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ABSTRACT

The growing socioeconomic burden of musculoskeletal injuries and limitations of current therapies

have motivated tissue engineering approaches to generate functional tissues to aid in defect heal-

ing. A readily implantable scaffold-free system comprised of human bone marrow-derived mesen-

chymal stem cells embedded with bioactive microparticles capable of controlled delivery of

transforming growth factor-beta 1 (TGF-b1) and bone morphogenetic protein-2 (BMP-2) was engi-

neered to guide endochondral bone formation. The microparticles were formulated to release

TGF-b1 early to induce cartilage formation and BMP-2 in a more sustained manner to promote

remodeling into bone. Cell constructs containing microparticles, empty or loaded with one or both

growth factors, were implanted into rat critical-sized calvarial defects. Micro-computed tomogra-

phy and histological analyses after 4 weeks showed that microparticle-incorporated constructs

with or without growth factor promoted greater bone formation compared to sham controls, with

the greatest degree of healing with bony bridging resulting from constructs loaded with BMP-2

and TGF-b1. Importantly, bone volume fraction increased significantly from 4 to 8 weeks in defects

treated with both growth factors. Immunohistochemistry revealed the presence of types I, II, and

X collagen, suggesting defect healing via endochondral ossification in all experimental groups. The

presence of vascularized red bone marrow provided strong evidence for the ability of these con-

structs to stimulate angiogenesis. This system has great translational potential as a readily implant-

able combination therapy that can initiate and accelerate endochondral ossification in vivo.

Importantly, construct implantation does not require prior lengthy in vitro culture for chondrogenic

cell priming with growth factors that is necessary for current scaffold-free combination therapies.
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SIGNIFICANCE STATEMENT

Using a scaffold-free high-density stem cell system capable of controlled growth factor delivery
from incorporated microparticles, enhanced healing of critical-sized calvarial bone defects via
endochondral bone formation was achieved within 4 weeks without the need for long term in
vitro culture prior to implantation. The microparticle-based delivery system provides controlled
local presentation of growth factors to cells, avoiding the need for expensive and lengthy in
vitro culture that requires repeated growth factor supplementation. This work lays the founda-
tion for a rapidly implantable regenerative medicine therapy that accelerates endochondral ossi-
fication, the body’s natural bone repair process. The modular nature of this system lends itself
well to the utilization of different cell types and/or bioactive factors to engineer other complex
tissues.

INTRODUCTION

Traditional stem cell-based bone tissue engineer-
ing strategies use a biomaterial scaffold seeded
with regenerative cells and bioactive signals (e.g.,
growth factors) to induce healing via intramem-
branous ossification during which the progenitor

cells directly differentiate into osteoblasts to form
bone [1]. However, issues with this scaffold-based
approach for bone regeneration may hinder its
clinical implementation. The presence of scaffolds
may greatly interfere with cell-cell interactions,
which are necessary for tissue development [2],
and their interactions with cells may negatively
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alter cell phenotype [3]. Synchronizing scaffold degradation with
new tissue formation at the defect site is very challenging and, if
not properly achieved, can inhibit cell proliferation, extracellular
matrix (ECM) production, remodeling and construct integration,
and ultimately compromise the integrity of the newly formed
bone [4, 5]. Furthermore, depending on the type of scaffold,
chemicals used for scaffold production and/or degradation
byproducts may result in cytotoxicity and immunogenicity [6].
Additionally, intramembranous ossification-based approaches
often fail in the absence of a functional vascular network, which is
necessary to deliver nutrients and oxygen to cells for their sur-
vival. Poor blood supply has significantly impeded fracture healing
in multiple studies [7–9]. Specifically, acute persistent ischemia
has been shown to negatively affect cell viability, proliferation,
and differentiation, as well as bridging of femoral defects in mice
[9]. Implanted cell-seeded scaffolds that failed to promote rapid
ingrowth of a vascular supply resulted in cell death in the interior
of the constructs [10, 11] with oxygen deficiency as the likely
cause [12]. Therefore, bone repair via intramembranous ossifica-
tion can be severely limited by the lack of a vascular supply, partic-
ularly in the case of critical-sized bone defects and nonunion
fractures.

Here, we engineered a scaffold-free system of self-assembled,
high-density human mesenchymal stem cell (hMSC) sheets con-
taining growth factor-releasing microparticles that is readily
implantable for healing of critical-sized calvarial defects via endo-
chondral ossification. Taking advantage of cells’ natural ability to
produce a tissue-specific ECM, these scaffold-free constructs are
easy to produce by simply mixing the system components and
seeding onto Transwell membrane inserts. The cells then coalesce
through cell–cell interactions and uniformly incorporate the
microparticles. High cell viability is achieved since this self-
assembling process does not expose cells to harsh environments
that are required for some scaffold-based approaches [13]. The
high-density nature of these cell constructs provides a biomimetic
environment that supports abundant cell–cell interactions, mim-
icking MSC condensation during long bone development and frac-
ture healing [14–17]. Additionally, the incorporated biodegradable
microparticles provide spatiotemporal control of bioactive signal
presentation to regulate cell behavior without adversely interfer-
ing with cell–cell interactions. Compared to scaffold-based
approaches, these constructs may develop and integrate better in
vivo without the complications of matching scaffold degradation
rate with new tissue formation.

Endochondral ossification-based strategies to bone tissue
engineering are advantageous in that, unlike intramembranous
ossification-based approaches, the need to establish a dense vas-
cular network is not immediately required for implant survival and
success [18]. During this alternative bone formation pathway, an
avascular cartilage template is first produced and then subse-
quently remodeled into bone [16]. This bone-forming approach
eliminates the need to establish an initial vascular network
because the lower metabolic needs of chondrocytes enable them
to survive in an avascular environment [19, 20]. Importantly, the
endochondral ossification process has an intrinsic ability to induce
angiogenesis to form a vascular network. The endochondral ossifi-
cation process produces its own natural ECM scaffold through the
formation of a calcified cartilage matrix containing hypertrophic
chondrocytes that secrete angiogenic factors to recruit blood ves-
sels to the defect site and osteogenic signals to facilitate its
remodeling into bone.

These advantages inspired various attempts in recent years to
recapitulate the process of endochondral ossification for bone
repair [18, 21, 22]. Successful bone formation has been achieved
in subcutaneous mouse models by implanting hypertrophic carti-
lage constructs that were engineered in vitro. Cells were either
seeded on or in biomaterial scaffolds (e.g., type I collagen mesh
[23], agarose hydrogel [24], collagen-glycosaminoglycan scaffold
[25], PLGA scaffold [26, 27]) or used to form scaffold-free high-
density cell constructs (e.g., aggregates [25, 28], sheets [29]) then
cultured in chondrogenic media containing either transforming
growth factor-beta (TGF-b) 1, 2 or 3 for at least 3 weeks and as
long as 12 weeks prior to implantation. Additional culture time
with supplements such as hypertrophic and/or osteogenic factors
(e.g., dexamethasone, ascorbic acid, b-glycerophosphate, thyro-
xine, retinoic acid) to promote chondrocyte hypertrophy and/or
ossification has also been investigated in these studies [23, 25,
29]. In addition to the ectopic implantation models, endochondral
bone tissue engineering has also been demonstrated in orthotopic
models. Chondrogenically differentiated MSCs were implanted
either on a scaffold [30] or as aggregates [31, 32] into critical-sized
femoral defects in rodents, and defect bridging was observed after
8 weeks. While these studies were successful in promoting endo-
chondral ossification, they required at least 3 weeks of in vitro cul-
ture to produce hypertrophic cartilage constructs prior to
implantation. From a clinical perspective, the long-term culture is
not ideal due to the time and high costs involved. Furthermore, the
repeated supplementation of inductive factors in the media during
the long-term in vitro culture can add to this cost. This mode of
growth factor delivery also provides little control over signal presen-
tation, and issues with diffusion may limit construct size and shape,
and subsequently the types of defects that can be treated.

