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Abstract

Repairing damaged articular cartilage is particularly challenging because of the limited abil-
ity of cartilage to perform self-repair. Intra-articular injections of N-acetylglucosamine
(GlcNAc) comprise a method of repairing full-thickness articular cartilage defects in the rab-
bit knee joint model. To date, the effects of administration of GIcNAc and hyaluronic acid
(HA) have been investigated only in the context of osteoarthritis treatment. Therefore, we
evaluated the therapeutic effects of using cell-free porous poly lactic-co-glycolic acid
(PLGA) graft implants and intra-articular injections of GIcNAc or HA in a rabbit model of
osteochondral regeneration to investigate whether they have the potential for inducing
osteochondral regeneration when used alone or simultaneously. Twenty-four rabbits were
randomized into one of four groups: the scaffold-only group (PLGA), the scaffold with intra-
articular injections of GIcNAc (PLGA+G) group, twice per week for four weeks; the scaffold
with intra-articular injections of HA group (PLGA+HA) group, once per week for three
weeks; and the scaffold with intra-articular injections of GIcNAc and HA (PLGA+G+HA)
group, once per week for three weeks. Knees were evaluated at 4 and 12 weeks after sur-
gery. At the end of testing, only the PLGA+G+HA group exhibited significant bone recon-
struction, chondrocyte clustering, and good interactions with adjacent surfaces at 4 weeks.
Additionally, the PLGA+G+HA group demonstrated essentially original hyaline cartilage
structures that appeared to have sound chondrocyte orientation, considerable glycosamino-
glycan levels, and reconstruction of the bone structure at 12 weeks. Moreover, the PLGA+G
+HA group showed organized osteochondral integration and significantly higher bone vol-
ume per tissue volume and trabecular thickness. However, there were no significant differ-
ences between the PLGA+G and PLGA+HA groups except for gap formation on
subchondral bone in the PLGA+G group. This study demonstrated that PLGA implantation
combined with intra-articular injections of GIcNAc and HA allowed for cartilage and bone
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regeneration and significantly promoted osteochondral regeneration in rabbits without sup-
plementation of exogenous growth factors. And the combination of this two supplements
with PLGA scaffold could also prolong injection interval and better performance than either
of them alone for the reconstruction of osteochondral tissue in the knee joints of rabbits.

Introduction

Osteochondral defect (OCD), a type of joint disorder that often occurs with disease or repeti-
tive trauma in the bone, cartilage, and bone—cartilage interface [1]. Left untreated, it may prog-
ress to degenerative osteoarthritis (OA) with disability and function loss. Current clinical
treatments for cartilage repair include hyaluronan injection, microfracture, bone marrow
stimulation, mosaicplasty as autologous osteochondral transplantation, and autologous chon-
drocyte implantation. Nevertheless, problems exist such as donor site morbidity, poor integra-
tion with host tissue, fibrocartilage formation, and chondrocyte dedifferentiation [2-5].
Therefore, tissue engineering has emerged and may offer significant advantages compared
with traditional clinical treatment methods. Cells, scaffolds, and signals are three important
factors involved in tissue engineering. Regarding the scaffold, cell-free and cell-seeded scaf-
folds are two approaches that are typically used; however, the cell-free method is often adopted
due to needless of cell expansion and less time-consumption. Ideal scaffolds should provide
mechanical support and guide cell adhesion, proliferation, and/or differentiation to regenerate
osteochondral tissue. Poly lactic-co-glycolic acid (PLGA) is a synthetic material and the copol-
ymer of polylactic acid and polyglycolic acid [6]. This implant possesses superior mechanical
strength [7] compared to naturally derived materials and provides a provisional matrix for
osteochondral regeneration [8, 9]. PLGA is a safe biomaterial for clinical applications [10] that
has been approved by the United States Food and Drug Administration [11, 12].

Extracellular matrices in cartilage provide a microenvironment for cells to maintain
homeostasis and differentiation properties for specific tissues. Glucosamine (GlcN) and hyal-
uronic acid (HA) are the main components in extracellular matrices in articular cartilage.
Both have been clinically used for OA treatment for several decades, resulting in chondropro-
tective effects [13] or viscosupplementation [14]. However, the use of GIcN for OA treatment
remains controversial because not all trials have shown significant difference in Western
Ontario and McMaster Universities Osteoarthritis Index values for pain or function compared
with placebo [15-17]. N-acetylglucosamine (GIcNAc) is one of three forms of GIcN; it is more
stable and is available commercially. Previous in vitro studies have shown that GIcNAc
increases HA and glycosaminoglycan (GAG) synthesis of chondrocytes, exhibits a high degree
of anti-inflammatory ability, and is capable of scavenging reactive oxygen species [18, 19].
Shikhman et al. proved that intramuscular injections of GIcNAc provide better chondropro-
tective and anti-inflammatory activity than HA in an anterior cruciate ligament transection
model of OA using rabbits [13, 19]. In addition, our previous study demonstrated that intra-
articular administration of GIcNAc promoted the repair of full-thickness articular cartilage
defects in a rabbit knee joint model [20]. However, HA is another signal we used to compare
osteochondral regeneration with GlcNAc. Intra-articular injections of HA (i.e., viscosupple-
mentation) have been approved worldwide for OA treatment since the end of the 1980s. HA is
responsible for the viscoelastic and rheological properties of synovial fluid and provides neces-
sary lubrication, shock absorption, and friction reduction in joints [21]. Shim et al. found that
the cell-rich supramolecular HA hydrogel with atelocollagen could allow outstanding
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regenerative ability for the reconstruction of osteochondral tissue in the knee joints of rabbits
[22]. Furthermore, the Ica conjugated hyaluronic acid/collagen (Ica-HA/Col) composite
hydrogels have been validated to facilitate the reconstruction of osteochondral interface in rab-
bit subchondral defects [23]. Such evidences suggested that HA possessed the potential to
improve osteochondral regeneration.

