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 Giving rise to both bone and cartilage during development, bone marrow- 
derived mesenchymal stem cells (hMSC) have the unique capacity to gener-
ate the complex tissues of the osteochondral interface. Utilizing a scaffold-
free hMSC system, biphasic osteochondral constructs are incorporated 
with two types of growth factor-releasing microparticles to enable spatially 
organized differentiation. Gelatin microspheres (GM) releasing transform-
ing growth factor-β1 (TGF-β1) combined with hMSC form the chondrogenic 
phase. The osteogenic phase contains hMSC only, mineral-coated hy-
droxyapatite microparticles (MCM), or MCM loaded with bone morphoge-
netic protein-2 (BMP-2), cultured in medium with or without BMP-2. After 4 
weeks, TGF-β1 release from GM within the cartilage phase promotes forma-
tion of a glycosaminoglycan- and type II collagen-rich matrix, and has a local 
inhibitory effect on osteogenesis. In the osteogenic phase, type X collagen 
and osteopontin are produced in all conditions. However, calcifi cation occurs 
on the outer edges of the chondrogenic phase in some constructs cultured in 
media containing BMP-2, and alkaline phosphatase levels are elevated, indi-
cating that BMP-2 releasing MCM provides better control over region-specifi c 
differentiation. The production of complex, stem cell-derived osteochondral 
tissues via incorporated microparticles could enable earlier implantation, 
potentially improving outcomes in the treatment of osteochondral defects. 

  1.     Introduction 

 The osteochondral interface consists of 
a layer of calcifi ed cartilage between the 
deep zone of articular cartilage and the 
subchondral bone. Typically occurring 
as a result of traumatic injury or disease, 
osteochondral defects penetrate through 
this interfacial region, affecting both the 
surface cartilage and the underlying bone. 
Such defects are associated with reduced 
joint stability and often lead to degen-
erative changes and osteoarthritis in the 
affected joint. [ 1 ]  Current treatments for 
osteochondral defects include osteochon-
dral autograft transfer system (OATS) or 
mosaicplasty, which involves the transfer 
of small cylindrical plugs of osteochondral 
tissue from a low-weight bearing region of 
the joint into the defect. However, the use 
of this treatment is limited by the amount 
of healthy cartilage available for grafting 
and can cause donor site morbidity. [ 2 ]  
Additionally, though the OATS proce-
dure initially results in a smooth articular 
surface, the grafted cartilage tissue typi-
cally does not integrate with the existing 

cartilage, leading to gaps between the host and grafted tissue 
and reducing the quality of repair. [ 3 ]  Other surgical treatments 
include autologous chondrocyte implantation (ACI) [ 4 ]  or marrow 
stimulation techniques such as microfracture and subchondral 
drilling, [ 5 ]  but no single treatment to date has been shown to 
effectively and consistently restore normal joint function. 

 As an alternative treatment strategy, tissue engineering ther-
apies have been developed to promote repair and regeneration 
in patients with chondral (affecting the cartilage only) and oste-
ochondral defects. In the case of joint damage affecting only the 
cartilage layer, osteochondral constructs could be anchored into 
the subchondral bone, potentially improving mechanical sta-
bility compared to a cartilage-only construct. [ 1 ]  Although many 
advances have been made in the fi eld of tissue engineering, 
complex tissues such as the osteochondral interface that con-
tain multiple cell types with a distinct spatial organization pre-
sent a unique challenge. [ 6 ]  

 Approaches to engineer osteochondral constructs have 
included layering chondrocytes and osteoblasts in various 
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polymer scaffolds with defi ned structural or biochemical 
characteristics. [ 7 ]  Though this approach has shown promising 
results, due to the low chondrocyte density in cartilage tissue 
and rapid dedifferentiation in monolayer culture, it may be 
diffi cult to obtain therapeutically relevant numbers of mature 
articular chondrocytes for these types of constructs. [ 8 ]  Others 
have theorized that since bone and cartilage cells arise from 
a common progenitor, bone marrow-derived mesenchymal 
stem cells (MSCs), these cells could be used to generate all of 
the cells and tissues of the osteochondral interface. [ 9 ]  Human 
MSCs (hMSCs) are a popular cell source for tissue engineering 
applications, as they are readily available in bone marrow, can 
be differentiated into multiple cell types of the mesenchymal 
lineage, and can be expanded for several passages in culture 
without losing their multipotency. [ 10 ]  Several approaches have 
involved predifferentiating MSCs down the chondrogenic and 
osteoblastic lineages in vitro prior to incorporation within a bio-
material scaffold, resulting in complex engineered osteochon-
dral tissues derived from a single, abundant cell source. [ 11,12 ]  
However, the extended culture times required to differentiate 
the MSCs prior to combining them within a single scaffold 
limits the clinical applicability of this type of construct. 

