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a b s t r a c t 

Successful osteochondral defect repair requires regenerating the subchondral bone whilst simultaneously 

promoting the development of an overlying layer of articular cartilage that is resistant to vasculariza- 

tion and endochondral ossification. During skeletal development articular cartilage also functions as a 

surface growth plate, which postnatally is replaced by a more spatially complex bone-cartilage interface. 

Motivated by this developmental process, the hypothesis of this study is that bi-phasic, fibre-reinforced 

cartilaginous templates can regenerate both the articular cartilage and subchondral bone within osteo- 

chondral defects created in caprine joints. To engineer mechanically competent implants, we first com- 

pared a range of 3D printed fibre networks (PCL, PLA and PLGA) for their capacity to mechanically rein- 

force alginate hydrogels whilst simultaneously supporting mesenchymal stem cell (MSC) chondrogenesis 

in vitro . These mechanically reinforced, MSC-laden alginate hydrogels were then used to engineer the en- 

dochondral bone forming phase of bi-phasic osteochondral constructs, with the overlying chondral phase 

consisting of cartilage tissue engineered using a co-culture of infrapatellar fat pad derived stem/stromal 

cells (FPSCs) and chondrocytes. Following chondrogenic priming and subcutaneous implantation in nude 

mice, these bi-phasic cartilaginous constructs were found to support the development of vascularised 

endochondral bone overlaid by phenotypically stable cartilage. These fibre-reinforced, bi-phasic cartilagi- 

nous templates were then evaluated in clinically relevant, large animal (caprine) model of osteochondral 

defect repair. Although the quality of repair was variable from animal-to-animal, in general more hyaline- 

like cartilage repair was observed after 6 months in animals treated with bi-phasic constructs compared 

to animals treated with commercial control scaffolds. This variability in the quality of repair points to the 

need for further improvements in the design of 3D bioprinted implants for joint regeneration. 

Statement of Significance 

Successful osteochondral defect repair requires regenerating the subchondral bone whilst simultaneously 

promoting the development of an overlying layer of articular cartilage. In this study, we hypothesised that 

bi-phasic, fibre-reinforced cartilaginous templates could be leveraged to regenerate both the articular car- 

tilage and subchondral bone within osteochondral defects. To this end we used 3D printed fibre networks 

to mechanically reinforce engineered transient cartilage, which also contained an overlying layer of phe- 
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. Introduction 

Treating osteochondral (OC) defects requires supporting sub-

hondral bone repair whilst simultaneously regenerating articular

artilage that is resistant to vascularisation and endochondral ossi-

cation. Common approaches to the tissue engineering of articular

artilage and bone involve the encapsulation of cells and/or growth

actors into scaffolds or hydrogels [1–12] , or the use of scaffold-

ree or self-assembly approaches, particularly for articular cartilage

ngineering [3] , [13–17] . Combining different approaches for carti-

age and bone repair into multi-layered constructs has also formed

he basis of different osteochondral tissue engineering strategies

4 , 18 , 19] , although successfully regenerating the osteochondral in-

erface remains a significant challenge. In recent years there has

een increased interest in recapitulating developmental processes

s a means of promoting regeneration of the adult skeleton [20–

4] . Motivated by the fact that the articular layer of synovial joints

lso functions as a surface growth plate during postnatal devel-

pment [25] , with a cartilaginous precursor preceding the osteo-

hondral unit, we have previously engineered osteochondral tis-

ues by spatially regulating endochondral ossification within en-

ineered cartilage templates [19] . The ‘chondral’ region of these

ngineered tissues consisted of a co-culture of mesenchymal stem

ells (MSCs) and chondrocytes, which we and others have shown

an promote the development of a cartilage tissue resistant to hy-

ertrophy and mineralisation [19 , 26–28] , while the osseous region

as generated using bone marrow MSC-laden hydrogels primed

or chondrogenesis and endochondral ossification. However, this

roof-of-principle study was performed in a subcutaneous environ-

ent and, consequently, the engineered constructs were not sub-

ected to the high levels of mechanical load they will experience

pon implantation into a damaged or diseased joint. Therefore,

ew biofabrication strategies are required to develop mechanically

einforced hydrogels that not only have bulk mechanical properties

ompatible with implantation into load bearing defects, but which

lso provides a cellular environment compatible with differentia-

ion and matrix synthesis. 

Strategies to enhance the mechanical properties of hydrogels

nclude increasing the concentration of the bulk material [10 , 29] ,

he degree or type of cross-linking [30–33] and the creation of in-

erpenetrating polymer networks (IPNs) [34 , 35] . Increasing hydro-

el concentration and/or cross-linking density to increase implant

tiffness can have a negative impact on cellular activity, degrada-

ion kinetics, permeability, the diffusion of nutrients and waste re-

oval [10 , 36–38] . Furthermore, the hydrogel itself can become a

arrier to extracellular matrix (ECM) development [39 , 40] . More-

ver, such changes can impact the differentiation of encapsulated

tem cells, with stiffer hydrogels more conducive to osteogenesis

r an endochondral phenotype, which is undesirable in the context

f articular cartilage tissue engineering [41–43] . In recent years,

ultiple tool biofabrication has been used to engineer compos-

te constructs consisting of cell-laden hydrogels mechanically re-

nforced with polymer networks [44–47] . For example, reinforcing

elatine methacrylate (gelMA) hydrogels with melt-electrowritten

p  
ineered using a co-culture of chondrocytes and stem cells. When chon-

nted into caprine osteochondral defects, these fibre-reinforced bi-phasic

 to spatially direct tissue development during joint repair. Such develop-

ering strategies, enabled by advances in biofabrication and 3D printing,

sses of regenerative implants in orthopaedic medicine. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd.

cle under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ )

olycaprolactone (PCL) fibres ( < 100 μm diameter) resulted in the

evelopment of constructs with mechanical properties superior to

hat of the hydrogel or scaffold alone, which could be tailored fur-

her to mimic the mechanical properties of articular cartilage [48] .

he advantage of such approaches is that the hydrogel phase can

e engineered to provide a stiffness and composition compatible

ith supporting a specific cellular phenotype, and can be decou-

led from the reinforcing polymer phase, which provides the bulk

trength and stiffness to the composite implant. 

Identifying a suitable reinforcing polymer network material will

e integral to the success of such composite engineered tissues.

