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Modeling and Validation of Multilayer
Poly(Lactide-Co-Glycolide) Scaffolds for In Vitro
Directed Differentiation of Juxtaposed Cartilage and Bone

George X. Huang, BA,1,2,* Praveen R. Arany, BDS, MDS, MMSc, PhD,1–4,* and David J. Mooney, PhD1,2

Polymeric scaffolds, which release growth factors in a temporally controlled manner, have successfully directed
the differentiation of stem cells into monolithic tissues of a single lineage. However, engineering precise
boundaries in multilineage functional tissues, such as the juxtaposed cartilaginous and osseous tissue present in
articulated joints, often remains a challenge. This work demonstrates a precise materials system for in vitro
reconstruction of the three-dimensional architecture of these types of human tissues. Multilayer poly(lactide-co-
glycolide) (PLG) scaffolds were used to produce spatiotemporal gradients to direct the differentiation of an
initially uniform population of mesenchymal stem cells (MSCs) into juxtaposed cartilage and bone. Specifi-
cally, growth factors (chondrogenic transforming growth factor-b3 and osteogenic bone morphogenetic protein-
4) and their neutralizing antibodies were incorporated within distinct layers of the PLG scaffolds to create
spatially segregated morphogen fields within the scaffold volume. The multilayer PLG scaffold designs were
optimized by mathematical modeling, and generation of spatially segregated morphogen gradients was vali-
dated by assessing activity of luciferase reporter cell lines responsive to each growth factor. Scaffolds seeded
with MSCs demonstrated production of juxtaposed cartilage and bone, as evaluated by biochemical staining and
western blotting for tissue-specific matrix proteins. This work demonstrates a significant advance for the
engineering of implantable constructs comprising tissues of multiple lineages, with potential applications in
orthopedic regenerative medicine.

Introduction

There exists a great medical need for the development
of bioengineered implants, which can repair complex

defects involving juxtaposed tissues of the body. For ex-
ample, deterioration of juxtaposed cartilaginous and osseous
tissue can occur due to osteoarthritis, osteochondritis dis-
secans, or traumatic injury.1 Current treatment modalities
for osteochondral defects include mechanical replacement
of the joint tissue with prosthetic implants (typically com-
prising stainless steel, cobalt chrome, and polyethylene) or
autologous grafting of millimeter-scale osteochondral plugs
to the defect site (mosaicplasty). Artificial prostheses are
susceptible to immune rejection, poor fit due to metal
loosening, and the need for replacement due to long-term
wear and tear.2 Meanwhile, limitations of mosaicplasty in-
clude the lack of available donor tissue, donor site mor-

bidity, and poor topological control of the grafts.1–3 Over
400,000 joint replacement procedures are conducted in the
United States every year4 and demand is expected to rise
significantly with increasing life expectancies.

In response to the shortage of tissues available for
transplantation and the functional limitations of mechanical
prostheses, tissue engineering often combines cultured cells
with biocompatible three-dimensional (3D) scaffolds to as-
sist the body’s repair and regeneration processes. Using
scaffold-based approaches to bioengineer juxtaposed carti-
lage and bone, offers the potential to overcome current de-
ficiencies in treatment options for osteochondral disease. In
embryonic development, dynamic gradients of bioactive
signaling molecules carry positional information that spe-
cifies the fate of naı̈ve stem-like cells into mature differen-
tiated tissues. By using quantitative techniques to recapitulate
morphogen gradients present during embryogenesis, tissue
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engineers can potentially direct the differentiation of stem
cells either seeded within or recruited to biocompatible
scaffolds to generate functional organs of multiple tissue
lineages.5,6 Thus, these scaffolds not only provide an appro-
priate 3D environment that supports cell adhesion and sur-
vival but also can deliver biochemical cues, which influence
cell differentiation and tissue maturation.7,8

We have recently proposed that one can engineer spatial
boundaries in tissue formation with high spatial precision by
mimicking development and releasing both promoters of
tissue formation and their inhibitors from spatially distinct
depots. This concept has been utilized to pattern the process
of angiogenesis and to engineer juxtaposed dentin and bone,
which has applications for dental reconstruction.9,10 This
study was based on the premise that multilayer poly(lactide-
co-glycolide) (PLG) scaffolds could be utilized to produce
temporally stable, spatially segregated morphogen gradients
to direct the differentiation of juxtaposed hyaline cartilage
and bone from an initially uniform population of naı̈ve mes-
enchymal stem cells (MSCs). Transforming growth factor
(TGF)-b3 was utilized as the chondrogenic cue,11–14 while
bone morphogenetic protein (BMP)-4 was utilized to promote
osteogenesis.15–17 Mathematical modeling was used to sim-
ulate morphogen concentration gradients and optimize the
design of these complex scaffolds, and the generation of
precisely controlled morphogen gradients was validated first
using luciferase reporter cell lines, and then by analysis of the
differentiation of MSCs seeded into the scaffolds.

