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Abstract

Injectable hydrogel systems are a facile approach to apply to the damaged meniscus in a minimally invasive way. We herein
developed a clinically applicable and injectable semi-interpenetrated network (semi-IPN) hydrogel system based on fibrin
(Fb), reinforced with Pluronic F127 (F127) and polymethyl methacrylate (PMMA), to improve the intrinsic weak mechanical
properties. Through the dual-syringe device system, the hydrogel could form a gel state within about 50s, and the increment
of compressive modulus of Fb hydrogels was achieved by adding F127 from 3.0% (72.0 = 4.3 kPa) to 10.0% (156.0 = 9.8 kPa).
The shear modulus was enhanced by adding PMMA microbeads (26.0 = |.1 kPa), which was higher than Fb (13.5 = 0.5kPa)
and Fb/F127 (21.7 £ 0.8 kPa). Moreover, the addition of FI27 and PMMA also delayed the rate of enzymatic biodegradation
of Fb hydrogel. Finally, we confirmed that both Fb/F127 and Fb/FI27/PMMA hydrogels showed accelerated tissue repair in
the in vivo segmental defect of the rabbit meniscus model. In addition, the histological analysis showed that the quality of
the regenerated tissues healed by Fb/FI127 was particularly comparable to that of healthy tissue. The biomechanical strength
of the regenerated tissues of Fb/F127 (3.50 = 0.35MPa) and Fb/FI127/PMMA (3.59 = 0.89 MPa) was much higher than that of
Fb (0.82 = 0.05MPa) but inferior to that of healthy tissue (6.63 = |.12MPa). These results suggest that the reinforcement
of Fb hydrogel using FDA-approved synthetic biomaterials has great potential to be used clinically.
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Introduction

The spontaneous regeneration of the damaged meniscus is
limited. The meniscus is fibrous cartilage that absorbs
shock and provides stability to the knee joint and is known
to be constantly damaged or depleted by various internal
or external factors, such as age-related degeneration and
sports-related injuries.! Meniscal allograft,>* polyure-
thane-based meniscal implants (Actifit™, Orteq Ltd.,
London, UK)*® and collagen-based meniscal implants
(CMI™, ReGen Biologics, USA)°'? are currently being
used in clinical practice for the treatment of damaged
meniscal chondrocytes. In meniscus implantation proce-
dures, it is essential to reconstruct a continuous meniscal
wall, essentially in the late compartment, with strong pos-
terior-anterior roots and a stable knee joint or stabilized
knee joint, and the lower extremity should also be well
aligned.'>!#

Although these meniscal implants have been reported
to be successful considering the intermediate results
among surgical methods,'>!? it is still challenging to regen-
erate the damaged meniscal cartilage using non-surgical
methods. The injection-based strategy has the advantages
of simple operation procedures and avoiding patient dis-
comfort. Non-surgical strategies using an injection of cells
or hydrogels have been reported'®2%; however, most of the
injectable systems were comprised of biomaterials that
have not been yet approved clinically; also, they had weak
mechanical stress to effectively relieve the load-bearing
stresses applying to the meniscus. Therefore, it is neces-
sary to develop mechanically stable and highly bioactive
biomaterials for translational research using FDA-
approved biomaterials. Fibrin (Fb) is a naturally-derived
biopolymer that can be polymerized by thrombin action.
Albeit it has been used as a bio-glue or bio-adhesive, the
poor mechanical property and rapid biodegradability limit
its applications to the load-bearing implants®3; therefore,
incorporation of other biomaterials, such as polyethylene
oxide (PEO), into the Fb network boosts their mechanical
properties and broaden its biomedical applications.?*2

Among the synthetic polymers, Pluronic® F-127 (F127)
is a commercially available synthetic polymer exhibiting
little toxicity and thermo-reversible property. Behaving as
a sol at or below ambient temperature and transits into a
gel at around body temperature, F127 has been used as a
drug carrier, injectable hydrogels, etc.?”?® We have herein
developed an injectable hydrogel system using a combina-
tion of Fb and F127 for treating segmental defects of the
meniscus with a non-surgical method. We hypothesized
that F127 would reinforce the mechanical property of the
Fb hydrogel via forming a semi-interpenetrated polymer
(semi-IPN) network. In addition, poly(methyl meth-
acrylate) (PMMA) is a synthetic and thermoplastic bioma-
terial that can strengthen the mechanical property of
biomedical composite materials.?*3! In our study, we

incorporated commercially available PMMA microbeads
in the Fb/F127 hydrogel to reinforce the mechanical prop-
erties of hydrogels further. We investigated whether the
mechanical reinforcement via PMMA microbeads would
allow effective regeneration of the damaged meniscus tis-
sues. The injectable and composite hydrogel system would
provide insights into translational research and therapeutic
options using clinically available biomaterials.

