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A B S T R A C T   

Osteochondral tissue is a highly specialized and complex tissue composed of articular cartilage and subchondral 
bone that are separated by a calcified cartilage interface. Multilayered or gradient scaffolds, often in conjunction 
with stem cells and growth factors, have been developed to mimic the respective layers for osteochondral defect 
repair. In this study, we designed a hyaline cartilage-hypertrophic cartilage bilayer graft (RGD/RGDW) with 
chondrocytes. Previously, we demonstrated that RGD peptide-modified chondroitin sulfate cryogel (RGD group) 
is chondro-conductive and capable of hyaline cartilage formation. Here, we incorporated whitlockite (WH), a 
Mg2+-containing calcium phosphate, into RGD cryogel (RGDW group) to induce chondrocyte hypertrophy and 
form collagen X-rich hypertrophic cartilage. This is the first study to use WH to produce hypertrophic cartilage. 
Chondrocytes-laden RGDW cryogel exhibited significantly upregulated expression of hypertrophy markers in 
vitro and formed ectopic hypertrophic cartilage in vivo, which mineralized into calcified cartilage in bone 
microenvironment. Subsequently, RGD cryogel and RGDW cryogel were combined into bilayer (RGD/RGDW 
group) and implanted into rabbit osteochondral defect, where RGD layer supports hyaline cartilage regeneration 
and bioceramic-containing RGDW layer promotes calcified cartilage formation. While the RGD group (mono-
layer) formed hyaline-like neotissue that extends into the subchondral bone, the RGD/RGDW group (bilayer) 
regenerated hyaline cartilage tissue confined to its respective layer and promoted osseointegration for integrative 
defect repair.   

1. Introduction 

Chondral lesions often span the entire length of the cartilage as full- 
thickness cartilage defect, or even extend to the underlying subchondral 
bone as osteochondral defect. If not properly treated, such defects can 
disrupt normal joint mechanics, function and homeostasis and poten-
tially progress to degenerative arthritis. Since articular cartilage inher-
ently lacks self-repair capacity [1], chondral lesions have limited 

capacity for spontaneous healing and require external intervention to 
repair injured tissues. Cell-based surgical approaches such as bone 
marrow stimulation via microfracture and autologous chondrocyte im-
plantation are used for smaller, early-stage lesions, while auto/allograft 
transplantation or total knee replacement is required for more severe 
conditions (i.e. Grade III-IV). 

Given the insufficient supply of auto/allografts, tissue engineered 
cartilage graft is a promising solution for full-thickness and 
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osteochondral defect repair. In the past two decades, researchers have 
developed multilayered and gradient scaffolds using bioactive factors to 
mimic the anatomical stratified structure of the osteochondral tissue. 
Chondro-conductive and osteo-inductive biomaterials and bioactive 
factors were spatially arranged in their respective layers or in concen-
tration gradients. Cartilage extracellular matrix (ECM) components, 
such as cartilage decellularized matrix [2], hyaluronic acid (HA) [3], 
type II collagen [4], and sulfated glycosaminoglycan, constituted the 
cartilaginous phase to provide a chondro-conductive microenviron-
ment. Bioceramics, such as conventional calcium phosphates hydroxy-
apatite (HAp) [5,6] and beta tricalcium phosphate (β-TCP) [7], are 
strong osteogenic inducers [8] that were commonly incorporated in the 
bone portion of composite scaffolds. Recent studies have demonstrated 
augmented osteochondral defect repair using ion-doped bioceramics 
[9–11]. Since most studies employed mesenchymal stem cells (MSC) as 
the cell source, chondrogenic and osteogenic growth factors were used 
in combination with biomaterials to facilitate MSC differentiation [12]. 
Research efforts in osteochondral regeneration have primarily focused 
on engineering hyaline cartilage-bone grafts to recapitulate the major 
bulks of osteochondral tissue. 

Recently, increased attention has been paid to the importance of the 
calcified cartilage layer that lies between the articular cartilage and 
subchondral bone. Calcified cartilage is a thin layer of highly mineral-
ized cartilage that contains less type II collagen and aggrecan than hy-
aline cartilage [13]. This layer plays important structural and functional 
roles as the osteochondral interface. The interfacial tissue of interme-
diate matrix stiffness bridges the gap between two mechanically dis-
similar tissues and plays a critical role in load transfer during joint 
motion [14]. Tidemark, an undulating line between the hyaline and 
calcified cartilage, also provides stress buffer effects that prevent me-
chanical failure [15]. Moreover, the calcified cartilage helps maintain 
articular cartilage and subchondral bone as independent physiological 
environments. The dense mineralized matrix of calcified cartilage acts as 
a physical barrier between avascular, unmineralized hyaline cartilage 
and vascularized, mineralized subchondral bone, preventing vascular 
ingrowth to the cartilage compartment [16]. By acting as a mechanical 
buffer and compartmentalizing the articular cartilage and underlying 
bone, the calcified cartilage interface supports the integrity and ho-
meostasis of osteochondral tissue. In addition to its role in native tissue, 
calcified cartilage promotes osseointegration, which is critical for 
graft-to-tissue integration in cartilage tissue engineering [17]. Recog-
nizing its importance, researchers have designed scaffolds for osteo-
chondral interface tissue engineering [16,18–20]. 

In this study, we engineered a bilayer graft of hyaline cartilage (type 
II collagen-rich) and hypertrophic cartilage (type X collagen-rich), where 
type X collagen (COLX) is conducive to mineral deposition for subse-
quent calcified cartilage formation [21]. Previously, we fabricated a 
macroporous cryogel based on chondroitin sulfate (CS), modified with 
arginine-aspartate-glycine (RGD) peptide to provide anchor points for 
cell adhesion [22]. A natural polymer widely used in cartilage tissue 
engineering, CS was methacrylated (CSMA) to improve its mechanical 
strength and resistance to degradation, and to enable crosslinking with 
acrylated RGD and PEGDA. RGD incorporation showed favorable results 
for chondrocyte redifferentiation and hyaline cartilage tissue formation. 
Accordingly, in the current study, we adapted the chondro-conductive 
RGD-modified cryogel (RGD group) for the upper, hyaline layer. To 
promote chondrocyte hypertrophy in the bottom layer, we incorporated 
a Mg2+-containing calcium phosphate called whitlockite (WH: 
Ca18Mg2(HPO4)2(PO4)12) into RGD-modified cryogel (RGDW group). 
Our RGD/RGDW bilayer scaffold design is much simple and easier to 
fabricate and use than most of the abovementioned multilayer and 
gradient scaffolds. Sharing the same CSMA/PEGDA/RGD backbone, 
there is only one compositional difference between RGD and RGDW 
layers. Moreover, our approach uses a single cell source and does not 
involve the use of exogenous growth factors. 

