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Abstract—Sternal synthesis after median sternotomy, a
conventional access practice in thoracic and cardiac surgery,
is at the basis of severe complications, often impairing the
clinical outcome of surgical interventions. In this work, we
propose the use of an acellular biomaterial scaffold, to be
interposed across the fracture rime during closure operations,
directly exposing the biomaterial to bone marrow, in order to
expedite healing process. A rabbit model of median sternot-
omy was performed and an electrospun scaffold composed of
a hydroxyapatite-loaded absorbable biopolymer (poly-L-
lactide), shaped into a fibrillar structure, was used. CT
follow-up confirmed a complete healing in the scaffold-
treated group 1 week before the control. Histological eval-
uation demonstrated presence of newly formed bone trabec-
ulae among scaffold fibers showing a higher degree of
maturity with respect to the control untreated group. The
proposed approach is able to both guide a more rapid healing
and modulate inflammatory response across the wound site,
resulting in improved healing and tissue remodeling with
respect to conventional closure technique.

Keywords—Acellular scaffold, Poly(L-lactide), Hydroxyapa-

tite, Electrospinning, Median sternotomy, Bone healing.

INTRODUCTION

Bone tissue engineering is emerging as a promising
therapeutic tool in the clinical arena. Combining cells,
biomaterials and biochemical regulatory signals, it
pursues the repair and regeneration of diseased tissues
and large structural defects.17 In attempt to address the
issues of reconstructive surgery following wide exci-
sions of bone tumors or repair of complicated frac-
tures, a number of strategies for bone tissue
engineering have been developed in recent years.9,31

Especially in pediatric departments, thoracic and car-
diovascular surgeons face with major congenital chest
wall defects posing significant morbidity and mortality
to infants.11 Repair is often hindered by lack of suffi-
cient tissue available for surgical reconstruction, par-
ticularly in the neonatal period.37,39 In this scenario,
tissue engineering approach appears as one of the most
effective strategies to restore anatomic continuity and
tissue integrity.

In the current cardiothoracic surgery practice,
standard access to mediastinal structures and organs
requires a particular type of sternal fracture that, even
if not constituting a major tissutal defect, is at the basis
of several complications impairing clinical outcome
and importantly affecting the overall cost of medical
interventions.7,20,42

Median sternotomy, developed by Julian in 1957, is
the preferred approach for cardiac surgery,19 providing
excellent exposure and wide surgical maneuvering
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area, while the use of steel wires for sternal clo-
sure—firstly used by Milon (1944)—has been the
standard approach for sternal resynthesis.18 Anatomic
and physical factors related with chest wall anatomy
and closure procedures are thought to be among the
mechanisms underlying the occurrence of sternal
wound complications, including non-union, dehis-
cence, and infection,38 which burden on 1–3% of
patients undergoing cardiac surgery.6,10,13,27

Use of biomaterials might be a helpful approach in
this context, which is characterized by limited and
surgically controlled tissue loss, in order to promote
cellular response and guide cell proliferation, eventu-
ally improving bone healing.

Indeed, scaffolds represent the pivotal structure of
engineered tissue and establish a favorable environ-
ment for the synthesis of neo-extracellular matrix
(ECM). The scaffold component is expected to sup-
port cell colonization, migration, growth and differ-
entiation, guiding tissue development.5 The addition
of biologically active signals as ECM components or
growth factors to this main backbone may have the
potency to induce, support, or enhance the growth
and differentiation of progenitor cells toward the de-
sired lineage and to orchestrate tissue repair effec-
tively.41

Several studies demonstrated that the ECM milieu
surrounding cells has physical and structural features in
the nanometer scale, and that this arrangement may
affect several aspects of cell behavior such as morphol-
ogy, adhesion, and cytoskeletal arrangements.45,50,51

Thus, a great effort has beenmade to fabricate synthetic
materials into nanometer scale structures in attempt to
simulate thematrix environment.15,30,34 Electrospinning
is one of the approaches that allow the fabrication of
synthetic materials into fibrous structures in the micro-
and nanometer scale.26,33