In our previous study, intra-articular injection of GIcNAc could only promote the repair of
experimental FTAC defects in the rabbit knee joint model [20]. However, lack of support from
the scaffolds could cause subchondral bone overgrowth [24, 25]. In this study, we developed
an intra-articular administration system of two different ECM materials (GIcNAc and HA)
and combined it with cell-free porous PLGA graft implants using an in vivo animal model.
Therefore, we aimed to investigate whether these two different ECM materials could lead to
regenerative effects in osteochondral tissue, alone or in combination.

Materials and methods
Reagents

GIcNAc was obtained (SI-A3286; Sigma-Aldrich, St. Louis, MO), dissolved in normal saline,
and filtered through 0.22-um filters for sterilization. The sterilized solution was stored at 4°C.
The HA used was Suplasyn (20 mg/2 mL; Bioniche, Galway, Ireland).

Fabrication and characteristics of porous PLGA scaffolds

The porous PLGA (lactide/glycolide ratio, 85/15; molecular weight, 50-75 kDa; Sigma,

St. Louis, MO) scaffold was fabricated using a salt-leaching technique with NaCl as the poro-
gen. The entire procedure was the same as that performed during our previous study [26]. In
brief, 5 mL of 20% (w/v) PLGA chloroform solution was mixed with 9 g of sodium chloride
(NaCl) particles of 300 to 500 pum in diameter, yielding a 90% (w/v) solution that was cast into
a multi-hole cylinder mold (3 mm in diameter and 3 mm in height) and lyophilized for 1 day
to generate PLGA grafts. A scanning electron microscope (JEOL JSM-6700F) was used to
observe the morphology of the pore structure, the interconnections, and the pore size of the
PLGA scaffold. The average pore size was determined by using the Image J software program.
The porous scaffold was sputter-coated with gold for 40 seconds at ambient temperature.
Micrographs were obtained at 30x magnification with an accelerating voltage of 10 kV.

Surgical procedure

All surgical procedures were approved by the Institutional Animal Care and Use Committee
of National Cheng Kung University [20]. Male New Zealand White rabbits (Livestock
Research Institute, Tainan, Taiwan) weighing 2.5-3 kg were used for all experiments. Before
surgery, anesthesia was induced with Zoletil 50 (10-15 mg/kg; Virbac, Carros, France), and
maintenance was achieved with a mixture of 2% isoflurane (Panion & BF Biotech Inc., Taipei,
Taiwan) and oxygen/nitrous oxide (1/0.4 L/min).

Both knees of each rabbit were shaved and disinfected with a 10% ethanol-iodine solution.
A 3-cm incision was made longitudinally along the parapatellar and capsular ligaments. The
medial femoral condyle was exposed by lateral patellar dislocation. A full-thickness osteochon-
dral defect 3 mm in diameter and 3 mm in depth was created with an electric drill on the
medial femoral condyle and irrigated immediately with saline. PLGA scaffolds were pressed to
fit into the defects.

Postoperatively, the rabbits were housed in a standardized cage under a 12 hour light-dark
cycle and allowed food and water ad libitum. An antibiotic (25 mg/kg, Enrofloxacin) and
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(A)

Total number of knees

analgesic (Ketoprofene) were administered to the rabbits for 3 days. Diarrhea, appetite, body
weight, and wound healing were monitored during experiment. The remaining animals were
euthanaized with overdose anesthetic and intravenous injection of potassium chloride (1-
2meq/kg) after four or twelve weeks.

Intra-articular injections

All rabbits were randomly divided into four groups. No injection was used for the PLGA
group. The PLGA+HA and PLGA+GIcNAc (G)+HA groups were administered intra-articular
injections of HA and HA/GIcNAG, respectively, once per week starting 1 week postoperatively
for 3 weeks. The PLGA+G group was administered intra-articular injections of GIcNAc twice
per week starting 1 week postoperatively for a period of 4 weeks. Six rabbits in each group
were sacrificed at 4 weeks and 12 weeks after surgery (Fig 1A). The dose of GIcNAc was 80
mg/0.3 mL per joint. The HA+G solution was GlcNAc directly dissolved in HA.

Macroscopic evaluations

After sacrifice at postoperative week 4 or week 12, the macroscopic and histological scores of
the regenerated tissue were blindly assessed by two investigators according to the modified
Wayne’s grading scale (S1 Table) [27]. The score of each group was calculated and statistically
analyzed. The digital femoral condyle was fixed in 10% neutral buffered formaldehyde water
solution until preparation for micro-computed tomography (micro-CT) and histological
examination.

PLGA
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Fig 1. (A) Schematic diagram of the animal study groups. (B) PLGA sponge scaffold. Photograph image shows the dimension of the PLGA scaffolds. Scanning electron
microscope image shows the porous structure of the PLGA scaffold. (C) Representative images of the gross appearances of the four groups at 4 weeks and 12 weeks
after surgery. Circles surround the repaired osteochondral defect area. (D) Quantitative scores of the gross appearances of the four groups at 4 weeks and 12 weeks.