 Still another strategy involves seeding MSCs within a 
polymer scaffold that enables the spatial presentation of chon-
drogenic growth factors such as transforming growth factor-β1 
(TGF-β1) or insulin-like growth factor-1 (IGF-1) in the cartilage 
region and osteogenic factors such as bone morphogenetic pro-
tein-2 (BMP-2) or BMP-4 in the bone region. [ 13,14 ]  This strategy 
circumvents diffi culties with extended in vitro preculture times, 
as cell differentiation could occur in situ within the construct. 
With these types of systems, however, presence of the polymer 
matrix limits the concentration of cells that can be delivered to 
the defect, may interfere with the cell–cell interactions neces-
sary for chondrogenesis, and could produce toxic degradation 
byproducts. [ 15 ]  Further complicating these systems, the degrada-
tion rates of each layer of the polymer scaffold must be balanced 
with the rates of local tissue formation to preserve mechanical 
integrity. [ 16 ]  Since bone-to-bone interfaces heal faster and more 
robustly than cartilage-to-cartilage interfaces, [ 9 ]  the bone por-
tion of the scaffold would be required to degrade more quickly 
than the cartilage portion. An inappropriate degradation rate 
of either phase of the polymer scaffold could compromise the 
repair process, as a scaffold degrading too rapidly could leave 
gaps in the healing tissue, or a scaffold degrading too slowly 
could inhibit tissue regeneration. [ 17 ]  This could also present a 
problem with cell-free osteochondral implants, biomaterial-
based constructs that function to deliver growth factors to the 
defect region and rely on the recruitment of cells from sur-
rounding tissues following implantation. [ 13,18–20 ]  It may also not 
be possible to recruit a large enough number of endogenous 
cells to the defect space to elicit repair. 

 Cell-based “scaffold-free” approaches have also been pro-
posed for engineering the osteochondral interface. Many of 
these approaches involve cellular constructs comprised of chon-
drocytes or stem cells in aggregates [ 21–23 ]  or sheets, [ 24,25 ]  or con-
sist of a cell-only cartilage layer atop a biomaterial scaffold that 
serves as the bone portion. [ 26–28 ]  Though scaffold-free strategies 
avoid many of the issues with polymer-based scaffolds, stem 
cells alone may not receive appropriate signals in the correct 

amounts to differentiate into the complex tissues of the osteo-
chondral interface, [ 9 ]  and cellular aggregates may be diffi cult to 
localize within a defect. Partial scaffold-free approaches have 
similar problems to those of fully biomaterial-based scaffolds, 
with potential for material interference with healing or undesir-
able degradation by-products. 

 To address these issues, we designed an MSC-based osteo-
chondral construct incorporating bioactive microparticles to 
enable spatial control of growth factor release and cell differ-
entiation. Such an approach may circumvent problems with 
extended in vitro culture time, undesirable polymer matrix 
degradation rates, and mature cell sourcing. [ 29 ]  The inclusion 
of growth factor-releasing microspheres within a densely cel-
lular construct would enable the local delivery of factors to cells 
within the construct, avoiding problems with diffusion from the 
culture medium and uptake by cells at the periphery of the con-
struct. [ 30–35 ]  Importantly, incorporated bioactive microparticles 
have the potential to enable MSC differentiation after in vivo 
implantation, eliminating the time and expense associated with 
long-term in vitro culture in growth factor-containing media. 

 Here, we report the development of the fi rst scaffold-
free, stem cell-based biphasic osteochondral construct. This 
approach utilizes a single cell source (hMSCs) and a two-step 
process to generate a complex, spatially organized tissue mim-
icking the structure and composition of the native osteochon-
dral interface. Our hypothesis was that the spatially controlled 
delivery of chondrogenic and osteogenic factors from micro-
particles within a densely cellular hMSC construct could pro-
mote tissue-specifi c differentiation within each region of the 
construct. Incorporated gelatin microspheres (GM) enable 
rapid release of TGF-β1 to cells in the chondrogenic layer, and 
hydroxyapatite mineral-coated microparticles (MCM) facilitate 
the sustained delivery of BMP-2 to cells in the osteogenic layer. 
Furthermore, we hypothesized that the presence of BMP-2-
loaded MCM would restrict the chondrocyte hypertrophy and 
osteogenic differentiation to the bone phase of the construct, 
reducing hypertrophic activity and osteogenesis in the cartilage 
phase by comparison to constructs cultured in medium con-
taining BMP-2.  