Engineering of tissues rich in ECM components,
such as cartilage and bone, normally benefits from an
ample framework for cell attachment, which is a pre-
requisite for extracellular matrix synthesis, not to
mention cell growth and differentiation. Fibers
porosity is also a critical factor, promoting cell adhe-
sion and engrafting. Similarly to native collagen,
electrospun scaffolds feature high porosity (up to 90%)
and mesh openings that range from a couple of
microns to several hundreds.24 All combined, these
characteristics closely mimic the architectural scale and
morphology of natural extracellular matrix.4,8,48

Poly(L-lactide) (PLLA) has been widely investigated
because of its good biocompatibility40,46,47 and the
possibility to be modified with inorganic materials to
improve its biological properties for tissue engineering
purposes.21,22,32,35 Among these, calcium phos-
phates—e.g., tricalcium phosphate (b-TCP) and

hydroxyapatite (HA)—have been widely investigated,
due to their similarity to the mineral component of
natural bone, and considered osteoconductive materials
allowing new bone formation.2,14,23

Recently, our group has developed a hydro-
xyapatite-functionalized electrospun PLLA scaffold
with the aim to recapitulate the native histoarchitec-
ture and molecular signaling of osteochondral tissue to
facilitate the differentiation of stem cells seeded
therein.43 Here we test the ability of this previously
characterized scaffold to promote bone repair in a
rabbit model of median sternotomy, simply interpos-
ing the biomaterial at the fracture site. This model
allowed to expose bone marrow, one of the most rich
and advantageous sources of mesenchymal bone pro-
genitors, enabling a direct interaction of the endoge-
nous cells with a scaffold actively emanating a
biological osteoinductive signaling.

MATERIALS AND METHODS

Scaffold Preparation and Characterization

The poly(L-lactide)/hydroxyapatite (PLLA/HA) nano-
composite was prepared by electrospinning technique,
starting from a dispersion of HA nanopowder in a PLLA
solution as we have recently reported.43 Briefly, 1 g of
PLLA (inherent viscosity 0.90–1.20 dL/g, Sigma) was
dissolved in 5 mL of dichloromethane (Sigma), and 0.1 g
nanosized HA powder (particle size<200 nm, Sigma)
was dispersed in the polymer solution under stirring. An
electrospinning apparatus was used (Dynaspin, Biomati-
ca). The obtained suspension was transferred into a glass
syringe, actuated by an infusion pump (1.5 mL/h) and fed
through a 23G needle, which was kept at a high DC
voltage (15 kV) with respect to an earthed target facing
the needle at a distance of 15 cm.

Microstructure of the obtained membranes was
evaluated by Field Emission Scanning Electron
Microscopy (FE-SEM, Leo Supra 1535, Leo Electron
Microscopy). Prior to implantation, PLLA/HA pat-
ches were sterilized by hydrogen peroxide gas plasma
(ASP Sterrad).29

Median Sternotomy Model

A total of 12 male New Zealand rabbits, weighing
3.5 ± 0.5 kg (Charles River Laboratories) were used
for this study. Six animals were used for treatment with
PLLA/HA scaffold following median sternotomy, and
six for sham controls.44

Animals were housed one rabbit per cage in an
animal research facility (Regina Elena Institute,
Rome). The facility maintains an environment of
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controlled temperature, with a 12 h light/dark cycle.
Rabbits were supplied with sterile bedding, standard
food and water, and were acclimatized for 10 days
before each experiment. Animals were individually
labeled and weighed prior to each experiment, and
were humanely sacrificed by carbon dioxide at its ter-
mination. All procedures, care and handling of the
animals were reviewed and approved by the Institu-
tional Animal Care and Use Committee at Regina
Elena Institute, Rome.