#Between two time points, p<0.05. *Compared with the PLGA group, p<0.05. **Compared with the PLGA group, p<0.001.

https://doi.org/10.1371/journal.pone.0209747.9001
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Micro-CT analysis

All samples were scanned using a high-resolution microtomograph 1076 scanner (Skyscan,
Kontich, Belgium) to obtain both qualitative and quantitative measurements of the bone
regeneration level within the defects. A 360-degree scan was performed at a voltage of 50 kV
and a current of 160 pA. Three-dimensional reconstructions were created using the Skyscan
CT-Analyser program (version 1.8, data software), and a cylindrical region of interest with a
diameter of 3 mm (diameter of defect) was used for analysis. The bone volume per tissue vol-
ume (BV/TV) and trabecular thickness (Tb.Th) were obtained to evaluate the bone volume
density and to measure the thickness of trabecular structures, respectively.

Histology

All histological sections were performed by the Department of Pathology at Chi-Mei Medical
Center in Tainan. The femur ends were harvested, fixed in 10% neutral buffered formaldehyde
solution, decalcified, and embedded in paraffin blocks. For each sample, the tissue was sliced
using a microtome into 4-pm-thick sections for different histological staining procedures.
Hematoxylin and eosin staining was used for general observations, and Masson’s trichrome
stain was used for total collagen and alignment. Alcian blue stain was used for GAG synthesis
staining. The sections were observed by light microscopy (Olympus IX71; Olympus Tokyo,
Japan) and documented using a digital charge-coupled device camera (Olympus DP72;
Olympus).

Histology sections were evaluated using a modified O’Driscoll system [28]. This well-
recognized grading scheme was blindly assessed by two investigators, and the maximum total
score was 34 points (Table 1). The total score of each group was calculated and statistically
analyzed.

Immunohistochemistry

Immunohistochemistry was performed to detect the expression of collagen type I (COL I;
fibrocartilage), collagen type II (COL II; hyaline cartilage), matrix metalloproteinase (MMP)-
13, endogenous growth factors (i.e., transforming growth factor [TGF]-B2 and TGF-B3), and
Sox9 (marker of mature chondrocytes) for osteochondral defect regeneration.

After rehydration, H,O, was used to block the endogenous peroxidase. The specimens
were incubated with proteinase K intended for proteolytic digestion of the formalin-fixed
protein cross-link and then treated with immunoblotting solution. The specimens were
incubated overnight with a monoclonal primary antibody diluted 1:100 (COL I, Bioworld
Technology; COL 11, Bioss; TGFB-2 or TGF-3, Spring Bioscience; SOX9, Bioss; or MMP-
13, Bioworld Technology) and the second antibody (DAB [3,3"diaminobenzidine]). Hema-
toxylin staining was performed (rabbit/mouse HRP-DAB polymer detection system,

Cat. No. BSB0205; BioSB, CA, USA), and DAB presented a brown color, indicating
immunopositivity.

Statistical analysis

SPSS version 17.0 was used for data analysis. All data are expressed as mean+tstandard error of
the mean. Data were not normally distributed; therefore, the homogeneity of variance was cor-
roborated by Levene’s test. Comparisons among the groups at each time point were analyzed
using the Mann-Whitney U-test with the nonparametric Kruskal-Wallis post-test; p<0.05
were considered statistically significant.
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Table 1. Modified O’Driscoll histological score for repair evaluation.

a. Overall defect evaluation (include entire defect) Points

1. Percent filling with neo-formed tissue 75-100% 3
50-75% 2
25-50% 1
0-25% 0

b. Subchondral bone evaluation Points

2. Percent filling with neo-formed tissue in subchondral | 75-100% 3

bone 50-75% 2
25-50% 1
0-25% 0

3. Subchondral bone morphology Normal, trabecular bone 4
Trabecular, with some compact bone 3
Compact bone 2
Compact bone and fibrous tissue 1
Only fibrous tissue or no tissue 0

4. Extent of neo-tissue bonding with adjacent bone in the | Complete on both edges 3

subchondral bone Complete on one edge 2
Partial on both edges 1
Without continuity on either edge 0

c. Cartilage evaluation Points

5. Morphology of neo-formed surface tissue Mainly hyaline cartilage 6
Fibrocartilage (spherical cell morphology 4
>75% of cells)
Only fibrous tissue (spherical cell morphology | 2
<75% of cells)
No tissue 0

6. Thickness of neo-formed cartilage Similar to the surrounding cartilage 3
Greater than surrounding cartilage 2
Less than the surrounding cartilage 1
No cartilage 0

7. Joint surface regularity Smooth, intact surface 3
Surface fissures (<25% neo-surface thickness) |2
Deep fissures (25-99% neo-surface thickness) |1
Complete disruption of the neo-surface 0

8. Chondrocyte clustering None 3
Less than 25% of chondrocytes 2
25-100% chondrocytes 1
No chondrocytes present (no cartilage) 0

9. Chondrocyte and GAG content of neo-cartilage Normal cellularity with normal Alcian blue 3
staining
Normal cellularity with moderate Alcian blue | 2
staining
Obviously fewer cells with poor Alcian blue 1
staining
Few cells with no or little Alcian blue staining | 0
or no cartilage