Materials and Methods

Multilayer scaffold fabrication

Multilayer PLG scaffolds were fabricated from PLG mi-
crospheres as described previously10 (Fig. 3A). Briefly, PLG
microspheres (encapsulating desired proteins and/or small
molecules) (see Supplementary Materials and Methods;
Supplementary Data are available online at www.liebertpub
.com/tea) were first mixed with NaCl particles that were
sieved to a diameter between 250 and 425mm at a mass ratio
of 5% microspheres to 95% NaCl. The mixture was trans-
ferred into a custom steel mold (Fig. 3A, step 1), followed
by light compaction with a hammer against the anvil to
flatten the mixture (Fig. 3A, step 2). After each layer was
added and compacted, the contents were compression mol-
ded into scaffold tablets at 2.5 MPa for 4 min in a hydraulic
press (Carver) (Fig. 3A, step 3). Gas foaming and salt
leaching were performed as described previously,18,19 pro-
ducing macroporous polymeric scaffolds containing inter-
connected pore structures. Briefly, compressed scaffold
tablets were equilibrated with CO2 at 800 psi for 16 h in a
high-pressure vessel (Parr Instruments), followed by con-
trolled rapid gas release to induce polymer foaming19 (Fig.
3A, step 4). Salt was leached from the scaffold by immer-
sion in distilled water, and scaffolds were dried by fluid
wicking (Fig. 3A, step 5). Before use in cell culture, scaf-
folds were sterilized (70% ethanol for 10 min), washed twice
with phosphate-buffered saline (10 min per wash), coated
with serum proteins (100% fetal bovine serum [FBS] for
30 min), and again dried by fluid wicking.

To visualize the external distribution of layers, salt par-
ticles were mixed with orcein (Sigma-Aldrich) at a mass
ratio of 1% dye to 99% NaCl for select layers. To visualize

the internal distribution of layers, the radiocontrast agent,
barium sulfate (BaSO4; Sigma-Aldrich), was encapsulated
in PLG microspheres used in select layers, and scaffolds
were analyzed using a microcomputed tomography (micro-
CT) instrument (X-Tek; Nikon Metrology) following salt
leaching and desiccation.

Mathematical modeling

In 3D computational models, COMSOL Multiphysics
(COMSOL) was used to simulate the concentration profiles
of growth factors, antibodies, and growth factor–antibody
complexes in multilayer scaffolds under in vitro culture
conditions. These models accounted for release from scaf-
folds, diffusion, degradation, and binding kinetics. The
governing partial differential equations of mass transport
were as follows:

›GF

›t
¼DGF=2(GF)þ fGF(t)� rGF(GF)

� kon, GF(GF)(Ab)þ koff , GF(Complex)

›Ab

›t
¼DAb=2(Ab)þ fAb(t)� rAb(Ab)

� kon, Ab(GF)(Ab)þ koff , Ab(Complex)

›(Complex)

›t
¼DComplex=2(Complex)� rComplex(Complex)

þ kon, Complex(GF)(Ab)� koff , Complex(Complex)

where GF denotes the concentration of free growth factor,
Ab denotes the concentration of the free neutralizing anti-
body, Complex denotes the concentration of growth factor–
antibody complex, and Di, fi(t), ri, kon, i, and koff , i denote the
diffusivity, release function, uptake/degradation rate, bind-
ing rate, and dissociation rate of each species i, respectively.

The diffusivity of each species was calculated using the

Young–Carroad–Bell method, Di¼ (8:34 · 10� 8)T

g M
1
3
i

� � , where T

denotes the absolute temperature, g represents the dynamic
viscosity of the fluid, and M represents the molecular weight
of the protein.20 Protein diffusion coefficients within the
interior of the scaffolds were assumed to be 90% of those in
still water, and perfect mixing was assumed in the liquid
medium outside of the scaffolds. The protein release func-
tion (Equation 1 in Supplementary Data) was calculated by
fitting the release profile of TGF-b1 from single-layer
scaffolds (Supplementary Fig. S1A) to a third-order time-
dependent polynomial. The uptake/degradation rates of
TGF-b3 and BMP-4 were calculated by fitting the growth
factor degradation profiles in the presence of MSCs (Sup-
plementary Fig. S1B) to exponential decay functions and

using the relationship, ri¼ ln (2)
t1=2

, where t1=2 represents the

fitted half-life of each species. The degradation rates of the
antibodies and morphogen–antibody complexes were as-
sumed to follow first-order kinetics with a half-life of 21
days.21 The binding and dissociation rates were calculated

using the relationship, ND50¼ koff

kon
, using the ND50 reported by

the antibody manufacturer. The geometry of the liquid me-
dium surrounding the scaffolds in the models reflected a 150-
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mm-diameter Petri dish. A complete list of parameters used in
the mathematical models can be found in Supplementary
Table S2. The system geometry, governing equations, and
initial conditions were constructed in COMSOL Multiphysics
using the coefficient form, partial differential equation mode
for time-dependent analysis, and the system of differential
equations was solved using the generalized minimal residual
method with incomplete lower-upper preconditioning.