We hypothesized that these challenges may be overcome by
incorporating microparticles capable of controlled delivery of TGF-
b1 and bone morphogenetic protein-2 (BMP-2) within clinically rel-
evant high-density hMSC sheets. hMSCs were used because they
are easily accessible, their multipotency is preserved after in vitro
expansion and they have the capacity to differentiate into both
chondrocytes and osteoblasts [33]. Gelatin microparticles (GM)
were designed for localized release of TGF-b1 early within the cell
sheets to induce cartilage formation. There have also been reports
of hypertrophic chondrocyte marker expression, including collagen
type X, alkaline phosphatase (ALP), matrix metalloproteinase-13
(MMP-13), and parathyroid hormone-related protein receptor, dur-
ing chondrogenic induction with TGF-b [28, 34–36], which is
important for endochondral ossification. Mineral-coated hydroxy-
apatite microparticles (MCM) were engineered for localized deliv-
ery of BMP-2 in a more sustained manner to promote chondrocyte
hypertrophy [37] and osteogenesis [38] to drive the formation of
bone tissue. The microparticle-incorporated hMSC sheet constructs
were then implanted to investigate their capacity to heal critical-
sized calvarial bone defects in rats. Controlled presentation of
chondrogenic and osteogenic signals from microparticles incorpo-
rated within hMSC sheets may enhance bone repair via endochon-
dral ossification without the need for a complex scaffold or
extended in vitro culture.

MATERIALS AND METHODS

hMSC Isolation and Expansion

hMSCs were isolated from bone marrow aspirates using a Percoll
(Sigma-Aldrich, St. Louis, MO, www.sigmaaldrich.com) density
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gradient as previously described [39]. Primary hMSCs were
expanded for two passages in media containing low-glucose Dul-
becco’s modified Eagle’s medium (DMEM-LG; Sigma-Aldrich), 10%
prescreened fetal bovine serum (ThermoFisher Scientific, Wal-
tham, MA, www.thermofisher.com) and 1% penicillin/streptomy-
cin (ThermoFisher Scientific), and then stored in cryopreservation
media in liquid nitrogen until use.

Microparticle Production

GM (average diameter of 60.96 50.1 lm as previously reported
[40]) were synthesized with 11.1% wt/vol Type A gelatin from por-
cine skin (Sigma Aldrich) using a water-in-oil single emulsion tech-
nique, cross-linked at room temperature with 1% wt/vol genipin
for 2 hours, and characterized as previously described [40–43].
Lyophilized GM were loaded with TGF-b1 (400 ng/mg GM) via
incubation in TGF-b1-containing PBS at 378C for 2 hours.

MCM (average diameter of 3.416 1.04 lm as previously
reported [40]) were produced by coating hydroxyapatite micro-
particles (Plasma Biotal LTD, Derbyshire, UK, www.plasma-biotal.
com) via incubation in modified simulated body fluid (mSBF) at
378C for 7 days with continuous rotation, and characterized as
previously described [40, 44]. mSBF was prepared by mixing
141 mM NaCl, 4.0 mM KCl, 0.5 mM MgSO4, 1.0 mM MgCl2,
20.0 mM HEPES, 5.0 mM CaCl2, 2.0 mM KH2PO4, and 4.2 mM
NaHCO3 in deionized water after which the pH was adjusted to
6.8. To load BMP-2, MCM was incubated in PBS containing BMP-2
(10 lg/mg MCM) at 378C for 4 hours.

Scaffold-Free Construct Production

Microparticle-incorporated hMSC sheets were produced for both
in vitro and in vivo studies. Briefly, passage 3 hMSCs (23 106

cells/sheet) were uniformly mixed with GM (1.5 mg/sheet) with
or without loaded TGF-b1 (0.6 lg/sheet) and MCM (0.4 mg/
sheet) with or without loaded BMP-2 (4 lg/sheet) in a serum-free
basal medium. The basal medium consisted of high glucose
DMEM (DMEM-HG) with 10% ITS1 Premix, 100 nM dexametha-
sone, 37.5 lg/ml L-ascorbic acid-2-phosphate, 1 mM sodium pyru-
vate, and 100 lM nonessential amino acids. The mixture was then
seeded onto the membrane of Transwell inserts (3 lm pore size,
12 mm diameter; Corning, Corning, NY, www.corning.com) and
allowed to self-assemble for 2 days.

In Vitro Culture for Promoting Endochondral

Ossification

Two-day-old hMSC sheets designated for in vitro analysis (N 5 4)
were cultured in basal medium for an additional 2 weeks followed
by 3 weeks in serum-free osteogenic medium. Osteogenic
medium consisted of DMEM-HG with 10% ITS1 Premix, 1 mM
sodium pyruvate and 100 lM non-essential amino acids, 100 nM
dexamethasone, 0.173 mM L-ascorbic acid-2-phosphate, and
5 mM b-glycerophosphate. This time course was determined to
be optimal for partially recapitulating bone formation via endo-
chondral ossification in hMSC aggregates [40]. Groups with empty
GM were treated with TGF-b1 (10 ng/ml) exogenously supple-
mented in basal media during the first 2 weeks of additional cul-
ture. Likewise, BMP-2 (100 ng/ml) was added to the osteogenic
media for groups with empty MCM. After 5 weeks of culture, con-
structs were harvested for analysis. Construct thicknesses were
measured with a handheld gauge.

Quantitative Reverse Transcription-Polymerase Chain

Reaction Analysis

In a separate experiment from the in vivo study, additional hMSC
sheets from each group in the in vivo study (N 5 3/group) were
produced for quantitative reverse transcription-polymerase chain
reaction (qRT-PCR) analysis after 2 days of culture in basal
medium. Harvested sheets were homogenized in TRI Reagent
(Sigma-Aldrich) for subsequent total RNA extraction and cDNA
synthesis (iScript kit; Bio-Rad, Hercules, CA, www.bio-rad.com).
One hundred nanograms of cDNA were amplified in duplicates in
each 40-cycle reaction using a Mastercycler (Eppendorf,
Hauppauge, NY, www.eppendorf.com) with annealing tempera-
ture set at 608C, SYBR Premix Ex Taq II (Takara Bio Inc., Kusatsu,
Shiga, Japan, www.takara-bio.com), and custom-designed qRT-
PCR primers (Supporting Information Table S1; Life Technologies,
Grand Island, NY, www.lifetechnologies.com). Transcript levels
were normalized to GAPDH, and gene expression was calculated
as fold-change using the comparative CTmethod [45].

