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Abstract

Background Management of osteochondritis dissecans

remains a challenge. Use of oligo[poly(ethylene gly-

col)fumarate] (OPF) hydrogel scaffold alone has been

reported in osteochondral defect repair in small animal

models. However, preclinical evaluation of usage of this

scaffold alone as a treatment strategy is limited.

Questions/purposes We therefore (1) determined in vitro

pore size and mechanical stiffness of freeze-dried and

rehydrated freeze-dried OPF hydrogels, respectively;

(2) assessed in vivo gross defect filling percentage and

histologic findings in defects implanted with rehydrated

freeze-dried hydrogels for 2 and 4 months in a porcine

model; (3) analyzed highly magnified histologic sections

for different types of cartilage repair tissues, subchondral

bone, and scaffold; and (4) assessed neotissue filling per-

centage, cartilage phenotype, and Wakitani scores.

Methods We measured pore size of freeze-dried OPF

hydrogel scaffolds and mechanical stiffness of fresh and

rehydrated forms. Twenty-four osteochondral defects from

12 eight-month-old micropigs were equally divided into

scaffold and control (no scaffold) groups. Gross and his-

tologic examination, one-way ANOVA, and one-way

Mann-Whitney U test were performed at 2 and 4 months

postoperatively.

Results Pore sizes ranged from 20 to 433 lm in diameter.

Rehydrated freeze-dried scaffolds had mechanical stiffness

of 1 MPa. The scaffold itself increased percentage of
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neotissue filling at both 2 and 4 months to 58% and 54%,

respectively, with hyaline cartilage making up 39% of

neotissue at 4 months.

Conclusions Rehydrated freeze-dried OPF hydrogel can

enhance formation of hyaline-fibrocartilaginous mixed

repair tissue of osteochondral defects in a porcine model.

Clinical Relevance Rehydrated freeze-dried OPF hydro-

gel alone implanted into cartilage defects is insufficient to

generate a homogeneously hyaline cartilage repair tissue,

but its spacer effect can be enhanced by other tissue-

regenerating mediators.

Introduction

Osteochondritis dissecans (OCD) is a focal lesion of the

subchondral bone, characterized by the separation of an

osteochondral fragment from the joint surface [2, 46].

Juvenile OCD lesions with an intact articular surface have

a potential for healing through cessation of repetitive

impact loading and have a higher potential of healing in

children with open physis [2, 5, 33, 46]. However, surgery

is considered with detached lesions in patients who do not

have pain relief from nonoperative treatment [5, 16, 59].

Operative treatment of OCD includes transplantation of

osteochondral autografts [9, 39, 64], microfracture [34, 51,

62], and autologous chondrocyte implantation [36, 47]

combined with subchondral bone restoration [40, 52].

Osteochondral autograft offers the benefits of mature

hyaline cartilage transplantation, primary bone healing, and

quick recovery and is recommended for high-demand

athletes but is limited by donor graft morbidity [10, 11].

Microfracture produces fibrocartilage and has inferior

biomechanical properties [7, 15, 32, 38], while autologous

chondrocyte implantation produces a better hybrid of

fibrocartilage and hyaline cartilage [7, 32, 38, 51] but

requires prolonged and complicated rehabilitation [34].

The use of scaffold alone offers a new strategy in the

treatment of osteochondral injuries and diseases.

In a recent publication, both Guo et al. [13] and Kon et al.

[35] found the implantation of scaffolds alone in defects of

3 and 7 mm in rabbit and sheep models, respectively, led to

the formation of new chondral tissue that was hyaline, with

zonal organization and intense staining for glycosamino-

glycans (GAGs). The scaffold used in the investigation of

Guo et al. [13] was oligo[poly(ethylene glycol)fumarate]