Prior to surgery, rabbits were anesthetized with a
2:1 mixture of ketamine-HCl (100 mg/ml):xylazine
(20 mg/ml) at a dose of 0.75 ml/kg im. A 20-gauge
intravenous catheter was placed in a marginal ear vein
for intravenous access. Each animal was secured in a
supine position and chest was clipped and prepared for
the operation with povidone–iodine and ethyl alcohol.
Hypothermia was prevented with a surgical warming
pad, and lactated Ringer’s solution was infused
through the intravenous catheter at 5–15 mL/h. Fol-
lowing a midline skin incision, both pectoralis major
muscles were dissected and divided on the medial
border from the insertion to the sternum, leaving the
sternal bone well exposed. An incision was performed
using a circular saw, leaving similar parts of the ster-
num on both sides (Fig. 1a). Meticulous hemostasis
was achieved using sterile sponges. In the control
group (n = 6), sternum was closed with 3.0 absorbable

cut gut wires by means of figure-8 technique. In the
study group (n = 6), length of the fracture line was
measured and an adequate layer of PLLA/HA elec-
trospun scaffold was interposed between the two ster-
num halves (Fig. 1b). Sternum was then closed using
cut gut wire in the same figure-8 fashion (Figs. 1c, 1d).
Acetaminophen (0.25 mg/mL) in the drinking water
was used as a post-operative analgesic.

Computed Tomography (CT)

CT follow-up evaluation was performed on all ani-
mals that had undergone surgery at regular timepoints
(1, 2, 3, and 4 weeks). Animals were properly sedated
by midazolam at a dose of 2 mg/kg im, recommended
as a short-acting sedative drug for diagnostic proce-
dures.36

All CT examinations were performed on a SOM-
ATOM Sensation 64 CT scanner (Siemens Medical
Solutions) with a 32 9 0.6 mm detector configuration,
capable of acquiring 64 9 0.6 mm slices by applying
the z-axis flying focus technique.12

Primary axial reconstructions were performed with
a slice thickness of 0.75 mm and a reconstruction
increment of 0.5 mm. Field of view was adapted to the
sternum size (FOV 50 mm), and a convolution kernel
dedicated to bone was adopted. All datasets gathered
by multidetector CT were transferred on a dedicated

FIGURE 1. Intraoperative images. (a) Detail of the fracture rime after median sternotomy; (b) interposition of the biomaterial
scaffold; (c, d) closure with intercostal wires.
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workstation (Leonardo, Siemens Medical Solutions)
for analysis.

In order to properly orientate reconstructions along
anatomical directions, oblique multiplanar recon-
structions (MPRs) were obtained from each dataset
rearranging the axes along sternum orientation.

Bone density (BD) was calculated, in terms of
Hounsfield units (HU), on axial reformatted images
(perpendicular to the long axis of the sternum) using a
circular region of interest (ROI).49 Positioning of slices
and ROIs was standardized throughout the follow-up.
For the present study, five representative slices, equally
spaced within the median third of the second metamer
were chosen for each animal. For each slice, five cir-
cular ROIs (with an area of 2 mm2), were placed along
the fracture rime. BD was determined by calculating
the average of HU values gathered from all ROI
measurements. Data were processed using SPSS (Sta-
tistical Package for Social Sciences) release 13.0 for
Windows. Data are presented as mean ± SD. One-way
ANOVA was performed to compare groups at each
timepoint, followed by multiple pairwise comparisons
procedure (Tukey test). Assumptions of normality
were checked and met. Pearson’s product-moment r
coefficient was calculated to evaluate correlations.
Significance was at the 0.01 level.

Sternal Repair Evaluation

After 4 weeks, animals were sacrificed and sternal
bone explanted for histological evaluation. For each
animal, contiguous cross-sections of the metamer
undergone CT evaluation were immediately fixed in
10% formaldehyde solution and, after accelerated
decalcification process,16 samples were cut and stained
for standard hematoxylin-eosin (Sigma) staining and
evaluated by light microscopy (Olympus BX-51).
Reconstruction of the whole sternum was performed
through a dedicated image acquisition software (Delta
Sistemi), featuring a dedicated merge module.