  2.     Results 

  2.1.     Experimental Approach 

 To form the osteogenic layer of the osteochondral constructs, 
bone marrow-derived hMSCs were combined with MCM par-
ticles with or without loaded BMP-2 (as described in detail in 
the Experimental Section) and allowed to settle onto the mem-
branes of Transwell inserts for 24 h. Additional hMSCs were 
then combined with genipin-crosslinked gelatin microspheres 
loaded with TGF-β1 (as described in the Experimental Section) 
and gently added atop the osteogenic layer of all biphasic con-
structs to form the cartilage layer. Using this methodology, the 
diameter of the biphasic constructs was defi ned by the dia meter 
of the Transwell inserts (12 mm). Constructs were formed 
using hMSCs from two donors, Donor A and Donor B. The 
specifi c conditions of osteochondral construct formation are 
presented in  Table    1  . 
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    2.2.     Microsphere Characterization 

 Gelatin microspheres were approximately spherical, with an 
average diameter of 48.4 ± 48.9 µm and a crosslinking level of 
32.6% ± 6.1%. Characterization of TGF-β1 release from the for-
mulation of GM and BMP-2 release from the formulation of 
MCM used here is reported in Dang et al. 2015. TGF-β1 was 
released from GM in collagenase-containing medium over a 
period of 10 d, with complete microsphere 
degradation and growth factor release occur-
ring on day 10. [ 33 ]  Roughly 60% of incorpo-
rated BMP-2 was released from MCM in PBS 
over a period of 60 d. [ 33 ]   

  2.3.     Biochemical Analysis 

 After 4 weeks of culture, biphasic con-
structs from both donors were easily har-
vested by peeling them away the Transwell 
membranes. Similar biochemical trends 
were observed for both donors unless oth-
erwise noted. DNA content was similar for 
all constructs containing MCM ( Figure    1  A). 
DNA content was lower in the Exogenous 
(Exo.) BMP-2 constructs than in all condi-
tions containing MCM for each individual 
donor, but this difference was only signifi -
cant for Donor A. The glycosaminoglycans 
(GAG) content of all constructs exposed to 
BMP-2 was similar, but the MCM-only con-
dition was lower for each individual donor 
(Figure  1 B), with the difference being sig-
nifi cant for Donor B versus the Exo. BMP-2 
condition. The GAG/DNA in the Exo. BMP-2 
condition was signifi cantly higher than the 
other three conditions (Figure  1 C) for Donor 
B, and signifi cantly higher than MCM only 
for Donor A. The average ALP activity was 
higher in both conditions cultured in media 
containing BMP-2 than conditions without 
exogenous BMP-2, and the difference was 
signifi cant for all conditions except MCM + 
Exo. BMP-2 in Donor A. Donor B was 
observed to have greater average ALP activity 
levels than Donor A when treated with exog-
enous BMP-2, and in the case of Donor B 
ALP levels for Exo. BMP-2 were signifi cantly 
higher than MCM + Exo. BMP-2 ( Figure    2  A). 
Only minimal calcium was detected in the 

Exo. BMP-2 condition, but statistically equivalent amounts of 
calcium were present in the constructs incorporated with MCM 
for each donor, with higher average amounts for Donor B than 
Donor A (Figure  2 B). 

     2.4.     Safranin-O/Fast Green and Alizarin Red Histology 

 Histological sections were stained with Safranin-O to high-
light the presence and distribution of GAG within the 
biphasic tissues. Representative sections from Donor A are 
shown ( Figure    3  ). The “bottom” layer of the tissue was defi ned 
as the side nearest to the Transwell membrane where MCM 
(or cells only) were initially incorporated, and the “top” layer 
of the tissue was defi ned as the side facing away from the 
Transwell membrane, where GM containing TGF-β1 were 
incorporated. All GM appeared to be completely degraded 
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  Table 1.    Experimental conditions of osteochondral construct formation. 

Condition MCM BMP-2 in medium BMP-2 in MCM

Exogenous (Exo.) BMP-2 No Yes –

MCM Yes No No

MCM + BMP-2 Yes No Yes

MCM + Exo. BMP-2 Yes Yes No

 Figure 1.    DNA A), GAG B), and GAG per DNA C) in osteochondral constructs after 4 weeks 
of culture. * p  < 0.05 versus MCM; ** p  < 0.05 versus Exo. BMP-2; *** p  < 0.05 versus all other 
conditions.



FU
LL

 P
A
P
ER

4 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

at 4 weeks, and the regions where GM 
had initially been present were completely 
fi lled with cells and dense GAG-containing 
matrix. Constructs from the Exo. BMP-2 
condition (without incorporated MCM) 
were uniformly stained with Safranin-O 
throughout (Figure  3 A). All conditions con-
taining MCM (MCM, MCM + BMP-2, and 
MCM + Exo. BMP-2) displayed an intense, 
uniform orange staining throughout the top 
≈2/3 of the tissues (Figure  3 F,K,P). Regions 
within the bottom ≈1/3 of the tissues, where 
the MCM were incorporated, stained less 
intensely for GAG and were more cellular. 
This was particularly apparent in the MCM + 
Exo. BMP-2 group (Figure  3 P). Calcium 
staining indicated the presence of MCM in 
the lower region of all constructs from the 
MCM, MCM + BMP-2, and MCM + Exo. 
BMP-2 conditions (Figure  3 J,O,T). In condi-
tions containing both MCM and BMP-2, the 
region of red calcium staining was thicker 
and more distributed than in the MCM only 
condition (Figure  3 O,T). Some calcifi cation 
was also seen on the top side of the tissue in 
at least one sample from conditions cultured 
in media containing BMP-2 of each donor 
(Figure  3 E). 
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 Figure 2.    Alkaline phosphatase activity A) and calcium content B) in 4 week osteochondral 
constructs. ** p  < 0.05 versus Exo. BMP-2; *** p  < 0.05 versus all other conditions;  x  p  < 0.05 
versus MCM + Exo. BMP-2.

