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The ability to fabricate tissue engineering scaffolds containing systematic gradients in the distributions of
stimulators provides additional means for the mimicking of the important gradients observed in native tissues.
Here the concentration distributions of two bioactive agents were varied concomitantly for the first time (one
increasing, whereas the other decreasing monotonically) in between the two sides of a nanofibrous scaffold.
This was achieved via the application of a new processing method, that is, the twin-screw extrusion and
electrospinning method, to generate gradients of insulin, a stimulator of chondrogenic differentiation, and b-
glycerophosphate (b-GP), for mineralization. The graded poly(e-caprolactone) mesh was seeded with human
adipose-derived stromal cells and cultured over 8 weeks. The resulting tissue constructs were analyzed for and
revealed indications of selective differentiation of human adipose-derived stromal cells toward chondrogenic
lineage and mineralization as functions of position as a result of the corresponding concentrations of insulin and
b-GP. Chondrogenic differentiation of the stem cells increased at insulin-rich locations and mineralization
increased at b-GP-rich locations.

Introduction

Native tissues are heterogeneous in structure and
function that allow them to perform their physiological

requirements.1 Transitional interfaces between tissues play
especially crucial roles. For example, at the cartilage-to-bone
(osteochondral) interface, the extracellular matrix (ECM)
components, including cell types,2 as well as the concentra-
tion of mineral particles3,4 vary as a function of distance to
meet the requirements of the complex hierarchical structure
of native tissue. Various degenerative diseases, for example,
osteoarthritis, deteriorate this structure, and the existing
cartilage grafting methods have, so far, not been able to
achieve stable integration with the cartilage or subchondral
bone,5 leaving the regeneration of the native osteochondral
interface as a significant clinical challenge. This clinical
challenge can be addressed using tissue engineering methods
provided that the tissue engineering scaffolds can be tailored
to promote the mimicking of the gradients found at inter-
faces, including cellularity and mineral content. One way of
creating such gradients involves the use of functionally

graded scaffolds that are incorporated with bioactive agents
to modulate cell behavior selectively toward desired paths.
However, the embedment of bioactive agents into tissue
engineering scaffolds in a controlled manner is a challenge
requiring specialized tools and processing techniques.6,7

Upon the recognition of the benefits of the utilization of
signaling molecules in tissue engineering, various types of
growth factors have been exogenously added into cell
growth media to direct cell behavior. For example, Luo et al.8

supplemented cell culture media with transforming growth
factor-beta 1, basic fibroblast growth factor, or hepatocyte
growth factor to examine their effects on the proliferation
and ECM synthesis behavior of human vocal fold fibroblasts
as well as on matrix contraction. In addition, the use of stem
cells, which could be differentiated using appropriate me-
diators, has opened up new avenues in tissue engineering
applications.9–12 Growth factors, including recombinant hu-
man insulin-like growth factor 1 and bone morphogenetic
protein 2, have been incorporated into scaffolds to induce
stem cell differentiation into osteogenic and chondrogenic
phenotypes through controlled release.10,11 Differentiation of
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human mesenchymal stem cells into osteogenic and chon-
drogenic lineages using microencapsulated recombinant
human bone morphogenetic protein 2 and recombinant hu-
man insulin-like growth factor 1 with controlled doses along
the length of the scaffold has also been demonstrated.13 A re-
cent study of Benoit et al.14 has indicated that small-molecule
functional groups attached to three-dimensional (3D) sub-
strates can induce selective differentiation of mesenchymal
stem cells, suggesting that tissue engineering scaffolds have
the potential to induce location-dependent changes in dif-
ferentiation of stem cells, provided that scaffolds graded
with the requisite chemical composition, pore size, and po-
rosity distributions are available. Overall, these challenges
are compounded by the urgent need for the translation of
laboratory-based and generally labor-intensive, multi-step
scaffold preparation techniques into ‘‘clinically appropriate
larger scale production techniques’’ that are ‘‘reproducible,
safe, clinically effective, and economically acceptable.’’15

In this study, nanoparticles of insulin and b-glyceropho-
sphate (b-GP) were incorporated into a nonwoven mat of
poly(e-caprolactone) (PCL) nanofibers in a graded manner,
that is, controlled concentration distributions as a function of
scaffold thickness. Human adipose-derived stromal cells (h-
ADSCs) were cultured on these nonwoven graded mats for
probing their effects on the development of cellularity and
mineralization. It is hypothesized that the encapsulation of
stimulators into biodegradable nanofibers in a spatially con-
trolled manner would guide the selective differentiation of
stem cells into chondrocytes and relevant ECM deposition.
More specifically, gradients in insulin concentration along the
thickness of the scaffolds would induce gradients of number
of chondrocytes as well as chondrogenic matrix deposition,
the gradients being in line with insulin concentration.

Similarly, the gradients in concentration of b-GP would
lead to incremental mineralization in the tissue constructs.
The structure generated in tissue constructs could then allow
for better mimicking of the biological and physical properties
of native osteochondral ECM. The aim of this study are
threefold: (i) to create concentration gradients of multiple
ingredients, that is, insulin and b-GP, in nanofibrous scaf-
folds, (ii) to show the functionality of the scaffolds to selec-
tively differentiate the h-ADSCs into chondrocytes in a
graded manner as affected by insulin concentration gradient,
and (iii) to generate physical mineralization gradients as af-
fected by b-GP. For the fabrication of the graded scaffolds,
a recently developed hybrid twin-screw extrusion and elec-
trospinning technology was utilized.16 This method enables
the fabrication of tissue engineering scaffolds with gradients
in composition, porosity, wettability, and mechanical prop-
erties.17 This technology is also suitable to translate the
laboratory-based and generally labor-intensive, multi-step
scaffold preparation techniques into clinically appropriate
and economically feasible production scales.