CL is a widely used polymer for 3D printing due to its low print-

ng temperature (59–64 °Celsius) [49] , biocompatibility and me-

hanical properties [50] . The mechanical properties can be tailored

y modulating the molecular weight, strand size, printed architec-

ure and strand spacing [51 , 52] . However, PCL has a long degra-

ation time (approximately 2–3 years [53] ), during which matrix

eposition could be inhibited by the persistence of material at

he site of injury. Poly(lactic acid) (PLA) and poly(lactic-co-glycolic

cid) (PLGA) are also widely used in the medical field, as both are

iocompatible, with good mechanical properties, with PLGA having

 much faster degradation rate than PCL [54–56] . They have been

sed for drug/ growth factor delivery, as porous scaffolds [49 , 57–

9] and can be 3D printed [60] . One drawback of PLA/PLGA mate-

ials, however, is that their melting temperatures are much higher

han PCL (~130 °Celsius for PLGA and ~180 °Celsius for PLA), which

an render the co-printing of live cells with PLA/PLGA a challenge.

he degradation of PLGA is defined by the ratio of lactic acid to

lycolic acid, with PLGA 50:50 having a degradation time of 1–2

onths and 85:15 5–6 months [49] . A significant concern is the

elease of acids as degradation products that can induce inflamma-

ion [61–63] . The suitability of different 3D printed polymer net-

orks (PCL, PLA and PLGA) for mechanically reinforcing engineered

issues for cartilage, bone and osteochondral defect repair has yet

o be appropriately assessed. 

The hypothesis of this study is that fibre reinforced engineered

artilage templates are capable of promoting the regeneration of

ritically sized osteochondral defects in a translational large ani-

al model, supporting stable hyaline cartilage development at the

rticular surface and endochondral bone development in the un-

erlying subchondral region of the implant. To fabricate mechani-

ally functional implants, 3D printing was first used to create net-

orks of PLA, PLGA (65:35 and 85:15) and PCL fibers to mechan-

cally reinforce MSC-laden hydrogels. The mechanical properties

nd swelling characteristics of these constructs were first assessed,

s was their capacity to support chondrogenesis of MSCs in vitro .

ased on this analysis, appropriately reinforced MSC-laden alginate

ydrogels were then utilised as the osseous (also termed endo-

hondral) layer of bi-phasic constructs, with the overlying articu-

ar cartilage phase consisting of a stem cell-chondrocyte co-culture,

ngineered either by self-assembly (SA), or by cellular encapsula-

ion within alginate or agarose hydrogels. Thereafter, the capacity

f these chondrogenically primed bi-phasic constructs to support

he development of a vascularised bone-like tissue overlaid by a

henotypically stable layer of hyaline cartilage was assessed fol-

http://creativecommons.org/licenses/by/4.0/
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Table 1 

Printing parameters for reinforcing polymers. 

Material Molecular weight Tank temp °C Needle temp °C Pressure MPa Screw speed 

PCL 48–90,000 70 70 0.1 9 rev/m 

PLA 60,000 180 160 0.1 20 rev/m 

PLGA 85:15 50–75,000 145 130 0.1 20 rev/m 

PLGA 65:35 40–75,000 140 120 0.1 16 rev/m 
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lowing subcutaneous implantation into nude mice. Finally, the ca-

pacity of these bi-phasic cartilage templates to promote the regen-

eration of critically sized osteochondral defects was assessed in a

pre-clinical, large animal (goat) model . 

2. Material and methods 

2.1. 3D printing process 

A 3D bioprinter was used for printing of polymers (RegenHU,

Switzerland). The orthogonal architecture (6 mm diameter, 4–

6 mm height, 1.5 mm line spacing) was designed on the accom-

panying software, BioCAD. PCL, PLA, PLGA 85:15, PLGA 65:35 (all

Sigma-Aldrich) were heated in the extruding tank at temperatures

and extruded through a 25-gauge needle (individual parameters

are shown in Table 1 ). All reinforcement cages were then sterilised

with ethylene oxide (EtO) for 12 h (Anprolene, Andersen Products,

USA). Thereafter, they were subjected to aeration in a laminar flow

hood for 24 h to ensure dissipation of the ethylene oxide gas. 

2.2. Cell isolation and expansion 

Bone marrow derived stem cells (BMSCs), chondrocytes and

fat pad derived stem cells (FPSCs) were obtained from either

porcine or goat donors and were expanded in high-glucose Dul-

becco’s Modified Eagle Medium (hgDMEM) (GlutaMAX 

TM ; Bio-

sciences, Ireland) supplemented with 10% foetal bovine serum

(FBS), (Biosciences, Ireland), 1% penicillin (100 U/ml), streptomycin

(100 μg/ml) (Biosciences, Ireland) and amphotericin B (0.25 μg/mL)

(Sigma-Aldrich, Ireland). All cells were maintained at 5% pO 2 dur-

ing the expansion phase and the media changed twice weekly.

BMSCs, FPSC, and chondrocytes were used at passage 2, 2 and 1

respectively. Porcine cells were used for in vitro experiments and

for subcutaneous implantation in nude mice. Goat cells isolated

from allogeneic tissues were used for implantation in caprine os-

teochondral defects. 

2.3. Biofabrication of fibre-reinforced cartilage templates 

A summary of the experimental procedure is shown in Fig. 1 a.

Custom built negative PLA moulds were fabricated using a 3D

printer. 6% agarose was combined with 100 mM CaCl 2 , pH 7.2,

in a 1:1 ratio (final concentration of 3% and 50 mM respectively)

and poured into the moulds to create cylindrical wells of di-

ameter 6 mm and a height of 4 mm. To synthesise the RGD-

γ alginate, low molecular weight sodium alginate ( γ alginate,

MW = 58,0 0 0 g/mol) was prepared by irradiating sodium alginate

(LF20/40, FMC Biopolymer) at a γ dose of 5 Mrad. Prior to RGD

modification, γ alginate was oxidised by reacting sodium alginate

with sodium periodate using a slight modification to a method

previously reported [64] . γ alginate (10g) was dissolved in ultra-

pure deionised water (diH2O, 900 ml). Sodium periodate (0.1 g,

Sigma) was dissolved in 100 ml diH2O, added to alginate solu-

tion under stirring to achieve 1 % theoretical alginate oxidation,

and allowed to react in the dark at room temperature for 24

hrs. RGD- γ alginates were prepared by coupling the GGGGRGDSP

to the oxidised γ alginate by carbodiimide reaction chemistry.
o synthesise RGD- γ alginate, 2-morpholinoethanesulfonic acid