RESULTS

Scaffold Microstructural Evaluation

Figure 2 shows the results of FE-SEM observations
on PLLA/HA scaffold. The material appeared as a
nonwoven mat with an approximate thickness of
300 lm, composed of micron-sized fibers (average
diameter 3.5 ± 0.9 lm). At higher magnification, a
dispersion of HA nanoparticles (particle size< 200
nm) was detected on the surface of PLLA fibers.
Moreover, fibers surface showed an intrinsic porosity
with an average pore size of approximately 100 nm.

Computed Tomography (CT)

A representative reconstruction of the whole rabbit
sternum undergone median sternotomy—illustrating
the features of the anatomical site—is reported in
Fig. 3a. In the same panel, the reconstruction of a por-
tion of the sternum after surgery is shown for the PLLA/
HA group (Fig. 3b) and for the control (Fig. 3c).

Figure 4 reports axial reformatted images for trea-
ted and control groups at different timepoints. Bone
density (BD) was calculated at each timepoint and
results are plotted in Fig. 5.

At each timepoint, mineral density in the PLLA/HA
group was found to be significantly higher than the
control group (p< 0.01). Interestingly, an accurate
analysis of the evolution of BD over time showed
values peaking significantly earlier in the PLLA/HA
group than in the control, and slightly reaching a
plateau at 4 weeks following operation.

As shown in Fig. 4, a complete healing of sternal
fracture was observed 21 days after surgery in the
treated group, while in the control group a definite
fracture rime could still be observed at the same time-
point. Additionally, at weeks 2 and 3, the perilesional
zone in the control group was characterized by a fuzzy
hyperdensity (straight arrows), which could be reason-
ably ascribed to high cellularity, compatible with an

FIGURE 2. Scaffold microstructure. FE-SEM micrographs of the scaffold at different magnifications. (a) Scale bar: 50 lm.
(b) Scale bar: 2 lm; arrows indicate hydroxyapatite nanoparticles on the surface of PLLA fibers.
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inflammatory process. This observation couples with
the finding of a non-adequate alignment of sternal
halves in the control. These findings were not observed
in the PLLA/HA group, in which a significantly less
hypertrophic callus formation could be described.
Interestingly, at 4 weeks CT scans of the PLLA/HA
group showed an advanced state of bone remodeling
resulting in a clear separation and definition of the outer
cortical zone with respect to the inner cancellous bone
(curved arrows), that was not observed in the control.
Bone repair in the PLLA/HA group approximated
healthy findings of non-damaged controls. This might
reliably indicate a more mature phase of bone healing.

Histological Analysis

Results of histological analysis of segments from
treated and control groups after 4 weeks from surgery
are shown in Fig. 6.

FIGURE 3. CT reconstruction of the sternum. (a) CT reconstruction at 1 week for an animal in the PLLA/HA group is reported; a
higher magnification detail of the fractured metamers is reported for the PLLA/HA (b) and control (c) groups.

FIGURE 4. CT follow-up. Reformatted axial scans of a given sternum metamer for the treated and control groups at different
timepoints. Straight white arrows delineate a fuzzy hyperdensity in the pericortical bone tissue in the control group that is not
visible in the PLLA/HA group. Curved arrows indicate a higher degree of separation between cortical and spongious bone in the
PLLA/HA group, which is not evidenced in the control group.

FIGURE 5. Bone density measurements. Bone density val-
ues (expressed in Hounsfield units) measured at selected
timepoints for treated and control groups.
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PLLA/HA group showed new bone formation, as
evidenced by regenerated bone trabeculae and normal
bone marrow structure with reduced fibrosis. All
PLLA/HA implants showed evidence of a good
engraftment, displaying typical bone morphology.
Scaffold residuals could be detected in the forming
marrow cavities (arrowheads in Fig. 6d). Despite the
foreign origin of the scaffold material, only very few
scattered mononuclear infiltrates were noted in some
samples. Evidence of active bone remodeling was fre-
quently found at the periphery of the grafts with the
polymer being almost completely absorbed. These
findings are consistent with an advanced healing pro-
cess in the PLLA/HA group.

