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Abstract: The aim of this study was to elucidate the impact of autologous umbilical cord blood cells
(USSC) on bone regeneration and biomechanical stability in an ovine tibial bone defect. Ovine USSC
were harvested and characterized. After 12 months, full-size 2.0 cm mid-diaphyseal bone defects were
created and stabilized by an external fixateur containing a rigidity measuring device. Defects were
filled with (i) autologous USSC on hydroxyapatite (HA) scaffold (test group), (ii) HA scaffold without
cells (HA group), or (iii) left empty (control group). Biomechanical measures, standardized X-rays,
and systemic response controls were performed regularly. After six months, bone regeneration was
evaluated histomorphometrically and labeled USSC were tracked. In all groups, the torsion distance
decreased over time, and radiographies showed comparable bone regeneration. The area of newly
formed bone was 82.5 ± 5.5% in the control compared to 59.2 ± 13.0% in the test and 48.6 ± 2.9%
in the HA group. Labeled cells could be detected in lymph nodes, liver and pancreas without any
signs of tumor formation. Although biomechanical stability was reached earliest in the test group
with autologous USSC on HA scaffold, the density of newly formed bone was superior in the control
group without any bovine HA.

Keywords: umbilical cord blood cells (USSC); hydroxyapatite; bone regeneration; critical size defect;
external fixateur; rigidity measuring device; tibia; sheep

1. Introduction

Extensive bone defects pose a considerable challenge in orthopaedic surgery. Particularly,
bone lesions above a critical size become scarred rather than regenerated, leading to non-union [1].
Autologous bone grafts are currently the clinical gold standard with their osteogenic, osteoconductive,
and osteoinductive qualities [2]. The resources for autografts are limited and associated with several
problems, including infection risk and donor site morbidity [3]. In contrast, application of bone
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substitutes such as allografts or natural or synthetic biomaterials, are only osteoconductive and show
a lack of osteoinductivity, resulting in insufficient callus formation and incomplete bridging when
applied to a critical size bone defect [4]. However, these substances act as scaffolds, providing an
osteoconductive framework for new bone formation. Thus, biomaterials and allografts are clinically
applied to small defects. In larger defects they are usually combined with osteoinductive stimuli
such as autologous bone, growth factors, bone marrow concentrate, or platelet rich plasma (PRP) for
promoting the migration, proliferation, and differentiation of bone cells.

Bone marrow stromal cells (BMSC) have an especially strong potential for clinical application
since they stimulate bone healing in large segmental defects, compared with synthetic void fillers
alone [5–10]. Moreover, it is evident that undifferentiated progenitor cells may have less immunogenic
potency than fully differentiated cells [11–15].

Besides bone marrow derived stromal cells, less differentiated mesenchymal stem cells from
umbilical cord (unrestricted somatic stem cells, USSC) are a promising candidate for tissue
regeneration [16,17]. USSC are multipotent and can differentiate into cells of all three germ layer
lineages: endodermal (liver, lung) [18,19], ectodermal (nerve) and mesodermal (heart, cartilage, bone,
fat and blood) [20,21]. They show a high osteoregenerative potential in vitro [22–24] and a low
immunogenic profile compared to other adult stem cell types [25]. Due to their immaturity, USSC
express HLA class I at low levels and are negative for MHC class II, and they are therefore particularly
attractive to manipulate or modify graft-versus-host disease (GVHD) [26]. It was demonstrated
that MHC-mismatched cord blood cells did not induce a detectable immune response in an animal
model [27]. Some data indicate that cord blood MSC have a direct immunosuppressive effect on
proliferation of T lymphocytes from human adult peripheral blood (PB) and umbilical cord blood
(UCB) in vitro [28].

We hypothesize that mesenchymal progenitor cells from the umbilical cord display an osteogenic
differentiation potential in vivo and are capable of regenerating critical size osseous defects.
Autologous, labeled USSC were applied to an ovine tibial bone size model and investigated as
to bone regeneration. The novelty of the present study is the use of autologous USSC for bone repair
with the concurrent monitoring of bone regeneration by radiography and biomechanical stability.
These experiments include a new approach in non-embryonic stem cell research with the potency for
clinical implementation.

2. Results

2.1. Characterization of Autologous USSC

The mesenchymal stem cell character of the cells was confirmed: USSC proliferated efficiently
and reached confluency after 8 to 10 days, FACS analysis displayed a negative signal for CD14, CD34,
and CD45 and a positive signal for CD44 and CD90. The differentiation into the three lines was
demonstrated in Figure 1.
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2.2. In Vitro Assessment of the USSC-HA Scaffold

The ovine USSCs seeded onto the HA-scaffolds were present on the outer surface of the biomaterial
after seven days in vivo (Figure 2). At further follow-up, cell viability testing revealed that the cells
completely covered the outer surface of the scaffold but were also detected at deeper levels up to 1 mm
from the surface.
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2.3. Labeling Control

When the cells were allowed to remain confluent, fluorescence was maintained. Cell passaging
and therefore cell proliferation was associated with a reduced fluorescence. The PKH-26 labeling
was determined by flow cytometry: cell viability as measured by live/dead labeling was above 95%.
The fluorescent labeling did not affect the survival and proliferation of cells in vitro as could be
demonstrated in unchanged cell viability.

2.4. In Vivo Assessment of Bone Healing

Within a few hours the animals recovered successfully from surgery and remained in good health.
The operated tibias were stably fixed with the external fixateurs except for one animal from the HA
group, which had a complete dislocation of the fixateur and was euthanized one week after surgery.
Temporary pin infections occurred once within each group during the six-month follow-up period. The
animals used the operated leg postoperatively without any dysfunction and showed weight bearing
on the extremity. However, during the six-month follow-up period, muscle wastage was observed on
the operated limb in all sheep suggesting an abnormal weight bearing pattern. No signs of infection,
inflammation, or immunogenic reactions could be detected at any time.

2.5. Biomechanical Measurements

Biomechanical testing presented a torsion distance of 3.8 ± 1.8 mm at surgery decreasing to
1.2 ± 0.3 mm after one month in the test group (Figure 3). At two, three, four, and five months, the
torsion force threshold of 20 N was reached immediately with 0 mm torsion distance. In the HA
group, torsion distance was 2.8 mm at surgery, 1.8, 0.9, and 1.1 mm after one, two, and three months,
respectively. At four and five months, the threshold was reached immediately. In the control group the
stiffness distance was 3.0 ± 0.1 mm after surgery and 1.8 ± 1.1, 1.8 ± 2.0, 1.7 ± 2.3; 1.2 ± 1.6 after one,
two, three, and four months respectively. At five months, the threshold was reached immediately.
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Figure 3. Biomechanical measurement showing the respective torsion distance until the torsion force
of 20 N was reached.