The critical attributes of the materials of the study in-
cluded the biocompatibility, ease of processability, and re-
lease capability of PCL, as well as the abundant availability
(from lipoaspirate) and the demonstrated multi-lineage po-
tential (including chondrocytic and osteoblastic lineages18) of
the h-ADSCs. The use of insulin relied on its demonstrated
ability for chondrogenic differentiation of mesenchymal
cells.19,20 Insulin has also been widely used as a supplement
to stimulate the differentiation of adipose-derived stem

cells,18 human bone marrow cells,21 and cartilage progenitor
cells22 into chondrogenic phenotypes. The scaffolds were
also incorporated with b-glycerophosphate (b-GP) to pro-
mote mineralization,23 on the basis of elevated local phos-
phate ion concentrations induced by alkaline phosphatase or
modulation of osteoblast function by phosphate ions through
increased bone remodeling or collagen synthesis.24,25

Materials and Methods

Scaffold fabrication

Continuously graded insulin/PCL/b-GP scaffolds were
fabricated using the recently developed hybrid twin-screw
extrusion/electrospinning technology.16 The process consists
of a twin-screw extruder with fully intermeshing and co-
rotating screws (Material Processing & Research, Inc.) inte-
grated with a spinneret die with multichannels for flow and
shaping, and connected to a high-voltage supply for elec-
trospinning. The tight clearances between screws and the
barrel, and between the screws themselves enabled the
break-up of agglomerates while keeping additives distrib-
uted homogeneously in the suspension. Operation of twin-
screw extruder was controlled by the aid of a computerized
field-point based data acquisition/process control system.
Electrospinning of nanofibers occurred at a potential of 5 kV
with a distance of separation of 7.5 cm between the collecting
plate and spinneret die, using a spinneret with a die diameter
of 0.6 mm. The ability to tightly control the feed rates and
operating conditions provides the wherewithal necessary to
fabricate tissue engineering scaffolds continuously and re-
producibly (versus batch type cyclic processes).

The PCL (Sigma-Aldrich; Catalog# 440744) was dissolved in
dichloromethane (DCM) at a ratio of 12:100 (g/mL), and in-
sulin (Sigma-Aldrich; Catalog# I1882) and b-GP disodium salt
hydrate (b-GP; Sigma-Aldrich; Catalog# G9891) were added to
PCL/DCM solution to obtain ultimate insulin/PCL and b-GP/
PCL concentration ratios of 25:75 and 50:50 by weight, re-
spectively. The b-GP was pulverized before use to have a final
particle diameter in the range between 100 and 900 nm. Insulin
was received in the form of a nanosized powder and was used
as procured (Fig. 1c). The insulin/PCL/DCM suspension was
fed into the first mixing zone of the extruder into which b-GP/
PCL/DCM was also introduced in a time-dependent, that is,
continuously increasing, manner, whereas the feed rate of in-
sulin/PCL/DCM was concomitantly decreased. The nonwo-
ven meshes (thickness of *500mm) with gradients of
concentrations of insulin and b-GP were, then, punched into
discs of 8 mm in diameter to be used as scaffolds for culturing
of h-ADSCs or for mechanical characterization.

Tissue formation

Discs were first sterilized in 70% ethanol and then washed
by immersing in a phosphate-buffered saline (PBS). The h-
ADSCs were obtained as part of a series of adipose stromal
cells isolated from 13 patients, which were separately tested
by Coriell Institute for Medical Research, for their osteogenic,
chondrogenic, and adipogenic differentiation. It was deter-
mined that 12 of 13 isolations showed similar capacity for
osteogenic, chondrogenic, and adipogenic differentiation
upon culture in the corresponding differentiation media
(private communication). One out of these 12 isolations
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(obtained from the neck and arms of a 56-year-old woman
upon tumescent liposuction from subcutaneous adipose tis-
sue) was used in our study. Cells were proliferated in a low
serum (0.5% fetal bovine serum) medium supplemented
with epidermal growth factor, platelet-derived growth factor
BB, insulin, and transferrin. Before seeding, cells (at passage
5) were detached with 0.25% trypsin–EDTA (Invitrogen;
Catalog# R-001-100), centrifuged, and resuspended in com-
bined medium (described below) for homogeneity.

A total of 34,000 cells17 were seeded onto each side of the
scaffolds placed in a 24-well plate. Then, 1 mL of combined
medium was added to immerse the scaffolds completely,
followed by their culturing in an incubator at 378C and 5%
CO2. The combined medium was prepared by mixing
Minimum Essential Medium (MEM) Alpha Medium (In-
vitrogen; Catalog# 11900-073), which was supplemented
with fetal bovine serum (Invitrogen; Catalog# 16000-036),
penicillin/streptomycin (1/0.045/0.01 volume ratio, respec-
tively), and NaHCO3 (2.2 g/L) with Dulbecco’s modified
Eagle’s medium high glucose (Invitrogen; Catalog# 11960-
051) supplemented with fetal bovine serum and penicillin/
streptomycin (1/0.1/0.01 volume ratio, respectively) by a
ratio of 50:50 by volume. MEM Alpha and Dulbecco’s
modified Eagle’s medium high glucose were successfully
used earlier for osteoblastic26 and chondrogenic27 differen-
tiation, respectively, in conjunction with various types of
stem cells, including human adipose-derived stem cells. The
medium was replaced every other day, and cell–scaffold
constructs were flipped upon every change of the medium.
Such flipping of scaffolds was carried out to reduce the
sedimentation of the cells. Resulting tissue constructs were
harvested after 1, 4, and 8 weeks and were kept in 4%
buffered formaldehyde solution until characterization.