While multiple studies have reported that bioceramics such as HAp 

[23–26] can induce hypertrophic changes in chondrocytes, this is the 
first to study the effect of WH on chondrocyte hypertrophy. WH releases 
Ca2+ and PO4

3− ions like HAp, but is unique in its release of Mg2+ that 
enhances WH’s osteogenic potential [27]. Studies have demonstrated 
that Mg2+ ions play a role in chondrocyte hypertrophy. Hypertrophic 
chondrocytes are highly proliferative cells and Mg2+ is known to pro-
mote chondrocyte proliferation [28]. Increasing extracellular Mg2+

concentration activates magnesium transporter 1 (MAGT1)-dependent 
and transient receptor potential cation channel, subfamily M, member 7 
(TRPM7)-dependent influx of ATP for cell proliferation [29]. Dou et al. 
have reported that Mg2+ induces gene expression of COLX in chon-
drocytes [30]. Given such benefits of Mg2+, Yu et al. demonstrated the 
benefits of doping bioceramic with Mg2+ ion for osteochondral interface 
engineering [19]. Although the amount of Mg2+ is relatively small 
compared to the base material (Mg2+: Ca2+ ion = 1: 9), Mg2+-doped 
bioceramic showed elevated hypertrophic marker expression and in vitro 
mineralization of chondrocytes compared to its unsubstituted counter-
part. Moreover, Yu et al. demonstrated that Mg2+-doped bioceramic 
induces a larger hypertrophic response than hydroxyapatite and trical-
cium phosphate. We anticipate that WH’s Mg2+ ion release would 
enhance its ability to induce chondrocyte hypertrophy. 

The bottom hypertrophic cartilage matures into calcified cartilage 
layer, which, apart from its function as the osteochondral interface, 
forms stable and functional integration with the underlying subchondral 
bone. Since failure to integrate repair tissue with native tissue is a 
recurring issue in cartilage tissue engineering [31], a calcified cartilage 
bottom layer provides the grounds for sustained graft-to-tissue integra-
tion and long-term graft success [17]. By regenerating the respective 
cartilage layers and promoting osseointegration, the hyaline 
cartilage-hypertrophic cartilage bilayer graft (RGD/RGDW) is expected 
to facilitate functional and integrative osteochondral defect repair. 

2. Materials and methods 

2.1. Fabrication of RGD and RGDW cryogels 

Methacrylated chondroitin sulfate (CSMA) and YRGDS-PEG-acrylate 
were prepared according to previously reported protocols [32]. Glycidyl 
methacrylate (GMA) was conjugated to the hydroxyl group of chon-
droitin sulfate for methacrylation. 1.0 g of chondroitin sulfate sodium 
salt (10 % w/v in PBS; TCI Chemical) was reacted with 1 mL of GMA 
(Sigma) for 11 d at RT. Acrylate-PEG-N-hydroxysuccinimide ester 
(acrylate-PEG-NHS, 3500 MW; Jenkem Technology) was conjugated to 
the N-terminus of H-Tyr-Arg-Gly-Asp-Ser-OH (YRGDS; BeadTech Inc.) 
by reacting equal molar ratio of each component in 50 mM sodium bi-
carbonate buffer (pH 8.2) for 2 h at RT. After the reaction, the products 
were dialyzed against deionized water using 3.5K MWCO dialysis tubing 
(Thermofisher), lyophilized, and stored at − 20 ◦C until further use. 
Syntheses of CSMA and YRGDS-PEG-acrylate were confirmed by 1H 
NMR [22]. 

To obtain the gel precursor solution, CSMA, polyethylene glycol 
diacrylate (PEGDA, 3400 MW; Alfa Aesar) and YRGDS-PEG-acrylate 
were dissolved in PBS at 5 % (w/v), 5 % (w/v) and 4 mM, respec-
tively. 40 μL of 10 % (w/v) ammonium persulfate (APS; Sigma) and 2 μL 
of N,N,N′,N’-Tetramethyl ethylenediamine (TEMED; Sigma) were added 
to 1 ml of the precursor solution and thoroughly mixed. 80 μL of the 
solution was loaded on pre-cooled cryomolds and placed at − 20 ◦C for 
overnight cryogelation. Cryogels were then lyophilized for 2–3 h. WH, 
synthesized as described previously [27], was incorporated into the 
precursor solution prior to addition of APS and TEMED at 1 % (w/v) to 
fabricate RGDW cryogels. 

To create RGD/RGDW bilayer cryogels, 40 μL of RGDW solution was 
loaded first as the bottom layer and placed at − 20 ◦C for 30 min. Then, 
equal volume of RGD solution was added on top of the RGDW layer and 
placed at − 20 ◦C for overnight cryogelation. For visualization of the 
distinct layers, CSMA was stained with either Safranin-O (Polysciences) 
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for red color or Alcian Blue (Polysciences) for blue color and used for 
fabrication of RGD and RGDW layers, respectively. 

2.2. Characterization of RGD and RGDW cryogels 

Cryogels were swelled in PBS for 24 h and then snap frozen in liquid 
nitrogen and lyophilized for SEM imaging. After gold sputtering, SEM 
images of the cryogel macroporous structure were acquired at 5.0 kV 
using JSM-7800F Prime (JEOL Ltd.). Cryogel pore size was quantified 
using ImageJ software. WH nanoparticles were also imaged using SEM 
and their particle size was calculated from SEM images using ImageJ (3 
different fields, 300 particles). 

To determine the degree of swelling, cryogels were weighed twice, 
once after reaching equilibrium swelling in PBS (Wswollen) and once after 
lyophilization (Wdry). The equilibrium swelling ratio (Q) was calculated 
using the following equation: Q = (Wswollen - Wdry)/Wdry x 100. Young’s 
moduli of the cryogels were measured via compressive mechanical 
testing. Cryogels at equilibrium swelling were subjected to compression 
at a constant strain rate of 1 mm/min using EZ-SX STD (Shimadzu). To 
obtain stress vs. strain graph, load vs. displacement data was normalized 
by dimensions of the cryogel. Young’s modulus was determined from the 
linear region of stress vs. strain graph. 

Ion release profile of Ca2+, Mg2+, and PO4
3− from WH-containing 

cryogel was analyzed. WH-containing cryogels (N = 4) were incubated 
in 1 mL of deionized water at RT. The incubated solution was collected 
at each time point and replenished with fresh water. Each sample was 
analyzed via inductively coupled plasma atomic emission spectrometer 
(ICP-AES, OPTIMA 8300, PerkinElmer) with argon plasma. 

2.3. Isolation and culture of chondrocytes 

Knee joints from freshly slaughtered pigs were obtained from a local 
slaughterhouse. Under laminar flow hood, thin chips of hyaline cartilage 
were removed from the cartilage surface and finely minced into <1 mm3 

chunks. The minced tissue was subsequently digested with 0.15 % (w/v) 
type II collagenase (Worthington) for 18 h under constant rotation at 
37 ◦C. The tissue digest was passed through a 70 μm cell strainer to 
eliminate cell debris and centrifuged. The cell pellet was washed twice 
with PBS and then, cultured in high glucose Dulbecco’s modified Eagles’ 
medium (Hyclone), supplemented with 10 % (v/v) fetal bovine serum 
(Corning), 1 % (v/v) penicillin/streptomycin (Gibco), 1 % (v/v) non- 
essential amino acid (Gibco), 1 % (v/v) 4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid (Gibco), 20 μg/mL L-ascorbic acid (Sigma), and 
8 μg/mL L-proline (Sigma). Cell culture was maintained at 37 ◦C and 5 % 
CO2 with media change every 3 days. Chondrocytes at passage 1 were 
used for the entire study. 