2.6. X-Ray Analysis

The images of the bone defect area revealed comparable radiographic signs of profound new
bone formation and bridging of the defect site after six months (Figure 4). Increased callus formation
could be observed in the test group after two, three, and four months, which completely disappeared
after five months.
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2.7. Histological Results of Bone Formation 

Figure 4. Representative invers radiograph images of the tibial bone defect area after surgery and after
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2.7. Histological Results of Bone Formation

Representative histological sections of the healed bone defects are displayed in Figure 5. While
mature bone was observed throughout the defect with lamellar aspect and small lacunae in the test
group (Figure 5a,d) and in the control group (Figure 5b,e), immature bone was observed with larger
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lacunae and disorganized mineralized matrix in the HA group (Figure 5c). The distance between the
original bone fragments varied from 16.8 to 22.7 mm, resulting in a measurement area of the former
tibial bone defect of 298 to 457 mm2 (Table 1). Histomorphometric analysis revealed that the area of
newly formed bone was largest in the control group with 82.5 ± 5.5% compared to 59.2 ± 13.0% in
the test group and 48.6 ± 2.9% in the HA group. Bone regeneration was superior in the control group
without any bovine hydroxyapatite (Table 1).
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Table 1. Histomorphometric analysis of the newly formed bone area (bone defect area) in between the
original bone fragments.

Group Distance between Original
Bone Fragments (mm)

Measurement
Area (mm2) Bone Area (mm2)

Bone Area
Percentage (%)

Test 22.7 ± 2.3 452.1 ± 55.4 262.5 ± 40.2 59.2 ± 13.0
HA 21.9 457.0 ± 08.8 222.0 ± 15.5 48.6 ± 2.9

Control 16.8 ± 0.8 298.2 ± 63.4 246.3 ± 57.0 82.5 ± 5.5

2.8. Homing of the USSC

Membrane-labeled USSC could be detected in lymph nodes, spleen and liver of the test group
animals without any signs of tissue alterations (Figure 6).
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3. Discussion

In our study we described an autologous ‘large-animal model’ which is useful in evaluating
bone regeneration from cord blood. Moreover, we confirmed previously published data that ovine
cord blood cells (ovine USSCs) are able to differentiate into osteo-, chondro-, and adipoblasts. It was
demonstrated that the applied HA scaffold allowed new bone formation, and the cells migrated into
the micropores to a measurable extent. However, the control group which was treated without any
biomaterial showed bone healing as well.

3.1. Subcritical Nature of the Defect

In the empty control defect, homogenous bone formation and complete bridging were observed
after the healing period of six months, indicating a subcritical nature of the defect. Critical-sized
defects are defined as the smallest size intraosseous wound in a particular bone and species of animal
that will not heal spontaneously during the lifetime of the animal. In the present study a defect size of
2 cm was chosen, based on previous reports that a 1.8 cm [29] and 2.0 cm [30] defect was the smallest
critical-sized defect described in sheep tibiae. However, in other ovine bone defect studies, larger
tibial defect size such as 3.0 [31], 3.5 [32], or 5.0 cm [33] were used without leading to union after
three months. Apart from size, a critical defect is influenced by several factors such as age, health
status/comorbidities, anatomical location, fixation technique, biomechanical conditions, and of course
healing period. Based on our data, we assume that a tibial bone defect of 2 cm is not critical for the
Bentheimer sheep breed [34].

3.2. Less Bone Occurred in the Scaffold Groups

The HA scaffold application did not perform as well as the empty defect in bone healing. From
orthopedic and trauma surgery we know that bone substitutes such as bioceramics are not only
promoting bone healing in non-critical size bone defects but may delay bone formation and act as a
stress raiser. Due to its chemical formula and osteoconductive nature, HA is resorbed and remodeled
very slowly and could break under cyclic load before osteointegration is achieved [35]. Since patients
do not benefit from bone substitutes in minimal defects, the impact of these biomaterials remains
questionable for this indication [36,37]. As we know from bone biology, the relationship between the
density of the HA/collagen structure and its stiffness is dependent on the specific locotypical function.
In the ear, for example, a mineral content of more than 80% allows vibration and sound transmission,
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but not energy resorption, while in long bones a mineral content about 20% reduces weight and allows
energy resorption [38–40]. Regarding our experiments, the applied scaffold might require further
optimization of the HA/collagen composition; moreover, the potential biomechanical influence of the
external fixator remains unclear without further interpretation.

3.3. Fluorescent Labeling of USSC

In the present study, fluorescent labeling of the USSC did not affect the survival and proliferation
of cells in vitro as could be demonstrated in unchanged cell viability. It was shown that fluorescent
labeling did not affect the capacity to form cartilage in vivo as could be demonstrated by comparing
in vivo cartilage repair with labeled and unlabeled MSC. The quality of the cartilage retrieved was
comparable when either labeled or unlabeled chondrocytes were injected, as evaluated by toluidine
staining. The fluorescence was uniformly maintained in the cartilage implant obtained from the labeled
cells [41] with a high density of labeled chondrocytes.

3.4. External Fixation

The external fixation system used significantly exceeded the physiological circumference of the
animal limb and represented a burden for the sheep. One animal had a complete dislocation of the
fixateur and had to be euthanized. Although great care was taken to keep the pins sufficiently clean,
several pin infections occurred throughout the healing period.

3.5. Limitations of the Study

The present study was a pilot study conducted with only a small sample size in order to examine
the feasibility of the study design. In this case, necessary modifications were identified, such as
the need for a larger defect size than 2 cm in order to have a critical size defect. The small sample
size (one single animal left in the HA group) does not allow any possible conclusion to be reached.
Additionally, the use of the external fixateur as stabilization system of the defect has to be reconsidered.
Another limitation of the present study was the follow-up time. A follow-up time of six months was
chosen but in regard to the biomechanical data, maximal stability could be seen already after three
months (after four months in the control group), which was emphasized by the radiological results.
A shorter follow-up time could have revealed a greater influence of the design parameters.

4. Materials and Methods

4.1. Animal Model and Study Design

Due to their similarities in macrostructure and dimensions with human long bones, sheep bones
were selected for the following experiments [42]. All procedures were approved by the national
district government (8.87-50-10.34.08.033), and animal care was implemented in agreement with the
guidelines for the care and use of laboratory animals. The international animal research reporting
in vivo experiments (ARRIVE) guidelines were carefully complied with.

