
Osteoarthritis is a disease of the osteochondral 

junction

Osteoarthritis (OA) is a chronic degenerative disease of 

the articular joint that involves cartilage, synovium, 

ligaments, bone, meniscus, tendon, and periarticular 

muscle [1]. Cartilage destruction is one of the common 

characteristics of OA progression and results in mal-

function of the aff ected joint. Normal articular cartilage 

is comprised of large amounts of extracellular matrix 

(mainly collagen type II), produced and maintained by 

chondrocytes, the sole cell type in the cartilage. During 

disease progression, net loss of cartilage matrix results 

from an imbalance between cartilage matrix degradation 

and synthesis by chondrocytes in the cartilage [2-4]. Due 

to absence of vascularization in the articular cartilage, 

the capacity for self-repair in cartilage is limited, and 

currently there is no eff ective therapy treating OA except 

for relieving the symptoms of the diseases until the joints 

need to be replaced by surgery.

OA involves more than simply degeneration of the 

articular cartilage – OA is in fact a disease of the osteo-

chondral tissue complex. Th e osteochondral junction is 

highly structured [5-7]; the uppermost superfi cial zone is 

characterized by elongated chondrocytes with collagen 

fi brils aligning parallel to the articular surface. In the 

middle/intermediate zone, rounded chondrocytes and 

collagen fi brils are less organized relative to the surface. 

In the deep zone, vertical columns of chondrocytes and 
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fi bers are organized perpendicular to the articular 

surface. Th e highest concentration of proteoglycans is 

found in the deep zone. Adjacent to deep zone cartilage is 

the calcifi ed cartilage zone, which is characterized by 

larger and more dispersed hypertrophic chondrocytes. A 

wavy basophilic matrix, known as the tidemark, 

highlights the boundary between the deep and calcifi ed 

cartilage zones. Vertically oriented collagen fi bers pass 

through the tidemark from the deep zone to the calcifi ed 

cartilage and are important for transferring mechanical 

forces. Overall, the calcifi ed zone marks the transition 

from soft cartilage to stiff  subchondral bones and is 

important for attaching the noncalcifi ed cartilage to 

bone. Th e subchondral bone is interdigitated with 

calcifi ed cartilage, but, interestingly, the collagen fi bers 

do not extend from the calcifi ed zone to the bone. Th is 

physical linkage between cartilage and bone is a critical 

component in the pathogenesis of degenerative diseases 

such as OA.

Pathogenesis of osteoarthritis: bone or cartilage, 

and bone–cartilage interface

Th ere exists some debate as to whether OA begins in the 

cartilage or the bone and whether subchondral bone or 

articular cartilage is the more appropriate target for 

disease-modifying OA drug development.

Supporters of the ‘bone fi rst’ side of the debate 

maintain that, as the substrate for articular cartilage, 

subchondral bone plays a support role in cartilage health, 

and that any perturbations to subchondral bone are 

amplifi ed as pathological conditions and are transferred 

from bone to cartilage. For example, studies have shown 

that osteophyte formation and changes in subchondral 

bones appear before measurable changes in articular 

cartilage thickness as well as related joint space 

narrowing [8-14]. Another group of studies suggest that 

healthy subchondral bone is essential for healthy carti-

lage. In tissue plugs cultured in vitro, bone tissue 

preserves chondrocyte survival [15]. To some extent, the 

conventional wisdom has been that healthy subchondral 

bone presents an impenetrable, impermeable barrier. 

However, growing evidence indicates that cartilage 

receives nutrients, cytokines, and hormones from bone 

in vivo, and vice versa [16-18].

Proponents of the ‘cartilage fi rst’ theory argue that, 

while early changes to cartilage during OA are clearly 

coupled to bone alterations via mechanical and soluble 

factors, changes to the bone seem to be secondary to 

alterations in articular cartilage [19]. Supporting evidence 

suggests that OA changes to cartilage alter the mecha-

nical environment of the bone cells and induce them, in 

turn, to modulate tissue structure. Several studies report 

that thickening of calcifi ed cartilage along with tidemark 

advancement contributes to thinning of articular cartilage 

[20]. Th is leads to increased mechanical stresses in the 

matrix of the deep zone of cartilage and contributes to 

OA cartilage deterioration [21]. Whatever the side, it is 

clear that interactions between both bone and cartilage 

are central to disease progression, and that, in studying 

OA, bone and cartilage can no longer be considered 

separately. We thus propose that, in order to appro-

priately study the osteochondral environment and OA in 

vitro, three-dimensional microtissue constructs must 

involve both cartilage and bone.