(OPF) hydrogel. The OPF hydrogel is a well-studied scaf-

fold [12, 13, 17–21, 26–30, 42–45, 49, 50, 54–58]. It

possesses a higher water content than other hydrogels, such

as poly(glycolic acid) and poly(L-lactic acid) polymer

meshes. In addition, it is more biodegradable [19, 21, 26,

42, 54, 55, 58] and biocompatible [13, 17, 18, 57] compared

to natural scaffold materials, such as gelatin, collagen, and

hyaluronic acid [20]. In a preclinical evaluation of this

scaffold, we investigated the effects of freeze-dried OPF

hydrogel scaffold in a porcine model, which is more clini-

cally relevant due to greater physiologic and anatomic

similarities to humans. The freeze-dried scaffold will pro-

vide ease in transport, transfer, storage, and off-the-shelf

commercialization.

We therefore (1) determined in vitro pore size and

mechanical stiffness of freeze-dried and rehydrated freeze-

dried OPF hydrogels, respectively; (2) assessed in vivo

gross defect filling percentage and histologic findings in

defects implanted with rehydrated freeze-dried hydrogels

for 2 and 4 months in a porcine model; (3) analyzed highly

magnified histologic sections for different types of carti-

lage repair tissues, subchondral bone, and scaffold; and

(4) assessed neotissue filling percentage, cartilage pheno-

type, and Wakitani scores.

Materials and Methods

To investigate the effect that implantation of rehydrated

freeze-dried OPF hydrogel has on cartilage repair of osteo-

chondral defects in a porcine model (Fig. 1), we first

synthesized the OPF hydrogel and characterized the gross

structure (pore size) of freeze-dried hydrogel using scanning

electron microscopy (SEM) and mechanical stiffness of fresh

and rehydrated hydrogels using mechanical testing. We then

created bicondylar defects in 12 skeletally mature PWG pigs,

producing 24 defects. Twelve defects each were allocated to

the scaffold and control (no scaffold) groups. Six pigs each

were sacrificed at 2 and 4 months. Histologic sections from

each sample were stained. We analyzed 940 and 9100

magnification pictures for tissue filling and percentage of

cartilage neotissue types through grid superimposition.

To determine the characteristics of the lyophilized OPF

hydrogel, the scaffold was synthesized, lyophilized, and

subsequently analyzed structurally and mechanically.

Mechanical testing was performed to validate the rehy-

dration process because the formation of ice crystals during

the freeze-drying procedure could have damaged the

scaffold’s microstructure. Unless otherwise stated, all

reagents used in this study were purchased from Sigma-

Aldrich Co, LLC (St Louis, MO, USA). Antibodies were

purchased from Chemicon (Temecula, CA, USA). OPF

was synthesized by dissolving poly(ethylene glycol) (PEG)

(MW 3450) in anhydrous methylene chloride. Fumaryl

chloride and triethylamine were added dropwise into the

PEG solution. The OPF was recrystallized twice and dried.

The end group of OPF was characterized by nuclear

magnetic resonance (NMR) after dissolving the OPF.

The average molecular weight of OPF was calculated

from the gel-permeation chromatography. The OPF was
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characterized using Fourier transform infrared and differ-

ential scanning calorimetry (Model 2920; TA Instruments,

Newcastle, DE, USA) according to a published method

[26]. The samples were analyzed at a heating rate of 10�C/

minute from 0�C to 70�C. Fumarate hydrogel was fabri-

cated with the OPF polymer and bisacrylamide according

to a published method [17]. Briefly, OPF was dissolved in

distilled water containing N,N0- methylene bisacrylamide

as a crosslinking agent. Tetramethylethylenediamine and

ammonium persulfate were added for crosslinking, after

which gels were dialyzed, freeze-dried, and sliced into

1-mm-thick pieces. The scaffold was rehydrated with phos-

phate-buffered saline before filling of osteochondral defect.

To verify the pore sizes of the scaffold after the freeze-

drying process, we performed SEM. Six samples were

mounted onto specimen stubs, transferred to a vacuum

desiccator for further water evaporation, and coated with a

50-nm gold layer using the sputter coater. SEM micro-

graphs were obtained with a JEOL JSM5610LV

microscope (JEOL Ltd, Tokyo, Japan) at 10 kV and 950

magnification. Pore sizes were measured manually with a

ruler; the average of the diameters of 100 pores each from

six SEM micrographs was calculated.