Rat Bilateral Calvarial Defect Model

Two days after scaffold-free constructs were prepared and cul-
tured in basal medium, 12-week-old male athymic rats were
injected intraperitoneally with a ketamine (40–45 mg/kg) and dex-
medetomidine (0.1–0.15 mg/kg) mixture for anesthesia induction.
Aerosolized isoflurane (1%–4%) was used for anesthesia mainte-
nance during surgery. Ophthalmic ointment was applied to pre-
vent corneal dessication. A midline sagittal skin incision was made
to expose the calvarium. The skin and periosteum were elevated
and retracted. Care was taken to keep the periosteum intact.
Under saline irrigation, a trephine bur was used to make two cir-
cular 5-mm diameter defects on the parietal bone, one on each
side of the sagittal suture, without harming the dura matter. The
full thickness of the bone was removed, the defect site was
cleaned with sterile gauze and saline irrigation, and the defect was
filled with half of one microparticle-incorporated hMSC sheet con-
sisting of 13 106 cells incorporated with GM (0.75 mg/construct),
with or without loaded TGF-b1 (0.3 lg/construct), and MCM
(0.2 mg/construct) with or without BMP-2 (2 lg/construct). Each
implant was prepared by cutting a whole sheet in half with a ster-
ile spatula. Constructs at this 2-day time point were moldable and
thus could completely fill the defect. In animals with the
untreated control group, the defect was left empty. The perios-
teum was sutured over the defects with absorbable vicryl 6-0, and
the incision was closed with a continuous suture using vicryl 5-0.
After 4 and 8 weeks, animals were euthanized with carbon diox-
ide. The skullcap was extracted and fixed in 10% neutral buffered
formalin for 24 hours at 48C. After fixation, the samples were
placed in 70% ethanol at 48C until analysis.

Micro-Computed Tomography

Samples were scanned using a Skyscan 1172 micro-computed
tomography (micro-CT) scanner (Bruker, Billerica, MA, www.
bruker.com) with a 0.5-mm thick aluminum filter at a voltage of
75 kV and current of 100 lA. Data were acquired at an isotropic
resolution of 10 lm, rotation step of 0.58, 3608 rotation and frame
averaging of 5. Three-dimensional (3D) reconstruction and analysis
were performed using NRecon and CTAn software provided by
SkyScan. A global threshold range of 90–255 was used. Threshold-
ing was determined by matching the binary images with the origi-
nal reconstructed images as previously described [46]. As a result,
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the reported data may include calcified cartilage and bone of dif-
ferent degrees of maturity. Using CTAn, bone volume/total vol-
ume (BV/TV), trabecular number (Tb.N), trabecular thickness
(Tb.Th) and trabecular separation (Tb.Sp) were determined in a
defined cylindrical region of interest (ROI) (5 mm diameter; 160
slices at 10 mm thickness5 1.59 mm). The chosen thickness of the
ROI was larger than the calvaria thickness (�2 times) to account
for some newly formed bone that appeared outside the defect
region, most likely resulting from some of the constructs shifting
after defect closure. Representative 3D images and Tb.Th maps
were created using SkyScan’s CTVox software. Tb.Th maps were
generated from Tb.Th data sets acquired in CTAn.

The extent of bony union and bridging within defects at both
time points was determined by following an established scoring
guide (Fig. 3A) [47, 48]. Three blinded reviewers separately eval-
uated the 3D reconstructed micro-CT images for each condition
(N 5 5–7). The scores were averaged for each sample and then
averaged for each condition to determine the overall score for
each condition.

Histological Analysis

For the first in vitro study, portions of harvested 5-week-old sheets
designated for histological analysis (N 5 4) were fixed in 10% neu-
tral buffered formalin for 24 hours, embedded in paraffin and sec-
tioned at 5 lm thickness. After micro-CT scanning, samples from
the animal study (N 5 5–7) were decalcified in Tris-EDTA buffer
(10% EDTA, 0.05 M Tris-HCl, pH 7.4) for 3 days, embedded in par-
affin and sectioned at 5 mm thickness. Coronal sections were
obtained in the center of the 5 mm defect. Specimens from both
in vitro and in vivo studies were deparaffinized and rehydrated
with decreasing concentrations of ethanol. In vitro sections were
stained with Safranin O/Fast Green and alizarin red S (ARS), while
in vivo sections were stained with H&E and Masson’s Trichrome
(Ventana Medical Systems, Inc., Tucson, AZ, www.ventana.com).

Histomorphometric Analysis of ARS Staining

ImageJ software (1.47v, National Institutes of Health, Bethesda,
MD, www.nih.gov) was used to quantify calcium deposition in in
vitro sections (N 5 4) stained with ARS. First, a user-specified
global threshold was selected based on visual inspection of
stained specimens for use on all samples (threshold selected in

“Lab” colorspace with values in the L* dimension of: min50;

max5230). The “Lab” colorspace thresholds images on the basis
of pixel intensity alone, allowing for selection of all ARS positive
staining. Next, the total specimen area was manually outlined and
measured as the total ROI. Next, the global threshold was applied
to convert all pixels with an intensity greater than or equal to the
selected threshold to black. The total area of all black pixels was
selected and measured as the total area of ARS staining. ARS-
stained area normalized to the ROI was calculated and reported
as % ARS staining.

Immunohistochemistry

Immunohistochemistry was performed on sections (N53-4 for
both in vitro and in vivo samples) to examine the amount and dis-
tribution of types I, II, and X collagen, osteopontin, and/or osteo-
calcin as previously described [40]. After rehydration, endogenous
peroxidase activity was quenched by incubating samples in a 1:9
solution of hydrogen peroxide and methanol. For antigen
retrieval, pronase was used on sections for collagen staining, and
citrate buffer was used for osteopontin and osteocalcin staining.

Rabbit anti-human type I collagen (human Col I, ab138492;
Abcam, Cambridge, UK, www.abcam.com), rabbit anti-human and
rat type II collagen (Col II, ab34712; Abcam), rabbit anti-human
and rat type X collagen (Col X, ab58632; Abcam), rabbit anti-
human and rat osteopontin (OPN, ab8448; Abcam), and rabbit
anti-human osteocalcin (OCN, ab93876; Abcam) were used as pri-
mary antibodies, and rabbit IgG (Vector Laboratories, Cambridge-
shire, UK, www.vectorlabs.com) was used accordingly as a
negative control. With the exception of OCN, the Histostain-Plus
Bulk kit and aminoethyl carbazole substrate were used according
to the manufacturer’s instructions (Invitrogen, Carlsbad, CA, www.
invitrogen.com) with Fast Green counterstain. OCN staining was
processed using a Bond-Max Automated Immunostainer (Leica
Biosystems, Buffalo Grove, IL, www.leicabiosystems.com) with
Bond Polymer Refine Detection (Leica Biosystems) and hematoxy-
lin counterstain. Slides were mounted with glycerol vinyl alcohol
(Invitrogen).