2.4. Cell response to Mg2+ ion 

Chondrocytes (P1) were harvested with 0.25 % trypsin- 
ethylenediaminetetraacetic acid (trypsin-EDTA; Gibco) and centri-
fuged at 1100 rpm to remove trypsin-EDTA. Subsequently, chondrocytes 
were seeded in 96 well plate at a density of 10,000 cells/cm2. On the 
following day, each well was treated with 100 μL of serum-free media 
containing 0–5 mM MgCl2 (Invitrogen). PrestoBlue assay was conducted 
on day 3 of Mg2+ treatment, according to manufacturer’s instruction. 
Real time PCR and immunostaining were conducted on day 7 and day 
14, respectively, to observe chondrocyte hypertrophy-related gene and 
protein expression changes due to Mg2+ ion (refer to sections 2.7 and 
2.11 for experimental procedure). 

2.5. Preparation of cell-seeded cryogels 

Prior to cell seeding, cryogels were thoroughly washed with PBS 
overnight to remove APS and TEMED, and sterilized in 70 % ethanol for 
1 h. After removing ethanol, cryogels were thoroughly washed with 

sterile PBS and blotted with UV-sterilized Kimtech. Chondrocytes were 
harvested with 0.25 % trypsin-EDTA and centrifuged to obtain a cell 
pellet. The cell pellet was resuspended in culture media at a concen-
tration of 100M cells/mL. Next, 50 μL of the cell suspension was seeded 
onto each cryogel (5M cells/construct) and incubated at 37 ◦C for 2 h to 
allow cell attachment. Chondrocyte-seeded cryogels were maintained at 
37 ◦C and 5 % CO2 with media change every 2–3 days. 

2.6. Cell viability and proliferation test 

Chondrocyte viability and proliferation in RGD or RGDW cryogel 
were observed using Live/Dead™ Viability/Cytotoxicity (Invitrogen), 
Cell Counting Kit 8 (CCK-8; Dojindo Laboratories) and Quant-iT™ 
PicoGreen™ dsDNA Assay Kit (Invitrogen). Chondrocytes were seeded 
in sterilized cryogels at a density of 0.1M (live/dead) or 0.5M (CCK-8, 
PicoGreen) cells/construct. To observe initial cell viability, cells were 
stained with Calcein AM (green)/Ethidium homodimer-1 (red) solution, 
according to manufacturer’s instruction. Live green and dead red fluo-
rescent cells were imaged using NIS-BR (Nikon). 

For proliferation test, CCK-8 reagent was mixed with culture media 
at a ratio of 1:10, and 1 mL of the solution was added to each 
chondrocyte-seeded cryogel. After 3 h incubation at 37 ◦C, absorbance 
was measured at 450 nm using microplate reader (Tecan). CCK-8 assay 
was repeated every 3 days, up to d7. For PicoGreen assay, chondrocyte- 
seeded constructs were collected on week 3 and lyophilized. Samples 
were mechanically crushed using a pestle and digested in 500 μL of 
diluted papain solution (41.7 mgP/mL; Worthington Biomedical) for 16 
h at 60 ◦C. DNA content was quantified via Quanti-iT PicoGreen dsDNA 
assay kit (Invitrogen), according to the manufacturer’s instruction. 
Standard curve was constructed from fluorescence values of known DNA 
concentrations to calculate DNA content of samples. 

2.7. Real-time PCR analysis of gene expression 

Total RNA was extracted from chondrocyte-laden cryogels with 
TRIzol reagent (Invitrogen), and cDNA was synthesized from the RNA 
using M-MLV cDNA Synthesis kit (Enzynomics) following the manu-
facturer’s instruction. Real-time PCR analysis was performed using 
SYBR Green PCR Mastermix (Enzynomics) and ABI StepOnePlus Real- 
Time PCR system (Applied Biosystems), with glyceraldehyde-3- 
phosphate dehydrogenase (GAPDH) as the housekeeping gene. The 
expression level of each target gene was calculated as − 2ΔΔCt. PCR 
primer sequences used are listed in Table 1. 

2.8. Subcutaneous implantation 

To minimize animal suffering, all procedures were performed under 
anesthesia using Alfaxan (Jurox) and Rompun (Bayer). Female 8 weeks- 
old Balb/c nude mice (N = 4) were used to assess in vivo ectopic cartilage 

Table 1 
List of porcine PCR primers.  

Gene Type Primer 5’ - 3′ 

GAPDH housekeeping F: TGAAGGTCGGAGTGAACGGAT 
R: CACTTTGCCAGAGTTAAAAGCA 

COL2 chondrogenic F: GAGAGGTCTTCCTGGCAAAG 
R: AAGTCCCTGGAAGCCAGAT 

ACAN chondrogenic F: CGAAACATCACCGAGGGT 
R: GCAAATGTAAAGGGCTCCTC 

RUNX2 hypertrophic F: CAGAAGGCACAGACAGAAGC 
R: AGGACTTGGTGCAGAGTTCA 

COLX hypertrophic F: TGACCCTGGAATTGGAGGAC 
R: GACCAGGAGGACCTGGATTT 

MMP13 hypertrophic F: GGTCTGTTGGCTCATGCTTT 
R: GGTCCTTGGAGTGGTCAAGA 

COL1 dedifferentiated F: GAGGATGGTCACCCTGGAAA 
R: TAATGCCCTTGAAGCCAGGA  
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formation. Chondrocyte-laden RGD and RGDW cryogels (5M cells/ 
construct) were subcutaneously implanted in the mice. After 6 weeks, 
animals were euthanized using CO2 gas injection, and samples were 
collected for mechanical, histological and immunostaining analyses. 

2.9. Mouse cranial defect model 

Cranial defect model was created in female 8 weeks-old Balb/c nude 
mice (N = 4) to assess cartilage mineralization via hypertrophic chon-
drocytes. A scalp incision was made along the mid-sagittal plane and a 
critical-sized 4-mm diameter defect was created using a surgical drill 
(STRONG 106, Saeshin). Then, the following groups of cryogels (with or 
without chondrocyte (ccty)) were implanted into the defect site: RGD- 
ccty (control), RGDW-ccty, RGD + ccty and RGDW + ccty. After 6 
weeks, mice were sacrificed using CO2 gas injection and their cranial 
cavities were collected for micro-CT and histological analyses. 