To determine the hydrogel stiffness, six fresh hydrogel

discs and six rehydrated freeze-dried hydrogels were

examined with a microtester (EnduraTEC Systems Group,

Bose Corp, Minnetonka, MN, USA). Samples were soaked

in distilled water at room temperature and displacement was

applied at 0.05 mm/second until 50% of sample depth. The

stiffness modulus was calculated by the formula: modu-

lus = stress/strain. The mean stiffness was calculated.

To investigate the in vivo ability of the rehydrated

freeze-dried hydrogels to repair cartilage defects, we used

12 PWG micropigs (8 months old, skeletally mature,

20 kg, female) from PWG Genetics Pte Ltd (Singapore).

All protocols had been approved by the Institutional Ani-

mal Care and Use Committee at our institution. The

micropigs were anesthetized and a medial parapatellar

incision and arthrotomy were then carried out at the right

knee to expose the distal femur. Bicondylar osteochondral

Fig. 1 A flow diagram shows the scope of the study, including sample number and statistical tests.
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defects (n = 24) (6-mm diameter, 1-mm depth) were cre-

ated on the weightbearing region of the lateral and medial

condyles (n = 12 each) with a 6-mm punch. The created

chondral defects had a sharp edge, with a full layer of

cartilage and a thin layer of subchondral bone removed

(Fig. 2). An identical-sized rehydrated gel scaffold was

press fit into one of the two defects (scaffold group) at

random (opaque envelope method). The scaffold was kept

in place by the close contact of the femoral condyle and

meniscus. The other defect in the same knee was left empty

for control. Wound closure was accomplished with bioab-

sorbable sutures. Animals were monitored until full

recovery and allowed to move freely in cages, with ade-

quate analgesia. Six animals each were euthanized with an

overdose of barbiturates at 2 and 4 months postoperatively.

After sacrifice, the defects on the lateral and medial con-

dyles were photographed and processed for histologic

analysis.

The extent of cartilage repair at the osteochondral defect

was determined by histologic assessment. The 24 speci-

mens from both the medial and lateral femoral condyles

were fixed in 10% formalin, decalcified, and sectioned

longitudinally from the middle part of the defect area into

eight 5-lm-thick sections. Four stains were performed in

duplicate: Masson trichrome (collagen), toluidine blue

(GAG), and immunohistochemical staining for Types I and

II collagen. Qualitative analysis of the neotissue was based

on the cell morphology and extracellular matrix content.

Hyaline cartilage is characterized by the presence of

rounded cells in lacunae that express GAG and Type II

collagen only. Fibrocartilage is defined by cells that pro-

duce GAG and Type I collagen only. Hybrid cartilage

exhibits positive staining for both collagen types and GAG,

while fibrous tissue is only positive for Type I collagen. We

calculated the percentage of tissue filling in specimens

using grid superimposition over the tissue slide. Three

observers (XR, ZY, CTL; mean Fleiss’ kappa = 0.72,

0.70, 0.65, respectively) evaluated the tissue filling per-

centage and neotissue phenotype and assessed the neotissue

based on the scoring system of Wakitani et al. [60] to

evaluate cell morphology, matrix staining, surface regu-

larity, cartilage thickness, and integration with adjacent

host cartilage (score of 0–14 points, with the best possible

score being 0 and the worst 14) (Table 1).

Values are expressed as mean ± SD. We determined

differences in repair cartilage phenotype and tissue filling

percentages between the scaffold and control groups and

between the 2- and 4-month time points using one-way

ANOVA (VassarStats; http://vassarstats.net/anova1u.html).

Wakitani scores of samples (n = 6) were compared using a

one-way Mann-Whitney U test (http://elegans.som.vcu.

edu/*leon/stats/utest.cgi).

