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Abstract

Background: Tissue engineering appears to be an attractive alternative to the traditional approach in the treatment of
fracture non-unions. Mesenchymal stromal cells (MSCs) are considered an appealing cell source for clinical intervention.
However, ex vivo cell expansion and differentiation towards the osteogenic lineage, together with the design of a suitable
scaffold have yet to be optimized. Major concerns exist about the safety of MSC-based therapies, including possible
abnormal overgrowth and potential cancer evolution.

Aims: We examined the long-term efficacy and safety of ex vivo expanded bone marrow MSCs, embedded in autologous
fibrin clots, for the healing of atrophic pseudarthrosis of the upper limb. Our research work relied on three main issues: use
of an entirely autologous context (cells, serum for ex vivo cell culture, scaffold components), reduced ex vivo cell expansion,
and short-term MSC osteoinduction before implantation.

Methods and Findings: Bone marrow MSCs isolated from 8 patients were expanded ex vivo until passage 1 and short-term
osteo-differentiated in autologous-based culture conditions. Tissue-engineered constructs designed to embed MSCs in
autologous fibrin clots were locally implanted with bone grafts, calibrating their number on the extension of bone damage.
Radiographic healing was evaluated with short- and long-term follow-ups (range averages: 6.7 and 76.0 months,
respectively). All patients recovered limb function, with no evidence of tissue overgrowth or tumor formation.

Conclusions: Our study indicates that highly autologous treatment can be effective and safe in the long-term healing of
bone non-unions. This tissue engineering approach resulted in successful clinical and functional outcomes for all patients.
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Introduction

Pseudarthrosis (or non-union) is a frequent complication

occurring after surgical treatment of fractures, and results in a

major challenge for orthopedic surgery [1,2]. Osteotomy followed

by bone distraction (Ilizarov method) and auto/allo-grafting

represents the most common therapeutic approach [3]. However,

the current techniques available do not guarantee complete

osteointegration and recovery of natural bone mechanical

properties.

Various strategies, including tissue engineering, have been used

to promote osteogenesis. Embedding viable cells within biological

or artificial matrices/scaffolds appears to be extremely promising

since it allows osteocompetent cells to generate new bone tissue,

thus contributing to tissue integration and healing [4]. Mesenchy-

mal stromal cells (MSCs) may represent a good candidate cell

source because of their biological characteristics and potential role

in the therapy of degenerative diseases [5,6]. MSCs are indeed

easy to isolate from bone marrow and other adult tissues (e.g.,

adipose tissue, dental pulp) [7,8] and from prenatal tissues (e.g.,

placenta, umbilical cord blood) [9]. MSCs are fibroblast-like cells,

capable of self-renewal and in vitro differentiation toward several

mesenchymal lineages including bone, fat, cartilage, tendon and

muscle [10,11]. The therapeutic effects of MSCs have been

attributed both to their regenerative and trophic properties, the

latter occurring through the production of bioactive products [12].

A variety of preclinical animal studies along with a series of

clinical case reports have demonstrated the effectiveness of using

MSCs in the treatment of orthopedic defects. Hydroxyapatite-

based matrices loaded with MSCs were employed to repair

segmental bone defects of critical size in animal models [13,14].

Quarto et al. have reported the repair of massive human bone
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defects via a porous ceramic scaffold loaded with in vitro expanded

bone marrow MSCs [15]. MSCs were also transplanted to

enhance bone formation in spinal fusion surgery [16,17], as well as

in tendon and in ligament injuries [18–21].

Several scaffolding strategies have been developed to adminis-

trate MSCs in a lesion site. The main challenge is to concentrate

the cells in the damaged location with an easy surgical

manipulation to make them act as a therapeutic agent. To this

purpose, hydrogels represent a class of scaffolds that offer several

advantages, such as high water content and ability to entrap cells

during their polymerization [22]. Compared to other classes of

hydrogels, fibrin gel shows unique features which render it an

interesting candidate for a variety of tissue engineering applica-

tions [23]. Specifically, (i) fibrin gel can be produced from the

patient’s own blood (i.e., autologous scaffold), perfectly accom-

plishing both biocompatibility and biosafety issues [24]; (ii)

fibrinogen (the monomer of fibrin) can be chemically cross-linked

with cytocompatible initiators (e.g., thrombin, calcium chloride),

resulting in high post-polymerization survival of the cells

entrapped during gel formation; and (iii) the obtained gel shows

a sufficiently durable structure allowing uniform spatial distribu-

tion of cells [25,26]. While fibrin hydrogels can naturally match

the mechanic properties of many soft tissues, in orthopedic

applications they are usually combined with other scaffold

materials in order to obtain constructs with desired mechanical

strength [27]. Fibrin-based biomaterials seem to be extremely

useful in orthopedic and plastic surgery and in all those cases in

which adhesiveness, scaffold resorption and efficient transport of

nutrients and waste are required [28].