 Figure 3.    Cross-sections from osteochondral constructs stained for GAG (orange; A, F, K, P), type II collagen (red; B, G, L, Q), type X collagen (red; 
C, H, M, R), osteopontin (red; D, I, N, S), and calcium (red; E, J, O, T). Arrows indicate cell and matrix-fi lled regions where microspheres degraded. 
Scale bar = 100 µm for all images.
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    2.5.     Immunohistochemistry for Type II Collagen, 
Type X Collagen, and Osteopontin 

 Generally, similar trends were observed in the distribution of 
IHC staining for both Donor A and Donor B. However, sam-
ples from Donor A stained more intensely for both types of col-
lagen than Donor B, across all four conditions. Type II collagen 
was observed throughout constructs from all conditions and 
stained more intensely toward the top edge of most constructs 
(Figure  3 B,G,L,Q). Regions of less intense type II collagen stain 
fi lled with cells and matrix were observed where GM appear 
to have been initially present (black arrows). Type X collagen 
staining was noted in the central ≈1/3 of constructs from all 
groups, but was much fainter in the MCM-only condition 
(Figure  3 C,H,M,R). Osteopontin staining was localized to the 
bottom ≈1/2 of the constructs, with the most intense staining 
observed along the bottom edge (Figure  3 D,I,N,S). The region 
of osteopontin staining appeared thinner in the MCM only con-
dition (Figure  3 I).  

  2.6.     Quantitative Image Analysis of Type X Collagen 
and Calcium Staining 

 Image analysis was performed on constructs stained for type X 
collagen or calcium to quantify the spatial distribution of these 
extracellular matrix components throughout the constructs. 
Constructs were divided into equal thirds by thickness, and the 
top, central, and bottom regions were isolated. In agreement 
with the gross visual fi ndings, type X collagen was primarily 
located within the central 1/3 of the constructs ( Table    2  ). The 
position and thickness of the regions of calcium staining in 
constructs from the MCM, MCM + BMP-2, and MCM + Exo. 
BMP-2 was also in agreement with the gross visual evaluation 
(Table  2 ). The MCM + BMP-2 constructs contained the thickest 
region of calcium staining, and the calcium-stained regions in 
both conditions containing MCM and treated with BMP-2 were 
signifi cantly thicker than in the MCM only constructs. Osteo-
chondral constructs from all conditions containing Exo. BMP-2 
were signifi cantly thicker than those containing MCM only. 

     3.     Discussion 

 Recent advances in the production of high-density stem cell 
constructs have demonstrated the utility of incorporating 
growth factor-releasing microparticles within the cellular 

constructs themselves, allowing the formation of bone and car-
tilage without culture in growth factor containing media. [ 30–35 ]  
TGF-β1-releasing polymer microspheres, when incorporated 
into high-density stem cell aggregates or sheets, can improve 
mechanical properties, enhance GAG-containing matrix pro-
duction, and enable spatiotemporal control of neocartilage for-
mation. [ 31,32 ]  Although promising chondrogenesis is achieved in 
these systems, differentiation into a single, cartilaginous phe-
notype may limit their applicability in the treatment of osteo-
chondral defects penetrating through the subchondral bone. As 
the treatment of such defects may require both bone and carti-
lage templates, a more complex system that induces differentia-
tion into both tissue types could be advantageous. Bone tissue 
engineering via endochondral ossifi cation has been explored 
utilizing bioactive microparticle-incorporated high-density 
stem cell constructs, creating injectable or implantable systems 
to treat bone defects without requiring extended in vitro cul-
ture. [ 33,34 ]  In hMSC aggregates, BMP-2-loaded MCM alone [ 34 ]  
or in combination with TGF-β1-releasing GM [ 33 ]  was used to 
successfully regulate both osteogenic and chondrogenic differ-
entiation, though distinct spatial control of bone and cartilage 
formation was not achieved in these systems. The formation of 
a spatially organized, complex osteochondral tissue based on 
the self-assembly of stem cells had not yet been demonstrated. 