Fig. 2 A photograph shows the circular osteochondral defect imme-

diately after creation, measuring 6 mm in diameter and 1 mm in

depth.

Table 1. Histologic grading scale for the defects of cartilage [60]

Category Points

Cell morphology

Hyaline cartilage 0

Mostly hyaline cartilage 1

Mostly fibrocartilage 2

Mostly noncartilage 3

Noncartilage only 4

Matrix staining (metachromasia)

Normal (compared with host adjacent cartilage) 0

Slightly reduced 1

Markedly reduced 2

No metachromatic stain 3

Surface regularity*

Smooth ([ 3/4) 0

Moderate ([ 1/2–3/4) 1

Irregular (1/4–1/2) 2

Severely irregular (\ 1/4) 3

Thickness of cartilage�

[ 2/3 0

1/3–2/3 1

\ 1/3 2

Integration of donor with host adjacent cartilage

Both edges integrated 0

One edge integrated 1

Neither edge integrated 2

Total maximum 14

* Total smooth area of the reparative cartilage compared with the

entire area of the cartilage defect; �average thickness of the reparative

cartilage compared with that of the surrounding cartilage. Reprinted

with permission and � 1994 of The Journal of Bone and Joint Sur-

gery, Inc, from Wakitani S, Goto T, Pineda SJ, Young RG, Mansour

JM, Caplan AI, Goldberg VM. Mesenchymal cell-based repair of

large, full-thickness defects of articular cartilage. J Bone Joint Surg
Am. 1994;76:579–592.
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Results

The lyophilization process turned the transparent OPF

hydrogel (Fig. 3A) into a porous spongelike scaffold

(Fig. 3B). SEM analysis revealed interconnected pores

(Fig. 3C) 20 to 433 lm in diameter (136 ± 86 lm). Upon

rehydration, water was first absorbed into the walls

(Fig. 3D) before filling the remaining spaces. The

mechanical stiffness of the rehydrated freeze-dried hydro-

gel was 0.97 MPa, which was slightly less than that of

fresh hydrogel (1 MPa) (Fig. 4).

Gross morphologic (Fig. 5) and histologic (Fig. 6)

observations revealed greater defect filling in the scaffold

group compared to its control. The percentage filling

(Table 2) was greater in the scaffold group (58%) at

2 months. By 4 months, the base of defects in the control

group had been filled with cartilagelike tissue (Fig. 6C) and

the percentage filling increased to 34%. The junction

between the repaired tissue and subchondral bone was nor-

mal. In the scaffold group, the defect site and adjoined

subchondral area were filled with regenerated tissue, which

persisted at 54%. Degeneration of subchondral bone,

noticeable through the loss of its native structure (Fig. 6A–B,

6D) was present in all groups except for the 4-month control

group (Fig. 6C). In the scaffold group (Fig. 6B), undegraded

scaffold could be seen at the topmost subchondral bone area.

Histologic observation of the 2-month control group

revealed four distinct neotissue zones above the new

subchondral bone contour line (Fig. 7). The upper defect

area (Fig. 7A) contained fibrous tissue (Fig. 7C) while the

lower central zone consisted of GAG (Fig. 7B)- and Type I

collagen (Fig. 7B)-positive fibrocartilage. Hybrid cartilage

consisting of GAG (Fig. 7B) and both collagen types

(Fig. 7C–D) was noted at the junction between host sub-

chondral bone and articular cartilage. In 2-month controls

(Fig. 8A), hyaline cartilage, with columnar-organized cells

positive for GAG (Fig. 8B) and Type II collagen (Fig. 8D)

and negative for Type I collagen (Fig. 8C), could be

located adjacent to the subchondral bone. This pattern was

similarly observed in the 4-month control group and in the

scaffold group at 2 months (Fig. 9) and 4 months. Quan-

titative data (Table 3) revealed a predominantly fibrous

(72%) and fibrocartilaginous (62%) neotissue in the

2-month control and scaffold groups, respectively. At

4 months, the control group presented a homogeneous mix

of hybrid, fibrous, and hyaline neocartilage, with fibrocar-

tilage occupying the least volume, while the bulk of repair

tissue in the scaffold group was hyaline. Scattered scaffold

fragments in the trabecular bone area (Fig. 10) and

numerous multinucleated osteoclasts alongside the scat-

tered scaffold fragments (Fig. 11) were observed in the

2-month scaffold group. By 4 months, blood vessels were

observed in the hollow areas of the scaffold group, which

used to contain the OPF hydrogel fragments (Fig. 12).

