
mechanical strength and the capa-
bility of being injected percuta-
neously, which may limit their use
in deep defects.

To overcome this potential
obstacle, the investigators devel-
oped a series of polymers capable
of crosslinking via chemical redox
initiation—allowing for many
more choices in polymer handling
and processing.

Polymer scaffolds: 
The base for bone 
PPF, developed by Drs. Yaszemski
and Lu in 1994, has several of the
required properties. It degrades by
simple hydrolysis into nontoxic
products; its compressive strength is
equivalent to trabecular bone, and
it did not demonstrate a long-term
inflammatory response when
implanted subcutaneously in rats. In
vitro studies have shown that PPF
has osteoconductive properties.

To expand the clinical applica-
tions for PPF, the team developed a
new biodegradable material—
PCLF.

“Because the PCL molecular
weight can be easily varied, PCLF
offers another degree of freedom to
control the crosslinking, mechan-
ical, and degradation characteristics
of the polymer network,” explained
Dr. Yaszemski.

To provide a wide range of
properties that could be adapted to
a host of clinical applications, the
researchers then developed a series
of polymers based on both PPF
and PCLF by synthesizing blends
or copolymers.

Various ratios of PCLF in the
PPF/PCLF blends or PCL in the
PPF-co-PCL polymer can be used
to get “families of polymers with
varied properties,” according to 
Dr. Yaszemski.

The time a surgeon has to use
the material can be changed by
using different amounts of
crosslinking initiator, accelerator,
or a different PCL content in the
copolymer.

Dr. Yaszemski envisions creating
materials for surgeons that have a
whole spectrum of properties. If a
certain material is needed, the
investigators will not “have to go
all the way back to the drawing

board” but can change the compo-
sition or the amount of the blends
or the copolymer.

Powering composites 
with biomolecules
Incorporating and controlling the
delivery of bioactive molecules
such as growth factors or
cytokines can further improve
injectable polymeric composites.

“These molecules allow local
modulation of cellular function in
the degrading composite and help
to guide cellular matrix expression
toward the bone tissue pheno-
type,” stated Dr. Yaszemski. 

“Bone morphogenetic proteins
(BMPs) are an important class of
bioactive molecules that play a
central role in bone regeneration.
Members of the BMP family can
initiate the complete cascade of
bone formation, including the
migration of mesenchymal stem
cells and their differentiation into
osteoblasts.

“BMP has been one of the

members of this growth factor
family that has effected the expres-
sion of an osteoblastic phenotype
in bone marrow stromal cells in
vitro, and its delivery to a bone
defect could be beneficial for the
induction of a bone regeneration
cascade,” he explained. 

A key part of the investigators’
work has been developing better
control over the release profile of
BMP. Rather than simply inserting
the molecule at the surgical site,
they have incorporated it into
microparticles, which enable them
to control its location and delivery. 

“For example, if the BMP is in a
microparticle that is in the wall 
of the scaffold pore, then that
BMP is not going to come out 
and be available until the scaffold
wall degrades a bit,” explains 
Dr. Yaszemski. 

“Because we can predict and
design a degradation profile of the
scaffold wall, we are able to
address a clinical situation, for
example, where we expect the scaf-

fold to become filled with vascular
tissue in two weeks. At that time,
we want to signal the recruitment
of bone forming cells from the
surrounding tissues to the scaffold,
so they will anchor to it and begin
to build bone.

“By choosing the material and
the geometry of the microparticle
and the biomolecule in the pores
or walls of the scaffold, we have a
wide spectrum of control over
when that BMP or other molecule
is released and becomes available,”
he said.

Fueling the BMP-2 engine
Because vascular endothelial
growth factor (VEGF) and BMPs
are “key regulators of angiogenesis
and osteogenesis during the bone
regeneration, we investigated if
their sequential release could
enhance the BMP-2 induced bone
formation,” Dr. Yaszemski said. 

To determine this, they designed
and compared four scaffolds with
different properties. “Three-dimen-
sional micro-CT reconstructions
revealed vessel formation directly
around the implants as well as a
significantly higher amount of
bone in the VEGF/BMP-2 releasing
scaffold compared to scaffolds
loaded with BMP-2 alone,” he said
(Fig. 2).

The challenges ahead
One of the most significant chal-
lenges Dr. Yaszemski faces is
ensuring that he has a team whose
skills span the entire spectrum
needed to get these ideas to patient
care.

“I think that continuing to have
good communication among all
the parties—from the chemists, the
cell biologists, the clinicians, to our
industry and regulatory partners—
is very attainable.

“It takes effort to get everyone
who has a question—regardless of
which end of the spectrum they’re
on—to be able to talk to the
person who can answer their 
question. It takes a team,” 
Dr. Yaszemski concluded. NOW

Annie Hayashi is the senior
science writer for AAOS Now. She
can be reached at hayashi@aaos.org

Fig. 2 Micro-CT analysis of the supportive vascular network and newly
formed bone after 8 weeks of subcutaneous implantation. The 3-D volume
rendered CT images of the blood vessels (red) and bone (white) were obtained
by performing microangiography and micro-CT angiography and CT imaging
at a 20 μm resolution. The renderings were used to quantify the total volume
of the vessels surrounding the implant.

Reprinted with permission from Michael J. Yaszemski, MD, PhD, Osteoinductive injectable degradable poly-
meric scaffold for osseous defect repair, Kappa Delta Award submission2009.
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