Scaffold characterization

A LEO Gemini 982 scanning electron microscope was
used for the characterization of the nanofiber diameters, pore
size, and the surface attributes of electrospun meshes. The
presence of b-GP was assessed via Na and P scans at 10 kV.
The spatial distributions of the concentrations of insulin and
b-GP in the scaffolds were measured by using a thermo
gravimetric analysis, TGA, apparatus (TGA-Q50, TA In-
struments). The TGA experiments were carried out by
heating of the specimens collected from different locations
in the scaffolds from 258C to 5908C at a constant rate of
158C/min under N2 atmosphere.

Tissue processing and characterization

Fixed tissue constructs were dehydrated using a series of
increased concentrations of ethanol and kept overnight under
vacuum. For scanning electron microscopy (SEM) character-
ization, the specimens were mounted on Al stubs, coated with
Au, and analyzed using a LEO Gemini 982 scanning electron
microscope. For histological analyses, the harvested tissue
constructs were embedded in a glycol methacrylate-based
embedding material, that is, Immuno-Bed (Polyscience, Inc.).
Thin sections (5mm) were obtained from tissue constructs
embedded in plastic and stained with hematoxylin and eosin
(H&E) to examine the cell distribution and chondrocyte-
specific cell morphology. Glycosaminoglycan (GAG) and
collagen depositions by chondrocytes were evaluated after 4
weeks using Alcian Blue (AB) and picrosirius red stains, re-
spectively. The intensity of the stain over the entire tissue
constructs was quantified using ImageJ software. To further
probe the differentiation of h-ADSCs into chondrogenic phe-
notype, tissue constructs after 1 and 8 weeks of cell culture

FIG. 1. Scanning electron
microscopy micrographs of
general surface structure of
functionally graded scaffolds
(a), with higher magnifica-
tions of b-GP-rich (b), and
insulin-rich (c) sides. b-GP,
b-glycerophosphate.
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were permeabilized and incubated with a goat polyclonal
anti-melanoma-inhibiting activity (MIA), a rabbit polyclonal
anti-activin receptor-like kinase (ALK)-1, and anti-fibroblasts
growth factor receptor 3 (FGFR3), and subsequently FITC-
conjugated secondary antibodies. Samples were imaged using
a Zeiss LSM510 confocal microscope. Z-stack feature was used
to detect the spatial distribution of the chondrocytic differ-
entiation within the tissue constructs. Sections were also
treated with AgNO3 solution and subjected to strong light
(i.e., von Kossa stain) to evaluate the presence of Ca. The
stained sections were analyzed using a Nikon Polarizing Mi-
croscope (Micron Optics). The distribution of mineral depo-
sition over the entire scaffolds and time were evaluated by
quantifying the stain intensity using ImageJ software.

Native cartilage-bone specimen preparation

Fresh bovine knee joints (6 months old) were obtained
from a local abattoir and stored at �808C. The joints were
thawed at room temperature for *12 h and femoral condyles
were drilled to a depth of *3 mm to remove the native os-
teochondral tissue. The specimens were equilibrated in PBS
solution at 48C. Thicknesses were measured at four different
locations and samples with 100 mm or more variations were
discarded.

Biomechanical characterization

Unconfined uniaxial compression testing of engineered
tissue constructs and the native osteochondral tissue were
performed using a Rheometric Scientific ARES Rheometer
(currently TA Instruments) in the strain amplitude range of
0% to 10%. The specimens while in their fresh state were first
equilibrated under a tare load and then compressed at a
constant rate of 0.05 mm/s. The modulus and toughness
values were determined from the slope of stress versus strain
behavior and the area under the stress versus strain curve,
respectively. To prevent dehydration during tests, specimens
were deformed within a custom-designed environmental
chamber28 filled with PBS and kept at 378C.

Statistical analysis

All statistical analyses were performed using SPSS 13.0
statistical software. Assumptions of normality and homoge-
neity of variance were verified by using Shapiro-Wilks’s test
and Levene’s test, respectively, and homogeneity of group
covariance matrices was verified by using Box’s M test.
Statistical significance for the change of insulin and b-GP
concentrations as well as mineral distributions along the
thickness of scaffolds was investigated using one-way mul-
tivariate analysis of variance (ANOVA). Significant multi-
variate omnibus test statistics were followed by univariate
analyses. Type I error was controlled by employing the
Bonferroni correction and testing each ANOVA at a signifi-
cance (alpha) level of 0.025 (i.e., p¼ 0.05/2). The Bonferroni
post-hoc procedure was then used to test for significance in
cases of multiple comparisons. The distributions of chon-
drocytic cell count, GAG, and collagen deposition along the
length of tissue constructs were examined through one-way
ANOVA, followed by Tukey’s post hoc comparisons. The
mineral deposition over time was evaluated using Student’s
t-test.