Materials and methods

Materials

Fibrinogen from bovine plasma (F8630), Pluronic® F-127
(F127, P2443), aprotinin from bovine lung (A1153), and
calcium chloride (CaCl,) were purchased from Sigma-
Aldrich. Thrombin lyophilized powder was obtained from
Reyon Pharmaceutical Co., Ltd. (Republic of Korea).
Poly(methyl methacrylate) (PMMA) was purchased from
Polysciences (04553-500, 200 um atactic polymer beads).

Fabrication of injectable Fb/F127/PMMA
hydrogel

The injectable hydrogel system was implemented using a
dual-syringe, which could separate the fibrinogen and
thrombin parts with modification of the previous study.?
In fibrinogen part, fibrinogen (100 mg/mL) was dissolved
in saline (0.9% NaCl) with adding the aprotinin (0.5 mg/
mL). In the thrombin part, the thrombin was dissolved at
2500U/mL, followed by adding F127 (3.0%, 7.0%, and
10.0%, w/v) and PMMA (3.0% and 6.0%, w/v) with add-
ing CaCl, (50mg/mL). Each part was extruded through the
dual-syringe needle, where in situ gelation process
occurred.

Scanning electron microscopy (SEM)

The microstructure of the hydrogels was observed by Field
Emission Scanning Electron Microscopy (FE-SEM, JSM
6700F, JEOL, Japan). The hydrogels were fixed by 4%
paraformaldehyde and washed with phosphate buffer, fol-
lowed by lyophilized. The cross-sectional plane of the
dried hydrogel was observed.

Swelling ratio

The swelling ratio of the hydrogels was measured accord-
ing to the following equation:

Swelling ratio = WS;;Vd

x 100 (%)

where W_ and W, represent the weights of the swollen
hydrogel and the dried hydrogel, respectively.
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Compressive test

The compressive strength of the hydrogel was estimated
using the universal testing machine (EZ-Test, Doing-il
SHIMADZU Crop.). The hydrogel was fabricated in a
cylindrical shape with a diameter of 8 mm and a height of
4mm. The samples were pressed by the 8 mm-diameter
load cell, and the compressive modulus was calculated
from the stress-strain curve, where the strain region was
about 5% to 15%.

Rheological test

The rheological properties of the hydrogel were analyzed
using a rheometer (MCR 302, Anton-Paar, Austria). The
hydrogels were prepared with 8 mm in diameter and 2 mm
in height. To investigate the gelation time at 37°C, the
shear storage modulus (G") and loss modulus (G") were
measured depending on the time, where the strain and fre-
quency were fixed at 5% and 10' Hz. The shear-mediated
breakage was analyzed using a strain-sweep test by alter-
ing the strain from 0.1% to 500%. In a frequency-sweep
test, the oscillatory frequency increased from 107! to
10>Hz, and both the G’ and G” were measured at 16 points.

Cytotoxicity test

To determine the cytotoxicity of the hydrogel component,
the Live/Dead assay was performed after encapsulating the
fibrochondrocytes within the hydrogel. Fibrochondrocytes
were isolated from the New Zealand white rabbit, as previ-
ously described.*? The cells were maintained in DMEM/F-12
(Gibco) supplemented with 10% fetal bovine serum and
100 U/mL Pen-strep. The cells were suspended in the fibrin-
ogen solution with 1 X 103 cells mL™! and extruded through
the dual-syringe system while mixing with the thrombin
solution. The cytotoxicity was evaluated until 7 days through
the Live/Dead assay, which treated the encapsulated cells
with calcein-AM (Live, green) and ethidium homodimer-1
(Dead, red). The fluorescent images were obtained using
confocal laser scanning microscopy (CLSM).

In vitro degradation test

The in vitro degradative behavior of the hydrogels was esti-
mated. The hydrogels were fabricated 8 mm in diameter
and 4mm in height and soaked in the 0.00125% trypsin-
EDTA solution. At each time point, the weight of the hydro-
gels was measured and compared to the initial weight.