(Continued)
PLOS ONE | https://doi.org/10.1371/journal.pone.0209747 December 31, 2018 6/18


https://doi.org/10.1371/journal.pone.0209747

{@g"L‘)S“ONE

Intra-articular injection of N-acetylglucosamine and hyaluronic acid combined with PLGA scaffolds

Table 1. (Continued)

10. Chondrocyte and GAG content of adjacent cartilage | Normal cellularity with normal Alcian blue 3
staining
Normal cellularity with moderate Alcian blue | 2
staining
Obviously fewer cells with poor Alcian blue 1
staining

Few cells with no or little Alcian blue staining | 0
or no cartilage

11. Cartilage vascularization Absent 1
Present 0

Maximum possible total score 34

Percent degradation of the PLGA (if any) 75-100% 3
50-75% 2
25-50% 1
0-25% 0

https://doi.org/10.1371/journal.pone.0209747.t001

Results

Characteristics of the three-dimensional PLGA sponges

The porous PLGA scaffolds used in this study were 3 mm in diameter and 3 mm in height,
and the inner porous structure was observed using a scanning electron microscope (Fig 1B).
The average diameters of the pores ranged from 300 to 500um, and the PLGA scaffold with a
porosity of over 90% showed an interconnected open-pore structure. Our previous study
showed that PLGA scaffolds have suitable mechanical strength and degradation rates. The
compressive modulus of the PLGA scaffolds was 0.65+0.11 MPa in the wet state, which was
similar to normal cartilage in rabbits (0.55+0.01 MPa) [29].

Macroscopic evaluations and quantitative scores

Macroscopic evaluations at 4 weeks. At 4 weeks postoperatively, all defect areas were
completely filled with repaired tissue except for those in the PLGA-only group (Fig 1C). In the
PLGA group, the area showed mild depressions in the defect site and the rim was surrounded
with white regenerative tissue for ongoing repair. Regarding the PLGA+G, PLGA+HA, and
PLGA+G+HA treatment groups, the partially degraded PLGA scaffold remained visible in the
center of the defect. However, the surrounding cartilage was the same color as the normal car-
tilage, thus representing ongoing repair of the hyaline-like cartilage.

Macroscopic evaluations at 12 weeks. At 12 weeks postoperatively, the defect areas in all
groups were completely filled with repaired tissue (Fig 1C). In the PLGA group, the defects
were apparently covered with opaque tissue. In contrast, in the PLGA+G, PLGA+HA, and
PLGA+G+HA groups, the repair cartilage became more mature, had the appearance of a
smooth joint surface, and the color closely resembled that of the adjacent normal hyaline
cartilage.

Quantitative scores of gross appearances. The gross appearances according to the modi-
fied Wayne’s grading scale scoring system (S1 Table.) of the four groups are shown (Fig 1C).
At 4 weeks, the scores of the PLGA+G, PLGA+HA, and PLGA+G+HA groups were signifi-
cantly higher than those of the PLGA group, especially the PLGA+G (p<0.001) group. The
score of the PLGA+G group was significantly higher than that of the PLGA+HA group
(p =0.002) and PLGA+G+HA group (p = 0.015). However, there was no statistically signifi-
cant difference between the PLGA+HA group and PLGA+G+HA group.
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(A)

4 weeks

12 weeks

PLGA

Similar to the results at 4 weeks, the scores of the PLGA+G, PLGA+HA, and PLGA+G+HA
groups were significantly higher than those of the PLGA group at 12 weeks. Moreover, there
were no statistically significant difference among the PLGA+G, PLGA+HA, and PLGA+G
+HA groups at 12 weeks. In addition, the PLGA+G (p<0.001), PLGA+HA (p<0.001), and
PLGA+G+HA (p = 0.001) groups exhibited significant differences between 4 and 12 weeks.

Micro-CT analysis

Micro-CT image analysis. Horizontal micro-CT images of the medial condyles of each
group at 4 weeks and 12 weeks postoperatively are shown (Fig 2A). More newly mineralized
tissue was observed in the PLGA+G, PLGA+HA, and PLGA+G+HA groups than in the
PLGA-only group at 4 weeks and 12 weeks. In the PLGA+G and PLGA+G+HA groups, the
defect areas were similar to normal bone structure at 12 weeks.

Quantitative scores of micro-CT images. At 4 weeks, the BV/TV ratios of the PLGA+G
(55.89+4.34), PLGA+HA (49.74+7.54), and PLGA+G+HA (48.84+4.47) groups were signifi-
cantly higher than those of the PLGA (22.25£4.5) group (p<0.001, p = 0.004, and p<0.001,
respectively) (Fig 2B). The Tb.Th values of the PLGA+G (0.21£0.01), PLGA+HA (0.19+0.01),
and PLGA+G+HA (0.20+0.01) groups were significantly higher than those of the PLGA (0.15
+0.01) group (p<0.001, p = 0.02, and p = 0.003, respectively) (Fig 2C). The BV/TV ratio and
Tb.Th values of the intra-articular injected groups were not significantly different compared
with those of the sham group (Fig 2B and 2C).