Six 12-to-18-month-old, female, non-pregnant Bentheimer sheep with 38 kg bodyweight were used
in three different groups. Two animals were assigned to each group. Two animals had been delivered
by caesarean section in order to be able to harvest their autologous cord blood cells beforehand
(Figure 7). These animals were reared to maturity for 12 months before entering the experiment.
A full-size, 2.0-cm, mid-diaphyseal tibial defect with the periosteum completely removed in sheep
served as a bone defect (Figure 8). The bone fragments were stabilized by an external fixateur combined
with a rigidity measuring device.

In the test group, 2 × 107 autologous USSC were seeded on four hydroxyapatite (HA) blocks
which were inserted into the tibial bone defect of the right leg of the animals (Figure 7). In the
HA-group, four HA blocks per defect were inserted without cells, while in the control group the tibial
bone defect of the right leg was left without biomaterial and cells.
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Monthly monitoring of bone regeneration by radiography and biomechanical stability
measurement was carried out and in addition also blood analysis for systemic response control. After
six months, animals were sacrificed and the bone regeneration was evaluated histomorphometrically.
The labeled USSC were tracked in the organs.
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Figure 7. Experiment design of the test group: autologous implantation of labeled USSC into the
tibial bone defect. Ovine USSC were obtained, isolated; expanded, characterized by flow cytometry,
and frozen. After 12 months, full-size 2.0 cm mid diaphyseal bone defects were created in the right
tibia of adult sheep. Autologous USSC of the third passage were thawed, labeled with the membrane
dye PKH-26 and 2 × 107 cells were seeded onto four hydroxyapatite (HA) blocks and implanted into
the defect.

4.2. Characterization of Autologous USSC

Cord blood was harvested by needle aspiration of the placentomes immediately after birth.
The mononuclear cell fraction (USSC) was cultivated and expanded as described previously [43].
For phenotypic characterization, adherent cells of the first passage were used [44]. Not all clusters
of differentiation (CD) markers could be examined because of limited availability of commercial
antibodies cross reacting with the sheep species. The typical markers for mesenchymal stroma
cells (MSC) CD14, CD44, CD90, CD34, and CD45 were measured by flow cytometry (Cytomics
FC 500 FACS: Beckman Coulter, Krefeld, Germany) with the respective monoclonal antibodies:
mouse anti-human CD14-fluorescein-labeled (FITC) (clone TuK4; Invitrogen/ThermoFisher Scientific,
Darmstadt, Germany), mouse anti-sheep CD44-FITC (clone 25.32, Bio-Rad, Muenchen, Germany),
mouse anti-human CD90-PE (clone 5E10; Beckmann Coulter), mouse anti-sheep CD45-FITC (clone
1.11.32 Bio-Rad) and phyco-erythrine-conjugated (PE) mouse anti-human/sheep CD34 (clone SPM123,
Novus Biologicals, R&D Systems, Wiesbaden, Germany).

USSCs were also tested in vitro regarding their mesenchymal multipotency (osteo-, chondro-,
adipogenic) prior to transplantation using lineage-specific stimulation protocols as described
before [43,45]. USCCs were kept frozen at −80 ◦C until autologous transplantation more than
12 months later.

4.3. Labeling of USSC for Homing and Cell Tracking

Since safety is a major concern for future clinical applications, USSC were labeled in order to
investigate the homing of the transplanted cells. An ideal imaging modality for tracking therapeutic
cells in patients requires the imaging tags to be non-toxic, biocompatible, and highly specific. We used
PKH-26 (Sigma-Aldrich, Deisenhofen, Germany), a red fluorochrome (excitation 551 nm/emission
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567 nm), incorporated into the cell membrane lipid bilayer by selective partitioning without interfering
with the biological and proliferative activity of the cells.

Three weeks before surgery, USSC were thawed and expanded in 20% FCS. They were then
converted into serum-free culture and concomitantly cultured in 10% autologous serum for six days.
Two hours before autologous transplantation, USSCs were detached from culture flasks before labeling
with the fluorescent dye PKH-26. The labeling process was performed according to the manufacturer’s
protocol with a final PKH-26 concentration of 5 × 10−6 M [41]. In brief, 2 × 107 cells were mixed with
an equal volume of labeling solution containing PKH-26 in dilution buffer and incubated for four min
at room temperature (RT). The reaction was stopped by adding a double volume of autologous serum.
Cells were washed twice with PBS and suspended in autologous serum for transplantation.

The labeling procedure was controlled via flow cytometry including staining of vital and dead
cells. To test whether the fluorescent labeling affected the survival and proliferation of cells in vitro,
labeled USSC were cultivated and tested for their cell viability using the CellTiter-Glo® luminescent
cell viability assay (Promega, Mannheim, Germany) as described before [46]. This assay quantifies
the ATP present, which signals the metabolically active cells. Luminescence, produced by the
luciferase-catalyzed reaction of luciferin and ATP, was measured using a multilabel plate reader
(VICTOR3™ PerkinElmer LAS, Rodgau-Jügesheim, Germany). Additionally, the USSC growth on the
biomaterial was documented via SEM analysis as described before [47].

4.4. Biomaterials

Three dimensional scaffolds (0.5 × 1 × 1 cm) of bovine hydroxyapatite (Orthoss™, Geistlich
Surgery, Wolhusen, Switzerland) were used as a carrier for USSCs (Figure 8c). The material has been in
clinical use for bone defects and has been tested previously on human bone marrow cells for in vitro
osteogenic potential [22,48,49].

The bone substitute material is a natural nanocrystalline carbonated hydroxyapatite
Ca10(PO4)6(OH)2, made from highly purified bovine bone mineral. All organic components are
removed by a specific stepwise low heat and a chemical treatment [50]. The material displays a
topography and biofunctionality similar to human bone with a high porosity and specific surface area
of 79.7 m2/g [50]. The HA contains bimodal pores with interconnective nanopores (10–20 nm pore
size) and macropores (100–300 µm pore size). The nanopores contribute to the hydrophilic behavior,
the capillarity and the wettability. Within the scaffold, the nanopores enable the uptake and retention
of large volumes of blood and other fluids. The macropores can act as a conduit allowing movement
and adhesion of bone building cells throughout the HA scaffolding and provide the space for blood
vessel ingrowth [51]. The resistance to axial compression is 2.5 to 3 Mpa [50].

