch of
24-well culture plates that had been loaded with each group of
new magnetic nanocomposite hydrogels was removed from
room temperature, ultrapure water. All excess water was
removed from the hydrogels” surfaces after which they were
completely immersed in medical-grade alcohol with a volume
fraction of 75%. Any residual water in the hydrogels would
dilute the alcohol content; as a result, the 75% medical-grade
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alcohol was replaced every 12 h and maintained at room
temperature. This series of alcohol replacements was repeated
for a total of three times. A sterile bag was removed from the
24-well culture plate that had been submerged in alcohol; this
bag was completely immersed in sterile ultrapure water, which
was changed every 3 h for 8 consecutive times. A sterile,
nonalcoholic new magnetic nanocomposite hydrogel was
obtained after this process. This hydrogel was sealed, and
the surface of the plate was wiped with 75% alcohol until later
experiments.

4.2.6. Performance Testing of New Magnetic Nano-
composite Hydrogels. 4.2.6.1. Scanning Electron Micros-
copy. After vacuum drying, the surfaces of the new magnetic
nanocomposite hydrogels from each group were sprayed with
gold. The three-dimensional structures of these novel magnetic
nanocomposite hydrogels were then observed using scanning
electron microscopy.

4.2.6.2. Mechanical Property Test. The new magnetic
nanocomposite hydrogels from each group that had the same
shape were tested using an electronic universal testing
machine. This was done to assess the mechanical properties
of the new magnetic nanocomposite hydrogels (Figure S1B).
These new magnetic nanocomposite hydrogels had a uniform
diameter of 12 mm and a height of 6 mm. The compression
speed of the electronic universal testing machine was 2 mm/
min. Each group was tested using five individual samples. The
new magnetic nanowater was measured according to the
national standard (the index of compressive stress and strain
capacity of the gel).

4.2.6.3. Moisture Content. The new magnetic nano-
composite hydrogels from each group were cut into cylinders,
each with a diameter of 12 mm and a height of approximately 6
mm. The excess moisture on the surface of the hydrogel was
dried with filter paper, and the hydrogels were individually
weighed using an electronic balance. The mass was recorded as
my. After weighing, each hydrogel cylinder from each group
was placed in a vacuum freeze-drying oven for 72 h to remove
any residual water. Hydrogel cylinders were then individually
weighed using an electronic balance and the mass was recorded
as m,. The water content was calculated as C = (m; — m,)/m,
X 100%."" Three sets of individual samples were used for each
new magnetic nanocomposite hydrogel, and the averages were
used for all final analyses.

4.2.6.4. Porosity. Each group of new magnetic nano-
composite hydrogels was cut into a square with a side length
of 1 cm and a volume of 1 cm®. Filter paper was used to dry
any excess water from the surface of the hydrogel after which
each hydrogel was individually weighed using an electronic
balance, and the mass was recorded as mj;. After weighing, the
new magnetic nanocomposite hydrogel cubes were placed in a
vacuum freeze-drying oven for 72 h and then weighed again
using an electronic balance. The mass was recorded as m,, and
the porosity was calculated as C = (my; — m,)/1 X 100%."'
Three sets of individual samples were used for each new
magnetic nanocomposite hydrogel, and the averages were used
for all final analyses.

4.2.6.5. Infrared Spectroscopy. Each group of new
magnetic nanocomposite hydrogels was cut into a sheet with
a diameter of 12 mm and a height of approximately 2 mm and
placed in a vacuum freeze-drying oven for 72 h to remove any
residual water. Spectroscopic analysis was performed using an
infrared spectrometer. Three sets of individual samples were

9741

used for each new magnetic nanocomposite hydrogel, and the
averages were used for all final analyses.

4.2.6.6. In Vitro Degradation Experiments. Each group of
new magnetic nanocomposite hydrogels was cut into a sheet
with a diameter of 12 mm and a height of approximately 3 mm.
Filter paper was used to remove any excess moisture on the
surface of the hydrogels after which they were individually
weighed using an electronic balance. The mass was recorded as
ms after which samples were placed into 10 mL of PBS
solution, and the solution was sealed and placed on a sway bed
for uninterrupted vibration. The hydrogel sheets were removed
weekly and weighed using an electronic balance, and the mass
was recorded as mq. The degradation rate was calculated as C =
(mg — mg)/m; X 100%."" Three sets of individual samples
were used for each new magnetic nanocomposite hydrogel, and
the averages were used for all final analyses.

4.2.6.7. CCK-8 Proliferation Experiment. Rabbit bone
marrow mesenchymal stem cells obtained using the procedure
outlined in section 4.2.3 were inoculated into the new
magnetic nanocomposite hydrogels after the disinfection
treatment outlined in section 4.2.4. The daily liquid exchange
is shown in Figure S2C,D. CCK-8 proliferation assays were
performed after 1, 3, and 7 days after inoculation. CCK-8
solution and DMEM medium were mixed evenly at a volume
ratio of 1:10. The culture medium in the new magnetic
nanocomposite hydrogels was discarded, and a mixture of 400
uL of CCK-8 solution and DMEM medium was then added.
After incubating in a cell culture incubator for 4 h, a sterile
micropipette was used to aspirate the culture medium to a 100
uL culture plate. This medium was then transferred to an
unopened sterile 96-well plate after which absorption was
measured at 450 nm using a microplate reader.

4.2.6.8. Living and Dead Cell Staining Experiments.
Rabbit bone marrow mesenchymal stem cells were counted,
and the cell density was adjusted to 1 X 10°/ml. Columnar
scaffolds with a diameter of 12 mm and a thickness of 3 mm
were then prepared after which each scaffold was inoculated
with a density of 1 X 10° cells. The cell/scaffold complex was
placed in a 5% CO,, 37 °C cell culture incubator, and the
medium was changed every 3 days. After 7 days of culture, the
cell/scaffold complex was removed for cell staining. Calcein
AM and propidium iodide were prepared at a final
concentration of 2 and 3 uM, respectively. The composite
scaffold was stained using the aforementioned dyeing solutions
and incubated at 37 °C for 30 min. All imaging were
performed using fluorescence microscopy.

4.2.7. Data Analysis. The data obtained in this experiment
were analyzed by SPSS21.0 software. The data between each
sample group was analyzed by a chi-square test. It was
statistically significant to set P < 0.0S.
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