PLGA+G PLGA+HA PLGA+G+HA

- __sham
z
=
= E4 wk
_= m12 wk
' —— 0
PLGA+G  PLGA+HA PLGA+G+HA PLGA PLGA+G  PLGA+HA PLGA+G+HA

Fig 2. (A) The micro-CT images for bone assessment of each group at 4 weeks and 12 weeks after surgery. Circles surround the repaired osteochondral defect area. (B)
Quantification scores of BV/TV. (C) Quantification scores of the Tb.Th. #Between two time points, p<0.05. *“Compared with the PLGA group, p<0.05, **Compared

with the PLGA group, p<0.001.

https://doi.org/10.1371/journal.pone.0209747.9002
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At 12 weeks, the BV/TV ratios of the PLGA+G (53.96+3.22), PLGA+HA (60.72+3.9), and
PLGA+G+HA (64.47648.84+3.64) groups were significantly higher than those of the PLGA
(34.93£3.33) group (p<0.001, p<0.001, and p<0.001, respectively). In addition, the BV/TV
ratio of the PLGA+G+HA (p = 0.031) group was significantly higher than that of the PLGA+G
group at 12 weeks (Fig 2B). The Tb.Th values of the PLGA+G (0.26+0.02), PLGA+HA (0.25
10.01), and PLGA+G+HA (0.25%0.01) groups were significantly higher than those of the
PLGA (0.240.01) group (p = 0.001, p = 0.01, and p = 0.007, respectively) (Fig 2C). However,
the Tb.Th values of the intra-articular injection groups were similar to those of the sham
group, and there was no significant difference among them at 12 weeks (Fig 2C).

The PLGA (p = 0.04) and PLGA+G+HA (p = 0.002) groups exhibited significant differ-
ences in BV/TV ratios between 4 weeks and 12 weeks. All of the groups (p = 0.004, p<0.001,
p =0.001, and p = 0.004, respectively) exhibited significant differences in Tb.Th values
between 4 weeks and 12 weeks.

Histological and immunohistochemical analysis

Histological examination. At 4 weeks, the surface of the PLGA scaffold had degraded but
partially remained in the defect site. The new cartilage and bone tissue grew and penetrated
and replaced the scaffold gradually. In the PLGA group, disrupted and depressed surfaces
were observed, and the defect sites were filled with fibrous or immature repaired tissue (Fig
3A). Furthermore, GAG expression only occurred in the adjacent host, and not on the surface
of the defect. With degradation of the PLGA scaffold, there was less new tissue ingrowth into
the defect sites and fewer regenerative tissues and junctions between the repaired tissue and
surrounding native tissue.

However, in the PLGA+G, PLGA+HA, and PLGA+G+HA groups, the surface of the defects
appeared smoother and had more GAG expression in the repaired cartilage (Fig 3A), and
the defect adjacent to the host was mostly covered with both hyaline and fibrous cartilage.
Additionally, most of the repaired cartilage obviously consisted of ovoid cells in the lacunae
(Fig 3C).

At 12 weeks, the PLGA scaffolds were almost degraded and the repaired tissue became
more mature. In the PLGA group, the regenerated cartilage was mostly fibrous and less hya-
line-like. In some samples of the PLGA+G group, even though the cartilage surface was
smoother and the thickness made it closer to the host, there was less GAG content and gap for-
mation in the subchondral site. In contrast, there was no gap formation at the subchondral
site, rich GAG content, and an interrupted surface in the PLGA+HA group. However, the
PLGA+G+HA group demonstrated essentially original hyaline cartilage structures that
appeared to have sound chondrocyte orientation, a considerable level of GAG, and reconstruc-
tion of the bone structure (Fig 3B).

Total histological modified scale scores.

Comparisons of specific parameters between the four groups of histological scale

At 4 weeks, the total scores of the PLGA+G, PLGA+HA, and PLGA +G+HA groups were
significantly higher than those of the PLGA group (p = 0.001, p = 0.003, p<0.001) (Table 2).
However, the PLGA+G+HA group exhibited significant bone reconstruction (e.g., bone fill-
ing, subchondral morphology), chondrocyte clustering, and interaction with adjacent surfaces
in the four groups. In particular, degradation of the PLGA scaffolds in combination with
GlcNAc and HA was more than 75%.

Regarding the total scores at 12 weeks, those of the PLGA+HA (p = 0.048) and PLGA+G
+HA (p = 0.014) groups were significantly different from those of the PLGA group, whereas
the PLGA+G (p = 0.14) group did not have a significantly different total score. However, the
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Fig 3. Representative images of (A) Histological examinations with staining of the repaired area using hematoxylin
and eosin (H&E), Masson’s trichrome, and Alcian blue at 4 weeks. Scale bar: 200 um. (B) Histological examinations
with staining of the repaired area using H&E, Masson’s trichrome, and Alcian blue at 12 weeks. Scale bar: 200 um. The
region of yellow arrows indicated the original outline of the implant. (C) Higher magnifications of the defect areas of
each group using Masson’s stain. Scale bar: 50 pm.

https://doi.org/10.1371/journal.pone.0209747.g003

total score of the PLGA+HA group (24.8+1.9) was higher than that of the PLGA+G group
(21.7+2.4), without significant difference. Moreover, the total score of the PLGA+G+HA
group was significantly different from that of the PLGA (p = 0.014), PLGA+G (p = 0.04), and
PLGA+HA (p = 0.035) groups. Histological assessments of the PLGA+G+HA group to com-
pare specific parameters revealed the best chondrocyte clustering and GAG and cell content.