The neotissue filling percentage of defects in the scaf-

fold group at both time points was more than its control

(Table 2). At 2 months, the level of fibrocartilage was

higher while fibrous tissue was lower in the scaffold group

(Table 3). At 4 months, the level of hyaline tissue was

higher in the scaffold group. Across time points, there was

a reduction in fibrocartilage tissue and an increase in both

Fig. 3A–D The macromorphology of the OPF hydrogel is shown:

(A) freshly synthesized hydrogel, (B) rehydrated freeze-dried hydro-

gel scaffold, (C) the porous structure of the freeze-dried hydrogel

scaffold as observed under SEM (original magnification, 950), and

(D) a 50%-rehydrated freeze-dried hydrogel scaffold as seen under

the phase-contrast microscope (original magnification, 940).

Fig. 4 The graph shows the relationship between strain and stress of

the OPF scaffold in the freshly synthesized (blue) and rehydrated

freeze-dried (green) states when subjected to compression of

0.05 mm/second until 50% of sample depth. The regression equations

of the freshly synthesized and rehydrated hydrogels obtained from the

graph are y = 1.06x � 0.002 (R2 = 0.985) and Y = 0.97x � 0.049

(R2 = 0.966), respectively. This leads to similar (p = 0.185) calcu-

lated mechanical stiffness values for freshly synthesized and

rehydrated hydrogels of 1 (± 0.009) MPa and 0.97 (± 0.05) MPa,

respectively.
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hyaline cartilage and hybrid cartilage in the scaffold group.

The Wakitani scores (Table 4) of the neotissue in defects

of the scaffold group at both time points were lower than

their respective controls, but only the neotissue arising

from scaffold treatment at 2 months attained better scores

than its control.

Discussion

Symptomatic OCD of the knee is a challenging clinical

problem [16, 46, 59]. Tissue-engineering approaches to

repair osteochondral defects have therefore attracted

increasing attention. Guo et al. [13] reported the

Fig. 5A–D Representative gross morphologic images of samples in the control and scaffold groups postoperatively are shown: (A) 2-month

control group, (B) 2-month scaffold group, (C) 4-month control group, and (D) 4-month scaffold group.

Fig. 6A–D Representative microscopic images of samples in the control

and scaffold groups at 2 and 4 months postoperatively are shown (stain,

Masson’s trichrome; original magnification, 940): (A) 2-month control

group, (B) 2-month scaffold group, (C) 4-month control group, and

(D) 4-month scaffold group. Dotted lines indicate the base of the created

defects. (A) In the 2-month control group, degeneration of subchondral

bone is observed through the loss of its native structure (arrowheads).

(B) In the 2-month scaffold group, undegraded scaffold can be seen in the

neotissue (arrow) and in subchondral bone (arrowheads). (C) In the

4-month control group, the base of the defect has been filled with a thin

layer of cartilagelike tissue and the subchondral bone structure is

observed to resemble its native state. (D) In the 4-month scaffold group,

the repair tissue is observed to fill the majority of the defect space. The

area previously occupied by degenerated subchondral bone has been

replaced with cartilagelike tissue (between the two arrowheads),

including the presence of tiny scaffold fragments (arrows).