In Situ Hybridization

In situ hybridization to detect human Alu repeat sequences was
performed on paraffin-embedded sections (N 52–3) using an ISH
iVIEW Blue Plus Detection Kit (Ventana) and a BenchMark ULTRA
automated IHC/ISH slide staining system (Ventana). According to
the manufacturer’s instructions, the Alu Positive Control Probe II
was loaded with reagents from the detection kit and accessory
reagents including Red Counterstain II onto the reagent tray and
placed on the BenchMark ULTRA staining system. The slides were
then loaded and the staining run was initiated. Human and rat tis-
sues were used as positive and negative controls, respectively.
After staining completed, the slides were dehydrated following
the manufacturer’s Dehydration Protocol. The slides were
mounted with Surgipath MM 24 Mounting Medium (Leica Biosys-
tems). All slides were imaged using an Olympus BX61VS micro-
scope (Olympus Corporation, Tokyo, Japan, www.olympusamerica.
com) with a Pike F-505 camera (Allied Vision Technologies, Exton,
PA, www.alliedvision.com).

Statistical Analysis

Quantitative data is reported as mean6 standard deviation. Using
InStat 3.06 software (GraphPad Software Inc., La Jolla, CA), one-
way Analysis of Variance with Tukey’s post hoc tests was per-
formed to compare between conditions at each time point and
between time points for each condition with p< .05 considered
significant.

RESULTS

Development of Scaffold-Free hMSC Constructs

Microparticle-incorporated scaffold-free hMSC constructs were
developed by first engineering a microparticle-based delivery sys-
tem for controlled presentation of TGF-b1 and BMP-2 followed by
incorporation of the microparticles within high-density hMSC con-
structs. Our group recently reported on a microparticle-based
growth factor delivery system comprised of low-genipin-
crosslinked GM capable of early TGF-b1 release and MCM for
more delayed and sustained BMP-2 release [40]. Release studies
conducted in collagenase-containing PBS revealed that �60% of
loaded TGF-b1 was released from GM within the first 3 hours and
100% was released after 10 days. Collagenase was used because
TGF-b1 release is regulated by the enzymatic degradation of GM,
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Figure 1. Analysis of scaffold-free hMSC constructs cultured in vitro for 5 weeks. (A): Schematic of conditions. Constructs were incorporated
with both GM and MCM that were either left empty or loaded with TGF-b1 or BMP-2, respectively. Each group was cultured for 2 weeks in
serum-free basal medium with or without exogenously supplemented (exo.) TGF-b1 and then for 3 weeks in serum-free osteogenic medium
with or without exo. BMP-2. (B): Gross images and (C): thickness measurement of constructs after 5 weeks of in vitro culture. Groups that do
not share a letter are significantly different at p< .05. (D): Photomicrographs of representative Safranin O and ARS stained sections of con-
structs after 5 weeks of culture. Scale bars5 100 lm, 500 lm (inset). All images are at the same scale. (E): Quantitative analysis of ARS stain-
ing. Groups that do not share a letter are significantly different at p< .05. (F): Photomicrographs of representative Col II, Col I, OPN, and OCN
sections of microparticle-incorporated sheets after 5 weeks of in vitro culture. Scale bar5 100 lm. All images are at the same scale. Abbrevia-
tions: ARS, alizarin red S; BMP-2, bone morphogenetic protein-2; Col I, type I collagen; Col II, type II collagen; GM, gelatin microparticles; hMSC,
human mesenchymal stem cell; MCM, mineral-coated hydroxyapatite microparticles; OCN, osteocalcin; OPN, osteopontin; TGF-b1, transforming
growth factor-beta 1.
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which will ultimately be driven by collagenases secreted from cells
comprising the constructs. In contrast, BMP-2 was released in a
more sustained manner from MCM in PBS with no initial burst,
and only �60% of loaded BMP-2 was released by day 58.
Together, these release profiles demonstrate the ability of the
microparticle system to deliver TGF-b1 and BMP-2 in a temporally
controlled manner to initiate endochondral ossification by first
inducing cartilage formation followed by remodeling of the carti-
lage into bone.

Scaffold-free hMSC constructs were then engineered via the
formation of self-assembled hMSC sheets incorporated with the
microparticle system using polycarbonate Transwell membrane
inserts. The ability of these microparticle-incorporated sheet con-
structs to partially recapitulate endochondral ossification in vitro
was assessed. Four conditions were studied in which all constructs
contained both GM and MCM (Fig. 1A). In group 1, constructs
were incorporated with empty microparticles that were not
loaded with growth factor. In group 2, constructs contained TGF-
b1-loaded GM and empty MCM. Group 3 constructs were com-
prised of empty GM and BMP-2-loaded MCM. Last, constructs in
group 4 were incorporated with both GM and MCM loaded with
their respective growth factor. Each group was cultured for 2
weeks in serum-free basal medium with or without exogenous
TGF-b1 supplemented, and then for 3 weeks in serum-free osteo-
genic medium with or without exogenous BMP-2. This time course
of sequential presentation of soluble signals was determined to
best drive endochondral ossification in hMSC aggregates [40].
After 5 weeks, all sheets could be easily manually manipulated
and remained intact even after detachment from the Transwell
membranes. While group 1 constructs, which were treated with
both growth factors exogenously, were softer with smoother
surfaces, sheets in groups 2 through 4, which either had one or
both growth factors loaded, were palpably stiffer with more
uneven surfaces due to the presence of mineralized tissue
throughout the constructs (Fig. 1B). These features were most
prominent in group 4, in which both growth factors were deliv-
ered from the microparticles. Sheets from groups 3 and 4, which
contained MCM loaded with BMP-2, were significantly thicker
than those in group 2 and groups 1 and 2, respectively, (Fig. 1C).

To evaluate chondrogenesis and tissue mineralization, sections
from week 5 constructs were stained for GAG and calcium, respec-
tively (Fig. 1D). Safranin O staining of GAG was observed through-
out each construct for all groups. Calcium staining with ARS
revealed less staining in groups 1 and 3 compared to groups 2 and
4, which contained TGF-b1-loaded GM and had calcium distrib-
uted throughout the constructs. Quantitative analysis of ARS
staining confirmed the visual assessment. Relative calcium levels
in group 2 were significantly higher compared to groups 1 and 3
(p< .05), while levels in group 4 were elevated but did not reach
significance (Fig. 1E). Positive staining for types I and II collagen
(Col I and II), OPN, and OCN were observed in each group (Fig.
1F). Col II staining was present extensively in groups 1, 2, and 4,
with the most intense staining in group 2. Group 3 stained mini-
mally and weakly for Col II. Positive staining for both Col II and
GAG (Fig. 1D) confirmed the formation of cartilage within the
microparticle-incorporated sheets. Similar to calcium staining, pos-
itive staining for Col I was observed throughout in groups 1, 2, and
4 while group 3 exhibited less and weaker staining. Positive stain-
ing for OPN and OCN was also observed in each group. Overall,
the histological data suggest the formation of mineralized cartilage
constructs with large regions of bone-like tissue in all groups.