2.10. Rabbit osteochondral defect model 

Prior to surgery, rabbit chondrocytes were isolated from rabbit 
articular cartilage using the same protocol in section 2.3 and seeded in 
RGD and RGD/RGDW cryogels (diameter: 4 mm, height: 3 mm). Ten 
male New Zealand white rabbits (~2.5 kg) were used for the implan-
tation study. Osteochondral defects were created bilaterally and 
randomly assigned to three groups: Defect only (N = 6), RGD (N = 7) 
and RGD/RGDW (N = 7). Rabbits were sedated with intramuscular in-
jection of Alfaxan and Rompun and anesthetized with isofluorane (Ifran, 
Hana Pharm Co.) of 3 MAC for induction and 1.5–2 MAC for mainte-
nance with 1~2 L/min O2 flow. The outer skin was first disinfected with 
chlorhexidine-alcohol solution. The skin and joint capsule were incised 
via medial parapatellar approach and the patella was dislocated laterally 
to expose the patellar groove. An osteochondral defect (diameter: 4 mm, 
height: 3 mm) was created on the femoral trochlear groove using the 
surgical drill and implanted with the respective cell-seeded construct 
(RGD or RGD/RGDW) or left empty (Defect only). After moving the 
patella back in place, the joint capsule was sutured using an absorbable 
4-0 suture (Ethicon) and the outer skin was closed with a 2-0 black silk 
suture (Ailee). Postoperatively, rabbits received subcutaeneous in-
jections of antibiotics (Triaxone, 25 mg/kg; Hanmi) and analgesics 
(Tramadol HCl, 5 mg/kg; HanAll Biopharma) for 5 days. At 12 weeks 
post-surgery, the rabbits were sacrificed using CO2 gas injection and 
femoral heads were collected for microCT and histological analyses. 
Histological sections were blind-scored using International Cartilage 
Repair Society (ICRS) II scoring as shown in Table 2. 

2.11. Histological analysis 

Upon collection, samples were fixed in 4 % PFA for overnight, 
paraffin-embedded and sectioned at 3 μm thickness. Prior to paraffin 
embedding, mouse cranial cavities and rabbit femoral heads were 
decalcified with 10 % ethylenediaminetetraacetic acid (EDTA; MBcell) 
for 1 and 4 weeks under gentle shaking at 4 ◦C. 

Slides were deparaffinated in xylene, rehydrated in graded ethanol 
series and stained according to the following protocols. In H&E staining, 
Mayer’s Hematoxylin (Vector Laboratories) and Eosin Y (Sigma Aldrich) 
were stained for 5 min and 30 s, respectively. In Safranin-O staining, 
Hematoxylin and Safranin-O (Polysciences) were stained for 5 min and 
7 min, respectively. Masson’s trichrome (MTC) staining (Polysciences) 
involved 8 min of Weigert’s Hematoxylin, 5 min of Biebrich Scarlet-Acid 
Fuchsin, and 5 min of Aniline Blue. Stained slides were dehydrated in 
graded ethanol series and mounted with canada balsam (Sigma). Images 
were captured using NIS-BR (Nikon). 

2.12. Immunostaining analysis 

After antigen retrieval with proteinase K (Sigma) for 10 min at 37 ◦C, 

slides were cell-permeabilized with 0.1 % Triton-X and blocked with 10 
% (v/v) goat serum for 2 h at RT. The slides were then incubated with 
primary antibody against collagen I (1:100 dilution, ab34710 (Abcam) 
or MA1-26771 (Invitrogen)), collagen II (1:100 dilution, ab34712 
(Abcam) or BS-0709R (Bioss)), collagen X (1:100 dilution, ab49945 
(Abcam)), matrix metallopeptidase 13 (1:200 dilution, ab219621 
(Abcam)), osteocalcin (1:150 dilution, ab13418, Abcam), runt-related 
transcription factor 2 (1:200 dilution, sc-390351 (Santa Cruz)), and 
SRY-Box Transcription Factor 9 (1:100 dilution, ab185966 (Abcam)) 
overnight at 4 ◦C. The slides were washed to remove any unbound pri-
mary antibody and incubated with goat anti-mouse or goat anti-rabbit 
antibody (1:500 dilution, A21151 or A11008, Invitrogen) for 90 min 
at RT. DAPI was applied at 1:200 dilution for 10 min. Immunostained 
slides were imaged using NIS-BR and analyzed (mean fluorescence in-
tensity or number of positive cells) using ImageJ. 

2.13. Micro-computed tomography 

The degree of bone formation was evaluated using SkyScan 1172 
(Bruker) for mouse cranial defect experiment and Quantum GX2 (Per-
kinElmer) for rabbit osteochondral defect experiment. Operation source 
voltage and current were 59 kV and 167 μA (mouse cranial defect) and 
90 kV and 89 μA (rabbit osteochondral defect). Micro-CT images were 
analyzed using analysis program of each manufacturer. After setting the 
region of interest (ROI), the extent of bone regeneration was expressed 
as percentage of bone volume over total ROI volume (% BV/TV). 

2.14. Statistics 

All data are presented as mean ± standard deviation (SD). For sta-
tistical analysis, two-tailed t-tests or one-way analysis of variance 
(ANOVA) with Tukey’s post hoc tests were performed on GraphPad 
software. Statistical significance was considered for *p < 0.05, **p <
0.01 and ***p < 0.005, ****p < 0.0001. 

Table 2 
International Cartilage Repair Society (ICRS) II scoring system.  

Histological parameter Score 

1. Tissue morphology 0 %: Full-thickness collagen fibers 
100 %: Normal cartilage 
birefringence 

2. Matrix staining 0 %: No staining 
100 %: Full metachromasia 

3. Cell morphology 0 %: No round/oval cells 
100 %: Mostly round/oval cells 

4. Chondrocyte clustering (4 or more 
grouped cells) 

0 %: Present 
100 %: Absent 

5. Surface architecture 0 %: Delamination or major 
irregularity 
100 %: Smooth surface 

6. Basal integration 0 %: No integration 
100 %: Complete integration 

7. Formation of a tidemark 0 %: No calcification front 
100 %: Tidemark 

8. Subchondral bone abnormalities/marrow 
fibrosis 

0 %: Abnormal 
100 %: Normal marrow 

9. Inflammation 0 %: Present 
100 %: Absent 

10. Abnormal calcification/ossification 0 %: Present 
100 %: Absent 

11. Vascularization (within the repaired 
tissue) 

0 %: Present 
100 %: Absent 

12. Surface/superficial assessment 0 %: Total loss or complete 
disruption 
100 %: Resembles intact articular 
cartilage 

13. Mid/deep zone assessment 0 %: Fibrous tissue 
100 %: Normal hyaline cartilage 

14. Overall assessment 0 %: Bad (fibrous tissue) 
100 %: Good (hyaline cartilage)  
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3. Results 

3.1. Characterization of cryogels 

Whitlockite (WH), a magnesium-containing calcium phosphate, was 
incorporated into RGD cryogel to produce hypertrophic cartilage. WH 
nanoparticles used in this study were imaged using SEM and have an 
average size of 32.16 ± 11.07 nm (Supplementary Fig. 1). RGD and 
RGDW groups were separately evaluated for in vitro chondrocyte culture 
and in vivo mouse subcutaneous implantation and cranial defect studies, 
and arranged as a bilayer for implantation into rabbit osteochondral 
defect model (refer to ‘Graphical Abstract’). 