Table 2. Neotissue percentage in defects

Variable Two months Four months

Control group Scaffold group Control group Scaffold group

Neoformed tissue filling ratio* 29.3 ± 14.1 58.0 ± 15.1 34.2 ± 10.5 54.1 ± 11.3

p value

Two-month control group 0.007 0.513 0.006

Two-month scaffold group 0.007 0.010 0.621

Four-month control group 0.513 0.010 0.008

Four-month scaffold group 0.006 0.621 0.008

* Neoformed tissue filling ratio is a percentage of the total tissue against the area of the defect (expressed as mean ± SD); the tissue below the

original contour line of the subchondral bone is not included; differences were determined by one-way ANOVA.
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implantation of OPF hydrogels alone in osteochondral

defects led to the formation of hyaline cartilage. OPF

hydrogel is a polymer created through the synthesis of

fumaric acid and PEG through ester bonds [26]. The ability

of the ester bonds to undergo hydrolysis under acidic and

basic conditions confers biodegradable characteristics, of

which in vitro [19, 21, 26, 42, 54, 55, 58] and in vivo

[13, 17, 18, 57] degradation rates have been reported. It is

also biocompatible, evident from in vitro [12, 42–44, 50,

55, 56, 58] and in vivo [13, 17, 18, 57] assessments. These

characteristics have led to numerous in vitro [12, 20, 21,

27–30, 43–45, 56] and rabbit model studies [13, 17, 18,

57]. A preclinical evaluation of the usage of this scaffold

alone as a treatment strategy is lacking. We therefore

Fig. 7A–D Representative high-magnification microscopic images

taken from the central section of the slide (original magnification,

9100) of a sample from the control group at 2 months postopera-

tively are shown: (A) Masson’s trichrome staining, (B) toluidine blue

staining, (C) Type I collagen immunostaining, and (D) Type II

collagen immunostaining. Neotissue in this view consists of fibrous

tissue (FT), fibrocartilage (FC), and hybrid cartilage (HbC). The

arrows indicate the boundary between the different tissue types. The

fibrous tissue is (B) GAG-negative, (C) Type I collagen-positive, and

(D) Type II collagen-negative. The fibrocartilage is (B) GAG-

positive, (C) Type I collagen-positive, and (D) Type II collagen-

negative. (B–D) The hybrid cartilage is positive for all three stainings.

Fig. 8A–D Representative high-magnification microscopic images

taken from the right lowermost section of the slide (original

magnification, 9100) of a sample from the control group at 2 months

postoperatively are shown: (A) Masson’s trichrome staining, (B) tolu-

idine blue staining, (C) Type I collagen immunostaining, and

(D) Type II collagen immunostaining. Neotissue in this view consists

of hyaline cartilage (HC) and hybrid cartilage (HbC) of which we

postulate the source to be bone (-B) and cartilage (-C). The arrows

indicate the boundary between the different tissue types. The hyaline

cartilage is (B) GAG-positive, (C) Type I collagen-negative, and

(D) Type II collagen-positive. (B–D) The hybrid cartilage is positive

for all three stainings.
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(1) determined in vitro pore size and mechanical stiffness

of freeze-dried and rehydrated freeze-dried OPF hydrogels,

respectively; (2) assessed in vivo gross defect filling per-

centage and histologic findings in defects implanted with

rehydrated freeze-dried hydrogels for 2 and 4 months in a

porcine model; (3) analyzed highly magnified histologic

sections for different types of cartilage repair tissues,

subchondral bone, and scaffold; and (4) assessed neotissue

filling percentage, cartilage phenotype, and Wakitani

scores.