 In this study, we hypothesized that spatial control of chon-
drogenic and osteogenic differentiation within biphasic hMSC 
constructs could be attained via the spatially organized incor-
poration of TGF-β1-loaded gelatin microspheres and BMP-2-
loaded mineral-coated hydroxyapatite microparticles. Genipin-
crosslinked GM were utilized within the chondrogenic layer of 
the biphasic constructs due to their ability to release TGF-β1 
in a controlled manner at rates dependent on the level of 
crosslinking. [ 31,32 ]  Within the hMSC constructs, cell-mediated 
proteolysis of the GM occurs, enabling growth factor release 
from the polymer matrix. This formulation of GM has been 
shown to release 100% of incorporated TGF-β1 over a period 
of 10 d in collagenase-containing medium, [ 33 ]  but only a small 
fraction of the incorporated growth factor is released in medium 
without collagenase, [ 31 ]  demonstrating the role of proteolytic 
degradation in releasing growth factor from within the charged 
hydrogel matrix. Based on our previous work, degradation of 
the GM within the high cell density constructs was expected to 
occur within 2–3 weeks. [ 31,32 ]  In agreement with those fi ndings, 
complete microsphere degradation was observed histologically 
within the biphasic osteochondral constructs after 4 weeks. 

 Within the osteogenic layer of the hMSC constructs, MCM 
were used to provide a sustained delivery of BMP-2. HA was 
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  Table 2.    Results of quantitative image analysis of type X collagen and calcium staining (* p  < 0.05 vs other regions, ** p  < 0.05 vs Exo. BMP-2 and 
MCM + Exo. BMP-2, *** p  < 0.05 vs other conditions). 

Condition Construct 
thickness [mm] 

Type X collagen staining by region [%] Calcium staining by region [%] Thickness of calcium 
layer [mm] 

Top Central Bottom Top Central Bottom

Exo. BMP-2 1.11 ± .05 9.4 ± 10.9 76.2 ± 3.4* 14.4 ± 12.9 66.7 ± 57.7 0.0 ± 0.0 33.3 ± 57.7 N/A

MCM 0.95 ± .11** 3.7 ± 4.3 75.1 ± 10.6* 21.2 ± 10.6 1.4 ± 2.4 0.0 ± 0.0 98.6 ± 2.4* 0.11 ± .01***

MCM + BMP-2 1.10 ± .07 6.4 ± 9.4 88.5 ± 9.3* 5.0 ± 7.4 0.0 ± 0.0 2.6 ± 4.4 97.4 ± 4.4* 0.40 ± .02***

MCM + Exo. BMP-2 1.14 ± .04 2.8 ± 2.3 80.2 ± 4.6* 17.0 ± 6.5* 0.0 ± 0.0 0.0 ± 0.0 100.0 ± 0.0* 0.27 ± .03***



FU
LL

 P
A
P
ER

6 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

uniquely suited for this application as it is an osteoinductive 
material [ 36 ]  deposited in the extracellular matrix (ECM) sur-
rounding late hypertrophic chondrocytes during endochondral 
ossifi cation. [ 37,38 ]  Furthermore, HA particles have a high protein-
binding affi nity and can be modifi ed with a mineral coating to 
provide tailorable growth factor release depending on the spe-
cifi c composition, dissolution rate and morphological properties 
of the mineralized surface. [ 39 ]  The formulation of MCM utilized 
within this system has been shown to release ≈60% of bound 
BMP-2 over a period of 60 d. [ 33 ]  Within the biphasic osteochon-
dral hMSC constructs, early delivery of TGF-β1 could promote 
chondrocyte differentiation, with a more prolonged delivery of 
BMP-2 to enable chondrocyte hypertrophy and calcifi cation in 
the osteogenic region. This temporal sequence of tissue forma-
tion mimics the progression of endochondral ossifi cation, the 
process by which hyaline cartilage is converted into bone. [ 40 ]  

 As was noted in a study with osteogenic MCM-incorporated 
hMSC aggregates, the inclusion of MCM within the biphasic 
constructs appeared to have a positive effect on the DNA con-
tent, potentially indicating improved cell viability. [ 34 ]  The average 
GAG content was lower for the MCM-only condition than in all 
other constructs, though this difference was only signifi cant 
for Donor B versus Exo. BMP-2. As BMP-2 has been shown to 
enhance GAG production by MSCs when administered in com-
bination with TGF-β1, [ 41 ]  it is reasonable that the GAG content 
was slightly improved with the addition of BMP-2 in particles or 
medium. The fi nding of higher GAG normalized to DNA in the 
Exo. BMP-2 constructs from Donor B indicates that the MCM 
may have reduced local GAG production in this system, as has 
also been demonstrated in hMSC aggregate cultures. [ 33 ]  This is 
in agreement with the histological fi ndings of uniform GAG 
staining throughout the Exo. BMP-2 condition, while MCM-
containing constructs exhibit less intense GAG staining in the 
bottom 1/3 of the construct, on the osteogenic side (Figure  3 P). 