MSC culture

For two-dimensional (2D) differentiation studies, murine
D1 MSCs (ATCC) were plated in 24-well plates at a density
of 30,000 cells/well in complete Dulbecco’s Modified Es-
sential Media (DMEM) with 10% FBS and 1· nonessential
amino acids. After 24 h, media were replaced with Minimal
Essential Media (aMEM) and various combinations of TGF-
b3 (10 ng/mL), BMP-4 (15 ng/mL), neutralizing antibodies to
TGF-b (1mg/mL), and neutralizing antibodies to BMP-4
(1mg/mL). These conditions were investigated in the presence
of chondrogenic supplements (100 nM dexamethasone, 50mg/
mL ascorbic acid 2-phosphate, and 1· insulin–transferrin–
selenium), osteogenic supplements (100 nM dexamethasone,
50mg/mL ascorbic acid 2-phosphate, and 10 mM b-glycero-
phosphate), or both (100 nM dexamethasone, 50mg/mL
ascorbic acid 2-phosphate, insulin–transferrin–selenium, and
10 mM b-glycerophosphate). Media were replaced every 72 h.

For 3D culture, multilayer scaffolds were uniformly see-
ded with MSCs at 10 · 106 cells/scaffold. Scaffolds were then
cultured in aMEM supplemented with 10% FBS, 1· nones-
sential amino acids, 100 nM dexamethasone, and 50 mg/mL
ascorbic acid 2-phosphate under conditions of orbital shak-
ing, with replacement of media every 7 days.

Luciferase activity assays

Mink lung epithelial cells (Mv1Lu) stably transfected
with luciferase regulated by the plasminogen activator in-
hibitor promoter (PAI-Luc) and murine myoblasts (C2C12)
stably transfected with luciferase regulated by BMP-
responsive element promoter (BRE-Luc) were uniformly
seeded onto scaffolds at a density of 10 · 106 cells/scaffold.
After 24 h of culture in DMEM supplemented with 10%
FBS, the scaffolds were immersed in coelenterazine and
bioluminescence was recorded using the Xenogen IVIS-200
imaging system (Caliper). The luciferase activity exhibited
by each zone of the scaffolds was then quantified using
Living Image 3.2 (Caliper).

Western blotting

MSC cultures or scaffold specimens were sonicated
(Sonics) and lysed in RIPA buffer (Sigma-Aldrich) contain-
ing Complete Mini protease inhibitor (Roche), and samples
were normalized to total protein using the BCA assay
(Pierce). Proteins were separated by sodium dodecyl sulfate–
polyacrylamide gel electrophoresis in precast Tris-glycine
gels (Invitrogen) and transferred onto nitrocellulose mem-
branes using a semidry transfer process. Membranes were
blocked with 3% bovine serum albumin (Sigma-Aldrich),
incubated overnight at 4�C with primary antibody as per the
manufacturer’s instructions, and incubated with horseradish
peroxidase-conjugated secondary antibodies ( Jackson Im-

munoresearch) for 30 min at room temperature. Blots were
incubated with the SuperSignal Chemiluminescent Substrate
(Pierce) and developed using high-resolution radiographic
films (Kodak).

Microcomputed tomography

After desiccation, scaffolds containing barium sulfate
were analyzed using a micro-CT instrument (X-Tek; Nikon
Metrology). A transmission source power of 90 kV, current
of 90mA, and 4-s exposure time were used. Frames were
optimized based on the sample size ranging from 2900 to
3300 frames. A CCD panel detector (Perkin-Elmer) with
2000 · 2000 pixels, 7.5 fps, and pixel size of 200 mm was
used to capture and reconstruct images with imaging soft-
ware (InspectX and CT-Pro; Nikon Metrology).

Scanning electron microscopy and energy-dispersive
X-ray spectroscopy

Scaffolds were fixed in cacodylate buffer containing 4%
paraformaldehyde (Sigma-Aldrich) for 2 h and sectioned into
1-mm-thick slices. Fixed slices were bathed in 2% pyr-
oantimonate (Electron Microscopy Sciences), an electron-
dense agent that precipitates in the presence of calcium, for 1 h
at RT. After desiccation, samples were sputter coated with
platinum–palladium and analyzed by energy-dispersive X-ray
spectroscopy (EDS) elemental analysis (Bruker Optics) in
conjunction with backscatter scanning electron microscopy
(SEM) imaging to detect crystalline deposits of antimonate.

Other biochemical assays

TGF-b1 enzyme-linked immunosorbent assay (ELISA;
Promega) and BMP-4 ELISA (R&D Systems) were per-
formed according to the manufacturer’s instructions. Alizarin
Red staining,22 Alcian Blue staining,23 alkaline phosphatase
activity assay,24 and Arsenazo III assay25 were performed as
previously described.