Meniscectomy and hydrogels injection

For the in vivo test, 78 healthy New Zealand white male
rabbits (weight 3.0-3.5kg) were used. All animals were

obtained 1week before the experiment and grew in the
same environment. All procedures and experimental plans
have been reviewed and approved by the Institutional
Animal Care and Use Committee of our institution
(Samsung Medical Center, Seoul. South Korea, approval
20130808002). This study followed the National Institutes
of Health guidelines for the care and use of laboratory
animals.

The rabbit was administered chlorine hydrate and was
under general anesthesia. Then the patellar ligament and
joint capsule were released through longitudinal incisions
inside both knees to expose the meniscus.>*> By remov-
ing about 60% of the medial meniscus, including the cen-
tral portion, was excised from the anterior portion,
meniscus defects occurred, and the wound closed in lay-
ers. After 1week, Fb, Fb/F127, and Fb/F127/PMMA
hydrogels were injected into the arca of the missing
meniscus without a skin incision. Specifically, a needle
was inserted into the joint space between the femur and
tibia. Touch the tibial plateau of the front knee with the tip
of the needle to check the position where the meniscus
was excised. Self-molding was carried out by injecting
hydrogel at the same rate from back to front to the identi-
fied ablation site. Meniscal defects in the meniscus were
not treated as control (n=28 for 4, 8, and 12 weeks). Fb, Fb/
F127, and Fb/F127/PMMA hydrogels were injected into
both knees to evaluate compression modulus at 12 weeks
(n=3 for 12weeks). All rabbits were able to move their
knee joints freely without restriction within the cage, and
the clinical symptom was observed daily. Meniscus regen-
eration was assessed by sacrificing animals 4, 8, and
12 weeks after injection (Table 1). Due to abnormal clini-
cal findings, animals were not excluded.

Gross observation

An arthrotomy was done to examine the joints, looking for
abnormal results suggesting rejection or infection, such as
severe inflammation or extensive fibrosis. Each knee was
separated by a sharp resection of the femoral attachment of
the femur, collateral, and cruciate ligaments. The medial
meniscus was carefully separated from the femur and tibia
at 4, 8, and 12 weeks after injection. The femur and tibia
condyles were stained with ink to confirm cartilage degen-
eration 12weeks after injection.® Macroscopic pictures
were taken using Olympus MVX 10 (Olympus, Tokyo,
Japan). Quantification of regenerated crescent size was
using the software Image J (National Institutes of Health,
Bethesda, Maryland).’’

Histological analysis

All samples were fixed in 4% paraformaldehyde, decalci-
fied, and embedded in paraffin. The specimen was then cut
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Table I. Study design of in vivo rabbit meniscectomy model.

Groups Experiment Study period Number of animals
Right Left

Group | Meniscectomy only Meniscectomy + Fb 4, 8, and 12 weeks 27

Group 2 Meniscectomy + Fb Meniscectomy + Fb/F127 4, 8, and 12 weeks 24

Group 3 Meniscectomy + Fb/F 127 Meniscectomy + Fb/FI127/PMMA 4, 8, and 12 weeks 27

into slices 5 um thick in the radial direction for the menis-
cus. For histological analysis, hematoxylin and eosin
(H&E) staining, Safranin-O staining, immunohistochemi-
cal staining for type I and II collagen were performed
according to the manual provided by the manufacturer.®
Images of the stained area were recorded using an optical
microscope (Model Nikon Eclipse 600; Nikon Corp.,
Tokyo, Japan) equipped with a digital camera (Nikon
DXM1200F).

Based on a conventional quantitative scoring system,
three-dimensional recoverable meniscal tissue quality
was assessed as previously reported.’**’ Regeneration
tissue was assessed using original semi-quantitative
scoring using three observers blind to treatment. The
evaluation points can be divided into three as follows:
(1) Evaluate whether the repair tissue is attached to the
normal meniscus tissue surrounded by the repair tissue;
(2) the presence of fibrochondrocytes; and (3) the ability
to stain with Safranin-O. The total achievable score is 6
points and 2 points for each category. Points were calcu-
lated statistically and histologically for each sample.