4.5. Biomaterial Insertion

Prior to use, all HA blocks were degassed and equilibrated in PBS. In the test group, a total
suspension volume of 80 µL containing 5 × 106 USSC cells of the third passage was added to each
HA block, resulting in 2 × 107 labeled cells per defect. An initial incubation period of 20 min at 37
◦C was allowed for cellular adherence before the HA blocks were inserted into the tibial bone defect.
In the HA group, the HA blocks did not receive any further treatment besides PBS equilibration before
implantation. Figure 8 gives an overview of the surgical setting.
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Figure 8. Bone defect. (a) In the middle of the tibia diaphysis the periosteum was removed and (b) a
standardized 2.0 cm full thickness defect was created. (c) The bone fragment was replaced by four
biomaterial scaffold blocks (test and HA group only), (d) which were placed in the defect area.

4.6. Animal Surgery

Premedication was given i.v. with ketamine (2 mg/kg body weight (BW), Ketavet, Pfizer,
Berlin, Germany), thiopental (5 mg/kg BW, Thiopental-Inresa, Inresa, Freiburg, Germany) and
medetomidine (0.005 mg/kg BW, Dormitor®, Pfizer, Karlsruhe, Germany). The right hind limb
was shaved, disinfected and draped. Surgery was carried out in a lateral decubitus position under
general anesthesia with nitrous oxide and 0.8–1.0% isoflurane under assisted ventilation. Pain control
and antibiotic prophylaxis were carried out directly after surgery and for three days after surgery with
carprofen (4.4 mg/kg BW s.c., Rimadyl®, Pfizer) with amoxicillin (6.4 mg/kg s.c., Synulox, BW, Pfizer).

The defect was stabilized with a custom-made external, double, half-ring fixateur (Jlizarov
External Fixation System, Smith and Nephews; Marl; Germany) with an integrated measuring device,
allowing in vivo measurements of torsional stiffness from which the progress in bone healing can be
estimated [52,53]. Six pins were used to stabilize the fixateur. In the middle of the tibia diaphysis,
the periosteum was removed, and a standardized, 2.0-cm, full-thickness defect was created with an
oscillating saw (Figure 8a,b). In the test-group, four cell-loaded scaffolds were placed in the defect
zone while in the HA group only the biomaterial blocks were inserted before closure of the wound
(Figure 8c,d). The control group did not receive any scaffold material. After the surgery, Bovi Concept®

(Albrecht GmbH, Aulendorf, Germany) was administered for stimulation of the rumen. The animals
were kept separately for the first day after surgery. After that, they were housed indoors together.

4.7. Biomechanical Testing

In order to obtain information about bone regeneration and functional outcome, a quantitative
assessment of torsional in vivo stiffness of the regenerating bone was performed without the need for
fixateur removal and the associated complications. For this, an external ring fixateur with a specialized
device was constructed: the torsional stiffness meter was designed as a conventional external fixateur
with a modified double half-ring allowing free torsional sliding (Figure 9). The measuring component
was attached to the fixateur construct to measure the induced loads and displacements across the bone
regenerate tested. The specially designed aluminum double half-ring was connected via a low-friction
bearing allowing free rotation of the two half-rings relative to each other [54,55] (Figure 9a). During the
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measurement, applied forces and resulting displacements were continuously monitored with a linear
variable differential transducer (LVDT) and a 500 N load cell (Figure 9b) (Hottinger Baldwin, Darmstadt,
Germany). The sensor signals were processed by MGC-Lab software (Hottinger Baldwin) [54,55].
Biomechanical measurements were performed immediately after surgery and after one, two three,
four, and five months. The parameters for a standard measurement were set to a maximum distance of
5 mm and torsion force up to 20 N.
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sliding. (b) Fixateur completely mounted with a torsional stiffness meter.

4.8. Radiographic Analysis and Analysis of Systemic Response

Standardized X-rays (mobile X-ray system with C-arm: Philips BV Pulsera REL 2.3, model
718095, Philips Electronics NL BV, Eindhoven, The Netherlands), of the operated tibia in
two planes (anterior-posterior/lateral) were carried out preoperatively and one, two, three,
four, five, and six months after surgery. At the same time intervals, systemic response
(infection/inflammation/immunogenic reactions) was monitored by blood differential counts. Blood
was obtained from punction of the vena cephalica antebrachii.

4.9. Histochemical Analysis

After six months, animals were euthanized with a lethal dose of pentobarbital-Na (Narcoren®,
Merial GmbH, Hallbergmoos, Germany). Tibia specimens were carefully dissected and fixed in
buffered formaldehyde for 14 days. After dehydration they were embedded in methylmetacrylate
resin (Technovit 9100 neu, Hereaus Kulzer, Weinheim, Germany), which was polymerized at −4 ◦C
for 48 h, as described earlier [54]. Sections were cut along the longitudinal axis with the EXAKT cut
thin-ground technology (Exakt Apparatebau, Norderstedt, Germany) and ground to a final thickness
of approximately 30 µm. The tibia sections were stained with toluidine blue (0.1% toluidine blue
in 0.1% sodium tetraborate; Merck, Darmstadt, Germany) according to established protocols [56,57].
After dehydration, the slides were embedded in DePex (Merck).

For image acquisition, a color CCD camera (Color View III, Olympus, Hamburg, Germany) was
mounted on a binocular light microscope (Olympus SZ 61, Olympus). The percentage of toluidine
blue-stained new bone was measured in the defect area using the software ImageJ (1.48v, Java 1.8.0_191
(32bit), National Institutes of Health: http.//imagej.nih.gov/ij, USA). The area between the original
bone fragments was identified and the bone area determined (Figure 10). One experienced investigator
blinded to the specific experimental condition performed the histomorphometrical analysis.
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Figure 10. Schematic view of the histomorphometrical analysis. After identification of the original
bone (ob), the defect area in between was determined. The area without bone (in red) was measured
and subtracted from the total measurement area (in white), resulting in the area of newly formed bone.

4.10. Detection of Labeled USSC

Defined organs (spleen, kidney, lung, heart, liver, pancreas, duodenum and lymph nodes) were
harvested by autopsy, embedded in Tissue-Tek® O.C.T.™ (Sakura, Finetech Europe Zouterwoude, The
Netherlands), and snap-frozen in liquid nitrogen. Eight-µm-thick cryosections through the center of
each organ were used for direct observation of the PKH-26 labeled cells by fluorescent microscopy
(Zeiss Axioscope 2, camera Axiocam MRc, software Axiovision v4.8, Carl Zeiss GmbH, Jena, Germany)
or for histochemical examination by hematoxylin-eosin staining for macroscopic and microscopic
evaluation in terms of potential tumor formation.