Although bone defects in the control group
underwent a similar reparative process, the amount of
bone formation and the degree of maturity were sig-
nificantly lower compared to PLLA/HA group. In
contrast, analysis of the control segments showed
intense inflammatory reaction at the fracture site with
high cellularity and dense lympho-monocytic infiltra-
tion accompanying bone repair. In the control group,

islands of cartilage and fibrosis were more present
compared to PLLA/HA group. Additionally, some
segments appeared to be healed with fibrotic scarring,
with little evidence of new bone formation.

DISCUSSION

In conventional sternum closure procedures, the
only cohesive force acting upon reunited sternum in
the initial early postoperative period is the holding
force of sternal sutures. This is determined by several
factors, as number and location of sutures, suture
tightness, and exerted stress. If wires cut into the
sternum after they are tied, sutures will loosen, the
sternum halves will first moderately separate, and then,
due to respiratory motion of the chest wall, the loose
wires will literally cut the sternum into segments.28

Despite current improvements in operative techniques,
anesthesia, and antibiotic treatments, sternal dehis-
cence and mediastinitis, arising from uncomplete
repair, are among the most severe complications of

FIGURE 6. Histological evaluation. Upper panel shows representative reconstruction of the entire sternum (S) with partially
preserved costal cartilage (CC) 4 weeks after surgery in the control (a) and experimental group (b). Black arrows identify direction
of the fracture rime. In the lower panel, magnified fields taken near the fracture area are shown (c, d). Although bone defects in the
two groups underwent a similar reparative process, the amount of bone formation and the degree of maturity were significantly
lower in the control group (a, c) compared to those in the experimental group (b, d). In the control group (a, c) islands of cartilage
(C) and fibrotic tissue (F) as result of the healing process at the bone defect site could be observed, while the experimental group
showed large amount of newly formed trabecular bone (B) with a milder degree of fibrosis (b, d). According to the radiological
findings of a higher degree of bone organization with a clear separation of cortical and spongious bone, histological correlate in
the experimental group shows forming marrow cavities (MC) adjacent to the bone trabeculae (d). Arrowheads (d) indicate scaffold
residuals. a, b: Original magnification 340; calibration bar 2 mm. c, d: Original magnification 3100; calibration bar 100 lm. High
power fields: original magnification 3200.
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median sternotomy, remaining a significant source of
mortality and morbidity,7,20,42 especially in the pres-
ence of predisposing factors determining poor bone
quality as old age, osteoporosis, diabetes, obesity,
steroid treatment, reoperation, early postoperative
resuscitation, and use of bilateral thoracic arteries.18 In
this scenario, characterized by limited and controlled
tissue loss, the use of biomaterials could be a valid
alternative to promote and improve bone repair.

In a previous study, the Authors developed a
hydroxyapatite-functionalized scaffold by means of
electrospinning with the aim to recapitulate native
histoarchitecture and molecular signaling of osteo-
chondral tissue, to facilitate the differentiation of bone
marrow-derived mesenchymal stem cells toward bony
phenotypes. In that study, we demonstrated the ability
of electrospun PLLA/HA fibers to exert an effective
biological signaling resulting in the reorganization of
the intracellular machinery with the final achievement
of different phenotype.43 Ultrastructural analysis of
the scaffold also revealed an adequate porosity to
favor cell attachment. Mesh openings matched the
required dimensions reported in early studies in which
the minimum requirement for pore size was considered
to be approximately 50–100 lm, due to cell size,
migration requirements, and transport.17 These data
represent a proof of principle of the possibility to
produce a scaffold suitable for stem cells seeding,
containing the appropriate factors to induce a guided
differentiation towards the desired phenotype within a
three-dimensional ECM-like environment closely
mimicking the tissue native architecture. In the present
work, we decided to test the in vivo ability of our
previously developed functionalized scaffold to pro-
mote bone repair in a rabbit model of median ster-
notomy, simply interposing the biomaterial at the
fracture site. In the proposed model, the role of the
scaffold is not to fill important losses of substance; on
the contrary, here the scaffold is intended as a guide
for tissue restoration and regeneration. Noteworthy,
the PLLA/HA nonwoven fabric—by virtue of its
reduced thickness and high flexibility—demonstrated
to easily adapt to the geometry of the lesion, following
the profile of the fracture rime, and allowing for an
optimal closure, without altering the geometrical fea-
tures of the sternum.