Comparisons of results at 4 weeks and 12 weeks using the histological scal

All groups had significant differences in total histological scores (PLGA, p = 0.019; PLGA
+HA, p = 0.026; PLGA+G+HA, p = 0.045), except for the PLGA+G group (p = 0.08) (Table 2).
At 12 weeks, the PLGA+G group had significantly better subchondral morphology (p = 0.03)
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Table 2. Total histological modified scale scores.

Overall filling
Bone filling

Subchondral morphology

Bone bonding
Surface morphology
Cartilage thickness

Surface regularity

Chondrocyte clustering
GAG and cell content of neo-surface

GAG and cell content of adjacent surface

Total
PLGA degradation

PLGA
0.83+0.6
0.25+0.25
0.5+0.3
0.4+0.2
1.3+0.7
0.17+0.2
0.7+0.3
0.1+0.1
0.2+0.2
0.5+0.3

49+1.3
0.2+0.1

PLGA+G
1.7+0.3
1.1+0.1*
0.6+0.3
1.2+0.4
3.3+1.2
2.4+0.8
1.8+0.6
2.0+0.6"
1.5£0.3*
1.3+0.4

16.8+1.1°
0.7+0.3

4 weeks

PLGA+HA
1.9+0.1
1.6+0.3°
1.3+0.3
1.7+0.7
3.5+0.3°
2.5+0.8"
1.2+0.2
1.0+0.0°
1.3+0.3°
1.8+0.3°

17.7+1.8°
1.240.2%

Values were expressed as mean+tstandard error of the mean for each parameter

*Compared with the PLGA group at the same time point (p<0.05).

°Compared with the PLGA group at the same time point (p<0.01).

PLGA+G+HA
2.5£0.3*
2.8+0.3%d
2.4+0.2°%
2.640.6"
43+0.9°
2.4+0.9
2.140.6
1.8+0.2%
1.8+0.2°
1.8+0.2%¢

24.5+1.5
3.0+0.0°

PLGA

1.8+0.4
1.3+0.3
1.3+0.3
1.9+0.6
3.0+0.6
2.2+1.2
1.7+0.3
0.9£0.5
1.1+0.1
1.8+0.3

16.9+2.9%
0.8+0.2¢

PLGA+G
2.540.3
2.2+0.4
2.1+0.5%
2.1+0.7
3.8+0.4
2.1£1.2
1.4+0.3
1.8+0.4
1.5+0.3"
1.3+0.3"

21.7+2.4%
2.5+0.3%*

12 weeks

PLGA+HA
2.340.3
2.340.3%
2.9+0.3*
2.5+0.7
4.2+0.7
3.2+1.5
2+0.6
1.940.1*
1.9+0.1°
1.740.4

24.8+1.9*
2.240.1b%

PLGA+G+HA
2.7+0.3
2.9+0.1°
3.2+0.2%
3.3+0.4
52+1.1
3.1+1.5
2.6+0.3
2.8+0.3%*
2.340.3%
2.8+0.3%4¢*

30.1+1.2°¢%
3.0+0.0°

“Compared with the PLGA+G group at the same time point (p<0.05).

dCompared with the PLGA+G group at the same time point (p<0.01).

“Compared with the PLGA+HA group at the same time point (p < 0.05).

‘Compared with the PLGA+HA group at the same time point (p<0.01).

*Compared to 4 weeks postoperatively (p<0.05).

*Compared to 4 weeks postoperatively (p<0.01).

https://doi.org/10.1371/journal.pone.0209747.t1002

and GAG and cell content (surface of neo-tissues, p<0.01; adjacent surface, p = 0.015), and the
PLGA+HA group had significantly better subchondral morphology (p = 0.012) and chondro-
cyte clustering (p<0.01) compared to the values at 4 weeks. Notably, at 12 weeks, the PLGA+G
+HA group exhibited effects similar to those of the PLGA+G and PLGA+HA groups, of which
subchondral morphology (p = 0.02), chondrocyte clustering (p = 0.02), and GAG and cell con-
tent of the adjacent surface (p = 0.02) were significantly higher than those at 4 weeks.

Immunohistochemical examination

Expressions of COL I and COL II were strong at the defect sites at 4 weeks in all groups (Fig
4A and 4B). However, at 12 weeks, the repairing defect area in the PLGA group had fibrous tis-
sues at the surface that contained mostly COL I and less COL II. In contrast, the repairing
defects in the PLGA+G, PLGA+HA, and PLGA+G+HA groups had abundant COL II expres-
sion, which was an important indicator of hyaline cartilage formation (Fig 4B) and positive
Sox9 expression corresponding with chondrocytes in the lacunae (S1 Fig.).