Biomechanical evaluation

The mechanical compression properties of the meniscus
were carried out using an Instron tension/compression sys-
tem with fast track software (Model 5543; Instron) as
described above (n=3 for the treated group and n=3 for
the control group).’® Samples were collected from the cen-
tral region of the regenerated meniscus at 12 weeks post-
treatment. The meniscus was pierced from perpendicular
direction to horizontal plane by using a 4-mm biopsy
punch, followed by processing the circumferential planes.
The samples were placed in PBS for 3—4h at room tem-
perature to equilibrate before testing. For the compression
test, use a humidifier during the compression test to keep it
moist. The compression force was applied using a 1 mm
diameter cylindrical indenter equipped with a maximum
10N load cell, and the crosshead speed was about 0.06 mm/
min. To determine the unconstrained equilibrium coeffi-
cient, a step displacement (15% strain) was applied, and
the compressive force was monitored until equilibrium
was reached.

Statistical analysis

All quantitative data sets are expressed as mean-SD. The
student’s t-test was performed to assess whether there were
statistically significant differences between the data sets.
Pre-power calculations were performed using mean and
standard deviation assumptions based on previously pub-
lished data on the quality of the meniscus tissue.?? Based
on the a priori power analysis, a sample size of eight rab-
bits at each endpoint was selected to achieve 90% power to
detect a three-point difference between MS and control
mean tissue quality scores. The Wilcoxon sign grading test
was used to compare the quantity and quality of tissue
recovered from MS and to control meniscus defects at
each of the three endpoints. A p-value <0.05 was consid-
ered statistically significant.

Results

Hydrogel fabrication and modulation of
mechanical properties

The mechanical behavior of fibrin-based hydrogel can be
modulated on the amount of fibrinogen, thrombin, and
other additive molecules.*' We herein used two synthetic
polymers, Pluronic® F-127 (F127) and poly(methyl meth-
acrylate) (PMMA), to compensate for the innate poor
mechanical property of the fibrin (Fb) by forming the
interpenetrated network (IPN) structure. We have opti-
mized the thrombin concentration (1,50 UmL™) for in situ
gelations of the Fb and assessed both compressive and
shear modulus of the hydrogels by varying the concentra-
tion of polymers. The compressive modulus of hydrogels
was increased with higher F127 contents from 3.0%, 7.0%,
and 10.0%, which had 72.0*=4.3, 122.0*=9.6, and
156.0 =9.8kPa, respectively (Figure 1(a)). Meanwhile,
there was no significant increment of compressive strength
despite the increase of PMMA contents (Figure 1(b)), and
we decided to use Fb hydrogel with the concentration of
F127 at 10.0% and PMMA at 6.0% in the following
experiments.

In order to demonstrate the in situ gelation profile, we
observed the gelation time after injection by using time
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Figure I. Scheme of the gelation process of Fb/FI127/PMMA
hydrogel through the dual-syringe device and filling the meniscal
defect region. The semi-IPN hydrogel is formed immediately
once the fibrinogen is mingled with the thrombin, where the
F127 polymers are entangled with the Fb networks.

sweep mode. All of the hydrogels displayed elastic behav-
ior (G’>G”) within 30s at 37°C, and the shear modulus
was gradually increased (Figure 1(c)). Furthermore, the
shear-mediated breakage was investigated by strain sweep
mode. The Fb and Fb/F127 groups lost elastic behaviors at
a strain of about 156% and 190%, respectively; however,
Fb/F127 + PMMA group had the highest resistance to
shear-mediated breakage showing the gel breakage point
at about 400% (Figure 1(d)). We finally measured the
shear modulus of hydrogels after 24h post-gelation pro-
cess. The Fb/F127+PMMA had the highest shear modulus
of 26.0 £ 1.1kPa, and Fb/F127 had 21.7 = 0.8 kPa, while
Fb displayed 13.5 = 0.5kPa (Figure 1(e)). As a result, both
F127 and PMMA could effectively improve the shear
modulus of Fb.

The microstructure and swelling ratio of the
hydrogels

We observed the microstructure of hydrogels using scan-
ning electron microscopy (SEM). All of the hydrogels had
interconnected porous structures attributed to the fibrin
networks (Figure 2(a)). In the magnified images, Fb/F127
showed the polymer branches of F127 that protruded from
the fibrin wall, which revealed that the hydrogel formed a
semi-IPN structure. Furthermore, we could observe that
PMMA microbeads incorporated within the hydrogel
pores as described in Figure 3.