 One of the goals of this study was to demonstrate that local 
release of BMP-2 from MCM incorporated within the cellular 
constructs could restrict the hypertrophy and calcifi cation to 
the bone-like region of the biphasic constructs, reducing the 
amount of osteogenic differentiation in the cartilaginous phase 
compared to constructs cultured in medium containing BMP-2. 
The presence of exogenous BMP-2 may have led to the small 
areas of calcifi cation observed histologically on both sides of 
some samples from the Exo. BMP-2 and MCM + Exo. BMP-2 
conditions. ALP activity, an indicator of chondrocyte hyper-
trophy and early osteogenic differentiation, [ 42 ]  was also higher 
in both conditions cultured in medium containing BMP-2. 
This could be due to the exposure of cells on all sides of those 
constructs to osteogenic growth factor, whereas the delivery of 
BMP-2 was restricted to the osteogenic phase in the MCM + 
BMP-2 condition. 

 Biochemical analysis revealed minimal amounts of calcium 
within the Exo. BMP-2 condition, indicating that the overall oste-
ogenic differentiation of these constructs from both donors was 
limited at 4 weeks. The local delivery of TGF-β1 from degrading 
GM in the fi rst 2–3 weeks may have delayed osteogenesis within 
this system, as other studies have shown that the sustained 
release of TGF-β may have an inhibitory effect on ALP activity 
and mineral deposition in hMSCs. [ 43 ]  The calcium contents of 
the MCM-incorporated conditions were similar, regardless of the 

presence of BMP-2. A portion of the quantifi ed calcium in the 
MCM-containing constructs was likely due to the calcium in the 
particles themselves, which were visualized histologically within 
the bottom phase of the constructs (Figure  3 J,O,T). 

 Generally, constructs from Donor A stained more intensely 
for both types of collagen than those from Donor B, indicating 
donor-to-donor variability as has been previously observed. [ 32 ]  
Type II collagen, a major component of articular cartilage, was 
detected throughout constructs from all conditions, with the 
most intense staining present toward the top of many of the 
constructs, likely due to the local delivery of TGF-β1 from GM. 
The less-intense staining observed in cell- and matrix-fi lled 
regions where GM had initially been present could indicate a 
less-mature cartilaginous ECM in those areas, where the matrix 
had been remodeled as the gelatin degraded within the fi rst 2–3 
weeks of culture. These regions of remodeled tissue stained 
positively for Safranin-O, likely because GAG begins to accumu-
late within chondrogenic hMSC cultures before type II collagen 
is detected. [ 42 ]  Type X collagen, a marker of chondrocyte hyper-
trophy, was observed in the central areas of constructs from all 
conditions but was notably fainter in the MCM-only constructs, 
probably due to the prohypertrophic effects of BMP-2 in the 
other three conditions. [ 44 ]  Osteopontin (OP), a marker of both 
osteogenesis and chondrocyte hypertrophy, [ 45 ]  was visualized 
in the bottom phase of all constructs, but was also reduced in 
constructs without BMP-2 (Figure  3 I). The absence of staining 
for type X collagen and OP in the upper regions of biphasic 
constructs in the Exo. BMP-2 condition may indicate that local-
ized delivery of TGF-β1 had an inhibitory effect on hypertrophy 
and osteogenesis in the upper layer, allowing formation of an 
oriented osteochondral tissue even in media containing con-
taining BMP-2. 

 Derived from MSCs and TGF-β1-releasing GM, the upper 
layer of the osteochondral constructs formed neocartilage 
containing cells within a dense ECM rich in type II collagen 
and GAGs, similar to native articular cartilage. The central 
and lower portions of the constructs seem to mimic the com-
position of deep zone articular cartilage, the layer nearest the 
articular cartilage-bone interface. Directly above the calcifi ed 
tidemark, native deep zone cartilage contains GAG, type II col-
lagen, type X collagen, and osteopontin. [ 38 ]  The mineralized 
region on the bottom portion of the constructs is analogous to 
the tidemark of calcifi ed cartilage, which forms slightly below 
hypertrophic chondrocytes expressing type X collagen at the 
base of mature articular cartilage during endochondral ossifi ca-
tion. [ 38 ]  Though these tissues are compositionally similar to the 
native osteochondral interface, other factors such as collagen 
fi ber orientation play a critical role in the functional properties 
of the osteochondral interface. Future studies will explore the 
role of, for example, mechanical stimulation of the engineered 
constructs, as this has been shown to have a critical role in the 
zonal organization of osteochondral tissues. [ 46 ]   

  4.     Conclusion 

 These fi ndings demonstrate, for the fi rst time, that incorporated 
bioactive microparticles can be used to direct complex, region-
specifi c differentiation within high-density stem cell-derived 
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tissues. Spatial control of cellular differentiation was attained in 
biphasic osteochondral constructs via incorporation of gelatin 
microspheres releasing TGF-β1 in the chondrogenic layer and 
mineral-coated hydroxyapatite microparticles releasing BMP-2 
in the osteogenic layer. The ability to form osteochondral tis-
sues without necessitating a polymer scaffold or extended 
culture in growth factor-containing media could increase the 
clinical utility of this type of treatment. Additionally, due to the 
modular nature of this system, incorporated bioactive micropar-
ticles could be used to produce other complex, spatially organ-
ized tissues, depending on the type(s) of cells, microparticles, 
and bioactive factors used.  