Growth Factor-Mediated Priming of hMSC Constructs

To characterize the effects of differential growth factor priming on
hMSC sheets for implantation (Fig. 2A), gene expression studies
were performed after 2 days of in vitro culture in basal medium.
Of note, all groups contained both GM and MCM. Growth factor
loading caused distinct patterns of genotypic changes in hMSC
sheets compared to no growth factor controls (Fig. 2B–2M).
hMSC sheets loaded with both TGF-b1 and BMP-2 (group 5)
showed significant upregulation of TGF-b1 receptor type I
(TGFBRI) mRNA expression relative to no growth factor controls
(group 2) and BMP-2-loaded constructs (group 4), while compara-
ble levels were observed with constructs loaded with TGF-b1
(group 3) (Fig. 2B). TGFBRII expression levels were consistent
between groups 2–4; however, a significant decrease was seen in
group 5 compared to all other groups (Fig. 2C). There were no sig-
nificant differences in vascular endothelial growth factor receptor
II (VEGFRII; Fig. 2D), BMP-2 receptor type IA (BMPRIA; Fig. 2E), or
BMPRII (Fig. 2G) mRNA expression in groups 2–5. BMPRIB expres-
sion levels were significantly downregulated in groups 3–5 com-
pared to group 2 (Fig. 2F).

Investigation of key genes of the chondrogenic pathway
showed significant upregulation in mRNA expression of the chon-
drogenic marker sex determining region Y-box 9 (SOX9) in groups
3–5 compared to group 2 (Fig. 2H). In addition, expression levels
of aggrecan (ACAN) and collagen type 2A1 (COL2A1) were signifi-
cantly higher in group 5 compared to all other groups (Fig. 2I, 2J).
With respect to osteogenic genes, no differences in the expression
of Runt-related transcription factor 2 (RUNX2; Fig. 2K) or the late
osteogenic marker OCN (Fig. 2M) were found between groups.
However, mRNA levels of the early osteogenic marker ALP were
significantly increased in group 4 relative to groups 2 and 3, and in
group 5 compared to all other groups (Fig. 2L).

Accelerated Healing of Critical-Sized Rat Calvarial

Defects by Scaffold-Free hMSC Constructs

To determine the capacity of scaffold-free hMSC sheets with con-
trolled bioactive factor presentation to heal bone defects via
endochondral ossification, 5-mm full thickness critical-sized calva-
rial defects were created in 12-week old athymic rats and
implanted with hMSC sheet constructs incorporated with empty
microparticles or with microparticles loaded with TGF-b1 and/or
BMP-2 (Fig. 2A). Although the experimental hMSC sheets were
cultured in serum-free basal medium for 2 days prior to implanta-
tion, even at this early stage, they remained intact after removal
from the Transwell membrane. Bone regeneration was examined
using micro-computed tomography (micro-CT) and histological
and immunohistochemical staining for bone and cartilage markers
after 4 and 8 weeks.

After 4 weeks, 3D reconstructed micro-CT images showed
minimal bone formation on the outer edge of the defect in the
sham control (Fig. 3A; group 1). While defects treated with con-
structs incorporated with empty microparticles (group 2) and con-
structs loaded with only TGF-b1 (group 3) were filled with new
bone by this early time point, the amount of bone was substan-
tially less than in defects treated with constructs with loaded
BMP-2 only (group 4) and with both TGF-b1 and BMP-2 (group 5),
in which close to complete defect closure was observed.

Scoring of bony bridging and union following an established
grading scale (Fig. 3B) revealed significantly higher scores in all
groups implanted with the scaffold-free hMSC constructs
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Figure 2. In vivo study conditions and real-time PCR analysis of growth factor receptor expression and cartilage and bone marker expression
in day 2 constructs prior to implantation. (A): Schematic of in vivo study conditions. (B–G): Real-time PCR analysis of mRNA expression of (B)
TGFBR1, (C) TGFBRII, (D) VEGFRII, (E) BMPRIA, (F) BMPRIB, and (G) BMPRII. (H–M): Real-time PCR analysis of mRNA expression of early and
late cartilage markers (H) SOX9, (I) ACAN, (J) COL2A1 and bone markers (K) RUNX2, (L) ALP, and (M) OCN. Groups that do not share a letter
are significantly different at p< .05. Abbreviations: ACAN, aggrecan; ALP, alkaline phosphatase; BMP-2, bone morphogenetic protein-2;
BMPRIA, BMP-2 receptor type IA; BMPRIB, BMP-2 receptor type IB; BMPRII, BMP-2 receptor type II; COL2A1, collagen type 2A1; GM, gelatin
microparticles; hMSC, human mesenchymal stem cell; OCN, osteocalcin; RUNX2, Runt-related transcription factor 2; SOX9, sex determining Y-
box 9; TGF-b1, transforming growth factor-beta 1; TGFBR1, TGF-b1 receptor type I; TGFBRII, TGF-b1 receptor type II; VEGFRII, vascular endo-
thelial growth factor receptor type II.
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compared to the sham control, which either showed minimal
bony apposition at the defect borders or a few bony spicules
within the defect (Fig. 3C). Groups 4 and 5 scored higher for union
than group 3. Group 5 further had a significantly higher score
than group 2.When BV/TV was measured to determine % healing
of the defect, groups 4 and 5 revealed significantly higher BV/TV
compared to the other groups at this time point (Fig. 4A). Simi-
larly, Tb.N analysis also showed significantly higher Tb.N in groups
4 & 5 compared to groups 1 through 3 (Fig. 4B). While Tb.Th was
similar among all groups (Fig. 4C), Tb.Sp in groups 4 and 5 were
significantly lower than group 1, the sham control (Fig. 4D).

At week 8, 3D reconstructed images showed a similar trend
among the conditions as week 4 with sham control showing the

least amount of new bone tissue formation, and close to complete
defect closure in groups 4 and 5 with substantially more bony
healing compared with groups 1 through 3 (Fig. 3A). Furthermore,
micro-CT scores for union, BV/TV, and Tb.N corroborated the
micro-CT images. For these three measures, groups 4 and 5 were
significantly higher than groups 1, 2, and 3 (Figs. 3C, 4A, 4B).
Group 3 scored significantly higher for union than groups 1 and 2,
which scored similarly (Fig. 3C). No significant changes were
observed with micro-CT scores and Tb.N from week 4 to week 8
for any group. Importantly, BV/TV significantly increased in group
5 at 8 weeks (Fig. 4A). Further, Tb.Th, significantly increased over
time in all groups except group 3 (Fig. 4C). These changes are
depicted in the thickness overlay images, which show increasing

Figure 3. Micro-CT reconstructions of defect regions after 4 and 8 weeks post-implantation and micro-CT scoring for bony bridging and
union within defects. (A): Three-dimensional reconstructed micro-CT images (top) and Tb.Th maps (bottom) of the defect region in represen-
tative samples for each time point. Tb.Th increased from blue to green to red. White scale bar5 500 lm. All images are at the same scale.
(B): Scoring guide for extent of bony bridging and union using micro-CT reconstructions (adapted from Patel et al. 2008). (C): Scores for bony
bridging and union for the five in vivo groups examined at 4 and 8 weeks. Groups that do not share a letter are significantly different at
p< .05. Abbreviations: micro-CT, micro-computed tomography; Tb.Th, trabecular thickness.
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thickness from blue to green to red (Fig. 3A). Tb.Sp at week 8 was
lowest in groups containing BMP-2-loaded MCM, with groups 4
and 5 being significantly lower than groups 1 and 2 and groups 1
through 3, respectively, (Fig. 4D).