The swelling ratio of Fb (1217 = 161.9) and Fb/F127
(1269 = 39.7) was not much different, whereas that of Fb/

F127/PMMA (567.6 £17.3) was far more diminished
since PMMA microbeads occupied the void spaces in the
hydrogel (Figure 2(b)).

In vitro cytotoxicity and degradative profile

The biological properties of the hydrogels, such as cyto-
toxicity and biodegradation behavior, are essential for pro-
viding a favorable environment for host cells to regenerate
the damaged tissues.*> We first investigated in vitro cyto-
toxicity of the hydrogels encapsulating the fibrochondro-
cytes via Live/Dead assay (Figure 4(a)). Until 7 days, all of
the hydrogels displayed little cytotoxicity, with the cell
viability over 95% (Figure 4(b)).

Next, we confirmed that both F127 and PMMA would
inhibit the degradation of Fb, which then supported the
integration of the hydrogel and the host tissues. We could
observe the hydrogel structure of Fb was loosen at day 4,
while both Fb/F127 and Fb/F127/PMMA hydrogels rela-
tively retained the structural stability (Figure 5(a)). By
measuring the mass ratio of the hydrogels, we could con-
firm that the degradation rate became remarkably slower
in Fb/F127 and Fb/F127/PMMA than in Fb only group,
and the resistance to degradation increased by adding
PMMA to Fb/F127 (Figure 5(b)).

In vivo tissue regeneration of rabbit meniscus

We finally estimated the tissue regenerative ability of the
hydrogels in the rabbit segmental meniscus defect model.
The hydrogels were injected into the meniscal regions
after 1week of post-meniscectomy treatment in a mini-
mally invasive way; the animals were sacrificed at 4, §,
and 12 weeks after injection (Figure 6(a)).

The gross observation revealed that the tissues were
regenerated in hydrogel-applied groups, whereas the
incomplete generation of tissues was shown in the control
group (Figure 6(b)). Remarkably, when Fb/F127 and Fb/
F127/PMMA were injected, soft tissues started to be
formed at 4 weeks; however, native meniscus-like tissues
were regenerated over time. More specifically, the tissue
surface in the Fb/F127/PMMA group was unevenly formed
in some individuals.

The meniscal plate regeneration area at 12weeks was
measured. The Fb/F127 (46.71 * 14.99mm?) and Fb/F127/
PMMA (43.83*=18.35mm?) had significantly higher
regenerated area than that of the Fb (13.89 + 3.64 mm?) and
the control (11.93 +4.89 mm?; Figure 6(c)). We addition-
ally identified the cartilage surface at 12weeks after the
injection of Fb/F127 hydrogel. As a result of the Indian ink
staining, we could observe that both the medial femur and
tibial surfaces were severely damaged in the control group
and also slightly damaged in the Fb group (Figure 7(a)).
The histological staining showed a similar result that the
damage of the tibial plateau of the control group was
remarkably indicated (Figure 7(b)). However, in the case of
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Figure 2. Mechanical properties of the Fb/FI27/PMMA hydrogels. The compressive modulus of hydrogels depending on the
amount of (a) F127 and (b) PMMA polymers. The incorporation of FI127 significantly enhanced the compressive strength, but PMMA
did not have much effect on the compression of the hydrogels. (c) The time-dependent viscoelastic behavior of the hydrogels was
measured to monitor the gelation time where the storage modulus (G') became over the loss modulus (G") of hydrogels. The
hydrogels could form the gel state within about 50s. (d) The shear-mediated breakage of the hydrogel was estimated by the strain-
sweep mode with the range of strain from 0.1% to 500%. (e) The shear storage modulus of the hydrogels at the equilibrium state
and measured in the frequency-sweep mode at 102 rad/s of frequency (*p < 0.05. *¥p < 0.01. ***p < 0.001; n=4-5).

both Fb/F127 and Fb/F127/PMMA, there were few signs of
damage to the medial femur tibial surface.