Histological evaluation demonstrated presence of
newly formed bone trabeculae among the scaffold
fibers, showing a higher degree of maturity with respect
to the control untreated group.

Differently from other approaches, in this study we
did not pre-seed scaffolds with autologous stem cells.44

According to a translational approach, cell-based
therapies still need to overcome many hurdles for their
actual clinical application, mainly regarding biological,

economical, logistic, and ethical concerns. On the
opposite, we focused on the optimization of biomi-
metic design of the scaffold and its differentiating
abilities. The rationale underlying this study concerned
the possibility to exploit endogenous reparative capa-
bilities of the body and to guide these regenerative
resources toward tissue restoration by means of a tai-
lored absorbable material.

This model allowed to expose bone marrow, one of
the most rich and advantageous sources of stem cells,
enabling a direct interaction of the endogenous cells
with a scaffold actively emanating a biological osteo-
inductive signaling.

Mimicking the ECM histoarchitecture, the scaffold
provided at the same time a biological and mechanical
support during the healing process, exerting a modu-
latory effect on cell colonization and orchestrating the
body regenerative response in a regulated manner.
Noteworthy, our findings are consistent with a more
controlled and modulated tissutal reaction in the
study group, as if biological signaling arising from the
scaffold could mitigate the host response reducing the
intensity of the inflammatory phase of the healing
process (as confirmed by both radiological and his-
tological observations) and orientate cellular reaction
toward effective regeneration. The biomimesis princi-
ple inspiring the structure of this scaffold along with
its functionalization with bioactive moieties, could
therefore guide reparative processes and modulate
damaged tissue microenvironment, favoring a regen-
erative drive over the inflammatory reaction. PLLA/
HA scaffold was in the most part absorbed. As for
other aliphatic polyesters, such degradation process
can be attributed to hydrolysis of the ester bond,25

which can be catalyzed by common enzymes naturally
present in body fluids.3 Interestingly, only mild signs
of inflammatory response could be noticed in the
study group, indicating a relative biocompatibility of
the biomaterials.

The idea of an off-the-shelf available biomaterial to
be promptly used to aid and hasten reparative pro-
cesses of sternal fractures enabling a more rapid clin-
ical recover of the patients could be interesting.
Considering the current limitations hampering the use
of cell therapy in regenerative medicine, an approach
circumventing the use of cell-seeded constructs could
expedite the clinical application of this exciting thera-
peutic resource.

Among limitations of this study, authors acknowl-
edge the lack of histological analysis at multiple
timepoints. However, in consideration of the possibil-
ity to appropriately evaluate major outcomes of this
study by means of instrumental analysis and by virtue
of the reported diagnostic accuracy of radiological
imaging in sternal healing,1 healing process was

RAINER et al.1888



accurately followed during time by CT scanning,
allowing direct measurements of mineralization and
fracture rime closure.

CONCLUSIONS

In this study we demonstrated the successful repair
of median sternotomy in an animal model using a
previously developed PLLA/HA scaffold. Differently
from other models of sternal tissue engineering, our
approach did not consider the use of autologous cells
which would represent an additional limit in terms of
clinical application. Here, we propose the development
of a cell-free system able to exploit and boost endog-
enous repair and stem cell resources, guiding them
towards tissue restoration. The idea of an off-the-shelf
available biomaterial to be promptly used to aid and
hasten repair of sternal fractures, reducing the overall
sternal healing time, could be an important advance in
the clinical management of patients undergoing car-
diac surgery, as it could enable a more rapid recover
and a dramatic reduction in the clinical sequelae.
Additionally, this system would be able to circumvent
the use of autologous cell transplantation, dramatically
reducing costs, logistics, and time related to a cell-
based approach.
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