Results

Scaffold fabrication and characterization

Scaffolds consisting of highly porous nonwoven meshes
with pore sizes ranging between 5 and 50mm and fiber di-
ameters in the range of 200 to 2000 nm were fabricated and are
shown in Figure 1a. Bottom, b-GP-rich, and top, insulin-rich,
sides of the typical scaffolds are also shown in Figure 1b and c,
respectively. Location-dependent thermo-gravimetric charac-
terization of the scaffold meshes validated that indeed con-
tinuous concentration gradients of both insulin and b-GP
could be achieved along the thickness of the scaffolds (i.e.,
along 500mm). The concentration of insulin increased linearly
from 0% to 23.2%� 2.6% by weight from one side of the
scaffold to the other, whereas the b-GP concentration de-
creased from 48.3%� 2.8% to 0% by weight along the same
direction (Fig. 2a). The concentration (weight fraction) of b-GP
at the bottom of the scaffold (48.3%� 2.8%, n¼ 3) is signifi-
cantly higher than that of b-GP at 175mm (14.1%� 0.7%, n¼ 3;
p¼ 0.000), and that of b-GP at 300mm (1.0%� 1.0%, n¼ 3;
p¼ 0.000). Similarly, the concentration of insulin at the top of
the scaffold (23.2%� 2.6%, n¼ 3) is significantly higher than
that of insulin at 300mm (15.8%� 3.1%, n¼ 3; p¼ 0.002), and
at 175mm (7.8%� 0.5%, n¼ 3, p¼ 0.000). Energy dispersive
spectra provided collaborative data, that is, decreasing inten-
sities of Na and P peaks, characteristic of b-GP, with in-
creasing distance from the bottom of electrospun mesh,
indicative of the decreasing concentration of b-GP (Fig. 2b).

PCL scaffolds containing either only b-GP or only insulin
were also fabricated and immersed in cell culture media to
evaluate the time-dependent release of b-GP and insulin. The
release study was carried out to determine the concentrations
of bioactive agents to be incorporated into the PCL scaffolds.
The weight loss of the scaffolds containing 23% wt insulin is

FIG. 2. Thermo gravimetric analysis, TGA (a) and energy
dispersive spectroscopy, EDS (b) characterization for the
concentration distribution of bioactive agents. Symbols * and
** indicate significance at p< 0.025 for insulin and b-GP, re-
spectively, for n¼ 3. Error bars represent standard error
(s.e.m.) at 97.5% confidence level. Color images available
online at www.liebertonline.com/tea
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5% in two days (Figure 3c), which corresponds to the release
of about 22% of the insulin initially loaded, assuming that the
PCL is not affected. There is negligible release of the insulin
after two days. It was observed that b-GP, which is a hy-
drophilic Na salt, released at a higher rate in the media due to
its greater dissolution rate.29 After 6 weeks, the surface mor-
phology of scaffolds was observed to change from smooth to
irregular and also to exhibit surface voids (Fig. 3). Surface
porosity was more prominent on the b-GP-rich side (Fig. 3a),
associated with greater dissolution rate (Fig. 3c) of the hy-
drophilic Na salt, that is, b-GP, in comparison to insulin.

Tissue formation and SEM characterization

Attachment, proliferation, and differentiation behavior of
h-ADSCs were investigated during the 8 weeks of cultur-
ing. SEM characterization of tissue constructs revealed that
cells attached well over the entire length of the scaffold
(Fig. 4a, d), and cell proliferation took place with multi-
ple cell layers forming at the sides (Fig. 4b, e) and inte-
rior volume, that is, the ‘‘core,’’ of the scaffolds (Fig. 4c, f, g).
The formation of collagen fibril bundles (inset to Fig. 4c)
is apparent in insulin-rich side after 8 weeks of culture.

FIG. 3. Scanning electron microscopy micrographs of surface structure of b-GP-rich (a), and insulin-rich (b) sides after the
release of bioactive agents together with weight-based release profile for a duration of 6 weeks (c).

FIG. 4. Extracellular matrix formation and mineralization of tissue constructs. Cells adhered well to both sides of scaffolds
after 1 week (a, d). Globular particulates (supposedly minerals) are apparent in b-GP-rich side (d), whereas no particulates
were observed in insulin-rich side (a). After 4 weeks, surfaces of scaffolds were covered with layers of cells (b, e) with greater
particulate deposition in b-GP-rich side (e). After 8 weeks, formation of extracellular matrix (c, f) and fibrils (inset to c)
revealed further development of tissue. Cross section of tissue constructs after 8 weeks (g) also indicated formation of rich
and highly mineralized extracellular matrix in b-GP-rich side.
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The formation of globular mineral particulates (Fig. 4d, e, g)
in b-GP-rich regions suggested that b-GP was indeed
effective in promoting the greater extent of mineraliza-
tion of tissue constructs at locations where it was readily
available.