4.11. Data Analysis

Continuous variables are presented as mean ± standard deviation and categorical variables as
frequency and percentage using SPSS 22.0 software (IBM Co., Armonk, NY, USA).

5. Conclusions

Although biomechanical stability was reached earliest in the test group with autologous USSC
on HA scaffold, the density of newly formed bone was superior in the control group without any
bovine HA.

Author Contributions: Conceptualization, M.J., Methodology, M.J., M.H., and R.K.; Validation, M.H., M.J., S.L.-H.,
and J.C.F.; Formal analysis, M.H.; Investigation, M.H., M.J., C.Z., F.T., T.T., S.L.-H., J.C.F., and M.S.; Resources,
M.H., M.J., M.S., S.L.-H., and J.C.F., Data curation, M.H., M.J., S.L.-H., J.C.F., and M.S., Writing—original draft
preparation, M.H. and M.J.; Writing—review and editing, M.H., M.J., C.Z., F.T., T.T., S.L.-H., J.C.F., M.S., and R.K.;
Visualization, M.H. and M.J.; Supervision, M.J.; Project administration, M.H.; Approval of the manuscript, M.H.,
M.J., C.Z., F.T., T.T., S.L.-H., J.C.F., M.S., and R.K.; Funding acquisition, M.J. and R.K.

Funding: The project was funded by the Christiane und Claudia Hempel Stiftung, a foundation of F. W. Hempel
& Co. Erze und Metalle (GmbH & Co.) KG, Oberhausen, Germany. The scaffolds were supplied by Geistlich
Surgery, Wolhusen, Switzerland. No financial support apart from the donation of the scaffolds was received from
Geistlich Surgery.

Acknowledgments: The authors thank Thorsten Trapp, Eva Engelhardt, Iris Schrey, Anne Wilde, and Wolfgang
Manz of the Animal Research Institute, Heinrich-Heine-University Düsseldorf, University Hospital for their
support with the animal care. We also thank Ulrike Fochtmann and Olga Grinstein of the Orthopedic Department,
Heinrich-Heine-University Düsseldorf, University Hospital for their assistance with the caesarean sections.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.



Molecules 2019, 24, 295 14 of 17

References

1. Petite, H.; Viateau, V.; Bensaid, W.; Meunier, A.; de Pollak, C.; Bourguignon, M.; Oudina, K.; Sedel, L.;
Guillemin, G. Tissue-engineered bone regeneration. Nat. Biotechnol. 2000, 18, 959–963. [CrossRef] [PubMed]

2. Dimitriou, R.; Jones, E.; McGonagle, D.; Giannoudis, P.V. Bone regeneration: Current concepts and future
directions. BMC Med. 2011, 9, 66–77. [CrossRef] [PubMed]

3. Sen, M.K.; Miclau, T. Autologous iliac crest bone graft: Should it still be the gold standard for treating
nonunions? Injury 2007, 38, S75–S80. [CrossRef]

4. Field, J.R.; McGee, M.; Wildenauer, C.; Kurmis, A.; Margerrison, E. The utilization of a synthetic bone
void filler (jax) in the repair of a femoral segmental defect. Vet. Comp. Orthop. Traumatol. 2009, 22, 87–95.
[PubMed]

5. Decambron, A.; Fournet, A.; Bensidhoum, M.; Manassero, M.; Sailhan, F.; Petite, H.; Logeart-Avramoglou, D.;
Viateau, V. Low-dose bmp-2 and msc dual delivery onto coral scaffold for critical-size bone defect
regeneration in sheep. J. Orthop. Res. 2017, 35, 2637–2645. [CrossRef]

6. Dilogo, I.H.; Kamal, A.F.; Gunawan, B.; Rawung, R.V. Autologous mesenchymal stem cell (mscs)
transplantation for critical-sized bone defect following a wide excision of osteofibrous dysplasia. Int. J. Surg.
Case Rep. 2015, 17, 106–111. [CrossRef] [PubMed]

7. McDaniel, J.S.; Pilia, M.; Raut, V.; Ledford, J.; Shiels, S.M.; Wenke, J.C.; Barnes, B.; Rathbone, C.R. Alternatives
to autograft evaluated in a rabbit segmental bone defect. Int. Orthop. 2016, 40, 197–203. [CrossRef]

8. Fernandes, M.B.; Guimaraes, J.A.; Casado, P.L.; Cavalcanti Ados, S.; Goncalves, N.N.; Ambrosio, C.E.;
Rodrigues, F.; Pinto, A.C.; Miglino, M.A.; Duarte, M.E. The effect of bone allografts combined with bone
marrow stromal cells on the healing of segmental bone defects in a sheep model. BMC Vet. Res. 2014, 10,
36–47. [CrossRef]

9. Giannini, S.; Vannini, F.; Lisignoli, G.; Facchini, A. Histological and immunohistochemical analysis of an
allogenic bone graft engineered with autologous bone marrow mononuclear cells in the treatment of a large
segmental defect of the ulna. A case report. Chir. Organi. Mov. 2008, 91, 171–175. [CrossRef]

10. Weitao, Y.; Kangmei, K.; Xinjia, W.; Weili, Q. Bone regeneration using an injectable calcium
phosphate/autologous iliac crest bone composites for segmental ulnar defects in rabbits. J. Mater. Sci.
Mater. Med. 2008, 19, 2485–2492. [CrossRef]

11. Kode, J.A.; Mukherjee, S.; Joglekar, M.V.; Hardikar, A.A. Mesenchymal stem cells: Immunobiology and role
in immunomodulation and tissue regeneration. Cytotherapy 2009, 11, 377–391. [CrossRef] [PubMed]

12. Le Blanc, K. Immunomodulatory effects of fetal and adult mesenchymal stem cells. Cytotherapy 2003, 5,
485–489. [CrossRef] [PubMed]

13. Meesuk, L.; Tantrawatpan, C.; Kheolamai, P.; Manochantr, S. The immunosuppressive capacity of human
mesenchymal stromal cells derived from amnion and bone marrow. Biochem. Biophys. Rep. 2016, 8, 34–40.
[CrossRef] [PubMed]