  5.     Experimental Section 
  hMSC Isolation and Culture : Bone marrow aspirates were harvested 

from two adult donors with informed, signed consent under a protocol 
approved by the University Hospitals of Cleveland Institutional Review 
Board. Mononuclear cells were isolated and plated at a concentration 
of 1.8 × 10 5  cells cm −2  in growth medium consisting of low glucose 
Dulbecco’s modifi ed Eagle’s medium (DMEM-LG; Sigma) with 
10% preselected fetal bovine serum (FBS; Gibco) [ 47 ]  and penicillin/
streptomycin (1%) as previously described. [ 48 ]  The culture medium was 
changed to remove nonadherent cells after 2–3 d, and growth medium 
supplemented with FGF-2 (10 ng mL −1 ) was added and changed every 
3 d thereafter. [ 49 ]  Cells were used at passage 3. 

  Gelatin Microsphere Synthesis and TGF-β1 Loading : Gelatin 
microspheres were produced using acidic gelatin (11.1 wt%; Sigma) 
according to an established protocol [ 50 ]  with modifi cations as previously 
described. [ 31–33 ]  Microspheres were crosslinked in genipin (1 wt%; Wako 
USA) at room temperature for 2.5 h, then collected by fi ltration, washed, 
and lyophilized. Crosslinked microspheres were UV sterilized for 10 min 
prior to use. Growth factor loading was accomplished by adding a small 
volume of phosphate buffered saline (PBS, pH 7.4) containing TGF-β1 
(Peprotech) to sterile microspheres at a concentration of 400 ng TGF-β1 
per mg microspheres and incubating for 2 h at 37 °C. The volume of 
growth factor-containing solution added was much less than the 
equilibrium swelling volume of the microspheres, ensuring complete 
absorption. [ 51 ]  

 Crosslinked GM were imaged under light microscopy and measured 
using Image J software ( N  = 472). The degree of crosslinking was 
determined by ninhydrin assay as previously described. [ 52 ]  The 
concentration of free amines was determined by comparison to glycine 
standards, with degree of crosslinking defi ned as the percentage of free 
amines that were reacted with the crosslinking agent. 

  Mineral-Coated Hydroxyapatite Microparticle Synthesis and BMP-2 
Loading : Hydroxyapatite (HA) microparticles (3–5 µm diameter; Plasma 
Biotal LTD) were mineral coated by incubation in modifi ed simulated body 
fl uid containing HCO 3  −  (4.2 × 10 −3   M ; pH 6.8) for 1 week as previously 
described. [ 33,39 ]  The resultant MCM were UV sterilized for 10 min prior to 
use. Growth factor loading was accomplished by adding PBS containing 
BMP-2 (R&D Systems) to sterile MCM to a fi nal concentration of 6400 
ng BMP-2 per mg MCM as previously described. [ 33 ]  For MCM without 
BMP-2, particles were incubated similarly with PBS only. 

  Production of Biphasic Microsphere-Incorporated hMSC Constructs : To 
form the osteogenic layer, 12 mm Transwell inserts (3 µm pore size; 
Corning) were incubated with 1 mL of growth medium without FGF-2 
for ≈1 h prior to use. hMSCs were combined with MCM particles (with 
or without BMP-2) in defi ned osteogenic medium [DMEM-HG with 
ITS+ Premix (1%; BD Biosciences), ascorbate-2-phosphate (50 µg mL −1 ; 
Wako USA), dexamethasone (10 −7   M ; MP Biomedicals), nonessential 
amino acids (1%; HyClone), sodium pyruvate (1%; HyClone), penicillin/
streptomycin (1%; Gibco), and β-glycerophosphate (5 × 10 −3   M )] with or 
without exogenous BMP-2 at a concentration of 4 × 10 6  cells and 0.8 mg 
MCM per mL. Osteogenic medium (1 mL) was added to the well plates 

outside the Transwells, and 500 µL of the hMSC/MCM suspension was 
added inside the Transwells and allowed to settle onto the membranes 
for 24 h. 