MES, 19.52 g, Sigma) and NaCl (17.53 g) were directly added

o an oxidised alginate solution (1 L) and the pH was ad-

usted to 6.5. Sulfo-NHS (274 mg, Pierce, Rockford, IL), 1-Ethyl-3-

3-dimethylaminopropyl)carbodiimide (EDC, 484 mg, Sigma), and

GGGRGDSP peptide (100 mg, AIBioTech) were then added into

he alginate solution. After reacting for 24 h at room temper-

ture, the reaction was stopped by addition of hydroxylamine

0.18 mg/mL, Sigma), and the solution was purified by dialysis

gainst ultrapure diH2O (MWCO 3500; Spectrum Laboratories) for

 days, treated with activated charcoal (0.5 mg/10 0 mL, 50–20 0

esh; Fisher, Pittsburgh, PA) for 30 min, filtered (0.22 mm fil-

er), and lyophilised [7] . A reinforcing 3D printed polymer net-

ork was placed into each mould and 1.5% of RGD- γ alginate,

ontaining 20 × 10 6 BMSCs/ml, was pipetted into the mould

nd allowed to cross-link at 37 °C for 30 min. All constructs

ere maintained in chondrogenic medium (CDM), consisting of

gDMEM supplemented with penicillin (100 U/ml)-streptomycin

100 μg/ml), 100 μg/ml sodium pyruvate, 40 μg/ml l -proline,

0 μg/ml l -ascorbic acid-2-phosphate, 1.5 mg/ml BSA, 1 × insulin-

ransferrin-selenium, 100 nM dexamethasone (all from Sigma-

ldrich, Ireland) and 10 ng/ml recombinant human transforming

rowth factor- β3 (TGF- β3; ProSpec-Tany TechnoGene Ltd, Israel).

onstructs were cultured at 37 °C and 5% pO 2 for 28 days with

edium exchange twice weekly. 

.4. Biofabrication of bi-phasic, PCL-reinforced cartilage templates 

Orthogonal PCL architectures (12 mm diameter, 6 mm height,

ine spacing 2 mm) were printed with a tank and needle tem-

erature of 70 °C, screw speed of 18 rev/s and a 30 gauge nee-

le. The PCL was then punched using a 6 mm biopsy punch to

orm 6 × 6 mm unconfined lattice shaped constructs. The agarose-

aCl 2 moulds were fabricated using the same method as described

bove. However, two separate moulds were made with heights of

ither 6 mm or 4 mm. The experimental groups were fabricated as

ollows: 

Single phase: The PCL network was placed into the 6 × 6 mm

agarose-CaCl 2 mould and 1.5% RGD- γ alginate containing

20 × 10 6 BMSCs/ml was pipetted into the mould up to the

top and allowed to cross-link at 37 °C for 30 min. 

Bi-Phasic Alginate : The PCL network was placed into the

6 × 4 mm agarose-CaCl 2 mould. To form the ‘osseous’ (or

‘endochondral’) layer/phase, 1.5% RGD- γ alginate containing

20 × 10 6 BMSCs/ml was pipetted to the 4 mm height. The

construct was left at 37 °C to cross-link for 10 min be-

fore being cut free and placed into the 6 × 6 mm agarose-

CaCl 2 mould. To form the top ‘chondral phase’, 1.5% RGD-

γ alginate containing 20 × 10 6 cells/ml of a 3:1 co-culture

of FPSC:chondrocyte was used to form the top 2 mm of

the construct. The constructs were cross-linked for a further

20 min before being cut free. 

Bi-Phasic Agarose : The PCL network was placed into the

6 × 4 mm agarose-CaCl 2 mould. To form the ‘osseous’

layer/phase, 1.5% RGD- γ alginate containing 20 × 10 6 BM-

SCs/ml was pipetted up to the 4 mm height. The construct
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Fig. 1. a) Outline of the experimental groups, whereby 3D printed polymer frames were combined with cells encapsulated in alginate. b) Representative macroscopic plan 

view of the hybrid constructs after 3 and 28 days in culture. c) Young’s modulus (E) normalised to day 0 of each experimental group. d) Biochemical analysis at day 28 for 

DNA, collagen and sGAG, n = 3–4, #significance compared to day 0, ∗significance, p < 0.05. 
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C  
was left to cross-link for 30 min before being cut free and

placed into the 6 × 6 mm agarose mould. To form the ‘chon-

dral phase’, 3% agarose type VI at a temperature of 42 °C
was combined with 40 × 10 6 cells/ml of a 3:1 co-culture of

FPSC:chondrocyte for a final agarose concentration of 1.5%

containing 20 × 10 6 cells/ml. The agarose was allowed to

gel for 10 min at room temperature before being cut free. 

Bi-Phasic Self-assembly (SA): The PCL network was placed into

the 6 × 4 mm agarose-CaCl 2 mould. To form the ‘osseous’

layer/phase, 1.5% RGD- γ alginate containing 20 × 10 6 BM-

SCs/ml was pipetted up to the 4 mm height. The con-

struct was left to cross-link for 30 min before being cut

free and placed into the 6 × 6 mm agarose mould. To form

the ‘chondral phase’, 4 × 10 6 cells of a 3:1 co-culture of

FPSC:chondrocyte in 100 μl of XPAN were pipetted on top

of the ‘osseous layer’. The cells were allowed to settle and

aggregate in culture for a week (as described above) prior to

the construct being cut free from the agarose mould. 