Histology and immunohistochemistry

H&E staining was performed on tissue constructs after 1
and 8 weeks of cell culture and the results are shown in Figure
5a, b, and d. Cells with distinctly different morphologies in-

FIG. 5. Hematoxylin and eosin staining showed proliferation and differentiation of h-ADSCs after 1 week (a) and 8 weeks
(b). Differentiation to chondrocyte-specific round morphology (shown with black arrows in d) from h-ADSCs (c, monolayer,
stained with TRITC-conjugated phalloidin for filament-actin [Red/Orange] and DAPI for cell nucleus [blue]) is evident,
although some h-ADSCs (white arrow in d) remained undifferentiated. Chondrogenic differentiation of h-ADSCs was also
demonstrated by immunostaining for melanoma-inhibiting activity (MIA) (top: e, f; bottom: h, i). Confocal microscopy
analysis showed increasing intensity of MIA immunostaining on the top section of scaffold as a function of time (e, f). Two
morphologically distinct cell populations, that is, differentiated and dedifferentiated chondrocytes, were immunodetected
with ALK-1 (g, j). Cells with predominantly round morphology are shown in (g). h-ADSC, human adipose-derived stromal
cell; ALK, activin receptor-like kinase. Color images available online at www.liebertonline.com/tea

FIG. 6. Immunostaining for FGFR3 after 8 weeks. (a–c) Horizontal slices demonstrating depth-dependent change in FGFR3
intensity over the scaffold (insulin rich to b-GP rich from left to right), and (d–f) vertical cross sections of the scaffold showing
depth-dependent variation in FGFR3 intensity (top: insulin rich, bottom: b-GP rich). FGFR3, fibroblasts growth factor re-
ceptor 3. Color images available online at www.liebertonline.com/tea
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volving the characteristic round shape of the chondrocytes
and the h-ADSCs (Fig. 5c) are observed. The chondrocytic
differentiation of h-ADSCs was further confirmed with de-
tection of two type II collagen-coexpressing chondrogenesis
markers, MIA30–33 and FGFR3.34–38 Confocal microscopy
analysis showed the degree of intensity of both markers on the
tissue constructs as a function of insulin/b-GP gradient (Figs.
5e, f, 6). Increasing intensity of MIA immunostaining was
observed on the top section of scaffold (insulin-rich) in week 8
constructs (Fig. 5e, f). Vertical and horizontal sections of week
8 constructs stained with FGFR3 demonstrated the highest
FGFR3 intensity on the insulin-rich sections (Fig. 6a–c), and a
clear gradient of FGFR3 intensity proportional with the gra-
dient of insulin concentration (Fig. 6d–f). A 3D construction of
the FGFR3 intensity over the entire scaffold is also provided as
Supplementary Movie S1 (Supplementary Data are available
online at www.liebertonline.com/tea). As differentiated
chondrocytes are characteristically unstable by undergoing
dedifferentiation and/or re-differentiation,39–43 phenotypic
stability of chondrocytes was also evaluated by immuno-
staining the tissue constructs (Fig. 5g, j) with ALK-1, a marker
of dedifferentiated chondrocytes.34 ALK-1 was detected in
two morphologically distinctive cell populations, that is, dif-
ferentiated and dedifferentiated chondrocytes, in the 8-week
tissue constructs corresponding to the gradient of insulin and
b-GP.

The number density of chondrogenic cells (with character-
istic round shapes) increased with distance from the bottom
surface of tissue constructs, consistent with the monotonic
increase of insulin concentration over the same region (Fig.
7a). The number density of these cells correlated positively
(r2¼ 0.95) with concentration of insulin (Fig. 7b), suggesting
that the local availability of insulin was effective in promoting
the preferential differentiation of stromal cells. The count
of chondrocyte-like cells showed that the number of chon-
drocytes located at distances in the range of 330 to 500mm
from bottom, that is, 39.64%� 2.54%, is significantly greater
than those located at distances between 220 and 330mm from
the bottom surface of the scaffold, that is, 24.23%� 0.85%
(n1¼n2¼ 6, a¼ 0.05, p¼ 0.000). Similarly, the number of
chondrocytes located at distances between 220 and 330mm
from bottom were found to be significantly greater than those
located at distances between 110 and 220mm, that is,
19.46%� 1.73% (n1¼n2¼ 6, a¼ 0.05, p¼ 0.006).

The AB stains performed on tissue constructs after 4
weeks of culturing (Fig. 8a) suggested greater (yet statisti-
cally insignificant, p> 0.05) staining intensity for sulfated
GAG with increasing insulin concentration (Fig. 8b). On the
other hand, the picrosirius red stain (Fig. 8c) revealed sta-
tistically significant effect of increasing insulin concentration
on increasing total collagen deposition (Fig. 8d). The von
Kossa stains performed on tissue constructs after 1 week
(Fig. 9a) and 8 weeks (Fig. 9b) of culturing showed positive
staining for Ca3(PO4)2. b-GP incorporated into the nanofibers
of our scaffolds generally gave rise to an apparent trend of
greater mineral deposition at b-GP-rich locations (Fig. 9c)
and over time (Fig. 9d).