Histological analysis of the regenerated
meniscus

The qualitative analysis of the regenerated meniscus was
carried out by observing the physiological structure in the
histological staining images. In hematoxylin and eosin
(H&E) images, the Fb/F127 and Fb/F127/PMMA groups
showed an excellent projection of meniscal tissues com-
pared to Fb and control groups (Figure 8(a)). As shown in
normal meniscal chondrocytes, the meniscal tissues exist
with large circular cells that have round or oval nuclei scat-
tered in the fibrous extracellular matrix, which had been
seen to be positively stained with safranin O, type I (COL
I), and type II (COL II) collagen. At 4 and 8 weeks, in all
groups, cells with a circular nucleus could not be identi-
fied, but it was confirmed that a number of small

fibrocyte-like cells having a spindle-shaped or rod-like
nucleus were penetrated into the defect regions. However,
in the Fb/F127 and Fb/F127/PMMA groups at week 12, a
large number of cells with a circular nucleus could be
observed, whose extracellular matrix were strongly stained
with safranin-O (S-O) and collagens; however, the Fb
group still represented the cells with spindle-like shapes
with relatively less degree of S-O, COL II, and COL I
staining. The histological tissue quality score showed that
the regenerated meniscus of both Fb/F127 and Fb/F127/
PMMA had significant histological differences compared
to Fb and control (Figure 8(b)).

In addition, at 12 weeks, the biomechanical property
of the meniscal specimens was evaluated using a univer-
sal testing machine (Figure 9). The compressive modulus
of Fb/F127 and Fb/F127/PMMA groups was 3.50 = 0.35
and 3.59 = 0.89 MPa, which were significantly higher
than that of other groups (control: 0.23 = 0.03 MPa; Fb:
0.82 = 0.05 MPa). Even though the mechanical property
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Figure 3. The microstructure and the swelling ratio of hydrogels: (a) SEM images showed the porous structure of the hydrogels.

The polymeric branches (green arrow) of F127 were incorporated with the Fb wall in the Fb/FI127, and PMMA microbeads (yellow
arrow) could be observed in Fb/FI127/PMMA (scale bar =500 pim and scale bar=10um in the inlet images) and (b) the water uptake
behavior of both Fb and Fb/F127 was similar to each other; however, that of Fb/FI127/PMMA was significantly lowered (n=3).

Day 7

Fb/F127 Fb/F127/PMMA (b)

1201 mm Fb
=1 Fb/F127
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100 .
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T T
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Figure 4. In vitro cytotoxicity test of the hydrogels: (a) The fluorescent images showing live (green) and dead (red)
fibrochondrocytes encapsulated in the hydrogels for 7 days (white circle: PMMA microbeads, scale bar =200 pm) and (b) the cell
viability was quantified based on the Live/Dead assay, and it revealed that the cells survived well over 95% of viability (n=5-10).

of the regenerated tissues was inferior to that of normal
tissue (6.63 = 1.12MPa), it was confirmed that the Fb/
F127 and Fb/F127/PMMA groups could recover the seg-
mental defect of the meniscus with enhanced tissue
quality.

Discussion

The purpose of this study was to find out the hydrogel-
based injectable system that is mechanically stable has
improved physiological activity and can be clinically
applicable to treat the meniscal defect as translational
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12 weeks post-treatment: (a) The schematic diagram for in vivo experiment, (b) gross evaluation of regeneration of rabbit meniscus
at 4, 8, and 12 weeks after hydrogel injection, and (c) the quantitative regeneration area was calculated using image-based Image|

software.

Statistical significance: *Compared to the control group; *Compared to the Fb group; *#p < 0.05. **p < 0.01. **p < 0.001.
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Figure 7. Photograph and histological images of both the femoral condyle and tibial plateau: (a) The cartilage surfaces of both
femur condyle and the tibial plateau of each experimental group were treated with the Indian ink staining and (b) the hematoxylin
& eosin (H&E) staining images. There was no progressive signal of osteoarthritis in the Fb/FI27 and Fb/F127/PMMA groups (scale
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research. Fibrin (Fb) is polymerized by the activity of
fibrinogen and thrombin, which are bio-derived materials,
and is currently used in various biomedical applications as
fibrin glue.?> However, since fibrin is easily decomposed
and mechanically unstable in vivo, we herein incorporated
synthetic biopolymers into the Fb, that is, Pluronic® F-127
(F127) and poly(methyl methacrylate) (PMMA), which
are FDA-approved biomaterials. This injectable hydrogel
system can effectively fill the meniscal defect regions;
therefore, it is not needed to remove all cartilage plates
unnecessarily as in allogeneic meniscal graft transplanta-
tion. Moreover, it can shorten the surgery process rather
than other biomimetic scaffold-based strategies that
required open surgery and suture.