Statistical analysis

All values are reported as mean – standard deviation, and
biological replicates are denoted as. (n) The two-tailed
Student’s t-test was used to evaluate statistical significance,
which was labeled with an asterisk (*) for p-values < 0.05.

Results

Selection of biochemical cues

Based on published reports, TGF-b3 and BMP-4 were
chosen as morphogens to induce chondrogenic and osteo-
genic differentiation, respectively. We first evaluated the
efficacy of these growth factors in the presence of supple-
ments that enhance differentiation as well as in the pres-
ence of opposing neutralizing antibodies. TGF-b3 in
chondrogenic media robustly induced expression of Sox9, a
transcription factor marking chondrocyte differentiation,
compared with untreated cells (negative control) after 48 h
(Fig. 1A). This effect was preserved in the presence of the
BMP-4-neutralizing antibody, indicating that the antibody
does not cross-react with TGF-b3. However, the ability of
TGF-b3 to induce Sox9 expression was unaffected by the
addition of BMP-4 (only for the first 48 h). On the other
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hand, treating MSCs with BMP-4 and osteogenic supple-
ments (positive control) was found to inhibit production of
cartilaginous extracellular matrix, namely aggrecan and type
II collagen, compared with untreated cells after 21 days
(Fig. 1A). This inhibition could not be rescued by the ad-
dition of TGF-b3 and chondrogenic supplements, under-
scoring the need for neutralization of BMP-4 in the
chondrogenic zone of the scaffolds. MSCs treated with
TGF-b3 required the addition of chondrogenic supplements
to maximally upregulate the total glycosaminoglycan con-
tent, as indicated by the intensity of Alcian Blue staining
after 14 days (Fig. 1B). This suggests that both TGF-b3 and
chondrogenic supplements are required for mature chon-
drocyte differentiation in this system.

The effect of each factor on osteogenesis was next ana-
lyzed. We observed that the osteoblast transcription factor,
Runx2, was expressed in untreated cells after 48 h of culture,
suggesting a low-level basal differentiation of these cells to
a bone-like phenotype (Fig. 2A). However, BMP-4 with
osteogenic supplements further robustly induced calcium
deposition as assessed by Arsenazo III assay and Alizarin

Red staining compared with untreated cells after 14 days
(Fig. 2B, C). In this study, the addition of TGF-b3 and
chondrogenic supplements was noted to reduce calcium
deposition in response to BMP-4 and osteogenic supple-
ments, indicating the need for neutralization of TGF-b3
within an osteogenic zone of differentiation. The ability of
BMP-4 to induce calcium deposition was slightly decreased
by the addition of a neutralizing antibody to TGF-b. Fur-
thermore, underscoring the requirement for controlling the
spatial activity of these factors, the treatment with TGF-b3
and chondrogenic supplements was found to inhibit pro-
duction of bone sialoprotein II and osteopontin compared
with untreated cells after 21 days. This inhibition could not
be rescued by the addition of BMP-4 and osteogenic sup-
plements (Fig. 2A). While treatment with osteogenic sup-
plements alone produced large increases in the intensity of
Alizarin Red staining (Fig. 2C), both BMP-4 and osteogenic
supplements were required for maximal induction of alka-
line phosphatase activity after 14 days (Fig. 2D). This
suggests that both BMP-4 and osteogenic supplements are
required for mature osteoblast differentiation in this system.

FIG. 1. Selection of chondro-
genic cues. Mesenchymal stem
cells (MSCs) were cultured in
complete Minimal Essential Media
(aMEM) with the indicated growth
factors, antibodies, and supple-
ments. (A) Cells were lysed and
analyzed by western blotting for
expression of Sox9 (48 h) and the
cartilage matrix proteins, aggrecan
(AGG) and type II collagen (Col-
II) (21 days). b-Actin was used as
loading control. (B) Cells were
fixed after 14 days and stained
with Alcian Blue. Representative
photographs are shown in the
upper panel, and quantification
(n = 2) is shown in the lower panel.
Color images available online at
www.liebertpub.com/tea
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Based on these biochemical assays, TGF-b3 and insulin–
transferrin–selenium were incorporated in the chondrogenic
zones of the scaffolds, while BMP-4 and b-glycerophosphate
were incorporated in the osteogenic zones of the scaffolds.
The remaining supplements (dexamethasone and ascorbic
acid) were supplemented in the culture medium, rather than
incorporated in to the scaffold, as they are required throughout
the entire scaffold volume.