.5. Mechanical characterisation 

Mechanical tests were performed using a single column Zwick

Zwick, Roell, Germany) with a 5 N load cell as previously de-

cribed [65 , 66] . Briefly, stress relaxation tests were performed on

onstructs in XPAN media using impermeable metal plates. The

oung’s modulus was determined by measuring the slope of the

tress-strain graph. The equilibrium compressive modulus was de-

ermined from the equilibrium force following unconfined com-

ression testing to 10% strain. 
.6. Histology and immunohistochemistry 

In vitro samples were fixed in 4% paraformaldehyde overnight

efore being embedded in paraffin and sliced at a thickness of

0 μm. In vivo samples were fixed in 10% formalin (Sigma-Aldrich,

reland) for 3 days under agitation at room temperature. The

amples were decalcified using ‘Decalcifying Solution-Lite’ (Sigma-

ldrich) f or 1–6 weeks. Samples were frequently x-rayed to de-

ermine if any mineral content remained. When no mineral was

isible, the sample was considered decalcified. The samples were

ut along the longitudinal plane to be visualised, paraffin wax

mbedded and sectioned to a thickness of 10 μm. Slices were

ehydrated through a graded series of xylenes and alcohols be-

ore being stained with 1% Alcian blue 8GX in 0.1 M HCl, pH

 /Aldehyde Fuchsin or Safranin-O for sulfated glycosaminoglycan

sGAG), Picro Sirius Red for collagen and Haematoxylin and Eosin

H&E) (all Sigma-Aldrich, Ireland). Quantitative analysis was per-

ormed on multiple H&E-stained slices, whereby vessels (positive

taining for endothelium and erythrocytes present within the lu-

en) were counted on separate sections taken throughout each

ample and averaged for each sample. Collagen types I, II and X

ere evaluated using a standard immunohistochemical technique.

riefly, sections were treated with peroxidase, followed by treat-

ent with chondroitinase ABC (Sigma–Aldrich) in a humidified en-

ironment at 37 °C to enhance the permeability of the extracellu-

ar matrix. Sections were incubated with goat serum to block non-

pecific sites and collagen type I (ab6308, 1:400, 1 mg/mL), colla-

en type II (ab3092, 1:100, 1 mg/mL) or collagen type X (ab49945,

:200, 1.4 mg/mL) mouse monoclonal primary antibodies (Abcam,

ambridge, UK) were applied for 1 h at room temperature. Next
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the secondary antibody (anti-mouse IgG biotin conjugate, 1:200,

2.1 mg/mL) (Sigma–Aldrich) was added for 1 h, followed by incu-

bation with ABC reagent (Vectastain PK-400, Vector Labs, Peterbor-

ough, UK) for 45 min. Finally, sections were developed with DAB

peroxidase (Vector Labs) for 5 min. 

2.7. Biochemical analysis 

Samples were digested in papain (125 μg/mL) in 0.1 M sodium

acetate, 5 mM cysteine HCl, and 0.05 M EDTA (pH 6.0) (all from

Sigma-Aldrich) at 60 °C under constant rotation for 18 h. Total DNA

content was quantified using the Hoechst Bisbenzimide 33,258

dye assay (Sigma-Aldrich). sGAG content was quantified using the

dimethylmethylene blue dye-binding assay (Blyscan, Biocolor Ltd.)

pH 1.35, with a chondroitin sulfate standard. Calcium content was

analysed by digesting the samples in 1 M of HCL at 60 °C under

constant rotation until sample was fully dissolved. Calcium was de-

tected using the sentinel calcium kit (Alpha Labs, UK). Total col-

lagen content was determined by measuring the hydroxyproline

content. Samples were hydrolysed at 110 °C for 18 h in concen-

trated HCL (38%) and assayed using a chloramine-T assay with a

hydroxyproline-to-collagen ratio of 1:7.69. 

2.8. Micro-computed tomography (μCT) 

μCT scans were performed using a Scanco Medical 40 μCT sys-

tem (Scanco Medical, Bassersdorf, Switzerland) to visualise and

quantify mineral deposition. Constructs were scanned in 50% EtOH,

at a voxel resolution of 30 μm, a voltage of 70 kVp, and a current

of 114 μA. Reconstructed 3D images were generated to visualise the

repaired bone. Quantification of mineralization within the defect

site was performed by setting a threshold of 210 (corresponding to

a density of 399.5 mg hydroxyapatite/cm 

3 ). 

2.9. Surgical procedures 

2.9.1. Mouse surgery 

Following 5 weeks in vitro priming, the bi-phasic constructs

( n = 6 per group) were implanted subcutaneously into the back of

nude mice (Balb/c; Harlan, UK). Two subcutaneous pockets were

created at the shoulders and the hips and then three constructs

were inserted per pocket. Mice were sacrificed 6 weeks post-

implantation by CO 2 inhalation. The animal protocol was reviewed

and approved by the ethics committee of Trinity College Dublin

and the Irish Medicines Board (AE19136/P026). 

2.9.2. Goat surgery 

Following 4 weeks in vitro priming, the bi-phasic constructs

were implanted into the medial femoral condyle of skeletally ma-

ture goats. The surgical procedure in the caprine model was per-

formed as previously described [67] . Briefly, following anaesthesia,

an arthrotomy of each stifle joint was performed using the lat-

eral para-patellar approach. A critically-sized defect, 6 mm in di-

ameter x 6 mm in depth, was created in each site using a hand

drill, a flattened drill bit and a depth guide. The joint was flushed

with fluids (0.9% NaCl) and the defect filled with a bi-phasic self-

assembly implant ( n = 6). Euthanasia was carried out at 6 months

to permit harvesting of the treated regions. Repair was compared

to that observed in a parallel study in the same animal model [68] ,

where defects were treated with the Maioregen scaffold (Finceram-

ica), which is herein referred to as the control scaffold ( n = 8).

Ethical evaluation and approval was performed by University Col-

lege Dublin (AREC 12–71) and the Irish Government Department of

Health (B100/4517). 
.10. Evaluation of cartilage repair within goat joints 

Histological scoring on H&E and Safranin-O stained samples

as carried out according to an assessment criteria adapted from

he International Cartilage Repair Society (ICRS) (Supplementary

able S1). Histomorphometry was performed on sections stained

ith Safranin-O using Photoshop CS6 whereby the number of pix-

ls of red colour were quantified and normalised to the total num-

er of pixels in the image [68] . Picro Sirius Red stained samples

ere imaged under polarised light microscopy (PLM) to investigate

ollagen fibre orientation and Image J software was used to quan-

ify the average orientation of the collagen fibres and provide a

ispersion value for the distribution using the directionality func-

ion [69] . 

.11. Statistical analysis 

Results are presented as mean ± standard deviation. Statisti-

al analysis was performed with GraphPad Prism 6 software pack-

ge (GraphPad, USA). Unless otherwise stated, experimental groups

ere analysed for significant differences using a general linear

odel for analysis of variance (ANOVA) and Tukey’s post-test. Sig-

ificance was accepted at a level of p < 0.05. 