Histological and Immunohistochemical Evaluation of

Newly Formed Bone After 4 and 8 Weeks

To evaluate the morphology of the regenerated tissue, decalcified
sections were stained with hematoxylin and eosin (H&E) and Mas-
son’s trichrome. Photomicrographs at the defect margin and cen-
tral zone from samples that yielded BV/TV closest to the
calculated average for each condition are shown in Figures 5 and
6; complete defect overviews are presented in Supporting Infor-
mation Fig. S1. At both time points, few bone spicules were
embedded in thin cell-rich, fibrous connective tissue spanning the
defects in the sham control group with limited new bone originat-
ing from the periphery (Figs. 5A, 5a, 6A, 6a; group 1). Defects
implanted with scaffold-free hMSC constructs without growth fac-
tor loaded (group 2) were partially healed at both time points
(Figs. 5B, 6B). New tissue in the defect was comprised of osteoid
and woven bone and some more mature lamellar structures with
interspersed marrow-like tissue containing blood vessels (Figs. 5B,
5b, 6B, 6b). Similarly, delivering TGF-b1 from GM (group 3)
resulted in varying degrees of bone formation that did not com-
pletely fill the defects (Figs. 5C, 6C). By week 8, evidence of active

remodeling (i.e., presence of lamellar bone) and partially re-
established cortical plates was apparent (Figs. 5C, 5c, 6C, 6c).
Substantial bone formation with frequent blood vessels and
marrow-like tissue was observed as early as week 4 in defects
filled with constructs loaded with BMP-2 (Fig. 5D, 5d; group 4)
and both BMP-2 and TGF-b1 (Fig. 5E, 5e; group 5). At the latter
time point, new bone tissue appeared more extensive in
groups 4 and 5 compared to all other groups, with abundant
organized lamellar bone containing lacunae-embedded osteo-
cytes (Figs. 6D, 6d, 6E, 6e). At both time points, cortical plates
were almost completely re-established achieving defect bridg-
ing (Figs. S1D, E, I, J). Importantly, groups 4 and 5 appeared to
exhibit a higher degree of vascularization than the other
groups, and the marrow spaces in these groups were filled
with adipose tissue and/or hematopoietic cells.

To characterize the presence and distribution of human- and/
or rat-specific cartilage and bone markers, immunohistochemical
staining for human- and rat-specific Col II, human- and rat-specific
Col X, and human-specific type I collagen (human Col I) was per-
formed. Regions with the most intense staining for these markers
are shown in Figure 7. At week 4, no staining was observed in the
sham control for any marker (Fig. 7; group 1). Although limited to
small regions throughout each sample, positive staining for Col II
and Col X were observed in groups 2, 4, and 5 and groups 2
through 5, respectively. While human Col I staining was observed
in groups 2, 4, and 5 at week 4 (Fig. 7C) and groups 4 and 5 at

Figure 4. Quantitative micro-computed tomography (micro-CT) analysis. (A) BV/TV, (B) Tb.N, (C) Tb.Th, and (D) Tb.Sp of newly formed bone
in the defect region at 4 and 8 weeks from micro-CT data. Within each time point, groups that do not share a letter are significantly different
at p< .05. * Signifies statistical significance compared to week 4. Abbreviations: BV/TV, bone volume/total volume; Tb.N, trabecular number;
Tb.Sp, trabecular separation; Tb.Th, trabecular thickness.
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week 8 (Fig. 7D), staining was minimal throughout each sample.
In situ hybridization for human Alu repeats showed some cells of
human origin in groups 2, 4, and 5 at week 4 and 3, 4 and 5 at
week 8 (Fig. 7E, 7F).

DISCUSSION

Regenerative medicine has emerged as an attractive alternative
therapy for treating critical-sized bone defects, which, despite the

Figure 5. Histological evaluation after 4 weeks. Photomicrographs of (A1–E1): H&E- and (a1–e1): Masson’s trichrome-stained sections at the
defect margin. Photomicrographs of (A2–E2): H&E- and (a2–e2): Masson’s trichrome-stained sections at a central region of the defect. Scale
bars5 100 mm (inset), 20 mm (magnification of dotted squares). Abbreviations: BMP-2, bone morphogenetic protein-2; GM, gelatin micropar-
ticles; hMSC, human mesenchymal stem cell; MCM, mineral-coated hydroxyapatite microparticles; TGF-b1, transforming growth factor-beta 1.
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inherent capacity of bone to repair itself, will not heal in the life-
time of the patient. Bone grafts are the second most common
transplant tissue, with 2.2 million transplantations per year at an
annual cost of $2.5 billion [1]. Although autografts, the current

gold standard, contain essential components for bone regenera-
tion: osteoconductive matrix, osteogenic cells, and osteoinductive
factors, transplantation of these grafts may not be possible for
large defects due to donor site morbidity and/or limited graft

Figure 6. Histological evaluation after 8 weeks. Photomicrographs of (A1–E1): H&E- and (a1–e1): Masson’s trichrome-stained sections at the
defect margin. Photomicrographs of (A2–E2): H&E- and (a2–e2): Masson’s trichrome-stained sections at a central region of the defect. Scale
bars5 100 mm (inset), 20 mm (magnification of dotted squares). Abbreviations: BMP-2, bone morphogenetic protein-2; GM, gelatin micropar-
ticles; hMSC, human mesenchymal stem cell; MCM, mineral-coated hydroxyapatite microparticles; TGF-b1, transforming growth factor-beta 1.
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availability [49–51]. While allografts and xenografts can partially
overcome these challenges, they present risks of immune rejec-
tion and disease transmission. Treatment with bone morphoge-
netic proteins (BMPs) delivered from a biomaterial to enhance
bone regeneration has been widely used clinically [52, 53], but
the high dosage used greatly increases cost and potential for
uncontrolled bone growth [54]. These drawbacks have motivated
the development of cell-based tissue engineering and regenera-
tive medicine strategies as alternative treatment options. In addi-
tion to accelerating and enhancing the regenerative capacity of

endogenous cells in the surrounding tissues, delivering cells may
provide more refined control over bone growth and lower the
dose of codelivered bioactive signal(s) since cells can also secrete
their own.