14. Takizawa, N.; Okubo, N.; Kamo, M.; Chosa, N.; Mikami, T.; Suzuki, K.; Yokota, S.; Ibi, M.;
Ohtsuka, M.; Taira, M.; et al. Bone marrow-derived mesenchymal stem cells propagate
immunosuppressive/anti-inflammatory macrophages in cell-to-cell contact-independent and -dependent
manners under hypoxic culture. Exp. Cell Res. 2017, 358, 411–420. [CrossRef] [PubMed]

15. Du, W.J.; Reppel, L.; Leger, L.; Schenowitz, C.; Huselstein, C.; Bensoussan, D.; Carosella, E.D.; Han, Z.C.;
Rouas-Freiss, N. Mesenchymal stem cells derived from human bone marrow and adipose tissue maintain
their immunosuppressive properties after chondrogenic differentiation: Role of hla-g. Stem. Cells Dev. 2016,
25, 1454–1469. [CrossRef] [PubMed]

16. Schira, J.; Falkenberg, H.; Hendricks, M.; Waldera-Lupa, D.M.; Kogler, G.; Meyer, H.E.; Muller, H.W.;
Stuhler, K. Characterization of regenerative phenotype of unrestricted somatic stem cells (ussc) from human
umbilical cord blood (hucb) by functional secretome analysis. Mol. Cell Proteom. 2015, 14, 2630–2643.
[CrossRef]

17. Santourlidis, S.; Wernet, P.; Ghanjati, F.; Graffmann, N.; Springer, J.; Kriegs, C.; Zhao, X.; Brands, J.;
Arauzo-Bravo, M.J.; Neves, R.; et al. Unrestricted somatic stem cells (ussc) from human umbilical cord blood
display uncommitted epigenetic signatures of the major stem cell pluripotency genes. Stem. Cell Res. 2011, 6,
60–69. [CrossRef]

http://dx.doi.org/10.1038/79449
http://www.ncbi.nlm.nih.gov/pubmed/10973216
http://dx.doi.org/10.1186/1741-7015-9-66
http://www.ncbi.nlm.nih.gov/pubmed/21627784
http://dx.doi.org/10.1016/j.injury.2007.02.012
http://www.ncbi.nlm.nih.gov/pubmed/19290388
http://dx.doi.org/10.1002/jor.23577
http://dx.doi.org/10.1016/j.ijscr.2015.10.040
http://www.ncbi.nlm.nih.gov/pubmed/26599503
http://dx.doi.org/10.1007/s00264-015-2824-5
http://dx.doi.org/10.1186/1746-6148-10-36
http://dx.doi.org/10.1007/s12306-007-0029-9
http://dx.doi.org/10.1007/s10856-008-3383-8
http://dx.doi.org/10.1080/14653240903080367
http://www.ncbi.nlm.nih.gov/pubmed/19568970
http://dx.doi.org/10.1080/14653240310003611
http://www.ncbi.nlm.nih.gov/pubmed/14660044
http://dx.doi.org/10.1016/j.bbrep.2016.07.019
http://www.ncbi.nlm.nih.gov/pubmed/28955939
http://dx.doi.org/10.1016/j.yexcr.2017.07.014
http://www.ncbi.nlm.nih.gov/pubmed/28712928
http://dx.doi.org/10.1089/scd.2016.0022
http://www.ncbi.nlm.nih.gov/pubmed/27465875
http://dx.doi.org/10.1074/mcp.M115.049312
http://dx.doi.org/10.1016/j.scr.2010.08.003


Molecules 2019, 24, 295 15 of 17

18. Sensken, S.; Waclawczyk, S.; Knaupp, A.S.; Trapp, T.; Enczmann, J.; Wernet, P.; Kogler, G. In vitro
differentiation of human cord blood-derived unrestricted somatic stem cells towards an endodermal pathway.
Cytotherapy 2007, 9, 362–378. [CrossRef]

19. Sueblinvong, V.; Loi, R.; Eisenhauer, P.L.; Bernstein, I.M.; Suratt, B.T.; Spees, J.L.; Weiss, D.J. Derivation of
lung epithelium from human cord blood-derived mesenchymal stem cells. Am. J. Respir. Crit. Care Med.
2008, 177, 701–711. [CrossRef]

20. Kögler, G.; Sensken, S.; Airey, J.A.; Trapp, T.; Muschen, M.; Feldhahn, N.; Liedtke, S.; Sorg, R.V.; Fischer, J.;
Rosenbaum, C.; et al. A new human somatic stem cell from placental cord blood with intrinsic pluripotent
differentiation potential. J. Exp. Med. 2004, 200, 123–135. [CrossRef]

21. Kögler, G.; Sensken, S.; Wernet, P. Comparative generation and characterization of pluripotent unrestricted
somatic stem cells with mesenchymal stem cells from human cord blood. Exp. Hematol. 2006, 34, 1589–1595.
[CrossRef] [PubMed]

22. Jäger, M.; Degistirici, O.; Knipper, A.; Fischer, J.; Sager, M.; Krauspe, R. Bone healing and migration of cord
blood-derived stem cells into a critical size femoral defect after xenotransplantation. J. Bone Miner. Res. 2007,
22, 1224–1233. [CrossRef] [PubMed]

23. Degistirici, O.; Jager, M.; Knipper, A. Applicability of cord blood-derived unrestricted somatic stem cells in
tissue engineering concepts. Cell. Prolif. 2008, 41, 421–440. [CrossRef] [PubMed]

24. Rosada, C.; Justesen, J.; Melsvik, D.; Ebbesen, P.; Kassem, M. The human umbilical cord blood: A potential
source for osteoblast progenitor cells. Calcif. Tissue Int. 2003, 72, 135–142. [CrossRef] [PubMed]

25. Lee, S.T.; Maeng, H.; Chwae, Y.J.; Oh, D.J.; Kim, Y.M.; Yang, W.I. Effect of mesenchymal stem cell
transplantation on the engraftment of human hematopoietic stem cells and leukemic cells in mice model.
Int. J. Hematol. 2008, 87, 327–337. [CrossRef] [PubMed]

26. Tisato, V.; Naresh, K.; Girdlestone, J.; Navarrete, C.; Dazzi, F. Mesenchymal stem cells of cord blood origin are
effective at preventing but not treating graft-versus-host disease. Leukemia 2007, 21, 1992–1999. [CrossRef]
[PubMed]

27. Cho, P.S.; Messina, D.J.; Hirsh, E.L.; Chi, N.; Goldman, S.N.; Lo, D.P.; Harris, I.R.; Popma, S.H.; Sachs, D.H.;
Huang, C.A. Immunogenicity of umbilical cord tissue derived cells. Blood 2008, 111, 430–438. [CrossRef]