We acknowledge the limitations of our study. First,

high porcine maintenance costs limited our study to

12 micropigs. However, to increase the number of samples

(if not independent), we created bicondylar defects to

double the sample size. Second, although complete hyaline

repair was not achieved, we are not surprised as this is a

short-term study and increased maturation into hyaline

tissue was observed. It is possible complete repair can be

obtained with longer postoperative periods and this will be

investigated in future studies. Third, the pathophysiologic

environment of the defect in this study would at best only

replicate an acute osteochondral injury. Fourth, a quicker

restoration to normal state may be possible if anisotropic

OPF hydrogel scaffolds are developed in the future as

Fig. 9A–D Representative high-magnification microscopic images

taken from the right lowermost section of the slide (original

magnification, 9100) of a sample from the scaffold group at

2 months postoperatively are shown: (A) Masson’s trichrome stain-

ing, (B) toluidine blue staining (C) Type I collagen immunostaining,

and (D) Type II collagen immunostaining. Neotissue in this view

consists of hyaline cartilage (HC) and hybrid cartilage (HbC) of

which we postulate the source to be bone (-B) and cartilage (-C). The

arrows indicate the boundary between the different tissue types. The

hyaline cartilage is (B) GAG-positive, (C) Type I collagen-negative,

and (D) Type II collagen-positive. (B–D) The hybrid cartilage is

positive for all three stainings.

Table 3. Analysis of neotissue phenotypes

Score

parameter

Content (%)* p value

Two months Four months

Control

group

Scaffold

group

Control

group

Scaffold

group

Two-month

control group

versus 2-month

scaffold group

Four-month

control group

versus 4-month

scaffold group

Two-month

control group

versus 4-month

control group

Two-month

scaffold group

versus 4-month

scaffold group

Hyaline

cartilage

2.5 ± 3.2 6.4 ± 8.8 21.5 ± 14.6 38.9 ± 8.0 0.334 0.029 0.011 \ 0.0001

Hybrid

cartilage

19.0 ± 5.6 7.8 ± 5.0 22.0 ± 9.3 29.3 ± 13.5 0.004 0.301 0.513 0.004

Fibrocartilage 6.2 ± 5.4 62.2 ± 26.1 12.0 ± 3.4 9.5 ± 4.8 0.0004 0.334 0.049 0.0007

Fibrous tissue 72.3 ± 11.5 9.9 ± 16.8 21.9 ± 14.7 9.8 ± 9.0 \ 0.0001 0.116 0.217 1.000

* Content of the hyaline, fibrocartilage, hybrid cartilage, and fibrous tissue is a percentage of the total tissue located at the defect area (expressed

as mean ± SD); the tissue below the original contour line of the subchondral bone was not included; differences were determined by one-way

ANOVA.
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currently the development of anisotropic tissue only occurs

after scaffold degradation.

We explored rehydrated freeze-dried OPF hydrogel as a

scaffold due to its ready-to-use form. The process of

freeze-drying did not cause any shrinkage in physical

structure or affect the scaffold’s mechanical stiffness, as

seen in the slight reduction in its mechanical stiffness when

compared against that of fresh OPF hydrogel. An added

advantage of freeze-drying is the creation of pores, as

reported by Kato and Gehrke [31]. The pore sizes would be

expected to be reduced on rehydration. Nonetheless, the

presence of pores could be beneficial since scaffold pore

sizes reportedly affect cellular proliferation [23] and

differentiation [53], which play important roles in repair

tissue regeneration.

Defects in the scaffold group at both time points were

57% to 54% filled by repair tissue, while less filling was

achieved in the control. This is contrary to OPF hydrogel

implantation in a rabbit model, where the osteochondral

defect was fully packed with repair tissue at 3 months

postoperatively [13]. More than 90% tissue filling was also

noted in 2.4-mm [63] and 3.7-mm [41] defects of the rabbit

model, which were left untreated for 2 and 3 months,

respectively. However, osteochondral defects implanted

with hydrogel scaffolds generally have incomplete filling

in large animals [14, 48]. Differences in repair could be

attributed to different intrinsic spontaneous healing

capacities between species, as shown by Kon et al. who

reported the implantation of the same collagen-hydroxy-

apatite scaffold into sheep [35] and equine [37] models

generated inferior fibrocartilaginous tissue in the larger-

sized animal. Despite the worse repair in our porcine model

compared to the rabbit model [13], our results are clinically

more relevant due to closer anatomic similarities of the

porcine model to humans.