Biomechanical characterization

The comparisons of compressive properties of tissue con-
structs obtained at different culture durations versus those of

native bovine osteochondral tissue are shown in Figure 10.
Engineered tissue constructs and the native tissue both ex-
hibited linear behavior in 0% to 10% strain amplitude range
upon compression at 0.05 mm/s. Compression, at 10% strain,
of tissue constructs obtained after 1, 4, and 8 weeks yielded
normal stress values of 0.674� 0.06, 0.852� 0.121, and
1.916� 0.100 kPa, respectively. Significantly higher modulus
(slope of stress versus strain curve) and toughness (area
under stress versus strain curve) values were obtained after
8 weeks of cell culture as compared to those obtained after
1 and 4 weeks, suggesting a considerable degree of tissue
formation within 8 weeks (Fig. 10b, c). The modulus values
of the native tissue, that is, 20.9� 0.15 kPa, were greater than
those of engineered tissue constructs at 8 weeks, that is,
0.19� 0.01 kPa. Similarly, the modulus values of engineered
tissue constructs at 8 weeks were greater than those of en-
gineered tissue constructs at 4 weeks, that is, 0.09� 0.01 kPa.
As for toughness, the values of native tissue, that is,
1023� 33 kPa, were greater than those of engineered tissue
constructs at 8 weeks, that is, 9.64� 0.70 kPa. Similarly,
toughness values of engineered tissue constructs at 8 weeks

FIG. 7. Count of chondrocyte-like cells (a) showed that the
number of chondrocytes increased from the bottom of the
scaffolds to the top. Symbol * indicates significance at p< 0.05
for n¼ 6. Error bars represent s.e.m. at 95% confidence level.
There was appreciable correlation (r2¼ 0.95) between cell
frequency and insulin concentration along the scaffold
thickness (b).
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were determined to be greater than those of engineered tis-
sue constructs at 4 weeks, that is, 4.53� 0.41 kPa.

Discussion

Aiming at hierarchical structures of interfaces, scaffolds that
were spatially organized in the form of distinct multi-lay-
ers5,23,44–48 have been fabricated and culturing of single44 or
multiple5,46 cell types on these multi-layered scaffolds have
been studied. Schaefer et al.,46 for example, prepared two in-
dividual sheets consisting of polyglycolic acid on one side and
a blend of poly-lactic-co-glycolic acid (PLGA) and polyethyl-
ene glycol on the other, and then seeded the two sides with

chondrocytes and periosteal cells, respectively. The two con-
structs were then sutured together after 1 week of culture
period to obtain 3D cartilage–bone composites. Later, Sher-
wood et al.47 designed and manufactured cartilage/bone
scaffolds by layering three different materials composed of
D,L-PLGA/L-poly(lactic acid) (PLA) for cartilage, L-PLGA/
tricalcium phosphate (TCP) for bone, and a blend of these
materials for the bone–cartilage transition zone. In another
study, Allan et al.23 developed biphasic constructs consisting
of cartilaginous tissue anchored to the top surface of a bone
substitute with a calcified interface. These constructs were
seeded with deep zone chondrocytes from bovine articular
cartilage, and cultured in the presence of b-glycerophosphate.

FIG. 8. Alcian Blue stain (a)
and picrosirius red stain (c)
after 4 weeks revealed gly-
cosaminoglycan (b) and in-
creasing collagen (d)
deposition as a function of
increasing insulin concentra-
tion from bottom to top.
Symbol * indicates signifi-
cance between consecutive
locations. Error bars represent
s.e.m. at 95% confidence
level (n¼ 3). Color images
available online at www
.liebertonline.com/tea

FIG. 9. von Kossa stain after
1 week (a) and 8 weeks (b) of
culture, and mineral deposi-
tion as determined by the
stained area of sections as a
function of scaffold thickness
(c) and time (d). Error bars
represent s.e.m. at 97.5% and
95% confidence level for (c)
and (d), respectively, (n¼ 3).
Symbol * indicates signifi-
cance at p< 0.05.
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The formation of calcified cartilage region adjacent to the
substrate and a hyaline-like zone above was observed.

More recently, Ng et al.48 formed bilayered scaffolds with
depth-varying compressive material properties and seeded
zonal populations of chondrocytes. They observed that such
bilayered constructs led to depth-dependent cellular and
compressive mechanical inhomogeneity, similar to that of
the native tissue. A microparticle-based scaffold fabrication
technique was also introduced recently to create scaffolds
with spatial control over active ingredients using uniform
poly(D,L-lactide-co-glycolide) microspheres with the aim of
demonstrating the usefulness of such macroscopic gradients
for interfacial tissue regeneration.49

In this study, biomimetic scaffolds made of unitary non-
woven meshes that were incorporated with bioactive agents

were fabricated and employed to probe their suitability for
the selective differentiation of stem cells for osteochondral
applications. The highly porous scaffolds consisted of non-
woven meshes with pore sizes ranging between 5 and 50mm.
This pore size range is considered to be appropriate for cell
infiltration during culture.50 The ability to generate contin-
uous concentration gradients of bioactive agents is an im-
provement over the earlier studies in functional grading of
fibrous tissue engineering scaffolds, which typically utilized
only one bioactive, which could be applied only in very
simplistic modes. For example, varying concentrations of
only b-tricalcium phosphate from the top to bottom volumes
of a nanofibrous mesh were previously achieved.17 Similarly,
Li et al.51 demonstrated the grading of calcium phos-
phate along the length of a nonwoven mat of electrospun

FIG. 10. Biomechanical properties of engineered tissue constructs and native osteochondral tissue under unconfined
compression. Normal stress versus strain behavior under 10% compression (a), and corresponding modulus (b) and
toughness (c) values. Symbol * indicates significance at p< 0.05 for n¼ 3. Error bars represent s.e.m. at 95% confidence level.
Symbols in (a): ^, tissue constructs at 1 week; *, at 4 weeks; &, at 8 weeks; D, the native tissue.
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nanofibers, and Phillips et al.3 generated gradients of retro-
virus encoding the osteogenic transcription factor Runx2/
Cbfa1 in collagen scaffolds containing poly(L-lysine). How-
ever, to our knowledge there are no reports of the incorpo-
ration of two or more bioactives into nanofibrous scaffolds in
a continuously graded manner.