We optimized the concentration of fibrinogen and
thrombin to form in situ gelations through the dual-syringe
system and here added the synthetic polymers to firstly
evaluate the mechanical enhancement of the hydrogel sys-
tem (Figure 1). The major limitation of the injectable
hydrogels is weak mechanical properties, susceptible to
load-bearing applications.** However, this Fb/F127/
PMMA semi-IPN system could withstand the stresses on
the surface of knee joints without any damages at the

femur condyle and tibial plateau (Figure 7). Once F127
was mixed with Fb, they formed semi-interpenetrated net-
works (semi-IPN), which significantly enhanced the com-
pressive strength of the hydrogel. Furthermore, PMMA
microbeads were dispersed within the hydrogel networks,
and it could improve the shear-resistance strength of
hydrogels.** This Fb-based in situ gelated semi-IPN sys-
tem has great advantages of using a biological crosslinking
mechanism, which is a biocompatible process compared to
the potential cytotoxicity of radical polymerization pro-
cesses. > It also enables control of the physical and
mechanical properties incorporating diverse biomaterials
into Fb networks without any chemical modifications.
Moreover, the hydrogel had pressure-dependent shape
plasticity, which allowed it to tailor its shape to fit the
meniscal defect sites. Also, all the materials in this study
have been approved to be utilized clinically; therefore, this
study is a meaningful achievement of translational
research.

We finally confirmed that the incorporation of F127
and PMMA into Fb hydrogel could facilitate the regenera-
tion ability and enhance the quality of the repaired tissue in
the in vivo rabbit segmental meniscal defect model. The
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Figure 8. Histological analysis of the regenerated meniscus after hydrogel injection at 4, 8, and |2weeks: (a) representative
sections stained with H&E, safranin-O (S-O), collagen type | and Il (COL I and COL Il) of the meniscus tissues at 4, 8, and |2 weeks,
respectively (scale bar=2mm and 100 um in low and high magnification each) and (b) In vivo semi-quantitative scoring of tissue
quality was measured, and each average score was displayed. The total score of Fb/F127 was significantly higher than the other two

groups at 8 and |2 weeks.

Statistical significance: *Compared to the control group; #Compared to the Fb group; *#p < 0.05. ** < 0.01. **p < 0.001.

high strength of the hydrogel and prolonged degradation
time of the Fb/F127/PMMA hydrogel might support both
tissue ingrowth and maturation.*’ In the case of Fb/F127,
at week 4, lots of rounded cells were gathered as blood
vessels were formed in the damaged tissue, and fibroblast-
like cells appeared. At 8 weeks, a large number of round
cells were seen, and at 12 weeks, fibrocartilage-like cells
were also found. When we checked the injected site, the
hydrogels were adhered not to the damaged cartilage but to
the surrounding connective tissues (data was not shown).
This might help the neighbor cells enter and survive
better.!”

Although we did not show the results of regeneration in
the early stage, it can be inferred that the regeneration pro-
cess of the meniscus cartilage was similar to the tissue

healing process according to our results (Supplemental
Figure 1). In particular, we did not identify the main source
of migrating cells, but these cells may be synovial fibro-
blasts, as the existing literature found extensive synovial
proliferation next to the meniscus area.*®*° In a previous
study, the left anterior half of the medial meniscus was
resected using C57B1/6J mice, and the process of meniscal
regeneration and cartilage degeneration was investigated.>
Extensive macrophage infiltration into the synovial mem-
brane around the meniscus site was observed on day 3, and
synovial hyperplasia was detected 2 weeks after surgery.
At this stage, the synovial tissue was filled with many
fibroblastic cells, which underwent chondrocyte differen-
tiation up to 4 weeks after surgery to generate a cartilage
matrix. It has also been reported that progenitor cells on
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Figure 9. Biomechanical strength of the regenerated meniscal tissue: (a) Schematic illustration for explaining the experimental
method. The tissue samples were collected from the central region of the regenerated meniscus at 12 weeks post-treatment, and
(b) the compressive modulus of the tissues was measured to analyze the qualitative estimation compared to the normal tissue.
Statistical significance: *Compared to the control group; #Compared to the Fb group; *#p <0.05 and **##p < 0.01 (n=3).

the meniscus surface migrate from the vascularized red
region to the nonvascular white region and participated in
the tissue repair,’! and also that human and rabbit menis-
cus contain mesenchymal progenitor cells with multiple
differentiation capacity.’> 5 Therefore, we believe that the
main source of repair cells during meniscus regeneration
may be meniscus fibrochondrocytes, synovial fibroblasts,
and mesenchymal progenitors present in the outer red or
red region.