RGD and RGDW cryogels were fabricated via cryogelation process in 
Fig. 1A and visualized via macroscopic observation and SEM imaging 
(Fig. 1B). RGDW cryogel appears more opaque and whiter than RGD 
cryogel, due to the incorporation of 1 % (w/v) WH. SEM image shows 
WH microparticles bound to RGDW cryogel pore walls. There was no 
significant difference between average pore size and swelling ratio of the 
two groups (Fig. 1C–D). However, compressive modulus of RGDW 
cryogel was significantly higher than that of RGD cryogel (Fig. 1C). 
Addition of WH mechanically reinforced the RGDW cryogel, but did not 
affect its crosslinking density. 

The ion release profiles of Ca2+, Mg2+, and PO4
3− from RGDW cryogel 

were monitored up to 4 weeks (Fig. 1F). PO4
3− release rate already pla-

teaued by week 2, while release of Ca2+ and Mg2+ began to slow down 
after 3 weeks. The expedited release of negatively charged PO4

3− ion may 

be attributed to electrostatic repulsion to negatively charged chon-
droitin sulfate in the cryogel backbone. Accumulative release of Ca2+, 
Mg2+, and PO4

3− on week 4 were 26.3 ± 3.2 mg/L, 4.6 ± 0.5 mg/L and 
51.0 ± 5.3 mg/L, respectively. Accumulative release amounts of Ca2+

(0.65 mM) and PO4
3− (0.54 mM) were noticeably higher than that of 

Mg2+ (0.19 mM), given the relative abundance of Ca2þ and PO4
3− in WH 

(Ca18Mg2(HPO4)2(PO4)12). 
Then, we fabricated RGD(red)/RGDW(blue) bilayer cryogel and 

applied compressive force on it using forceps (Supplementary Data 
Movie S1). RGD/RGDW cryogel recovered its shape after multiple 
compressions and maintained its distinct bilayer with no separation 
between the layers (Fig. 1G). 

Supplementary video related to this article can be found at https:// 
doi.org/10.1016/j.bioactmat.2024.06.018 

3.2. Influence of WH on chondrocyte hypertrophy (in vitro) 

First, we examined the effect of WH on cryogel-seeded chondrocytes 
in vitro. No initial cytotoxicity was observed in RGD and RGDW cryogels 
(Fig. 2A). Absorbance value from Cell Counting Kit-8 assay was signif-
icantly higher for RGDW group than RGD group on day 7 (Fig. 2B). DNA 
content, which is proportional to cell number, per cryogel was also 
significantly higher for RGDW group on day 21 (p < 0.01, Fig. 2C). 
Chondrogenic gene (COL2 and ACAN) expression of RGDW group 
decreased throughout the culture period and were significantly lower 
than that of RGD group on weeks 2 and 3 (Fig. 2D–E). Expression of 

Fig. 1. Preparation and characterization of RGD and RGDW cryogels. (A) Cryogel fabrication process. (B) Gross appearance and SEM image. White arrows in 
SEM image indicate WH particles that are bound to the cryogel wall. Scale bar = 5 mm (macroscopic image), 100 μm (SEM). (C) Average pore area of lyophilized 
cryogels. (D) Swelling ratio. (E) Young’s modulus determined from compressive testing. (F) ICP-AES result of Ca2+, Mg2+, and PO4

3− ion released from RGDW cryogels 
with time. (G) Compressed RGD(red)/RGDW(blue) bilayer cryogel can return to the original shape. Error bars indicate standard deviation (SD). N = 4. **p < 0.01. 
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COL1, a marker of chondrocyte dedifferentiation, was slightly higher in 
RGDW group (Fig. 2F). An important inducer of chondrocyte hyper-
trophy [33], RUNX2 gene expression of RGDW group was upregulated 
by 3 folds on weeks 1 and 2 and returned to day 0 level on week 3 
(Fig. 2G). Expression level of hypertrophic gene COLX peaked on week 1 
(5.3-fold, relative to day 0) and remained significantly higher compared 
to control (Fig. 2H). A key ECM-degrading enzyme that accompanies 
COLX expression, MMP13 gene expression level of RGDW group reached 
its peak a week later (Fig. 2I). In RGD group, RUNX2, COLX, and MMP13 
expression levels steadily decreased with time. 

Week 3 in vitro samples were immunostained for chondrogenic and 
hypertrophic markers. SOX9, the master transcription factor in 

chondrogenesis, is constitutively expressed in chondrocytes, and its 
expression is typically downregulated during chondrocyte hypertrophy 
[34]. SOX9 protein expression, detected in RGD group, was almost ab-
sent in RGDW group (Fig. 3A). COL2 expression was also downregulated 
in RGDW group compared to RGD group (Fig. 3B). COLX and MMP13 
protein expressions were significantly upregulated in RGDW group 
(Fig. 3C–D). Through real-time PCR and immunostaining, we confirmed 
that chondrocytes experience hypertrophic changes in RGDW cryogels. 

Chondrocyte hypertrophy-inducing effects of Ca2+ and PO4
3− ions are 

well-documented in previous studies [35–38]. Here, we examined 
whether Mg2+, another major ion released by WH, also plays a role in 
chondrocyte hypertrophy. Presto blue viability assay was performed to 

Fig. 2. WH induces chondrocyte hypertrophy in RGDW cryogels. (A) Live/dead assay at 24 h. Scale bar = 50 μm. (B) CCK8 assay on day 7. (C) PicoGreen dsDNA 
assay on week 3. (D–I) Real-time PCR results of (D–E) chondrogenic (COL2, ACAN) and (F) chondrocyte dedifferentiation (COL1) markers, (G–I) hypertrophy-related 
(RUNX2, COLX, MMP13) markers. Error bars indicate SD. N = 4. *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.0001, compared to RGD group. 

Fig. 3. Chondrocytes exhibit hypertrophy-related protein expression changes in RGDW cryogels. Immunostaining and fluorescence intensity quantification of 
(A) SOX9, (B) COL2, (C) COLX, (D) MMP13. Scale bar = 50 μm. Error bars indicate SD. N = 4. ***p < 0.005. 
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observe the effect of Mg2+ on cell viability and proliferation since hy-
pertrophic chondrocytes are highly proliferative cells. As expected, cell 
viability increased with the rise in Mg2+ concentration (Supplementary 
Fig. 2A). In general, expression levels of COLX and MMP13 genes 
increased and COL2 gene decreased in Mg2+ concentration-dependent 
manner (Supplementary Fig. 2B). In line with COLX gene expression, 
COLX immunocytochemistry also showed the highest level of protein 
expression at 2 mM Mg2+ group (Supplementary Fig. 2C). However, to 
note, COLX gene and protein expressions were decreased at 5 mM Mg2+, 
suggesting that there is an optimal dose for Mg2+ ion treatment. We 
confirmed that the total amount of Mg2+ ions released (concentration * 
volume) from RGDW cryogels (1 % w/v WH) corresponds to the total 
amount of Mg2+ ions in 2 mM group. 