Design of an adult mesenchymal stem cell-based 

microsystem of the osteochondral complex

In view of the fi ndings summarized above, an engineered 

osteochondral construct that properly incorporates 

articular cartilage, osteochondral interface (calcifi ed 

cartilage) and the subchondral bone as an interactive 

micro tissue unit should be of signifi cant utility in eluci-

dat ing the pathogenesis of degenerative joint diseases as 

well as assessing the effi  cacy of potential therapeutics 

against the disease. Because there are limited diff er en-

tiated cell sources available for cartilage and bone tissue 

engineering, adult multipotent mesenchymal stem cells 

(MSCs), with their well-characterized ability to diff eren-

tiate into chondrocyte-like cells and osteoblast-like cells, 

represent a natural candidate cell source for engineering 

these tissues [22,23].

Human MSCs derived from bone marrow or from 

adipose are used as the progenitor cell population to 

engineer the bone, cartilage, and synovium components 

of the microtissue. However, the microtissue system 

described here is compatible with constructs derived 

from any type of progenitor or primary cell. Indeed, 

induced pluripotent stem cells, with their ability to be 

propagated to meet the high cell requirements of tissue 

engineering, represent an attractive, high-quality cell 

source that we plan to investigate in the future. 

Regardless of progenitor cells source, a physiologically 

relevant microsystem of the osteochondral complex must 

have the following key features: an anatomic biphasic 

structure with a functional interface; all tissue compo-

nents derived from a single cell source to eliminate 

possible age/tissue type incompatibility; individual com-

part ments to constitute separate microenvironment for 

the synovial and osseous components of the microtissue; 

accessible individual compartments that may be con-

trolled and regulated via the introduction of bioactive 

agents or candidate eff ector cells, and tissue/medium 

sampling and compositional assays; compatibility with 

the application of mechanical load and perturbation; and 

imaging capability to allow for non-invasive functional 

monitoring.

Here we describe the design for an osteochondral 

microtissue that is suitable for placement in a 96-well 
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tissue culture plate platform (Figure 1A to G). Th e pro-

posed construct involves a layered osteochondral tissue 

composite, including (from bottom to top) bone, osteo-

chondral interface, cartilage, and synovium, cultured 

within a perfusion-ready container mold constructed 

photolithographically using a biocompatible plastic 

polymer. Th e bone construct will be peripherally 

surroun ded by endothelium to simulate the biological 

eff ects of blood vessels and the vasculature on OA. 

Culture-expanded human vascular endothelial cells (ECs) 

[24,25] are used to form the endothelial lining.

Th e inclusion of an EC component in an osteochondral 

tissue construct is a unique feature of our system and is 

based on the results of numerous studies describing the 

important role ECs play in regulating bone biology [26]. 

ECs release factors such as fi broblast growth factors, 

IL-1, and IL-6, and nitric oxide that infl uence both bone 

and osteoclast behavior, thereby regulating bone 

formation and resorption. In particular, ECs provide a 

robust source of bone morphogenetic protein-2 that 

enhances the osteogenic phenotype in bone and bone-

progenitor cells [27,28]. In turn, ECs are the target of 

many bone-derived signals, such as parathyroid hor-

mone, insulin-like growth factors types  1 and 2, basic 

fi broblast growth factor, platelet-derived growth factor, 

and vascular endothelial growth factor. To demonstrate 

the eff ects of this crosstalk between ECs and bone cells in 

our system, we conducted preliminary studies in which 

native bone plugs were cultured with collagen gels seeded 

with or without ECs and cultured for 4 weeks. Samples of 

bone coated with collagen gels containing ECs produce 

more new bone matrix and osteoprotegerin, indicating 

activation of anabolic bone pathways (Figure  1H to I). 

Future work will be aimed at assessing whether crosstalk 

with ECs mitigates the negative eff ects of injurious 

mecha nical and chemical stresses on bone behavior.

Each tissue type is formulated with the use of projec-

tion stereolithography to incorporate internal three-

dimensional spatial features that will permit optimal 

tissue formation and medium perfusion [29]. For 

example, channels 500 μm in diameter can be fabricated 

within the bone element to aid in nutrient dispersion 

throughout the construct. Bone is formed by seeding and 

culturing MSCs in photocrosslinked collagen/hydroxy-

apatite [30] (Figure  2). Collagen and hydroxyapatite, or 

Ca
10

(PO
4
)

6
(OH)

2
, are primary components of bone, and 

both are frequently used in tissue engineered bone 

constructs. Cartilage is engineered by seeding MSCs in 

photo-activated/crosslinked collagen/chitosan gel and 

treated with transforming growth factor-β3 [31]. 

Chitosan was chosen because it shares some structural 

characteristics with glycosaminoglycans, a major matrix 

component of cartilage responsible for many of its unique 

mechanical properties [32]. With its many primary amine 

groups, chitosan also aids in collagen crosslinking [33]. 

Th e osteochondral interface is formed by placing a layer 

of MSC-laden collagen type  I hydrogel between the 

chondral and osseous layers [34]. Th e synovial lining is 

generated with MSCs seeded in crosslinked polyethylene 

glycol alone and cultured in non-inductive medium. 