In addition to this, it has been reported that the vascu-
larity of the damaged area dramatically affects the out-
come of meniscus healing.’® In the inflammatory phase,
neutrophil infiltration leads to circulating peripheral blood
cells and macrophages. Pro-inflammatory M1 mac-
rophages express CD68, and anti-inflammatory/regenera-
tive M2 macrophages express antigens such as CD163.%
M1 phagocytosis reveals TNF-a, IL-6, and IL-12 and their
cytokines.’® % In the proliferative phase, M2 macrophages
contribute to tissue healing, angiogenesis, promotion of
tumor growth, and immunosuppression.®® M2 mac-
rophages produce large amounts of IL-10 and TGF-f3, pro-
mote tissue repair and wound healing, and have angiogenic
properties.®’®> Thus, as in previous studies, it can be
inferred that it is derived from various proliferative
cytokines derived from M2 macrophages in the inflamma-
tory phase of the meniscus cartilage regeneration mecha-
nism. More details in cellular origins during the initial
state of meniscus repair should be further investigated.

The innermost region of the meniscus consists of small,
unorganized, radial collagen fibrils with a cartilage-like
structure.® In the case of cartilage regeneration, lots of

studies have mainly used the mesenchymal stem cells
(MSCs) or induced cartilage regeneration by treating small
molecule drugs, cartilage-inducing factors, and scaffolds
together.®-%® These strategies provide therapeutic efficacy
against cartilage damage by activating exogenous MSC
differentiation,® recruiting endogenous MSCs, or induc-
ing cartilage-associated extracellular matrix formation.%4-6¢
Even though we used acellular hydrogel, it can be inferred
that it would provide therapeutic efficacy for meniscus
injury by recruiting endogenous MSCs or surrounding
cells or inducing extracellular matrix formation. Due to the
complex phenotype and function of meniscus tissue com-
pared to the cartilage tissue,®’ promising results for menis-
cus therapy are still lacking.®” The fibrin can provide an
inducible extracellular matrix (ECM) to manipulate the
regenerative process by promoting migration, prolifera-
tion, and differentiation of both macrophages and endoge-
nous stem/progenitor cells, etc.®® However, in terms of
solely use of Fb, it has a fast decomposition rate, so the
period of residence of the migrated cells in the damaged
area is expected to be short, and it required more time for
migrated cells to be differentiated, inferring that the regen-
erative rate would be delayed with ECM should be newly
replenished.

This study has some limitations: the long-term research
should be further carried out to evaluate the prolonged
effects of hydrogels on tissue repair and the prognosis of
the treatment. The regenerated tissues had lower mechani-
cal properties than that of normal menisci (Figure 9); this
might be attributed to a reasonably short observation
period of 12weeks. Therefore, it can be possible that
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additional tissue maturation may occur with increasing the
mechanical properties of tissues. In addition, some bio-
logical studies are needed to explore the origin and molec-
ular function of chondrocyte-like cells in regenerated
tissue. Finally, the actual load-bearing implication should
be further investigated in the large animal model to this
injectable semi-IPN hydrogel system would be entered
into the clinical trials.

Conclusion

We herein developed an injectable system consist of both
natural and synthetic polymers as semi-IPN hydrogel to
treat a segmental defect of the meniscus in a rabbit model.
The innate weak mechanical properties of fibrin (Fb) could
be augmented through adding Pluronic F127 (F127) polox-
amer, particularly its shear-resistance capacity enhanced in
conjunction with polymethyl methacrylate (PMMA)
microbeads. The composite hydrogel also had resistance to
enzymatic degradation, which would prolong the thera-
peutic effects. Finally, in the in vivo rabbit meniscectomy
model, the Fb/F127/PMMA hydrogel not only accelerated
the tissue regeneration rate but also reconstructed the
meniscus with significantly enhanced tissue quality. This
highlights that the Fb/F127/PMMA hydrogel would
advance the meniscal therapy through a minimally inva-
sive way and had the potential to be used in clinical
applications.
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