Structural analysis of multilayered scaffolds

Multilayer PLG scaffolds were fabricated using a tech-
nique, in which the PLG microsphere–salt porogen mixture
for each successive layer was lightly compacted by tapping
a hammer against the cylindrical anvil, after which the entire
scaffold was compressed into a tablet using the hydraulic

press (Fig. 3A). This method of multilayer scaffold fabri-
cation was evaluated for its ability to generate contiguous
scaffolds with uniform layer thickness before using the
multilayer scaffolds in cell culture studies. First, the spatial
segregation of the distinct layers was visualized by incor-
porating the water-insoluble red dye, orcein, into the outer
layers of three-layer scaffolds. Upon external inspection,
the scaffolds exhibited layers of uniform thickness that
were contiguous, with no distinct separations between
layers (Fig. 3B). Second, to visualize segregation of layer
contents throughout the scaffold interior, scaffolds were
produced in which selected layers contained the insoluble
contrast agent, barium sulfate. In this study, five-layer
scaffolds, in which the second and fourth layers contained
barium sulfate, were used because this allowed multi-
ple nonadjacent layers within the scaffold interior to be

FIG. 2. Selection of osteo-
genic cues. MSCs were cul-
tured in complete aMEM
with the indicated growth
factors, antibodies, and sup-
plements. (A) Cells were
lysed and analyzed by west-
ern blotting for expression of
Runx2 (48 h) and for the
bone matrix proteins, bone
sialoprotein II (BSP II) and
osteopontin (OPN) (21 days).
b-Actin was used as loading
control. (B) Cells were lysed
after 14 days and analyzed
with Arsenazo III assay for
total calcium content (n = 4).
Asterisks indicate statistical
significance at p < 0.05. (C)
Cells were fixed after 14 days
and stained with Alizarin
Red. Representative photo-
graphs are shown in the up-
per panel, and quantification
(n = 2) is shown in the lower
panel. (D) Cells were lysed
after 14 days and assayed for
alkaline phosphatase (ALP)
activity (n = 2). Color images
available online at www
.liebertpub.com/tea

2232 HUANG ET AL.



contrast labeled, permitting better analysis of layer uni-
formity. 3D reconstruction of micro-CT images of these
scaffolds confirmed that each scaffold layer was macro-
scopically uniform in thickness, and no distinct separations
were evident between any of the layers throughout the
volume of the scaffold (Fig. 3C).

Scaffold design optimization and validation

Various multilayer scaffold designs were modeled and
then fabricated to determine an appropriate design to yield
spatially segregated gradients of TGF-b3 and BMP-4. Time-
dependent mathematical modeling in COMSOL Multiphysics

FIG. 3. Structural analysis of multilayer scaffolds. (A) Schematic illustration technique for fabrication of multilayer
poly(lactide-co-glycolide) (PLG) scaffolds (details in the Materials and Methods section). Vortexed mixtures of PLG
microspheres and sieved salt (NaCl) particles for each layer were sequentially added to the cylindrical scaffold mold (step 1)
and lightly compacted with a hammer (step 2). The mold contents were then compressed in a hydraulic press at 2.5 MPa for
4 min to produce a scaffold tablet (step 3). The tablets were then equilibrated with 800 psi CO2 for 16 h in a high-pressure
chamber, followed by rapid gas release to induce foaming of the PLG polymer around salt particles (step 4). To generate a
porous scaffold structure, salt was removed from the scaffold by immersing the foamed scaffolds in distilled water, and
scaffolds were then dried by fluid wicking (step 5). Before cell seeding, scaffolds were sterilized by bathing in 70% ethanol
for 10 min, washed twice with phosphate-buffered saline, and serum coated in 100% fetal bovine serum for 30 min. (B)
Representative photograph of the external surface of a three-layer scaffold, in which outermost layers were highlighted
using a red dye, orcein. Inset image (top right) shows higher magnification detail and a standard US penny for size
comparison. (C) Perspectives at 90� rotations from microcomputed tomography reconstruction of a five-layer scaffold, in
which BaSO4 was incorporated in the second and fourth layers. Color images available online at www.liebertpub.com/tea
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was first used to optimize the dose of growth factors incor-
porated into each of the scaffold layers. Specifically, total
concentrations of each species were adjusted until the mean
concentration of TGF-b3 throughout the chondrogenic layer
exceeded 0.10 ng/mL after 72 h and the mean concentration
of BMP-4 throughout the osteogenic layer exceeded 0.15 ng/
mL after 72 h. The 72-h time point was selected because it
appropriately framed the burst phase of morphogen release
from the scaffolds (Supplementary Fig. S1A), and concen-
tration cutoffs were selected so that the mean morphogen
concentration within the releasing layers did not drop below
1% of those used in the 2D differentiation studies at any point
during the 72-h window.

Scaffolds were subsequently fabricated according to the
optimized designs and seeded with luciferase reporter cells
responsive to TGF-b (PAI-Luc) or BMP-4 (BRE-Luc). For
assays using luciferase reporter cells, scaffolds were fabri-
cated with TGF-b1 (a growth factor with similar molecular
weight to TGF-b3) and assessed with the specific reporter
cell line, p3TP-luciferase (PAI-Luc). The specificity (Sup-
plementary Fig. S2) and dose responsiveness (Supplemen-
tary Fig. S3) of the PAI-Luc and BRE-Luc cell lines to
TGF-b1 and BMP-4, respectively, were confirmed using
single-layer scaffolds.