. Results 

.1. Engineered cartilaginous tissues mechanically reinforced with 

etworks of 3D printed PCL, PLA or PLGA 

BMSC-laden alginate hydrogels were mechanically reinforced

sing networks of 3D printed PCL, PLA or PLGA fibers ( Fig. 1 a,b),

nd then maintained in chondrogenic culture for 28 days. There

as no change in the PCL filament diameter (0.22 ±0.03 mm) over

8 days in vitro nor was there a change in the mechanical prop-

rties of printed PCL networks over 21 days in vitro ( Fig. 1 c). In

ontrast, the PLGA fibres were observed to swell over the time

n culture ( Fig. 1 b; Supplementary Fig. S1). By day 14 it was not

ossible to measure the fibre diameter of PLGA 65:35 constructs

nd by day 28 the cylindrical geometry was unrecognisable from

hat originally printed ( Fig. 1 b). The PLGA 65:35 failed to provide

echanical reinforcement with time in culture, with the Young’s

odulus reducing from 7.17 MPa to 0.0075 MPa by day 21 ( Fig. 1 c).

he mechanical properties of the PLA and the PLGA 85:15 con-

tructs underwent less dramatic changes in mechanical properties

ver time in culture, reducing in Young’s moduli from 15.31 MPa

o 5.6 MPa for the PLA constructs, and from 11.4 MPa to 2.375 MPa

or the PLGA 85:15 constructs ( Fig. 1 c). The PLGA 85:15 constructs

etter maintained their structure, although the printed fibres did

well by 28% from day 3 to 28 (Supplementary Fig. S1), with the

nal strut size measured as 0.59 mm. Overall the fibers in PLA re-

nforced constructs maintained their fibre diameter during the 28

ays in culture. 

We next assessed chondrogenesis of BMSCs encapsulated

ithin these fibre-reinforced alginate hydrogels. Over 28 days in

ulture, DNA levels significantly reduced in the PLGA 65:35 con-

tructs ( Fig. 1 d), suggesting a loss of cell viability over time, likely

ue to the acidic PLGA degradation by-products. No significant

rop in DNA content was observed in the PLGA 85:15 constructs.

o significant difference in DNA levels were observed over time

n the PLA and PCL constructs, and both supported significantly

igher levels of sGAG synthesis than constructs reinforced with

LGA ( Fig. 1 d). All engineered tissues stained positive for sGAG

nd type II collagen deposition (Supplementary Fig. S2). PCL had

igher DNA at day 0 (9137 ±931 ng) compared to the PLA and

LGA groups (6766 ±64 ng). This may be a result of the thinner

bres of PCL allowing a greater area for hydrogel infiltration. As
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Fig. 2. a) Overview of experimental groups. b) Young’s Modulus ( E ) for acellular alginate and agarose, PCL frame and 3-month old porcine cartilage, n = 3–4, & significance 

compared to alginate, ! significance compared to all other groups, p < 0.05. c) DNA/ww. d) sGAG/ww ( ∗significance, # significance compared to the corresponding osseous 

layer, p < 0.05, n = 6, e) Calcium content. f) Staining of histological sections for H&E, scale bar = 1 mm, and Aldehyde Fuchsin, Picro Sirius Red and collagen types II, I and X, 

scale bar = 200 μm. 
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uperior chondrogenesis was observed in the PLA and PCL scaf-

olds, and given that PCL could be printed at lower temperatures

nd hence is more compatible with bioprinting strategies, PCL was

sed as a reinforcing network for both the osseous/endochondral

hase and chondral phase of osteochondral constructs described in

he remainder of this study. 

.2. In vitro evaluation of fibre-reinforced, bi-phasic cartilage 

emplates 

In an attempt to engineer bi-phasic hydrogels capable of spa-

ially supporting either endochondral bone (bottom layer/phase)

nd articular cartilage (top layer/phase) development, the bottom

sseous region of 3D printed scaffolds was first loaded with al-

inate hydrogel containing BMSCs. Next, the top chondral region

as loaded with either an alginate (hereon in termed ‘ Bi-Phasic Al-

inate’ ) or agarose (hereon in termed ‘ Bi-Phasic Agarose’ ) hydrogel

ontaining a co-culture of chondrocytes and FPSCs ( Fig. 2 a). To en-

ineer fibre-reinforced hydrogels with mechanical properties mim-

cking that of articular cartilage, the top chondral region contained
 printed PCL network with a larger filament spacing of 2 mm. The

oung’s modulus of these PCL networks was dramatically higher

han that of agarose and alginate alone, of a similar order of mag-

itude to that of native articular cartilage ( Fig. 2 b). Control con-

tructs consisted of single-phase alginate hydrogels that were also

einforced with PCL networks and seeded throughout with BMSCs

hereon in termed ‘ Single Phase’ ; Fig. 2 a). After 5 weeks of in vitro

ulture in chondrogenic conditions, DNA levels (normalised to tis-

ue wet weight) were significantly higher in the chondral region

f bi-phasic alginate and agarose constructs compared to their os-

eous region and to the same region within single phase controls

 Fig. 2 c). No significant differences in overall levels of sGAG de-

osition were observed between the osseous and chondral region

f bi-phasic constructs ( Fig. 2 d). Calcium was detected in small

mounts in the osseous region of all groups ( Fig. 2 e). H&E staining

f bi-phasic alginate and agarose constructs demonstrated seam-

ess integration between chondral and osseous regions, with the

D printed PCL framework (subsequently removed by xylene im-

ersion during histological processing) evident throughout both

sseous regions ( Fig. 2 f). Robust chondrogenesis was confirmed in
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Fig. 3. Cartilaginous tissues engineered by SA of chondrocytes and FPSCs. a) Schematic of experimental groups and macroscopic images after 6 weeks of in vitro culture. b) 

Alcian blue staining for sGAG of SA (left) and SA + PCL (right) after 6 weeks of in vitro culture. Scale bar 1 mm. c) Biochemical analysis for DNA, sGAG and collagen, ∗p < 0.05, 

d) Schematic of experimental groups and macroscopic images after 6 weeks of in vitro culture. 
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all groups through positive staining for Aldehyde Fuchsin and col-

lagen type II ( Fig. 2 f). The chondral region of single phase con-

structs stained more intensely for collagen types I and X compared

to the corresponding regions in both bi-phasic constructs, indicat-

ing progression towards hypertrophy in the chondral region of the

single phase group. 