Discussion

Early intervention with scaffolds with comparable stiffness created better conditions for sub-
chondral bone formation and subsequently enhanced cartilage regeneration [30]. After autolo-
gous chondrocyte implantation surgery, 25% and 34% of patients were found to have upward
migration of subchondral bone [31, 32], especially in the weight-bearing regions [31]. The
PLGA scaffolds that we used in our study provided a supportive matrix and encouraged the
ingrowth of cells and tissues. The PLGA scaffold remnants were still visible and gradually
replaced with reconstituted tissue at 4 weeks. After 12 weeks, the implants were almost
completely degraded and replaced with regenerated tissue in the defect sites in all groups,
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PLGA PLGA+G PLOGAYHA PLGA-G+HA

T

Fig 4. Representative images of immunohistochemistry in each group. (A) Collagen type I. (B) Collagen type II. (C)
MMP-13. (D) TGF-B3. (E) TGF-B2. The region of yellow arrows indicated the original outline of the implant. Scale
bar: 200 um at 4 weeks and 12 weeks.

https://doi.org/10.1371/journal.pone.0209747.9004

especially the PLGA+G+HA group (Fig 3B). This is consistent with a previous study [33], in
which the degradation half-time of the PLGA scaffold was found to be 3—4 weeks in vitro.
With regard to the inflammation response of the PLGA scaffold, representative cells such as
plasma cells, lymphocytes, and multinucleated giant cells in subchondral reparative tissues
were evident at 6 weeks and gradually decreased at 12 weeks [34]. However, with the mechani-
cal support of the PLGA scaffold, intra-articular injections of GIcNAc could significantly
improve the degree of osteochondral regeneration over that of the comparative data (S2 and
S3 Figs) from the previous study [20].

The microenvironment plays a critical role in determining the repair of articular cartilage.
Intra-articular injections of GIcNAc with acellular PLGA scaffolds could directly meet the in-
situ requirement of microenvironment growth rather than being substantially absorbed by the
gastrointestinal tract through oral administration. Compared with the PLGA scaffold-only
group, the PLGA+G group exhibited smooth cartilage (Fig 1C and 1D) and displayed hyaline-
like cartilage regeneration, GAG content, positive COL II content (Figs 3 and 4), and signifi-
cantly calcified tissue (BV/TV and Tb.Th) (Fig 2). In our previous study, without the mechani-
cal support of the scaffold, the surfaces of the regenerated areas were still concave at 4 weeks
[20]. In addition, with the support of the PLGA scaffold, the concave area of the defect could
be filled at an early stage, and the administration of GIcNAc not only improved extracellular
matrix deposition in the cartilage but also promoted bone regeneration. GIcNAc and GIcN
have been shown to increase bone mineralization, stimulate osteoblastic differentiation, and
inhibit osteoclast differentiation and activation [35].

The biological effects of HA depend on its molecular weight [36-38]. In the present study,
Suplasyn (Bioniche), the molecular weight of which is approximately 500-1,000 kDa, com-
prises high-molecular-weight HA. High-molecular-weight HA has viscoelastic properties simi-
lar to those of synovial fluid and has anti-angiogenic [39], anti-inflammatory [40], and
chondroprotective effects that reduce pain and disability and improve joint function [41].

PLOS ONE | https://doi.org/10.1371/journal.pone.0209747 December 31, 2018 12/18


https://doi.org/10.1371/journal.pone.0209747.g004
https://doi.org/10.1371/journal.pone.0209747

@' PLOS ‘ ONE

Intra-articular injection of N-acetylglucosamine and hyaluronic acid combined with PLGA scaffolds

However, some degradation products of HA called oligosaccharides of HA were shown to stimu-
late vascular endothelial cell proliferation in specific sizes (3-10 disaccharide units) [42-46] and
pro-angiogenic factors such as vascular endothelial growth factor, which is an essential mediator
of both angiogenesis and endochondral ossification [47]. Fortunately, other non-degradation
high-molecular-weight HA might inhibit this situation [43] and prevent overgrowth of bone for-
mation. In the present study, the PLGA+HA group exhibited hyaline cartilage formation near the
host site, and bone tissue was gradually replaced by the degraded part of the PLGA scaffold at 4
weeks. Moreover, COL II-based neo-tissues were well-integrated in the adjacent surrounding car-
tilage and were anchored in situ on the newly generated lamellar bones at 12 weeks.

Regarding the PLGA+G+HA groups, when the PLGA scaffolds gradually degraded, the
defects were filled with newly formed matrix tissue at appropriately 4 weeks, especially in the
subchondral bone (Fig 3). Some reports have demonstrated that small nutrients and signal
molecules might diffuse from the subchondral to deep cartilage [48, 49], and this should be the
second route of the exchanged transport of nutrients and oxygen in articular cartilage. How-
ever, the primary exchange transport relies on the synovial membrane and synovial fluid.
When GIcNAc and HA were administered as combination treatment, it seemed that the regen-
eration stage could be triggered earlier than when administered alone. Eventually, organized
collagen deposition, predominantly COL II, greater GAG synthesis in the regenerating carti-
lage, and sound subchondral bone formation were established in the PLGA+G+HA group
(Figs 3 and 4). The possible mechanism might have been the early subchondral bone regenera-
tion and continuous administration of HA and GIcN; these two key components of the extra-
cellular matrices in normal articular cartilage would provide a favorable environment for
mesenchymal stem cell chondrogenesis [50, 51].

In this study, we used intra-articular injections for the rabbit osteochondral model. Due to
the short half-life of HA, which is 0.5 to 1 days in rabbits [52], hyaluronidase degrades HA into
HA fragments or oligosaccharides of HA, which might cause bone formation. The solution
might be used with much higher-molecular-weight HA such as Synvisc (molecular weight,
6000 kDa) or chemically cross-linked HA-encapsulated GlcNAc for controlled release. How-
ever, we think that intra-articular injections every week might produce greater improvements
in quality of life for longer periods.