While several tissue engineering systems using scaffold-based
strategies have shown promising results in vivo, these approaches
face certain challenges that may be difficult to overcome for clini-
cal translation and may hinder their efficacy to heal bone defects
[13]. Limitations associated with scaffold-based bone tissue engi-
neering motivated the development of scaffold-free systems that

Figure 7. Immunohistological evaluation for extracellular matrix components present in cartilage and bone in the rat calvarial defects at
weeks 4 and 8. Photomicrographs of sections at the central defect region stained for (A): human and rat Col II at week 4, (B): human and rat
Col X at week 4, (C): human Col I at week 4, and (D): human Col I at week 8. Photomicrographs of human Alu stained sections at the central
defect region at (E): week 4 and (F): week 8 and of human Alu staining positive control, a scaffold-free hMSC construct cultured for 5 weeks
in vitro. Scale bars5 50 lm (black), 100 lm (blue). Abbreviations: BMP-2, bone morphogenetic protein-2; Col X, collagen X; Col I, type I colla-
gen; Col II, type II collagen; GM, gelatin microparticles; hMSC, human mesenchymal stem cell; MCM, mineral-coated hydroxyapatite micro-
particles; TGF-b1, transforming growth factor-beta 1.
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take advantage of the natural ability of cells to interact with one
another, respond to signals and synthesize tissue by secreting
their own ECM. Further, the benefits of the high-cell density envi-
ronment in scaffold-free systems, along with the limitations of the
intramembranous ossification approach in promoting vascularized
bone formation, steered attempts to engineer bone through
the endochondral ossification pathway using the scaffold-free
approach. However, scaffold-free systems for endochondral bone
formation are not readily implantable because extensive in vitro
culture is necessary to prime cells with inductive signals that are
often supplemented exogenously in the culture media [25, 28, 29,
31, 32]. In these reported systems, cells were chondrogenically
primed for at least 3 weeks prior to implantation.

This work reports the development of a readily implantable
scaffold-free hMSC system capable of forming endochondral bone
within the body in a controllable manner without the need for an
initial vascular supply and extended in vitro culture time. First,
self-assembled hMSC sheet constructs with incorporated micro-
particles capable of controlled delivery of chondrogenic and
osteogenic growth factors (e.g., TGF-b1 and BMP-2) were engi-
neered for endochondral bone tissue engineering. An in vitro cul-
ture time course of chondrogenic and osteogenic signal
presentation to drive osteogenesis of scaffold-free hMSC aggre-
gates in serum-free media was previously identified [40]. Findings
from this study demonstrated that the microparticles were able to
release TGF-b1 and BMP-2 in a temporally-defined manner to
induce formation of more clinically-relevant mineralized sheet
constructs that were positive for ECM markers present in bone
and cartilage and could serve as a template for endochondral ossi-
fication (Fig. 1). Compared to group 1, in which both TGF-b1 and
BMP-2 were exogenously delivered, group 4 constructs, which
had both TGF-b1 and BMP-2 loaded, were thicker with mineraliza-
tion occurring throughout the construct (Fig. 1C, 1D). These results
indicate the local delivery of TGF-b1 and BMP-2 may result in pro-
duction of larger cartilage templates with the potential to form
larger endochondral bone within the body. Together, these find-
ings provide strong evidence that the microparticles were able to
release TGF-b1 and BMP-2 in a temporally-defined manner to
induce formation of mineralized constructs that stained positively
for both cartilage and bone markers (Fig. 1D, 1F), and could serve
as templates for endochondral ossification. Importantly, the con-
trolled, localized delivery of both TGF-b1 and BMP-2 may have
enhanced ECM production to form thicker mineralized bone and
cartilage constructs during this in vitro culture period.

Members of the TGF-b superfamily, including TGF-b1 and
BMP-2, have been shown to facilitate mesenchymal condensation,
cell differentiation, and matrix synthesis during cartilage morpho-
genesis [55–58]. Therefore, gene expression of respective signaling
receptors and lineage-specific downstream targets was assessed
at day 2 in vitro. TGF-b family ligands signal via hetero-tetrameric
receptor complexes comprised of 2 type I receptor components
and 2 type II components, both serine/threonine kinases. In the
oligomerized complex, type II receptors phosphorylate the type I
components, which then activate canonical SMAD signaling [57,
59]. TGF-bs bind type II receptors first followed by recruitment of
their type I receptors [60, 61]. Within our study, the observed
TGFBR mRNA data at this time point were inconclusive and war-
rant further investigation (Fig. 2B, 2C). However, significantly
downregulated BMPRIB levels with BMP-2 alone or TGF-b1 and
BMP-2 (Fig. 2F) indicates potential preferential usage of type IB
versus IA receptors upon ligand exposure in this system. This is

consistent with the high affinity of BMP-2 for its type I receptors
(BMPRIA and IB are functionally redundant during early chondro-
genesis) and subsequent ligand-induced receptor downregulation
[58, 60, 61]. Presentation of both TGF-b1 and BMP-2 significantly
induced mRNA expression of key chondrogenic markers SOX9,
ACAN, and COL2A1, while delivery of either growth factor alone
only upregulated SOX9 (Fig. 2H–2J), suggesting distinct chondro-
genic priming of hMSC sheets at the time of implantation in
response to spatiotemporally-controlled morphogen presentation,
most notably with TGF-b1 and BMP-2 combined. While early
osteogenic gene RUNX2 and late osteogenic marker OCN were
largely unaffected by treatment, interestingly ALP expression was
upregulated at this early time point in conditions receiving BMP-2
(Fig. 2K–2M), indicating some potential osteogenic priming in
these conditions as well.

The capacity of this scaffold-free self-assembled sheet system
to facilitate bone formation in vivo was then investigated in a rat
bilateral calvarial defect model. Micro-CT analysis and histological
evaluation at 4 and 8 weeks revealed that sheet constructs con-
taining growth factor-releasing microparticles cultured for just 2
days were able to rapidly promote healing without prior extended
in vitro culture. The sham control (group 1) did not heal within the
duration of this study, rendering this defect model critically sized.
Partial healing of defects filled with constructs containing hMSCs
and unloaded microparticles (group 2) signifies that the presence
of hMSCs, GM and MCM was able to stimulate new bone tissue
formation without the aid of growth factors. Collagen, the native
form of gelatin, and hydroxyapatite are two main ECM compo-
nents of bone [62] and have both been implicated in enhancing
bone formation [63, 64]. This high-density cell construct not only
provides a biomimetic milieu that is similar to developing bone
through the densely cellular environment, but also one that to
some extent mimics the composition of native bone ECM. There-
fore, it is not surprising that the growth factor-free constructs
stimulated partial healing.