As an alternative to hydrogel encapsulation to form the chon-

dral layer of these bi-phasic implants, we also explored the use

of a self-assembly (SA) or scaffold-free approach to generate sta-

ble articular cartilage, as previous studies have demonstrated that

such SA approaches can facilitate the development of a more struc-

turally organised engineered tissue [70] . By loading a defined num-

bers of cells (same chondrocyte & FPSC co-culture as described

above) alongside 3D printed PCL fibers ( Fig. 3 a), we confirmed that

the presence of these fibers did not negatively interfere with the

capacity of cells to self-assemble and generate a surface layer of

articular cartilage ( Fig. 3 b). In fact, total sGAG and collagen deposi-

tion was higher in the presence of the 3D printed fibers ( Fig. 3 c).

We also confirmed that such SA tissues can be formed on the sur-

face of either alginate or agarose hydrogels reinforced with 3D

printed PCL networks ( Fig. 3 d). This allows us to generate the

chondral layer of our bi-phasic constructs using either hydrogel en-

capsulation or SA. 

3.3. In vivo evaluation of fibre-reinforced, bi-phasic cartilage 

templates following subcutaneous implantation in nude mice 

Following 5 weeks of chondrogenic priming, all constructs (Sin-

gle Phase, Bi-Phasic Alginate, Bi-Phasic Agarose, Bi-Phasic SA) were

implanted subcutaneously into nude mice ( Fig. 4 a). 6 weeks after

subcutaneous implantation, an obvious interface had formed be-

tween the osseous and chondral layers of the bi-phasic constructs

( Fig. 4 b). The bone region contained visible vasculature, whereas

the cartilage had a white hyaline cartilage-like appearance and ap-

peared avascular. This observation was supported by μCT analysis,

which demonstrated negligible mineral deposition in the chondral

layers of bi-phasic constructs compared to the single-phase con-

trol ( Fig. 4 c). Quantification of mineral deposition confirmed that

the chondral region of the single-phase implants contained a sig-
ificantly higher amount of mineral compared to all bi-phasic con-

tructs ( Fig. 4 d). A large number of blood vessels were detected

n the osseous regions of all constructs, indicating that the miner-

lised cartilage tissue was vascularised ( Fig. 4 b). Significantly fewer

essels were detected in the chondral phase, with a trend towards

 larger number of vessels being detected in this region of the

ingle-phase control implant ( Fig. 4 e). Histological analysis con-

rmed that the bi-phasic constructs supported spatially defined

issue types in vivo . H&E staining demonstrated the development

f a vascularized, bone-like tissue confined to the osseous region

f the bi-phasic constructs, and in pockets throughout all regions

f the single phase control constructs ( Fig. 4 f). The chondral region

f the bi-phasic constructs contained a cartilage-like tissue, as ev-

dent by positive staining for sGAG and type II collagen deposition

Supplementary Fig. S3). The chondral regions also stained posi-

ive for type I and X collagen deposition, although generally less

o than the corresponding osseous regions of the same constructs. 

.4. Treatment of caprine osteochondral defects with fibre-reinforced, 

i-phasic cartilage templates 

Having verified that we could engineer mechanically reinforced,

patially defined tissues in a subcutaneous environment, we next

ought to evaluate the capacity of these engineered cartilage tem-

lates to direct regeneration of critically sized osteochondral de-

ects in a caprine model . Following chondrogenic priming, rein-

orced bi-phasic SA constructs were implanted into critically sized

efects in the medial condyle of skeletally mature goats ( Fig. 5 a). 6

onths after implantation, the repair tissue was analysed by stain-

ng with Safranin-O for proteoglycans and for collagen type II de-

osition ( Fig. 5 b). Most of the cartilage template within the os-

eous region of implants appeared to have undergone endochon-

ral ossification, as evident by limited Safranin-O staining in the

ony region of defects, being replaced with cancellous bone. In

ome cases, there was evidence of remnant implant material in

he bony region of the defect. In the worst-case outcome (one ani-

al), the defect and implant appeared to have collapsed inward,

uggesting insufficient integration and/or mechanical stability of

he implant. It should be noted that cases of defect collapse were
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Fig. 4. a) Schematic of the groups implanted into the nude mice. b) Representative macroscopic images post-implantation in nude mice (scale bar 1 mm). c) μCT 3D 

renderings demonstrating mineral deposition in each group, the red box signifies where the chondral region is located (scale bar 1 mm). d) Quantification of the mineral 

volume from the μCT shown as the percentage of overall mineral that was detected in the chondral region, ∗∗∗significance p < 0.05 compared to all other groups. e) The 

number of vessels in the chondral and osseous regions (from H&E sections) ∗significance p < 0.05. f) H&E staining, main image scale bar 1 mm, inset image scale bar 100 μm. 
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lso observed in the control group. The area within the chondral

nd osseous regions of defects staining positive for Safranin-O was

uantified, which revealed a trend towards higher levels of carti-

age tissue formation within the chondral region of defects treated

ith bi-phasic SA constructs ( Fig. 5 c). Significantly higher amounts

f cartilage tissue were found in the chondral region compared to

he osseous region of defects treated with bi-phasic implants; this

patial difference was not observed in defects treated with control

caffolds, confirming the potential of these engineered implants

o spatially direct tissue development within load bearing defects.

he orientation of the collagen fibres within the cartilage regions

f the newly formed tissue was next analysed using polarised light

icroscopy ( Fig. 5 d). The angle of orientation in the superficial

top) and the bottom regions were determined and compared to
ative controls. Treatment with the bi-phasic construct resulted in

 more favourable parallel fibre orientation (~0 °) and a lower dis-

ersion rate compared to the control scaffold in the superficial re-

ion of the defect ( Fig. 5 e). In both groups the bottom region of

he tissue had more varied results, however overall the newly syn-

hesised tissue resulting from treatment with the SA bi-phasic con-

truct resulted in a more native-like perpendicular fibre orientation

90 °) ( Fig. 5 e). 