3.3. WH-mediated hypertrophic cartilage formation in mouse 
subcutaneous implantation model 

We then evaluated hypertrophy-inducing effect of WH in vivo. 
Chondrocyte-laden RGD and RGDW cryogels were collected and 
analyzed after 6 weeks of subcutaneous implantation in mice (Fig. 4A). 
Compressive modulus of RGDW group was significantly greater (1.8 
times, p < 0.01) than that of RGD group (Fig. 4B). We performed im-
munostaining and real-time PCR to assess protein and gene expression of 
chondrogenic and hypertrophy-related markers. RGD group exhibited 
strong COL2 expression and no COLX and MMP13 expression, a 
phenotype of articular chondrocytes (Fig. 4C–D). In contrast to RGD 
group, RGDW group showed abundant COLX and MMP13 protein 

expression and weak COL2 expression, a phenotype of hypertrophic 
chondrocytes. Mean fluorescence intensity (MFI) was significantly 
different (p < 0.0001) for all markers. Similar trend was observed in 
gene expression levels. COL2 and ACAN gene expressions were down-
regulated by 5 folds and 3 folds in RGDW group compared to RGD group 
(Fig. 4E). In RGDW group, COLX, MMP13, and RUNX2 expressions were 
upregulated by 17 folds, 12 folds, and 1.5 folds, respectively (Fig. 4F). 
Chondrocyte-laden RGD/RGDW bilayer scaffold showed distinct COL2/ 
COLX expressions within their respective layers (Fig. 4G). Through in 
vitro and in vivo studies, we demonstrated that WH drives chondrocyte 
hypertrophy and COLX accumulation for hypertrophic cartilage 
formation. 

3.4. WH-induced hypertrophic cartilage mineralizes in bone 
microenvironment 

To confirm the mineralization of our tissue engineered hypertrophic 
cartilage, we implanted chondrocyte-laden RGDW cryogels in a mouse 
critical-sized cranial defect for 6 weeks (Fig. 5). The following groups of 
cell-laden (+ccty) or cell-free (-ccty) RGD and RGDW cryogels were 
evaluated: RGD-ccty (control), RGDW-ccty, RGD + ccty and RGDW +
ccty. Although primarily used for bone imaging, microCT can also 
visualize mineral deposits in calcified cartilage [39]. In microCT anal-
ysis, RGDW + ccty group exhibited the highest degree of defect filling 
with mineralized neotissue—6 times higher than control and statisti-
cally significantly higher (p < 0.01) than the other groups (Fig. 5A). 
Notably, mineralized tissue formation was negligible in defect sites 

Fig. 4. WH induces ectopic hypertrophic cartilage formation. (A) Macroscopic appearance of chondrocyte-seeded constructs after 6 weeks of in vivo subcu-
taneous implantation. Scale bar = 5 mm. (B) Compressive modulus of RGD and RGDW groups, before and after in vivo culture. (C) Immunostaining and quantification 
of COL2. Scale bar = 50 μm. (D) Immunostaining and quantification of COLX and MMP13. Scale bar = 50 μm. (E) Real-time PCR analysis of chondrogenic markers 
COL2 and ACAN. (F) Real-time PCR analysis of hypertrophic markers COLX, MMP13, and RUNX2. (G) COL2/COLX double immunostaining of RGD/RGDW bilayer 
scaffold. Error bars indicate SD. N = 4. *p < 0.05, **p < 0.01, ****p < 0.0001. 
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implanted with non-hypertrophic chondrocytes (RGD + ccty group) or 
bioceramic-containing scaffold without hypertrophic chondrocytes 
(RGDW-ccty group). 

We performed histological (H&E, MTC) staining and immunostain-
ing on cranial defect samples to observe the quality of neotissue. In MTC 

staining, Acid Fuchsin (with affinity to mineralization) positively stains 
mineralized tissue in red, while Aniline Blue stains non-mineralized 
collagen fibers in blue. Little bone formation was observed within the 
cranial defects of RGD-ccty and RGD + ccty groups. In these groups, a 
fibrous periosteal tissue had formed, bridging the defect (Fig. 5B1-2, 

Fig. 5. Hypertrophic cartilage mineralizes in mouse cranial defect model. (A) Micro-CT scan of cranial defects implanted with RGD or RGDW cryogel that are 
seeded with or without chondrocytes ( ± ccty) at 6 weeks. Neotissue formation is indicated as percentage of new bone volume/total bone volume (% BV/TV) in 
defect area. (B) H&E staining. Black triangles mark the boundaries of the cranial defect. Scale bar = 250 μm. (C) Masson’s Trichrome staining. Scale bar = 100 μm. 
(D–E) Immunostaining and quantification of COLX and RUNX2 expression. Scale bar = 50 μm. Error bars indicate SD. N = 4. *p < 0.05, **p < 0.01, ***p < 0.005. 

Fig. 6. RGD/RGDW bilayer promotes osteochondral defect repair. (A) Experimental scheme of rabbit osteochondral defect model. (B) Macroscopic appearance 
of defect site on surgery day and after 12 weeks. (C) Safranin-O staining, whole image and zoomed in image. Black triangles mark the boundaries of the defect area. 
White arrows indicate tidemark and yellow arrows indicate vascular infiltration. Scale bar = 500 μm. (D) International Cartilage Repair Society (ICRS) II scoring. (E) 
Masson’s trichrome staining. Scale bar = 500 μm. (F–G) Double immunostaining of COL2/COL1 of (F) regenerated cartilage tissue and (G) cartilage-bone interface. 
Scale bar = 50 μm. Error bars indicate SD. **p < 0.01. 
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5C1-2). While most of the defect area was covered by fibrous periosteal 
tissue (Fig. 5B3), RGDW-ccty group had a small piece of neotissue 
stained in red and blue on the periphery of the defect area, adjacent to 
the native cranial tissue (Fig. 5C3). The regenerated tissue of RGDW +
ccty group exhibited intense red staining with limited blue area in MTC 
staining (Fig. 5C4) and the highest expression level of RUNX2 (Fig. 5E). 
COLX-positive cells were only detected in RGDW + ccty group (55.7 ±
8.3 % of total number cells) (Fig. 5D). Osteocalcin (OCN) expression, 
which is found in mature cranial bone, was absent in all groups (Sup-
plementary Fig. 3). These results showed that chondrocyte-laden RGDW 
cryogel mineralizes in bone microenvironment. 

3.5. RGD/RGDW bilayer in rabbit osteochondral defect model 

Osteochondral defect in rabbit femoral trochlear groove was 
implanted with chondrocyte-laden RGD or RGD/RGDW scaffold, or left 
empty (Defect only) (Fig. 6A). After 12 weeks of implantation, femoral 
cartilage was collected for microCT and histological analyses. Upon 
macroscopic examination, Defect only group and RGD/RGDW group 
exhibited complete filling and good integration with native tissue, while 
a large fissure was observed in RGD group (Fig. 6B). Repaired tissue of 
RGD group and RGD/RGDW group was glossy and translucent like hy-
aline cartilage, whereas that of Defect only group was opaque and 
fibrocartilage-like in appearance. 