The first iteration of scaffold design was a three-layer
scaffold system in which the outer layers were fabricated
using microspheres, in which TGF-b3 or BMP-4 had been
encapsulated, while the middle layer was fabricated from
empty microspheres (Fig. 4A). COMSOL simulations of
the optimized first-generation scaffolds demonstrated sta-
ble morphogen gradients that were maintained for several
days. However, there seemed to be a significant overlap
between zones of relatively high TGF-b3 and BMP-4 ac-
tivity in the middle layer, and nontrivial concentrations of
growth factors were predicted to diffuse across the length
of the scaffold (Fig. 4B). Imaging of reporter cells seeded
onto the scaffolds revealed that luciferase activity of PAI-
Luc cells was maximal in zone A and luciferase activity of
BRE-Luc cells was maximal in zone C; nonetheless, the
scaffolds failed to produce statistically significant differ-
ences in integrated fluorescence density between zones A
and C after 24 h (Fig. 4C). Thus, the multilayer scaffold
design lacking neutralizing antibodies was deemed unsat-
isfactory for producing spatially segregated morphogen
gradients.

In the second iteration of scaffold design, neutralizing
antibodies to TGF-b3 and BMP-4 were incorporated in the
middle layer between the layers containing TGF-b3 and
BMP-4 in an effort to localize free morphogens to only their
distinct zones of release. The thickness of the middle layer
was doubled from the previous generation of scaffolds to
minimize colocalization of morphogens. In addition, the
diameter of the scaffolds was increased from 8 to 13 mm
because larger scaffolds were easier to handle and dissect
for analysis. To aid orientation of the cylindrical scaffolds,
rhodamine-tagged nanoparticles were incorporated within a
thin layer adjacent and external to the TGF-b3 layer as fi-
ducial markers. To maintain symmetry of the scaffolds for
analysis, another thin layer with no growth factors was ad-
ded to the other side as well. The thickness of these outer-
most layers was designed to be 1.27 mm, the minimum size
for which the mass of microspheres could be measured re-

liably (Supplementary Fig. S4A). COMSOL simulations of
the optimized second-generation scaffolds predicted di-
minished migration of growth factors through the middle
layer; however, it was observed that minute quantities of
morphogens could diffuse beyond the middle layer into the
opposing zones (Supplementary Fig. S4B). Imaging of re-
porter cells demonstrated that neutralizing antibodies ef-
fectively diminished bioactive growth factor levels in zone
B of the scaffolds and statistically significant differences in
luciferase activity were observed between zones A and C
after 24 h (Supplementary Fig. S4C). However, several
scaffolds seeded with PAI-Luc reporter cells exhibited
greater fluorescence in zone C than zone B, and several
scaffolds seeded with BRE-Luc reporter cells exhibited
greater fluorescence in zone A than zone B, indicating that
addition of antibodies to the middle layer alone was inad-
equate to neutralize opposing morphogens.

In the third iteration of scaffold design, neutralizing
antibodies were added to all scaffold layers, except those
releasing the specific morphogen (Fig. 5A). COMSOL
simulations of the optimized third-generation scaffolds
predicted successful segregation of morphogens in opposite
regions of scaffolds (Fig. 5B). Luciferase imaging of re-
porter cells demonstrated statistically significant differences
in luciferase activity between zones A and C, with no ab-
errant activity of non-neutralized morphogens in undesired
locations after 24 h (Fig. 5C). Thus, the multilayer scaffold
design with neutralizing antibodies throughout the opposing
layers was successful in generating spatially distinct mor-
phogen gradients.

Generation of juxtaposed cartilage and bone
from MSCs

Scaffolds were produced according to the third-genera-
tion specifications (Fig. 6A), seeded uniformly with MSCs,
and cultured in vitro for 21 days. Dual staining of scaffold
cross sections with Alcian Blue and Alizarin Red resulted in
intense Alcian Blue staining in zone A (indicative of gly-
cosaminoglycan deposition consistent with cartilage for-
mation), while distinct Alizarin Red staining was noted in
zones B and C (indicative of calcium deposition consistent
with bone formation) (Fig. 6B). SEM-EDS analysis following
incubation of scaffolds with potassium pyroantimonate re-
vealed the presence of electron-dense precipitates localized to
zone C of the sections (Fig. 6C), indicating that mineraliza-
tion was spatially restricted to the osteogenic zones. Scaffolds
were also dissected and proteins collected for immunoblot-
ting. Although lower amounts of protein were retrieved from
zone B of the scaffolds, western blotting for matrix proteins
revealed increased cartilage-specific matrix proteins (ag-
grecan and type II collagen) in zone A compared with zone C
of the scaffolds, while bone-specific matrix proteins (bone
sialoprotein II and osteopontin) were noted to be increased in
zone C compared with opposing zones (Fig. 6D). These dif-
ferences were statistically significant for aggrecan, type II
collagen, and bone sialoprotein II ( p < 0.05), but not for os-
teopontin ( p = 0.17).