28. Li, C.; Zhang, W.; Jiang, X.; Mao, N. Human-placenta-derived mesenchymal stem cells inhibit proliferation
and function of allogeneic immune cells. Cell Tissue Res. 2007, 330, 437–446. [CrossRef]

29. Maissen, O.; Eckhardt, C.; Gogolewski, S.; Glatt, M.; Arvinte, T.; Steiner, A.; Rahn, B.; Schlegel, U. Mechanical
and radiological assessment of the influence of rhtgfbeta-3 on bone regeneration in a segmental defect in the
ovine tibia: Pilot study. J. Orthop. Res. 2006, 24, 1670–1678. [CrossRef]

30. Reichert, J.C.; Saifzadeh, S.; Wullschleger, M.E.; Epari, D.R.; Schutz, M.A.; Duda, G.N.; Schell, H.; van
Griensven, M.; Redl, H.; Hutmacher, D.W. The challenge of establishing preclinical models for segmental
bone defect research. Biomaterials 2009, 30, 2149–2163. [CrossRef]

31. den Boer, F.C.; Wippermann, B.W.; Blokhuis, T.J.; Patka, P.; Bakker, F.C.; Haarman, H.J. Healing of segmental
bone defects with granular porous hydroxyapatite augmented with recombinant human osteogenic protein-1
or autologous bone marrow. J. Orthop. Res. 2003, 21, 521–528. [CrossRef]

32. Smith, J.O.; Tayton, E.R.; Khan, F.; Aarvold, A.; Cook, R.B.; Goodship, A.; Bradley, M.; Oreffo, R.O. Large
animal in vivo evaluation of a binary blend polymer scaffold for skeletal tissue-engineering strategies;
translational issues. J. Tissue Eng. Regen. Med. 2017, 11, 1065–1076. [CrossRef] [PubMed]

33. Christou, C.; Oliver, R.A.; Pelletier, M.H.; Walsh, W.R. Ovine model for critical-size tibial segmental defects.
Comp. Med. 2014, 64, 377–385. [PubMed]

34. Mills, L.A.; Simpson, A.H. In vivo models of bone repair. J. Bone Joint Surg. Br. 2012, 94, 865–874. [CrossRef]
[PubMed]

35. Falavigna, A.; Righesso, O.; Volquind, D.; Teles, A.R. Anterior cervical interbody fusion with hydroxyapatite
graft: Clinical and radiological analysis of graft breakage. Spine (Phila Pa 1976) 2009, 34, 2769–2774. [CrossRef]
[PubMed]

36. Pesenti, S.; Ghailane, S.; Varghese, J.J.; Ollivier, M.; Peltier, E.; Choufani, E.; Bollini, G.; Blondel, B.;
Jouve, J.L. Bone substitutes in adolescent idiopathic scoliosis surgery using sublaminar bands: Is it useful? A
case-control study. Int. Orthop. 2017, 41, 2083–2090. [CrossRef] [PubMed]

http://dx.doi.org/10.1080/14653240701320254
http://dx.doi.org/10.1164/rccm.200706-859OC
http://dx.doi.org/10.1084/jem.20040440
http://dx.doi.org/10.1016/j.exphem.2006.07.011
http://www.ncbi.nlm.nih.gov/pubmed/17046580
http://dx.doi.org/10.1359/jbmr.070414
http://www.ncbi.nlm.nih.gov/pubmed/17451370
http://dx.doi.org/10.1111/j.1365-2184.2008.00536.x
http://www.ncbi.nlm.nih.gov/pubmed/18435793
http://dx.doi.org/10.1007/s00223-002-2002-9
http://www.ncbi.nlm.nih.gov/pubmed/12457262
http://dx.doi.org/10.1007/s12185-008-0041-3
http://www.ncbi.nlm.nih.gov/pubmed/18293059
http://dx.doi.org/10.1038/sj.leu.2404847
http://www.ncbi.nlm.nih.gov/pubmed/17625609
http://dx.doi.org/10.1182/blood-2007-03-078774
http://dx.doi.org/10.1007/s00441-007-0504-5
http://dx.doi.org/10.1002/jor.20231
http://dx.doi.org/10.1016/j.biomaterials.2008.12.050
http://dx.doi.org/10.1016/S0736-0266(02)00205-X
http://dx.doi.org/10.1002/term.2007
http://www.ncbi.nlm.nih.gov/pubmed/25690518
http://www.ncbi.nlm.nih.gov/pubmed/25402178
http://dx.doi.org/10.1302/0301-620X.94B7.27370
http://www.ncbi.nlm.nih.gov/pubmed/22733938
http://dx.doi.org/10.1097/BRS.0b013e3181ac32f6
http://www.ncbi.nlm.nih.gov/pubmed/19940735
http://dx.doi.org/10.1007/s00264-017-3512-4
http://www.ncbi.nlm.nih.gov/pubmed/28540414


Molecules 2019, 24, 295 16 of 17

37. Heimbach, B.; Grassie, K.; Shaw, M.T.; Olson, J.R.; Wei, M. Effect of hydroxyapatite concentration on
high-modulus composite for biodegradable bone-fixation devices. J. Biomed. Mater. Res. B Appl. Biomater.
2017, 105, 1963–1971. [CrossRef]

38. Currey, J.D. The relationship between the stiffness and the mineral content of bone. J. Biomech. 1969, 2,
477–480. [CrossRef]

39. Currey, J.D. The mechanical consequences of variation in the mineral content of bone. J. Biomech. 1969, 2,
1–11. [CrossRef]

40. Wang, W.; Yeung, K.W.K. Bone grafts and biomaterials substitutes for bone defect repair: A review.
Bioact. Mater. 2017, 2, 224–247. [CrossRef]

41. Dell’Accio, F.; Vanlauwe, J.; Bellemans, J.; Neys, J.; De Bari, C.; Luyten, F.P. Expanded phenotypically
stable chondrocytes persist in the repair tissue and contribute to cartilage matrix formation and structural
integration in a goat model of autologous chondrocyte implantation. J. Orthop. Res. 2003, 21, 123–131.
[CrossRef]

42. Ye Li, Y.C., S. K.; Li, L.; Qin, L.; Wang, X.L.; Lai, Y.X. Bone defect animal models for testing efficacy of bone
substitute biomaterials. J. Orthop. Transl. 2015, 3, 95–104.

43. Jäger, M.; Bachmann, R.; Scharfstadt, A.; Krauspe, R. Ovine cord blood accommodates multipotent
mesenchymal progenitor cells. In Vivo 2006, 20, 205–214.