We next sought to assess the quality of the repair tissue formed

ithin the defects. To that end, we performed histological scor-

ng adapted from the ICRS system ( Fig. 6 ). In a number of cat-

gories, no significant differences were observed between defects

reated with control scaffolds and defects treated with engineered

i-phasic SA tissues ( Fig. 6 a, d, e, f, j, k, l, m). However, defects



138 S. Critchley, E.J. Sheehy and G. Cunniffe et al. / Acta Biomaterialia 113 (2020) 130–143 

Fig. 5. a) Schematic of the experiment. b) Histological sections stained with Safranin-O for sGAG detailing the repair with the bi-phasic scaffold compared to the control 

scaffold. Main image scale bar 3 mm. Inset image scale bar 1 mm c) A native condyle depicting the regions assessed by histomorphometry whereby the cartilage in the 

repaired tissue was quantified by normalising the area of positive Safranin-O staining to the total area of the region ( p < 0.05). d) Polarised light microscopy. e) Dispersion of 

the collagen fibres within cartilage regions. 
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treated with bi-phasic SA tissues demonstrated a significant in-

crease in matrix staining compared to defects treated with control

scaffolds ( Fig. 6 b) (81 ± 23 vs. 40 ± 34.8; p = 0.0318). Furthermore,

bi-phasic SA tissues were observed to score significantly higher

in terms of cell morphology when compared to control scaffolds

( Fig. 6 c) (85 ± 8.5 vs. 54 ± 28; p = 0.0265). A number of trends to-

wards significance were also observed, with the bi-phasic SA group

scoring higher in the abnormal calcification ( Fig. 6 h) ( p = 0.0816)

and superficial assessment ( Fig. 6 i) ( p = 0.1) categories, whilst the

control scaffold group was found to score higher in the subchon-

dral bone abnormalities category ( Fig. 6 g) ( p = 0.0514). Taken to-

gether, these results would appear to demonstrate an improvement

in the repair process within osteochondral defects treated with bi-
 n  
hasic scaffolds, resulting in the generation of a more hyaline-like

artilage tissue. 

. Discussion 

The overall aim of this study was to engineer fibre-reinforced

artilage templates for osteochondral defect repair, whereby the

sseous region of the implant is designed to undergo endochon-

ral ossification, whilst the overlying chondral layer is designed

o support the development of stable hyaline cartilage. To achieve

his goal, 3D printing was used to produce polymer networks to

echanically reinforce cell-laden hydrogels, while different combi-

ations of cells and biomaterials were evaluated for their capacity
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Fig. 6. ICRS scores for defects treated with either control scaffolds or bi-phasic scaffolds. Average Cartilage Scores (m) were defined as the average of the ICRS scores related 

to the chondral region specifically ( i.e. a, b, e, i, j and k). Significance; & p ≤ 0.1, ∗ p < 0.05 compared to control group as determined by t -test. 
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o support either stable cartilage or endochondral bone devel-

pment. We demonstrated that hydrogels could be mechanically

einforced using different 3D printed thermoplastics (PLA, PLGA

5:35, PLGA 85:15 and PCL), to generate composite constructs

apable of supporting robust chondrogenesis. Reinforced bi-phasic

artilage templates were next engineered, where the articular

artilage layer was engineered using a co-culture of chondrocytes

nd stem cells. The co-culture supressed calcium deposition and

arkers of hypertrophic differentiation in the chondral layer in

itro . 6 weeks after subcutaneous implantation, a clear distinction
etween the chondral and osseous layers of the bi-phasic implants

as observed, with blood vessels generally confined to the lower

sseous half of the construct. Micro CT, vessel quantification and

istological staining confirmed this finding, with mineralised bone

estricted to the osseous layers, confirming that the co-culture

as supressing vascularisation and mineralisation of the chondral

ayer. Finally, chondrogenically primed bi-phasic constructs were

mplanted into critically sized osteochondral defects to assess

heir regenerative potential in a clinically relevant environment.

reatment of these defects with bi-phasic constructs resulted in
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a more hyaline-like cartilage repair compared to defects treated

with control scaffolds, as evidenced by a collagen fibre architecture

more akin to native cartilage. 

Scaffolds produced using 3D printed PLA, PLGA 85:15 and PLGA

65:35 all experienced a loss in mechanical properties over time.

Numerous studies have explored the degradation of PLA and PLGA,

describing how the mechanical properties can be tuned based on

the method of manufacture and the polymer molecular weight.

For example, an ester end cap PLGA will degrade more slowly

than an acid end cap [49] . There are a number of factors which

may have contributed to the rapid degradation of the PLGA scaf-

folds observed in this study. Forming scaffolds through printing has

been shown to decrease the polymer molecular weight, which can

speed up the degradation process [60] . Additionally, the sterilisa-

tion method can affect the surface of the PLGA, creating cracks and

pores [71 , 72] . In this case, the scaffolds were sterilised by ETO gas.

In a study comparing the effects of common sterilisation methods

on PLGA 75:25, it was revealed that ETO treatment resulted in 12%

decrease in polymer molecular weight [71] . 

The fibre patterns used in this study were selected in order en-

hance the mechanical properties of the scaffold whilst simultane-

ously ensuring a sufficient porosity so as to facilitate the inclusion

of cell-laden hydrogels and the subsequent deposition of cartilagi-

nous matrix. Although the initial mechanical properties of the scaf-

folds are lower than that of bone, they are robust when handling

and easily support the inclusion of cell-laden hydrogels. PLA and

PCL reinforced hydrogels supported the highest levels of chondro-

genesis whilst maintaining mechanical and structural integrity. It is

possible that the acidic environment created by PLGA degradation

products is causing cell death [63] and/or impeding chondrogene-

sis. It should be noted, however, that several studies have reported

that PLGA supports MSC proliferation over time [73– 75] , although

in general these studies do not explore long-term cell fate in vitro

as undertaken here. 

PCL was chosen over PLA due to its lower printing tempera-

ture (for future co-printing potential) and more elastic mechanical

properties. PLA has a high glass transition temperature (approxi-

mately 60–65 °C) causing it to be brittle [49 , 76] . It has been re-

ported that PLGA/PLA degrades faster in vivo than in vitro , there-

fore it may not be stable enough in a load bearing joint [77] . Im-

provements can be made by increasing the molecular weight of

the PLA/PLGA or by blending it with PCL [76 , 78–80] . For exam-

ple, PCL-PLGA- β-tricalcium phosphate was used to promote bone

formation in a lapine calvarial defect model [78] . Another study

examining electrospun blends of PCL and PLGA demonstrated a re-

duced strain at failure during tensile testing, and such properties

could be modified based on the ratio of components. Importantly,

elastic and plastic regions were increased [80] . However, further

studies would need to be performed on the compressive proper-

ties of this material and the degradation over time. 