In addition, we probed each zone for expression of type X
collagen, a marker of hypertrophic cartilage. Several of the
scaffolds exhibited high levels of type X collagen in zone B
(Fig. 6D), between the cartilaginous and osseous zones,
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suggesting that the scaffold system recapitulated this aspect
of endochondral ossification. Moreover, we also noted in-
creased expression of type X collagen in zone A compared
with zone C of the scaffolds. Altogether, these data suggest
that spatially segregated morphogen gradients in multilayer
scaffolds can promote differentiation of juxtaposed cartilage
and bone for regenerative applications.

Discussion

In this study, we demonstrate materials that create
spatially segregated gradients of TGF-b3 and BMP-4 to
generate juxtaposed cartilage and bone. Specifically,
mathematical modeling of concentration gradients for
TGF-b3 and BMP-4 was used to optimize scaffold designs,

FIG. 4. Three-layer scaffold with no neutralizing antibodies (first-generation design). (A) Schematic of scaffold di-
mensions and contents after optimization by mathematical modeling (left); photographs of three-layer scaffolds, in which
selected layers have been labeled with orcein (middle); and orientation of scaffolds for mathematical modeling and
luciferase imaging (right). (B) Slice plots illustrating concentration profiles of transforming growth factor (TGF)-b3 (upper
row) and bone morphogenetic protein (BMP)-4 (lower row) over 7 days, as simulated in COMSOL Multiphysics. Values
reported in g/mL. (C) Representative images (left) and quantification (right) of photon flux density through scaffold zones at
24 h after seeding with PAI-Luc or BRE-Luc cells (n = 3 for each reporter line). Differences were not statistically significant
( p > 0.05). Color images available online at www.liebertpub.com/tea
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luciferase reporter cells were used to confirm the produc-
tion of spatially segregated morphogen gradients, and
analysis of extracellular matrix composition demonstrated
successful preliminary formation of juxtaposed cartilage
and bone.

Previously reported attempts to produce bioengineered
osteochondral constructs have relied on differentiating
MSCs into chondrogenic and osteogenic lineages before
dissociating the cells and incorporating them into scaf-
folds.2,4 Reliance on MSC differentiation before

FIG. 5. Five-layer scaffold with neutralizing antibodies throughout (third-generation design). (A) Schematic of scaffold
dimensions and contents after optimization by mathematical modeling (left); photographs of three-layer scaffolds, in which
selected layers have been labeled with orcein (middle); and orientation of scaffolds for mathematical modeling and luciferase
imaging (right). (B) Slice plots illustrating concentration profiles of TGF-b3 (upper row) and BMP-4 (lower row) over 7 days,
as simulated in COMSOL Multiphysics. Values reported in g/mL. (C) Representative images (left) and quantification (right) of
photon flux density through scaffold zones at 24 h after seeding with PAI-Luc or BRE-Luc cells (n = 3 for each reporter line).
Asterisks indicate statistical significance at p < 0.05. Color images available online at www.liebertpub.com/tea
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FIG. 6. Directed differentiation of MSCs into juxtaposed cartilage and bone using segregated morphogen fields. (A)
Schematic of scaffold dimensions and contents (left) and orientation of scaffolds for subsequent analysis (right). (B)
Representative photograph of a 1-mm-thick section from scaffolds after fixation and dual staining with Alcian Blue and
Alizarin Red. (C) Scanning electron micrograph (left) and inset area (middle) showing localized electron-dense pre-
cipitates on the 1-mm-thick section from scaffolds. Energy-dispersive X-ray spectroscopic analysis identified mineralized
precipitates to comprise antimonate (right). (D) Scaffolds were dissected into three zones, homogenized, and analyzed by
western blotting for production of aggrecan (AGG), type II collagen (Col-II), bone sialoprotein II (BSP-II), osteopontin
(OPN), and type X collagen (Col-X). b-Actin was used as a loading control. Representative western blots (left) and
quantification of integrated band density (right) are shown (n = 5). Asterisks indicate statistical significance at p < 0.05.
Color images available online at www.liebertpub.com/tea
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incorporation of cells within the scaffolds limits clinical
utility by increasing the length of time between MSC har-
vest and implantation of the construct. In addition, main-
taining the long-term differentiation of cells in the scaffold
after dissociation can be a significant challenge. Ultimately,
the use of multilayer PLG scaffolds, which present spatio-
temporally regulated morphogen gradients to multipotent
MSCs, not only allows for control of tissue geometry but
may also abbreviate the time required to prepare bioengi-
neered osteochondral constructs for implantation. Further-
more, incorporation of chemoattractant cues that facilitate
recruitment of native host MSCs could potentially eliminate
the need for exogenous cell transplantation.7