In Safranin-O staining, Defect only group showed partial staining for 
sulfated glycosaminoglycans (sGAG) (Fig. 6C1); pericellular lacunae, a 
feature of hyaline cartilage, were not observed in the non-stained area 
(Fig. 6C2). This result confirms that tissue filling in macroscopic view is 
not hyaline cartilage. RGD group showed strong red staining for sGAG, 
but the stained region extended into the subchondral region (Fig. 6C3). 
RGD/RGDW group showed strong sGAG staining that was confined to 
the articular cartilage layer (Fig. 6C5). Formation of tidemark, a thin 
line marking the boundary between hyaline and calcified cartilage, was 
observed in RGD/RGDW group (white arrow), but not in RGD group 
(Fig. 6C4, 6C6). Moreover, vascular infiltration into avascular, non- 
calcified cartilage zone was observed in RGD group (yellow arrow), 
while vascularization was limited to the calcified cartilage zone and 
subchondral bone in RGD/RGDW group. Histological sections were 
blind-scored using ICRS II scoring system, a comprehensive scoring 
system comprised of 14 parameters as shown in Table 2. Defect only 
(control) group had the lowest score, with significant difference (p <
0.01) compared to RGD/RGDW group (Fig. 6D). Score of RGD/RGDW 
group (73.2 ± 4.9 %) was also higher than that of RGD group (58.9 ±
6.6 %). 

We observed similar staining patterns in MTC staining (collagen) as 
in Safranin-O staining (sGAG). Repaired tissue in Defect only group 
displayed lighter blue staining for collagen (Fig. 6E1). Blue repaired 
tissue in RGD group extended deep into the subchondral region, while 
blue staining was relatively well-confined to the articular cartilage layer 
in RGD/RGDW group (Fig 6E2-3). Then, we took a closer look at the type 
of collagen that constitute the repaired neotissue by performing double 
immunostaining of COL2 and COL1. COL2 is a marker for hyaline 
cartilage and COL1 is a marker for fibrous cartilage and bone. We 
assessed 1) the quality of regenerated cartilage tissue (hyaline, fibrous or 
mixed) in the articular cartilage layer and 2) the separation between 
hyaline cartilage and bone at the osteochondral interface. We observed 
mixed COL2/COL1 tissue in Defect Only group, while both RGD and 
RGD/RGDW groups showed hyaline cartilage-like COL2 expression only 
(Fig. 6F). At the osteochondral interface, in Defect Only group, COL1 
expression was not limited to the bone tissue, but also detected in the 
cartilage tissue near the interface (Fig. 6G1). In RGD group, the carti-
laginous repair tissue that extends into the subchondral bone showed 
presence of both hyaline and fibrous markers (Fig. 6G2). In RGD/RGDW 
group, COL2 expression level diminishes at the interface and transitions 
into COL 1 expression (Fig. 6G3). COL1 expression was not detected in 
neocartilage tissue near the osteochondral interface. 

Through microCT imaging, we evaluated the degree of subchondral 
bone regeneration qualitatively and quantitatively. Fig. 7A shows 2D 
cross-sectional images (Fig. 7A1-7A3) and 3D reconstructed ROI (bot-
tom) of worst (left) and best (right) cases of bone regeneration (Fig. 7A4- 
7A 6). The extent of bone regeneration was quantified as % BV/TV in 
Fig. 7B. Bilayered RGD/RGDW exhibited more bone regeneration than 
RGD with statistical significance (Fig. 7B). Although the average % BV/ 
TV was only marginally higher for RGD/RGDW group (40.2 ± 7.2 %) 
compared to control (36.9 ± 17.1 %) due to high sample variability, it is 
important to note that a majority of the animals showed poor bone 
regeneration (20–25 % BV/TV) (Fig. 7B). Results from the rabbit 
osteochondral defect model demonstrate that RGD/RGDW bilayer re-
generates hyaline-like neotissue that is confined to the articular carti-
lage. Moreover, hypertrophic RGDW bottom layer promotes 
osseointegration for integrative defect repair. 

4. Discussion 

Numerous studies have explored the use of cartilage-bone multilay-
ered or gradient scaffolds with MSCs as cell source for osteochondral 
defect repair. Inducing MSC chondrogenesis and osteogenesis within the 
appropriate layers involves a multifaceted interplay of bioactive factors, 
biomimetic materials and scaffold design [40]. Here, we engineered a 
hyaline cartilage-hypertrophic cartilage bilayer graft with chondrocytes. 
The scaffold is conceptually simple and easy to fabricate via cryo-
gelation (Fig. 1A). With RGD-modified CSMA cryogel (RGD group) as 
the basic framework for both layers, WH is incorporated into the bottom 
hypertrophic layer (RGDW group) to form RGD/RGDW bilayer scaffold. 
Since the chondro-conductive nature of RGD cryogel was previously 
reported [22], this study primarily focuses on the hypertrophic nature of 
RGDW cryogel. 

Bioceramics such as HAp [23–26] and bioactive glass [41,42] have 
been incorporated in biomaterial scaffolds to induce chondrocyte hy-
pertrophy for osteochondral interface regeneration. Studies have 
employed MSC-derived chondrocytes [43–45], given their unstable 
chondrocytic phenotype and tendency toward terminal hypertrophic 
differentiation. Although regarded as a phenomenon to be avoided in 
articular cartilage tissue engineering research, chondrocyte hypertrophy 
is important in the context of osteochondral interface regeneration. To 
the best of our knowledge, this is the first study that employs WH for 
chondrocyte hypertrophy induction. We demonstrated that WH induces 
hypertrophic changes, both in vitro and in vivo. While normal articular 
chondrocytes typically display low level of proliferation, hypertrophic 
chondrocytes are highly proliferative cells [46]. Compared to RGD 
group, RGDW group showed higher proliferation rate in CCK-8 and 
PicoGreen dsDNA assays (Fig. 3B–C). WH incorporation in RGDW group 
promoted hypertrophic gene and protein expressions. Chondrocytes 
seeded in RGDW group exhibited upregulated hypertrophy-related 
gene/protein expression and downregulated chondrogenic gene/pro-
tein expression, whereas an opposite trend was observed in RGD group 
(Fig. 2D–I, 4E-F). Chondrocyte-laden RGDW cryogel generated ectopic 
COLX-high hypertrophic cartilage tissue after 6 weeks of subcutaneous 
implantation (Fig. 4D). Combined, RGD/RGDW bilayer showed 
distinctly stratified COL2 and COLX expressions (Fig. 4G), illustrating 
the capacity to produce hyaline- and hypertrophic-quality cartilage 
tissue in their respective layers. While chondrocyte hypertrophy is 
crucial for osteochondral interface regeneration, it is important that 
WH’s influence does not extend to the adjacent hyaline region. 