A co-culture of FPSCs and chondrocytes appeared to support the

development of more hyaline-like cartilage in vitro . Whilst overall

levels of sGAG accumulation did not increase in tissues engineered

using such co-cultures, there was a significant increase in their

DNA content. Several studies have demonstrated that MSCs secrete

factors such as FGF-1, FGF-2, TGF- β3 and IGF-1 [81–83] that drive

the proliferation of chondrocytes [84–86] . Both calcium and colla-

gen type I were present in the MSC-laden osseous regions and in

the homogenous alginate-PCL controls, however there was no such

staining observed in the chondral regions that were engineered us-

ing a co-culture of chondrocytes and stem cells. Taken together,

these results suggest that cartilaginous tissues engineered using

co-cultures of chondrocytes and stem/progenitor cells may be an

effective cell-based therapy for articular cartilage repair, as only a

relatively small of chondrocytes are needed to engineer phenotypi-

cally stable cartilage. Indeed, these engineered tissues could act as
n alternative to current treatments such as autologous chondro-

yte implantation, which require chondrocytes to be expanded ex-

ensively in vitro which can result in de-differentiation into a more

brogenic phenotype [87] . 

An advantage of utilising bi-phasic cartilaginous templates for

steochondral tissue engineering is that both phases of the con-

truct can be maintained in the same chondrogenic culture condi-

ions in vitro , as the approach relies on the cells within the two

hases executing opposing programs in vivo . Following subcuta-

eous implantation, distinct tissues developed in vivo within the

ifferent regions of the bi-phasic implants. Vasculature was clearly

vident in the lower portion of the construct, with a white, avas-

ular hyaline cartilage-like tissue forming on the top surface. The

wo layers were well integrated, appearing very much like an os-

eochondral plug. The co-culture suppressed mineralisation in vivo,

ith the upper portion devoid of mineral in μCT scans. However,

here was no distinct difference between the chondral regions en-

ineered using self-assembly, agarose or alginate hydrogels. Given

hat the self-assembly approach reduces concerns with regards to

aterial degradation in the cartilage layer, a SA bi-phasic construct

as selected to be implanted into the caprine osteochondral defect

nd was compared to data generated using a market leading multi-

ayered scaffold [68] which has previously been shown to promote

steochondral regeneration over empty defects [88] . 

6 months after implantation, the reinforced bi-phasic SA con-

truct promoted hyaline-like cartilage repair in the majority of an-

mals. The zonal collagen structure plays a key role in determining

he mechanical properties of articular cartilage [89] , which is im-

erative to a functioning joint. This structure was seen more con-

istently in the joint repaired with the bi-phasic construct and was

ccompanied by an enhancement in cartilage matrix synthesis in

he region. Further improvements in the quality of cartilage repair

ight be possible with longer and/or more complex culture con-

itions to engineer a more functional articular cartilage layer prior

o implantation. Of concern was the observation that the quality

f subchondral bone repair in defects treated with bi-phasic scaf-

olds was inconsistent. Both the PCL and alginate materials used in

he development of this tissue engineered implant have been used

reviously in vivo and proven to be biocompatible [7 , 90] . In some

ases there was evidence of residual implant material, although

hether this is impacting bone healing is unclear. It’s possible that

lternative printing techniques, such as melt electrowriting [91] ,

hich allow for the generation of fibre networks with lower vol-

me fractions may be of benefit in this regard [48] . Tailoring the

aterial degradation rate to facilitate vascularization and host cell

nvasion is critical for robust bone formation. Materials which do

ot degrade quickly can delay bone formation by occupying space

eeded by the cells to deposit ECM [8] . The alginate in this system

as ƴ-irradiated, which has been shown to support superior bone

issue formation compared to non-irradiated alginate [7] . Finally, in

ne animal it appeared that the defect completely collapsed, sug-

esting failure of the implant to integrate with the surrounding tis-

ue and/or provide adequate mechanical support to the defect. 

Alternative strategies could be leveraged to promote more ro-

ust bone formation within the osseous component of these im-

lants and to ensure better implant integration. Future studies

ould, for example, focus on enhancing the osteogenic potential of

he osseous layer by inducing channels or canals [92] which would

ore closely mimic and direct the endochondral ossification pro-

ess [21 , 93] . Canals are formed during endochondral ossification

nd are thought to serve three primary functions; metabolic ex-

hange, the supply of osteogenic cells and to act as a reservoir of

ells for cartilage growth [93] . Such channels could be formed us-

ng the 3D printing software, whereby sacrificial materials such as

elatine, sucrose or pluronic could be printed in the desired canal

rchitecture and subsequently washed away following cross-linking
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f the cell seeded bioink [94–97] . Another approach may be to

ncorporate growth factors such as bone morphogenetic protein-2

r vascular endothelial growth factor through loading onto poly-

ers or encapsulation into degradable microspheres [98] . A fur-

her more complex strategy may be to utilise the concept of the ‘ in

ivo bone bioreactor’ [99] to enable maturation of engineered os-

eochondral unit in an ectopic location prior to implantation into

n orthotopic defect. This system was described in a seminal pa-

er by Stevens et al. , and functions by using a space between the

eriosteum and the tibia to stimulate growth of a cell-seeded hy-

rogel. After 6 weeks, mature bone had been formed, it could be

arvested from the ‘ in vivo bioreactor’ and used as a graft to re-

air a bone defect. The process was also demonstrated as viable

or the engineering of articular cartilage [99] . Finally, it should be

oted that allogenic caprine cells were used in this study. While

hese implants were well tolerated by the animals, the lack of an

arlier time point to assess for a possible immune response to the

mplanted allogeneic cells can be considered a limitation of the

tudy. It also remains technically challenging to determine whether

e novo tissue formed within the defect site is of donor or host ori-

in in such longer-term large animal studies. 

To conclude, this work investigated the possibility of engineer-

ng a mechanically reinforced, bi-phasic construct capable of pro-

oting regeneration of a critically sized osteochondral defect. To

his end, an iterative approach was executed in order to deter-

ine the appropriate combinations of cells and biomaterials to

e utilised within this bi-phasic construct. Ultimately, a bi-phasic

onstruct consisting of a self-assembled MSC-chondrocyte tissue,

ayered on top of an MSC-laden alginate hydrogel, and reinforced

hroughout with a PCL fibre network, was evaluated in vitro and

n vivo and was found to facilitate the regeneration of hyaline-

ike cartilage within critically sized caprine osteochondral defects.

xamples of implant failure in vivo also point to the need for

urther improvements in the design of these constructs. Together

hese findings motivate the continued development of reinforced

i-phasic cartilage implants as soft tissue templates for osteochon-

ral regeneration. 
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