The TGE- superfamily plays important roles in promoting chondrocyte growth, prolifera-
tion, and differentiation (including osteochondrogenic differentiation) [53]. TGF-B3 chemo-
tactically recruited stem cells and induced chondrogenesis of the recruited cells in vitro [54].
In addition, TGF-B2 stimulated chondrocyte proliferation [55]. However, with the administra-
tion of HA and GlcNAc alone or together, the TGF-f superfamily was exhibited in defect
areas. Most importantly, PLGA+G+HA expressed considerable tissue levels of TGF-B2 and
TGEF-B3 in the repaired sites at 4 weeks that were sustained until 12 weeks compared with
other groups (Fig 4D and 4E). We suggested that the diffusion of nutrients, growth factors,
and cytokines might accompany subchondral bone regeneration to provide a suitable micro-
environment for osteochondral repair.

MMP-13 plays a significant role in the catabolism of articular cartilage [56]. At an early
time point, high levels of MMP-13 expression were exhibited by all groups, but they later dis-
appeared with bone remodeling (Fig 4C). SOX9 is a transcription factor for COL II expression
in prehypertrophic chondrocytes [57]. In our study, positive expression of SOX9 in the PLGA
+G, PLGA+HA, and PLGA+G+HA groups was observed at 4 weeks and 12 weeks (S1 Fig).
Both GlcNAc and HA can potentially induce chondroprotection and inflammation inhibition
in cartilage regeneration.

In our study, we used a monophasic, cell-free, and synthetic PLGA scaffold for osteochon-
dral regeneration. Despite the lack of physical or biochemical cues that multiphasic scaffolds
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can provide for specific targeting of cartilage or bone development [58, 59], precautions over
scaffold separation in vivo are unnecessary. With regard to the administrated supplements,
Shikhman et al. found that the chondroprotective efficacy of GIcNAc was better than that of
viscosupplementation treatment with HA in the OA model [13]. In our study, there were no
significant differences between the PLGA+G and PLGA+HA groups. The reason might be the
high molecular weight of HA, and the different severities of articular cartilage lesions in the
present study. Shim et al. have validated the potential of an HA and atelocollagen combination
for osteochondral regeneration [22]. This effective ability of HA to mediate osteochondral tis-
sue regeneration has also been confirmed in the present study.

There are still some limitations in this study. First, the injection period was different in this
two supplements. The PLGA+HA and PLGA+G+HA groups were administered injections
once per week for 3 weeks based on the intra-articular injection of HA for clinical OA treat-
ment, but the PLGA+G group administered injections twice per week for 5 weeks was accord-
ing to previous study [20]. The injection intervals of these supplements should be modified to
be identical, and their consequences on osteochondral repair should be evaluated. Understand-
ing the effects of these intervals on osteochondral repair will offer great clinical advantages for
patients in the future. With the combination of HA, the injection interval of GIcNAc could be
prolonged to once per week for 3 weeks and the results showed outstanding regenerative perfor-
mance for the reconstruction of an osteochondral tissue in the knee joints of rabbits.

Second, we did not investigate the remnants of GIcNAc and HA in synovial fluid after 4
and 12 weeks, because it was difficult to harvest the pure synovial fluid (without dilution and
bloodless) from rabbits. GIcNAc and HA are the main extracellular matrix in the cartilage, it is
hard to distinguish whether they already exist in host or from intra-articular injection. Future
studies should label the supplements before intra-articular injection and analyze the molecular
weight of remnants by gel permeation chromatography in order to confirm the degradation
rate in articular cartilage. Therefore, evidences revealed that this strategy opens an avenue for
the combination of GIcNAc, HA and PLGA scaffolds with synergistic effects to obtain even
greater therapeutic efficacy in osteochondral regeneration.

Conclusions

In summary, we demonstrated that acellular PLGA scaffolds combined with intra-articular
injections of GIcNAc and HA could accelerate osteochondral regeneration in rabbits. The
three-dimensional acellular and porous PLGA scaffolds enhanced osteochondral regeneration
and provided the rigidity to withstand the strength of compression loading at the weight-bear-
ing site.

Interestingly, both intra-articular injections of HA and oral intake of glucosamine were
originally used for OA treatment. In our study, intra-articular injection of these two supple-
ments combined with acellular PLGA scaffolds created synergistic effects for osteochondral
regeneration without the supplement of exogenous growth factors. Cartilage regeneration with
great gross appearance, hyaline-like cartilage, bone regeneration, good collagen alignment,
and abundant GAG expression occurred. As opposed to cell-based therapies, this implant
combined with an intra-articular injection system would be a simple, effective, and clinically
feasible therapeutic method for osteochondral regeneration.

Supporting information

S1 Fig. Immunohistochemistry images of the defect areas of Sox9. Scale bar: 50 ‘m at 4
weeks and 12 weeks.
(TIFF)
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S2 Fig. The images of gross appearances in G and PLGA+G groups (A) and Quantitative
scores (B) at 4 weeks and 12 weeks after operation. Circles enclose the repaired osteochon-
dral defect area. #: between two time point, p<0.05.

(TIF)

$3 Fig. The micro-CT images of bone assessment in G and PLGA+G groups (A) and quan-
tification scores of the TV/BV (B) and Tb.Th (C) at 4 weeks and 12 weeks after operation.
Circles enclose the repaired osteochondral defect area. #: between two time point, p<0.05.
(TIFF)

S1 Table. A modified Wayne’s grading scale scoring system for gross appearance.
(DOCX)
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