The ability of incorporating multiple bioactive agents
within a nanostructured mat, that is demonstrated here,
should provide a greater degree of freedom in mimicking
both the physical as well as biological structures of os-
teochondral interface. The monotonic increase of b-GP and
the monotonic decrease of insulin from one side of the
scaffold to the other is but one of the many types of grada-
tions of the bioactive agents that are possible with the twin-
screw extrusion and electrospinning process. This particular
type of gradation was selected to better isolate the individual
effects of the two bioactive agents as well as the effect of their
combination to mineralization and the differentiation of
h-ADSCs.

The rapid dissolution rate of b-GP is consistent with the
rapid achievement of the elevated concentrations of Ca and
phosphates that are required for the initiation of minerali-
zation.52 Insulin, on the other hand, is an amphiphilic
peptide; that is, it has a hydrophobic core consisting of car-
bon-rich amino acids at its center and relatively hydrophilic
outer surfaces consisting of charged amino acids.53 This
amphiphilic nature of insulin gives rise to reduced dissolu-
tion and diffusion rates. In the scaffolds, insulin concentra-
tion increased linearly from 0% to 23.2%� 2.6% by weight
from one side of scaffold to the other, whereas the b-GP
concentration decreased from 48.3%� 2.8% to 0% by weight
along the same direction. Based on the time-dependent
weight loss of PCL-only, insulin/PCL, and b-GP/PCL me-
shes after immersing into the media, the 23.2%� 2.6% insulin
concentration in the mesh was calculated to supply *25mg/
mL of insulin to cell culture media during the first 2 days of
culturing. This concentration of insulin is appropriate be-
cause it is within the concentration range at which effective
chondrogenic differentiation could be achieved.19,20,54 Con-
centrations of insulin <40 mg/mL were determined to pro-
mote chondrogenesis, whereas larger quantities (>40mg/
mL) were found to downregulate the rate of chondrogen-
esis.19 The sensitivity of chondrogenesis to insulin concen-
tration was determined to be principally due to the effect of
insulin to reduce the number of cell membrane receptors
progressively by forming internalized hormone–receptor
complexes at relatively high concentrations.54 Relatively high
concentrations of b-GP were targeted because elevated local
phosphate ion concentrations are required to induce miner-
alization.24,25

H&E staining results shown in Figure 5 indicated that the
cells penetrated into the core of the scaffold and that the
trend of increasing number density of chondrocytic cells (Fig.
7) (cells with characteristic round shapes55) is in line with the
monotonic increase of insulin concentration, affected by the
differences in local insulin concentration. This observation is
consistent with earlier findings,19,56,57 which have demon-
strated the effectiveness of insulin for the differentiation of
stem cells. The qualitative nature of the distribution of the
chondrocytic cell numbers is similar to what is observed to
occur at the native cartilage–bone interface. McLauchlan and
Gardner characterized human articular cartilage as a func-

tion of thickness and found that the density of chondrocytes
declined from the superficial zone to the bone.2

Sulfated GAG was characterized and quantified
throughout the thickness of tissue constructs using AB dye.58

Since GAG is present in articular cartilage as a side chain of
proteoglycans, which are important determinants of cartilage
mechanical properties,59 deposition of GAG (Fig. 8a) within
our engineered tissue constructs indicates the development
of a cartilage-like structure. However, there was no statisti-
cally significant dependence of GAG ( p> 0.05) on the local
insulin concentration (Fig. 8b). Collagen type II and type I
are widely utilized to mark the chondrogenic60–63 and oste-
ogenic64–66 phenotypes, respectively. Collagen is the most
abundant macromolecule component (about 60% of the dry
weight) in the articular cartilage. Particularly, the type II
collagen represents 90% to 95% of the total collagen in car-
tilage ECM, whereas other types (I, IV, V, VI, IX, and XI)
constitute only a minor proportion.67 With regard to bone
tissue, the major collagen type is found to be predominantly
type I.68,69 To probe the effects of the insulin gradient further,
the tissue constructs of this study were stained with picro-
sirius red stain,70 which binds to the collagen types I, II, and
III (Fig. 8c). The semi-quantitative analysis of the picrosirius
red stain results (Fig. 8d) revealed a statistically significant
change in the stain intensity with scaffold thickness. The total
collagen indeed increased with increasing distance toward
the insulin-rich side. Thus, picrosirius red staining revealed
significant increases in collagen synthesis with increasing
insulin concentrations following the insulin gradient that
was built into the scaffold (Fig. 8d), on the basis of chon-
drogenic differentiation as well as stimulative effect of insu-
lin. Chondrogenically differentiated ADSCs were previously
reported to produce more GAG and collagen than ADSCs
controls,71–73 suggesting that the graded collagen and
GAG contents found in the tissue constructs of this study are
attributable to the gradients of chondrogenically differenti-
ated cells occurring as a result of the graded insulin con-
centration. This is actually consistent with the study of
Musselmann et al., who have shown that insulin alone
stimulates the collagen synthesis in vitro.74 Concomitant ex-
amination of the H&E staining results of Figure 5 and the
total collagen distribution given in Figure 8c and d suggest
that h-ADSCs penetrated across the entire cross section of the
scaffold and that the distribution of the collagen deposition
developed as a function of the insulin concentration distri-
bution.