When TGF-b1 was added to the system via controlled, local-
ized delivery from GM (group 3), healing was further improved.
Group 3 scored significantly higher for bony bridging and union
than group 1 at both time points and group 2 at week 8 (Fig. 3C),
but no statistically significant differences among these groups
were observed for BV/TV, Tb.N and Tb.Sp at either time point (Fig.
4A, 4B, 4D). In contrast, when constructs were loaded with empty
GM and BMP-2-loaded MCM, significantly enhanced bone tissue
formation was found at both time points as demonstrated by
micro-CT scoring for bony bridging and union, BV/TV, Tb.N, and
Tb.Sp (Figs. 3C, 4A, 4B, 4D; group 4). The differential effects of
BMP-2 and TGF-b1 may be attributed to their differences in con-
centrations, release rates and/or roles in hMSC differentiation
into osteoblasts and chondrocytes. Not only was TGF-b1 concen-
tration (0.3 lg/defect) lower than BMP-2 concentration (2 lg/
defect) resulting in a lower total growth factor dose in group 3
compared to group 4, BMP-2 delivery from MCM was more sus-
tained than TGF-b1 release from GM [40]. Further, TGF-b1 has
been reported to play a more prominent role in the early stages
of osteoblast differentiation and actually suppresses maturation
of osteoblasts during the late phase of differentiation [65]. BMP-2,
on the other hand, is a potent osteogenic inducer that can pro-
mote osteoblast differentiation through all stages [66].When TGF-
b1 and BMP-2 were both locally delivered from incorporated
microparticles (group 5), significantly greater bone regeneration
and extent of bony bridging and union were observed at both
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time points compared to groups 1 through 3 (Figs. 3C, 4A).
Although no significant differences were found with group 4,
group 5 was the only group in which BV/TV significantly increased
from week 4 to week 8, suggesting significantly greater bone tis-
sue formation may result at later time points compared to the
other groups.

In groups implanted with scaffold-free hMSC constructs
(groups 2 through 5), histologic analysis suggests endochondral
ossification may have occurred. The presence of cartilage tissue
was confirmed by staining for rat and human cartilage markers
Col II and Col X (Fig. 7A, 7B). Although the antibodies used were
not species-specific, positive immunohistochemical staining for
Col II in groups 2, 4, and 5 at week 4 revealed the presence of
hyaline-like cartilage, the precursor tissue in the endochondral
ossification process. Moreover, staining for Col X in groups 2
through 5 provided evidence of hypertrophic cartilage supporting
the occurrence of endochondral bone formation [67, 68]. The
presence of marrow and blood vessels in the newly formed bone
tissue in groups 2 through 5 at both time points (Figs. 5, 6) sug-
gests that the microparticle-incorporated hMSC constructs were
able to promote angiogenesis and/or vasculogenesis to form a
vascular network within the developing tissue. Since the
implanted constructs may have fostered an environment that
drives endochondral ossification, it is possible that the hyper-
trophic chondrocytes arising from this process secreted angio-
genic factors (e.g., VEGF) to recruit host blood vessels [16, 69] to
the defect site in groups 2 through 5 where endochondral bone
formation may have occurred. These blood vessels could then
bring in hematopoietic stem cells and osteoprogenitor cells to
contribute to formation of the vascularized bone tissue [70, 71].

Human Col I and Alu staining verified the contribution of
the implanted hMSCs in bone formation (Fig. 7C–7F). Human
Col I staining revealed the presence of bone derived from the
implanted hMSCs in some regions of the newly formed tissue
(Fig. 7C, 7D). In situ hybridization using the human-specific Alu
sequence showed some cells of human origin in defects across
groups at both time points (Fig. 7E, 7F). The staining for human
markers suggests that the implanted cells may have in part
contributed directly to new tissue formation. Several studies
have reported the direct participation of MSCs in implanted
constructs in bone formation in vivo [23, 29, 32]. Scotti et al.
showed that hMSCs implanted subcutaneously either as
scaffold-free hypertrophic cartilage constructs [29] or embed-
ded within collagen-based scaffolds [23] after 5 weeks of cul-
ture participated in the endochondral ossification process to
form ectopic bone in mice. Bahney et al. also reported hMSC
pellets that were cultured in vitro for 3 weeks integrated with
host bone and directly contributed to fracture healing in a
mouse tibia defect model [32].

The portion of the regenerated bone tissue not formed by the
transplanted cells must have been derived from rat host cells and
likely originated from multiple locations. In a model of nonstabi-
lized tibia fracture healing with an allograft, skeletal progenitor
cells from the periosteum gave rise to chondrocytes and osteo-
blasts that participated in defect repair via endochondral ossifica-
tion [72]. In contrast, several studies have reported delayed
healing when the periosteum is damaged or removed, most likely
due to the removal of the local cell source [73, 74]. Given the
proximity of the periosteum, which was not removed in this
model, it is likely that host periosteal stem cells were recruited to
the defects. The implanted hMSCs themselves may have secreted

chemoattractants that recruited these host cells [75–77]. More-
over, BMP-2 and/or TGF-b1 delivered from the incorporated
microparticles may have aided in this process since these growth
factors have been shown to induce chemotaxis of cells in vitro
[78, 79] and their roles in recruiting host cells have been impli-
cated during fracture healing [80, 81]. In addition, as previously
mentioned, the invading vasculature could also bring in osteopro-
genitors. Together, preliminary findings in this report suggest that
the implanted constructs provide (a) hMSCs that participate in the
regenerative process and (b) trophic signals that recruit progenitor
cells to the defect site. Further studies are necessary to determine
the relative contributions of host and transplanted cells.

CONCLUSION

This study demonstrates the utility of a biomimetic tissue engi-
neering approach that partially replicates mesenchymal condensa-
tion and activation of specific morphogenetic pathways. To our
knowledge, this is the first report of a readily implantable scaffold-
free hMSC system featuring presentation of chondro- and osteoin-
ductive growth factors from encapsulated microparticles in a tun-
able manner for in situ control of cell fate specification capable of
enhancing bone healing in a critical-sized defect model.
Microparticle-incorporated hMSC constructs implanted only 2
days after production promoted vascularized bone formation as
early as 4 weeks. Constructs in which microparticles were loaded
with BMP-2 only or TGF-b1 and BMP-2 exhibited significantly
increased bridging and BV/TV compared to other groups. Interest-
ingly, BV/TV increased in the dual delivery system from week 4 to
week 8, suggesting the potential of delivering TGF-b1 and BMP-2
in a defined manner to strengthen the capacity of the scaffold-
free hMSC construct to heal bone defects.

The inclusion of growth factor-releasing microparticles within
high-density cultures eliminates the need for external growth fac-
tor supplementation and lengthy in vitro culture. The micropar-
ticles also provide localized growth factor delivery that allows for
production of larger constructs to heal defects of various sizes.
Moreover, the moldability of the high-density constructs at the
time of implantation enables the treatment of defects of different
shapes. Although this work is focused on endochondral bone tis-
sue engineering, the microparticle-incorporated scaffold-free
technology may be used for the engineering of other tissue types
including skin, cornea, cartilage, meniscus, and vasculature with
different combinations of cell types and growth factors. Impor-
tantly, the properties of the microparticles (e.g., polymer crosslink-
ing density of GM [42, 43], coating thickness or dissolution rate of
MCM [44]) may be modulated to tailor growth factor delivery for
other applications. Furthermore, the microparticle approach could
also be used in conjunction with the scaffold-free technology for
the delivery of other bioactive factors such as anti-inflammatory
drugs and genetic material (e.g., DNA, RNA). This platform tech-
nology may have wide-ranging versatility for driving the regenera-
tion of bone and other tissues.
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