 To form the chondrogenic layer, hMSCs were combined with 
TGF-β1-loaded gelatin microspheres and suspended in chemically 
defi ned chondrogenic medium [DMEM-HG with ITS+ Premix (1%; 
BD Biosciences), ascorbate-2-phosphate (37.5 µg mL −1 ; Wako USA), 
dexamethasone (10 −7   M ; MP Biomedicals), nonessential amino acids 
(1%; HyClone), sodium pyruvate (1%; HyClone), and penicillin/
streptomycin (1%; Gibco)] at a concentration of 4 × 10 6  cells and 
3 mg microspheres per mL. Twenty four hours after formation of the 
osteogenic layer, medium was carefully aspirated from the outside 
and inside of the Tranfwells, and 2 mL fresh osteogenic medium was 
added outside the Transwells. Inside each Transwell, 500 µL of the cell 
and gelatin microsphere suspension was gently added and allowed to 
settle atop the osteogenic layer. The medium was replaced with 2.5 mL 
of fresh osteogenic medium (with or without 100 ng mL −1  BMP-2) 24 h 
later and every other day thereafter for 4 weeks of culture. The specifi c 
conditions of construct formation are described in Table  1 . 

  Biochemical Analysis : Biphasic tissues ( N  = 4) were harvested for 
analysis after 4 weeks of culture. Three 3 mm diameter punches 
were taken from each tissue for biochemical analysis and thickness 
measurements. Remaining portions were processed for histology and 
immunohistochemistry. Tissue punches designated for biochemical 
analysis ( N  ≥ 3) were measured with calipers to determine thickness, 
and then digested and assayed for DNA, glycosaminoglycan (GAG), 
alkaline phosphatase (ALP), and calcium as previously described. [ 33 ]  
Briefl y, tissue punches were homogenized on ice for 60 s in papain 
buffer (1 mL) containing papain (25 µg mL −1 ; Sigma),  L -cysteine (2 × 
10 −3   M ; Sigma), sodium phosphate (50 × 10 −3   M ), and EDTA, (2 × 10 −3   M , 
pH 6.5). Homogenate (0.5 mL) was combined with ALP lysis buffer [MgCl 2  
(1 × 10 −3   M ), ZnCl 2 , (20 × 10 −6   M ) and octyl-beta-glucopyranoside (0.1%) 
in tris buffer (10 × 10 −3   M , pH 7.4)]. Following a 30 min incubation with 
 p -nitrophenol phosphate at 37 °C, ALP activity was determined by the 
amount of 4-nitrophenol present in the samples. The other 0.5 mL of 
homogenate was papain-digested overnight at 65 °C. The following day, a 
portion of the sample was treated with HCl (1  M ) to dissolve the MCM and 
assayed for calcium content using  o -Cresophtalein complexone dye. The 
remainder of the sample was treated with EDTA (10%) in Tris-HCl (0.05  M ), 
and DNA and GAG were quantifi ed by Quant-iT PicoGreen dsDNA assay 
(Invitrogen) and dimethylmethylene blue assay, [ 53 ]  respectively. 

  Histological and Immunohistochemical (IHC) Analysis : Tissue portions 
designated for histology and IHC ( N  = 4) were fi xed overnight in neutral 
buffered formalin and paraffi n embedded, and 5 µm sections were sliced. 
Sections were stained for GAG content via Safranin-O/Fast Green and 
for calcium via Alizarin Red S. The presence of collagen types II and X 
and osteopontin was assessed by IHC as previously described. [ 33 ]  Briefl y, 
sections were deparaffi nized and rehydrated, and epitope retrieval was 
performed with pronase (for type II and X collagen staining) or citrate 
buffer (for osteopontin staining). Primary antibodies for collagen type 
II (II-II6B3; Developmental Studies Hybridoma bank), collagen type 
X (ab49945; Abcam), and osteopontin (ab8448; Abcam) were used 
along with the Histostain-Plus Bulk kit (Invitrogen) according to the 
manufacturer’s instructions. Aminoethyl carbazole (AEC; Invitrogen), a 
red chromogen, was utilized to visualize the antibody staining. Slides 
were mounted with glycerol vinyl alcohol (Invitrogen) and imaged using 
an Olympus BX61VS microscope (Olympus). 

  Quantitative Image Analysis : Image analysis was performed using 
Image J version 1.47t software to obtain quantitative measurements of 
the spatial distribution of type X collagen and alizarin red staining in 
histological sections of constructs from Donor A. To evaluate the spatial 
distribution of staining, constructs were divided into equal thirds by 
thickness (top, central, and bottom regions), and the fraction of total 
staining in each region was quantifi ed. The thickness of the layer of 
calcium staining in the bottom region was also quantifi ed via image 
analysis of the histological sections. For both the spatial distribution and 
calcium layer thickness analyses, measurements were averaged from 
images of histological sections from  N  ≥ 3 constructs per condition. 
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  Statistical Analysis : For the biochemical analysis and thickness 
measurements, comparisons were made among the four conditions for 
each donor. For the image analysis of spatial distribution of staining, 
comparisons were made between the three regions (top, central, and 
bottom) for each condition. All values are reported as mean ± standard 
deviation. One-way ANOVA with Tukey’s posthoc tests was performed 
using GraphPad InStat 3.06 software, with values of  p  < 0.05 considered 
statistically signifi cant.  
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