Cartilage maturation was observed in the scaffold group,

evident from increased amounts of hyaline cartilage as time

progressed from 2 to 4 months. The quality of repair car-

tilage again did not resemble the native cartilage structure

obtained in the rabbit model [13] and could be due to

different spontaneous healing abilities, as pointed out ear-

lier. Another possible explanation would be that a longer

postoperative time is required for repair tissue remodeling.

This is supported by studies carried out in sheep [14] and

canine [61] models, where emergence of repair tissue

Fig. 10 A microscopic image illustrates broken scaffold fragments

(arrows) scattered in the trabecular bone area in the defect of a

2-month scaffold group sample (stain, Masson’s trichrome; original

magnification, 940). The trabecular bones (arrowheads) near these

scaffolds are thinner and smaller and are not homogeneously stained.

Fig. 11 This highly magnified microscopic image of a sample from a

2-month scaffold group sample (stain, Masson’s trichrome; original

magnification, 9400) shows large multinucleated cells (arrows)

among the scaffold fragments surrounding the trabecular bone area.

Fig. 12 A close-up view of scattered scaffold fragments (arrows) in

the degenerated subchondral bone of a 4-month scaffold group sample

is shown (stain, Masson’s trichrome; original magnification, 9400).

The scaffold fragments are stained and blood vessels can be clearly

seen (arrowheads) in the middle of the hollow spaces, which were

previously occupied by the degraded scaffold fragments.
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resembling native cartilage structure occurred after

6 months. It was surprising to find the quality of repair

tissue in our control group surpassed the thin layer of

sparsely populated fibrous tissue, commonly found to

occupy the osteochondral defects of large-animal models

[14, 25]. This was despite the use of skeletally mature

animals, as germinal cells from the physis of skeletally

immature animals [1] could contribute to cartilage regen-

eration. The creation of a large-sized 6-mm defect was

decided on to mimic the acute damage experienced in OCD

and also to minimize effects of spontaneous healing, as

supported by the findings of Jackson et al. [24] that 6-mm

osteochondral defects in the goat model did not heal

spontaneously.

High-magnification images of serial histologic sections

in both control and scaffold groups revealed the possible

cellular origin of the repair tissue, deducible from the close

proximity and morphologic resemblance to the cells loca-

ted in direct contact, and spanning the distance between the

neotissue and host cartilage and bone. It led us to postulate

the origins of repair tissues in this study were mostly bone

and cartilage. We cannot confidently conclude there were

no other sources as Hunziker and Rosenberg [22] also

published a similar finding based on histologic proof,

where the synovial membrane was concluded to have

contributed to tissue repair.

Complete integration was noted between neotissue and

host cartilage and subchondral bone, similar to osteo-

chondral repair reported in other publications [41, 61].

However, despite the cartilage healing observed, regener-

ation of trabecular subchondral bone did not occur even at

4 months. Instead, subchondral resorption took place; this

was unique to the scaffold group and was also not observed

in the rabbit model [13]. It is probable scaffold degradation

in the porcine model weakened the trabecular bone, which

triggered the eventual subchondral resorption by the

detected osteoclasts. The rate of scaffold degradation in the

porcine model was comparable to that in the rabbit model,

where complete scaffold degradation in a fraction of

samples occurred within 3 months [13]. The co-appearance

of blood vessels in the hollow spaces occupied with scaf-

fold fragments could indicate the scaffold fragments were

removed through vascularization.

The presence of a greater proportion of hyaline cartilage

tissue in scaffold group defects at both time points indi-

cated the OPF hydrogel scaffold enhanced the formation of

predominantly hyaline cartilage tissue. This is promising as

other osteochondral defect treatments with scaffold only [4,

8, 14] result in the predominant formation of fibrocartilage,

which possesses inferior biomechanical properties [6] and

would translate to a shorter repair tissue life span [3].

OPF hydrogel scaffold enhanced cartilage regeneration,

without inducing subchondral regeneration. Usage of

rehydrated freeze-dried OPF hydrogel alone is insufficient

to generate a homogeneously hyaline cartilage repair tis-

sue, but its spacer effect can be enhanced by other tissue-

regenerating mediators.
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