The differentiation of h-ADSCs was also confirmed by
immunostaining of tissue constructs for MIA, that is, a
cartilage-derived retinoic acid-sensitive protein that has been
used as a marker for chondrocytic differentiation.33 Under
physiological condition, MIA is expressed only during the
course of chondrogenesis through development and in
mature chondrocytes and is not observed in other non-
cartilaginous tissues.30,31,75 Although MIA is pathologically
expressed in malignant melanoma, minimal expression was
detected in normal melanocytes.76 In addition, it was found
that MIA-deficient mice developed structural abnormalities
in cartilage.77 MIA is co-regulated with type II collagen in
both expression in vivo and tissue distribution.30–32 Similarly,
differentiated chondrocytes in cell culture co-express MIA
and collagen II.33 In addition to examining MIA, we also
detected increasing intensity of FGFR3 with increasing in-
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sulin concentration (Fig. 6). FGFR3 is one of molecular
markers during chondrogenesis and chondrocyte differenti-
ation.38 FGFR3-null mice are defective in articular cartilage
with early arthritis.78 Further, its expression correlates with
collagen II by differentiated chondrocytes.34 The observation
of increasing FGFR3 intensity with increasing insulin con-
centration thus provided additional validation of the greater
rate of differentiation of h-ADSCs into chondrogenic phe-
notype with increasing insulin concentration.

Differentiated chondrocytes are characteristically unstable
by undergoing dedifferentiation and/or re-differentiation.39–43

Phenotypic stability of chondrocytes was also evaluated by
immunostaining the tissue constructs with ALK-1, a receptor
involved in hypertrophic maturation of chondrocytes79 and a
marker of dedifferentiated chondrocytes.34 Thus, we also
stained ALK-1 to evaluate the phenotypic stability of the
differentiated chondrocytes. Interestingly, ALK-1 was im-
munodetected in two morphologically distinctive cell popu-
lations in the 8-week tissue constructs corresponding to the
gradient of insulin and b-GP. These results indicate that par-
tial dedifferentiation occurred after chondrogenesis; however,
a large portion of stable chondrogenic population remained
in tissue constructs after 8 weeks in culture.

Regarding the effect of b-GP, the scaffold regions that
were richer in the concentration of b-GP gave rise to greater
mineral deposition at the same location as revealed by von
Kossa staining. This finding is in agreement with the results
of Allan et al., who utilized b-GP for the mineralization of
biphasic constructs comprised of cartilaginous tissue an-
chored to the top surface of a bone substrate.23 The exact
mechanism by which b-GP induces mineralization is un-
clear.52 Generally, it is accepted that organic phosphate is
hydrolyzed by alkaline phosphatase, an enzyme found on
cell membrane of bone cells, to release free inorganic phos-
phate (iP), thus providing a chemical potential for mineral
deposition. The iP is believed to induce mineralization either
by direct mineral deposition due to elevated local iP con-
centration24,80 or by metabolic process involving protein and
RNA synthesis.52,81–83

In the characterization of biomechanical properties of
cartilage tissue as well as engineered tissue constructs, in
general, the aggregate modulus and the permeability are
characterized as the parameters of well-studied cartilage bi-
phasic model.84 Here the unconfined compression technique,
that is, similar to the characterization of tensile properties of
the constructs in the radial direction along with the com-
pressive properties in the thickness direction,85 was used
primarily on the basis of analogies between physiological
contact loading and unconfined compression.86 Elastic
modulus (slope of stress versus strain curve in the linear
range) and area under stress versus strain curve of tissue
constructs were previously reported to be indicators of ex-
tent of mineralization and collagen formation, respective-
ly.87,88 The significantly higher modulus and area under
stress versus strain curve values obtained after 8 weeks of
cell culture as compared to those obtained after 1 and 4
weeks, therefore, suggest a considerable degree of tissue
formation within 8 weeks.

In summary, the recently developed hybrid extrusion/
electrospinning process was successfully implemented for
generating tissue engineering scaffolds with controlled gra-
dations of concentrations of insulin and b-GP. To our

knowledge, this is the first time that multiple bioactive in-
gredients were incorporated in a distributed manner in
nanofibrous-type biomimetic scaffolds. In this demonstration
study, the concentration distributions were tailored so that
the concentration of insulin increased monotonically from
one side of scaffold to the other, whereas b-GP phosphate
concentration decreased monotonically in the same direction.
The use of both insulin and b-GP in conjunction with their
systematically varied concentrations led to the differentiation
of h-ADSCs in a location-dependent manner (higher chon-
drocytic cell counts and increasing total collagen deposition
with increasing concentration of insulin) and different ex-
tents of mineralization as generated by the b-GP concentra-
tion distribution. The twin-screw extrusion electrospinning
process, with its myriad capabilities for the tailoring of
spatial physical and chemical properties in the tissue engi-
neering scaffolds, should serve as another enabler for the
mimicking of the gradations found in native tissues. We
anticipate that the potential of the new fabrication method in
generating realistic functionally graded scaffolds will be
recognized by other investigators who would utilize such
graded scaffolds in vivo to demonstrate the true benefits of
functional grading.
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