44. Herten, M.; Grassmann, J.P.; Sager, M.; Benga, L.; Fischer, J.C.; Jager, M.; Betsch, M.; Wild, M.; Hakimi, M.;
Jungbluth, P. Bone marrow concentrate for autologous transplantation in minipigs. Characterization and
osteogenic potential of mesenchymal stem cells. Vet. Comp. Orthop. Traumatol. 2013, 26, 34–41. [CrossRef]

45. Jäger, M.; Krauspe, R. Antigen expression of cord blood derived stem cells under osteogenic stimulation
in vitro. Cell Biol. Int. 2007, 31, 950–957. [CrossRef] [PubMed]

46. Herten, M.; Rothamel, D.; Schwarz, F.; Friesen, K.; Koegler, G.; Becker, J. Surface- and nonsurface-dependent
in vitro effects of bone substitutes on cell viability. Clin. Oral. Investig. 2009, 13, 149–155. [CrossRef]

47. Herten, M.; Bisdas, T.; Knaack, D.; Becker, K.; Osada, N.; Torsello, G.B.; Idelevich, E.A. Rapid in vitro
quantification of s. Aureus biofilms on vascular graft surfaces. Front. Microbiol. 2017, 8, 2333–2340.
[CrossRef]

48. Jäger, M.; Feser, T.; Denck, H.; Krauspe, R. Proliferation and osteogenic differentiation of mesenchymal stem
cells cultured onto three different polymers in vitro. Ann. Biomed. Eng. 2005, 33, 1319–1332. [CrossRef]

49. Jäger, M.; Herten, M.; Fochtmann, U.; Fischer, J.; Hernigou, P.; Zilkens, C.; Hendrich, C.; Krauspe, R.
Bridging the gap: Bone marrow aspiration concentrate reduces autologous bone grafting in osseous defects.
J. Orthop. Res. 2011, 29, 173–180. [CrossRef]

50. Available online: https://www.geistlich.de/de/orthopaedie/products/orthoss/kundennutzen/ (accessed
on 18 December 2018).

51. Leteve, M.; Passuti, N. Current Concepts in Bone Graft Substitutes. New J. Glass Ceram. 2018, 8, 39–54.
[CrossRef]

52. Windhagen, H.; Witte, F.; Hurschler, C.; Maciejewski, O.; Linnenberg, D.; Thorey, F. Bone turnover during
distraction osteogenesis in an experimental sheep model. Arch. Orthop. Trauma. Surg. 2002, 122, 279–282.
[PubMed]

53. Windhagen, H.; Kolbeck, S.; Bail, H.; Schmeling, A.; Raschke, M. Quantitative assessment of in vivo bone
regeneration consolidation in distraction osteogenesis. J. Orthop. Res. 2000, 18, 912–919. [CrossRef] [PubMed]

54. Windhagen, H.; Bail, H.; Schmeling, A.; Kolbeck, S.; Weiler, A.; Raschke, M. A new device to quantify
regenerate torsional stiffness in distraction osteogenesis. J. Biomech. 1999, 32, 857–860. [CrossRef]

55. Thorey, F.; Windhagen, H.; Linnenberg, D.; Nolle, O.; Maciejewski, O.; Spies, C. Assessment of bone healing
during callus distraction by an automatic torsional stiffness metering system. Biomed. Tech. (Berl.) 2000, 45,
343–348. [CrossRef] [PubMed]

56. Schwarz, F.; Ferrari, D.; Herten, M.; Mihatovic, I.; Wieland, M.; Sager, M.; Becker, J. Effects of surface
hydrophilicity and microtopography on early stages of soft and hard tissue integration at non-submerged
titanium implants: An immunohistochemical study in dogs. J. Periodontol. 2007, 78, 2171–2184. [CrossRef]

http://dx.doi.org/10.1002/jbm.b.33713
http://dx.doi.org/10.1016/0021-9290(69)90023-2
http://dx.doi.org/10.1016/0021-9290(69)90036-0
http://dx.doi.org/10.1016/j.bioactmat.2017.05.007
http://dx.doi.org/10.1016/S0736-0266(02)00090-6
http://dx.doi.org/10.3415/VCOT-11-11-0165
http://dx.doi.org/10.1016/j.cellbi.2007.03.004
http://www.ncbi.nlm.nih.gov/pubmed/17452111
http://dx.doi.org/10.1007/s00784-008-0214-8
http://dx.doi.org/10.3389/fmicb.2017.02333
http://dx.doi.org/10.1007/s10439-005-5889-2
http://dx.doi.org/10.1002/jor.21230
https://www.geistlich.de/de/orthopaedie/products/orthoss/kundennutzen/
http://dx.doi.org/10.4236/njgc.2018.83004
http://www.ncbi.nlm.nih.gov/pubmed/12070647
http://dx.doi.org/10.1002/jor.1100180610
http://www.ncbi.nlm.nih.gov/pubmed/11192251
http://dx.doi.org/10.1016/S0021-9290(99)00064-0
http://dx.doi.org/10.1515/bmte.2000.45.12.343
http://www.ncbi.nlm.nih.gov/pubmed/11194640
http://dx.doi.org/10.1902/jop.2007.070157


Molecules 2019, 24, 295 17 of 17

57. Donath, K. The diagnostic value of the new method for the study of undecalcified bones and teeth with
attached soft tissue (sage-schliff (sawing and grinding) technique). Pathol. Res. Pract. 1985, 179, 631–633.
[CrossRef]

Sample Availability: Samples of the compounds are not available from the authors.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/S0344-0338(85)80209-0
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Characterization of Autologous USSC 
	In Vitro Assessment of the USSC-HA Scaffold 
	Labeling Control 
	In Vivo Assessment of Bone Healing 
	Biomechanical Measurements 
	X-Ray Analysis 
	Histological Results of Bone Formation 
	Homing of the USSC 

	Discussion 
	Subcritical Nature of the Defect 
	Less Bone Occurred in the Scaffold Groups 
	Fluorescent Labeling of USSC 
	External Fixation 
	Limitations of the Study 

	Materials and Methods 
	Animal Model and Study Design 
	Characterization of Autologous USSC 
	Labeling of USSC for Homing and Cell Tracking 
	Biomaterials 
	Biomaterial Insertion 
	Animal Surgery 
	Biomechanical Testing 
	Radiographic Analysis and Analysis of Systemic Response 
	Histochemical Analysis 
	Detection of Labeled USSC 
	Data Analysis 

	Conclusions 
	References