Th ese conditions were shown in preliminary experiments 

to be capable of maintaining a fi broblastic phenotype in 

MSCs. As previously mentioned, the endothelial com-

ponent consists of ECs embedded in collagen to surround 

the osteochondral elements. Collagen gels were chosen 

for their susceptibility to modifi cation and contraction by 

ECs and osteoblasts, resulting in a tight fi t around the 

osteoblast construct.

Th is osteochondral microtissue design specifi es two 

separate circulating feeding/delivery systems, which may 

be mixed if desired. One system supplies the upper 

synovial compartment and is separated by a rigid wall 

with 20 μm pores with or without a 0.2 μm fi lter lining. 

Th e outer wall is layered with ECs that adhere and 

develop after the cells are delivered by perfusion once the 

construct is assembled. Th e inner layer is lined with a 

collar of MSC-embedded photo-polymerized hydrogel to 

constitute the synovium. Th e second system supplies the 

bony tissue component and is separated from the bone 

with a rigid wall with ≥20  μm pores, thus delivering 

nutrients as well as allowing ECs and other cells to adhere 

and migrate into the bony tissue and create new 

biologically relevant niches.

Towards fully simulating the osteochondral micro-

environment, the proposed microtissue system will 

include mechanical loading modalities. Th e initial design 

of the loading device involves a 3  mm loading surface 

with nonloading position <0.5  mm from the cartilage 

surface and loading of 5% strain (100  μm) at 0.1  Hz. 

Reports in the literature suggest that this combination of 

strain and loading rate should be chondro-stimulatory in 

engineered cartilage constructs [35-37]. Furthermore, 

extreme loading can be applied in conjunction with 

stimulation by biochemical stresses to simulate physical 

injury within the microtissue system (Figure 2).

Th e most attractive aspect of the microtissue described 

here will be its ability to mimic the tissue relationships 

within the osteochondral complex of the articular joint 

and to characterize responses to mechanical, patho-

logical, and infl ammatory insults. Th e application of the 

system toward these types of studies will depend on fi rst 

validating its behavior under nonstressed conditions to 

confi rm proper matrix production, diff erentiation marker 

expression, and tidemark development. Next the system 

will be perturbed with mechanical and chemical stress to 

demonstrate that the microtissue responds according to 

published in vivo studies. Once validated, the system can 

be used to investigate biological processes not easily 
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Figure 1. Osteochondral microtissue design, fabrication, and validation. (A) Schematic diagram of one microtissue assembly within a single 

well platform, cross-sectional side view. cc, chondrocyte construct; ec, endothelial construct; hf, human fi broblasts; lc, lower medium conduit; mc, 

mesenchymal construct; oc, osteoblast construct; p, platform; sf, synovial fl uid; uc, upper medium conduit; a1, lower adapter with porous screen 

to allow communication between the lc and oc and the uc and cc chamber; a2, upper adapter, to seal the upper conduit. Red arrows indicate 

direction of fl uid fl ow. (B) Schematic of one microtissue assembly within a single well platform showing fl uid fl ow (red arrows) of the lc and its 

relation to the endothelial layer (ec), oc and the porous barrier (a1). (C) Combination of multiple microtissue platform confi gurations, 96-well 

format, and single well format. (D) Three-dimensional model fabricated microtissue components. (E) Microtissue components fabricated with 

E-shell 300™ (EnvisionTec, Gladbeck, Germany) polymer resin using projection stereolithography. (F) Order of microtissue assembly before culture. 

(G) Histological view of interface between osteoblast and mesenchymal construct on a fully assembled microtissue construct after 6 weeks of 

culture. Arrows indicate a dense structure between the two layers. Bar = 100 μm. (H) Native bone plugs in collagen gel with or without endothelial 

cells (ECs) cultured for 4 weeks immunohistochemically stained for osteoprotegerin. B, bone plug; G, collagen gel. Bar = 100 μm. (I) Osteoprotegerin 

ELISA analysis of media samples conditioned by bone plugs coated in collagen gel with or without ECs cultured for 1, 4, or 6 weeks. *P = 0.0362.
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studied by traditional means. For example, to study the 

eff ects of mechanical injury, the cartilage component can 

be pre-injured prior to microtissue assembly to study the 

eff ects of damaged cartilage on bone health. Alternatively, 

the assembled and matured microtissue can be impacted 

in situ to study changes in cartilage and bone anabolic/

catabolic pathways and disruption of the tidemark. 

Similarly, the microtissue system can be employed as a 

high-throughput in vitro model to assess the eff ects of 

treatment with glucocorticoids, proinfl ammatory cyto-

kines, anti-infl ammatory biologics, and even titanium 

microparticles on osteochondral health (Figure  2). Th e 

microtissue system thus off ers novel capabilities for 

investigating the pathogenic mechanisms of OA as well 

as serving as a high-throughput platform to test candi-

date disease-modifying OA drugs.
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