There are several limitations to the multilayer scaffold
system developed in this study. First, tissues resulting from
scaffolds seeded with MSCs were not mature enough after
21 days for histological analysis; therefore, our current
endpoints are limited to molecular analyses of tissue pro-
duction. Complete maturation of these constructs will re-
quire in vivo implantation. Ongoing experiments are
utilizing the multilayer PLG scaffolds developed in this
study for implantation in small and large animal os-
teochondral defect models. Second, while sharp gradients in
growth factor activity were produced by incorporating
neutralizing antibodies in selected scaffold layers, no such
inhibitory agents exist for small-molecule cues such as b-
glycerophosphate. Thus, although b-glycerophosphate was

selectively incorporated in PLG microspheres used to fab-
ricate the osteogenic layers of the scaffolds, diffusion of this
small molecule throughout the system may have been re-
sponsible for the Alizarin Red staining noted in the middle
layer. While diffusion of b-glycerophosphate, if it were ap-
preciable, did not appear to interfere with chondrogenic dif-
ferentiation, the utility of small molecules in the multilayer
PLG scaffold system may be limited. Third, there appears to
be reduced cellular activity within the central zone, despite
loading identical quantities of total protein lysates, likely due
to local cell death caused by hypoxia within the scaffold
cores. We sought to engineer distinct layers of cartilage and
bone, which were in contact with one another, to produce a
construct with mechanical properties similar to native os-
teochondral tissue. In particular, we expected that the MSCs
in zone B would spontaneously assume a mineralized bone-
like phenotype over time (Fig. 2C). However, this phenom-
enon was likely compromised by necrosis of cells due to
hypoxia caused by limited diffusion of oxygen within the
scaffold core. Future iterations of this system could either
reduce the thickness of the middle layer or alternatively in-
corporate proangiogenic factors to promote neovasculariza-
tion from surrounding tissues into scaffold cores.26 Fourth,
differences in expression of chondrogenic and osteogenic
matrix proteins were small across the scaffolds seeded with
MSCs as the antibodies do not appear to completely neu-
tralize all growth factors from opposing zones.

FIG. 7. Potential clinical applica-
tions for the multilayer scaffold sys-
tem. (A) Anatomical drawings of
juxtaposed bone and cartilage in the
hip (coronal plane view, left) and knee
(anterior view, right) joints. (B) Pho-
tographs of a cylindrical osteochondral
defect in a model of a human femoral
head (left) and insertion of the multi-
layer PLG scaffold in the defect model
(right). (C) Proposed workflow of fu-
ture clinical applications of these
scaffold systems. A three-dimensional
(3D) model of a human femur re-
constructed from CT imaging (left)
was used to design a customized
scaffold mold in SolidWorks (middle),
which was then 3D printed at 1:8 an-
atomical scale (right). Standard US
pennies are shown for size compari-
son. Color images available online at
www.liebertpub.com/tea
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This study sought merely to produce significant gradi-
ents of morphogen concentration across the thickness of the
scaffold and, in future studies, antibody concentrations may
be increased to eliminate all morphogen activity in opposing
zones of the scaffolds. This may ultimately allow differ-
ences in osteogenic and chondrogenic markers to become
more pronounced between zones A and C. Finally, promi-
nent detection of the type X collagen in zones A and B of
the scaffolds indicates that some of the MSC-differentiated
chondrocytes are undergoing hypertrophy and therefore
mimicking endochondral ossification. Consistent with that
process, the hypertrophic chondrocytes in this zone did not
produce significant amounts of aggrecan or type II collagen.
To regulate this process, the scaffold system could be
modified in the future to incorporate parathyroid hormone-
related protein, which allows chondrogenic differentiation,
but prevents hypertrophic maturation,27 within the chon-
drogenic scaffold zone.

This multilayer PLG scaffold system that can direct dif-
ferentiation of juxtaposed hyaline cartilage and bone may be
useful in clinical applications for orthopedic tissue recon-
struction at the hip and knee joints (Fig. 7A). The current
constructs could be used as cylindrical plugs to repair os-
teochondral defects that have been surgically revised (Fig.
7B). Moreover, we envision that this system could also be
used to create constructs for the repair of more geometri-
cally complex osteochondral defects. In this paradigm, the
specifications for customized scaffold molds would be in-
formed by CT imaging, and 3D printing could then be used
to fabricate the customized molds, as exemplified by pro-
totype scaffold molds for reconstruction of the human
femoral condyle (Fig. 7C). In summary, this work presents a
precision-engineered approach to the modeling and gener-
ation of morphogen fields within biomaterial-based scaffold
systems for a wide range of regenerative applications.
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