Chondrocyte hypertrophy-inducing effects of Ca2+ and PO4
3− ions 

have been reported previously [35–38]. Mg2+ ions also appear to play a 
role in chondrocyte hypertrophy [30]. Increase in Mg2+ ion concentra-
tion was generally correlated with an increase in hypertrophy-related 
gene and protein expression and cell proliferation (Supplementary 
Fig. 2). However, COLX gene and protein expression diminished in 5 
mM Mg2+ group. Therefore, it is important to control scaffold design 
parameter, including WH concentration, to maintain an acceptable dose 
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of Mg2+ ion release for the desired hypertrophic effect. Since cell volume 
increase accompanies chondrocyte hypertrophy, an ion transporter that 
modulates extracellular and intracellular ion balance may have played a 
key role in this ion-driven cell response. Transient receptor potential 
cation channel subfamily M, member 7 (TRPM7) is a voltage-gated 
cationic channel that mediates the influx and homeostasis of both 
Ca2+ and Mg2+. TRPM7 channel and its activation have been associated 
with pre-hypertrophic [47] and hypertrophic [48] gene expression, and 
hypertrophic cartilage formation and maturation [49,50], potentially 
through the regulation of PI3K-Akt signaling pathway [51,52]. Intra-
cellular Mg2+ has shown to promote osteogenesis via Notch signaling 
activation [53], a pathway also required for the onset of chondrocyte 
hypertrophy [54]. The underlying mechanism of Mg2+ involvement is 
still unclear and requires further investigation. Given its 
well-established role in ATP transport [55] and cell proliferation [56], 
Mg2+ supports the high proliferative activity of hypertrophic chon-
drocytes. For this study, we chose WH given its unique release of Mg2+

ions that amplifies hypertrophic response. 
Chondrocyte-laden RGDW cryogel mineralized in in vivo bone 

microenvironment, which is important for calcified cartilage regenera-
tion (Fig. 5). Hypertrophic chondrocytes secrete matrix vesicles con-
taining calcium phosphate crystals, which eventually penetrate the 
membrane and are released into the extracellular fluid [57,58]. More-
over, COLX secreted by hypertrophic chondrocytes is known to be 
involved in matrix organization, calcium binding and matrix vesicle 
compartmentalization [21]. In the right context of physiochemical and 
biochemical factors, preformed crystals deposit on the surrounding 
ECM, and serve as nucleation sites for hydroxyapatite crystal growth and 
propagation. Chondroitin sulfate (CS), a fundamental component of the 
cryogel backbone, and WH are believed to contribute to biominerali-
zation kinetics and ion recruitment. Due to its negative charge and af-
finity for cations like Ca2+, CS can 1) promote initial binding of 
preformed crystals [59] and 2) provide a mineralized surface that is 
energetically favorable for subsequent crystal formation. Given its 
release of free Ca2+ and PO4

3- ions, WH can serve as an ion reservoir for 
crystal growth. Therefore, mineralization was mediated by WH-induced 
hypertrophic chondrocytes and assisted by CS and WH. 

After confirming that RGDW group forms calcified cartilage in vivo, 
we hypothesized that RGD/RGDW bilayer graft would be appropriate 
for osteochondral regeneration. To evaluate the effect of incorporating a 
bottom hypertrophic layer, rabbit osteochondral defects were implanted 
with either RGD/RGDW (bilayer) or RGD (monolayer) graft for 12 
weeks. The extent and quality of repair was assessed through histolog-
ical, immunostaining and microCT analyses. Macroscopically, the 
repaired tissue of Defect only group showed good integration with sur-
rounding native tissue (Fig. 6B), but was not hyaline in quality (Fig. 6C1- 
6C2, 6E1, 6F1). Repaired tissue of both RGD and RGD/RGDW groups 

displayed intense red Safranin-O staining (sGAG) and blue MTC staining 
(collagen) with round cells housed in lacunae, which are characteristics 
of hyaline cartilage (Fig. 6C3-6C6, 6E2-3). At the cartilage-bone inter-
face, in RGD/RGDW group, COL2 expression level gradually diminishes 
and transitions into COL1 expression (Fig. 6G3). This collagen expres-
sion pattern matches the collagen composition of the osteochondral 
tissue: articular cartilage (COL2 high)-calcified cartilage (COL2 low)- 
subchondral bone (COL1 high) [13]. In RGD group, cartilage neotissue 
penetrated deep into the subchondral bone region and was mixed (hy-
aline + fibrous) cartilage (Fig. 6G2). 

Moreover, RGD group showed signs of vascular infiltration into the 
hyaline region. Preventing vascular channels from crossing into newly 
regenerated avascular hyaline cartilage is crucial to avoid ectopic 
mineralization [60]. RGD/RGDW group showed regenerated hyaline 
cartilage tissue that is confined to its respective layer via calcified 
cartilage and tidemark. Correspondingly, ICRS II histological score was 
~14 % higher for RGD/RDW group (Fig. 6D). Based on 14 parameters 
related to chondrocyte phenotype and tissue structure [61], ICRS II 
scoring system is more comprehensive than other scoring systems (ICRS 
I [62] and modified O’Driscoll [63]) and thus, appropriate for evalu-
ating the benefits of adapting RGD/RGDW bilayer. 

Furthermore, RGD/RGDW group resulted in 10.3 % more sub-
chondral bone regeneration than RGD group (Fig. 7). Although the 
average % BV/TV was almost on par with that of RGD/RGDW, sub-
chondral bone regeneration of Defect only group exhibited high sample- 
to-sample variation and wide sample range. The degree of bone regen-
eration in untreated, empty osteochondral defects is highly contingent 
upon the individual’s inherent self-repair capacity, which can be influ-
enced by multiple factors including age, health condition and stress. The 
fact that RGD/RGDW group exhibited the highest % BV/TV with low SD 
suggests that the bottom hypertrophic cartilage layer consistently pro-
moted osseointegration with surrounding bone. In fact, multiple studies 
have demonstrated that implantation of hypertrophic chondrocyte or 
cartilage promotes bone regeneration [64,65]. We can turn to the nat-
ural bone development and healing process for explanation [49,50]. 
Hypertrophic chondrocytes secrete vascular endothelial growth factor 
(VEGF) that recruits blood vessels from adjacent bone tissue. The 
mineralized cartilage attracts osteoblasts and other cells involved in 
bone remodeling and regeneration. The mineralized matrix also releases 
signaling molecules or growth factors that stimulate osteoblasts to de-
posit new bone tissue in close proximity to the mineralized cartilage. 
This gradual transition from mineralized cartilage to bone allows for a 
more seamless integration between tissue engineered cartilage graft and 
native subchondral bone. 

Fig. 7. RGD/RGDW bilayer promotes subchondral bone regeneration. (A) Micro-CT 2D cross-sectional image (A1-A3) and 3D reconstructed image (A4-A6) of 
ROI (colored in yellow). ROI of worst(left) and best(right) cases of bone regeneration are shown. Scale bar = 1 mm. (B) Percentage of regenerated bone over total 
volume (% BV/TV), quantified from 3D reconstructed ROI. Error bars indicate SD. *p < 0.05. 
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5. Conclusion 

In this study, we incorporated WH into a chondro-condutive cryogel 
to promote chondrocyte hypertrophy. RGDW group exhibited upregu-
lated hypertrophy-related gene expression in vitro and accumulation of 
COLX for ectopic hypertrophic cartilage formation in vivo. Subsequently, 
RGDW cryogel was combined with RGD cryogel into bilayer (RGD/ 
RGDW group) and implanted into rabbit osteochondral defect. The hy-
pertrophic cartilage layer, which mineralized into calcified cartilage, 
facilitated osseointegration with surrounding bone, which is critical for 
graft-to-tissue integration. Moreover, RGD/RGDW group regenerated 
hyaline-like tissue in the articular cartilage layer. 
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