In previous in vitro studies, we developed and characterized

fully autologous tissue engineered constructs using human MSCs,

isolated from the bone marrow and embedded in autologous fibrin

clots as scaffolds. After minimal ex vivo expansion and short-term

osteogenic differentiation, MSCs were viable and retained the

ability to proliferate and terminally differentiate into osteoblasts

[29,30]. In our hands, the fibrin clot proved to be an ideal support

for cell delivery, confirming that this scaffold can promote cell

attachment, growth and differentiation, thus representing an

appealing natural biopolymer for regenerative medicine [31,32].

Furthermore, we exposed MSCs to a limited differentiation

process to preserve cell viability and function, as demonstrated

later [33]. This short-term osteo-induction consists in treating cell

cultures (at passage 1) with osteogenic medium for 4 days before

construct preparation. This procedure makes it possible to obtain a

viable and proliferating osteogenic cell population, capable of

producing trophic factors, potentially useful both for self-mainte-

nance and for the recruitment of local MSCs.

Here we report the clinical outcomes of MSC/fibrin clot

constructs implanted in the atrophic pseudarthrosis of the upper

limb. To assess the effectiveness and safety of our procedure,

healing was monitored at 6.7 months (range 3.5–12.0 months) and

clinical evolution re-evaluated at 76.0 months (range 60.0–92.0

months). Our study indicates that highly autologous treatment can

be effective and safe in the long-term healing of bone non-unions.

This tissue engineering approach resulted in successful clinical and

functional outcomes for all patients.

Materials and Methods

Ethics statement
Some compassionate cases were treated in our hospital from

2005 to 2007. Patients were informed about the procedure and

signed a written consent according to the Declaration of Helsinki

currently in force. This retrospective study was approved by our

Ethics Committee (Comitato Etico Sperimentazione Farmaco

CESF, Azienda Ospedaliero-Universitaria Pisana, Pisa, Italy; file

number 3766/2012).

Patient recruitment
In the years 2005–2007, before the introduction of the new

national and international regulatory laws on cell manipulation for

clinical purposes, we performed a limited number of compassion-

ate therapies in severely ill orthopedic patients. Specifically, 4

females and 4 males (mean age 44 years; range 18–73 years),

affected by atrophic pseudarthrosis, were selected for upper limb

revision surgery using autologous MSC/fibrin scaffold constructs.

The patients had undergone one or more surgical interventions

with unsatisfactory outcomes and no alternative therapy was

available (Table 1). The Müller AO classification was used to sort

out fracture types (Table 1) [34].

Isolation, expansion, and osteogenic pre-induction of
MSCs

Bone marrow aspirates (60 ml) were obtained from both the

iliac crests of the patients under local anesthesia. Plasmas and

sera for clot preparation and MSC culture were obtained from

autologous peripheral blood. The samples were collected at the

Hematology Division of Santa Chiara Hospital, Pisa. The MSC

cultures were established as previously described [29], with

some modifications to ensure their suitability and safety for

clinical purposes. Specifically, cells were cultured in autologous

serum (6–8%, depending on the yield of the individual blood

samples) and the medium was half renewed every 2–3 days until

70–80% confluence was reached (passage 1). Culture times

ranged from 10 to18 days. The cells were then detached using

animal free protease TrypLE Select (Invitrogen) and plated at

3,000–5,000 cell/cm2 for further expansion. Before cell har-

vesting (passage 1, 80% confluency), the MSCs were cultured

with osteogenic medium for 4 days (two medium changes at

24 h and 96 h), administrating 50 mg/ml of ascorbic acid

(Vitamin C, Roche, Indianapolis, IN) and 1026 M hydrocorti-

sone (Flebocortid Richter, Aventis Pharma, Milan, Italy).

Medical drugs instead of standard in vitro osteogenic inducers

were chosen for their safety in clinical procedures. Finally,

aliquots of cells, including untreated controls, were used to

evaluate osteogenic markers.

Cytofluorimetric evaluation
Aliquots of MSCs from passages 0 and 1 (n = 3 patients) were

incubated with CD 105 FITC-conjugated, CD 90 PE-Cy5-

conjugated, anti-HLA-DR PE-conjugated, CD 34 PE-conjugat-

ed, and CD 45 PerCP-conjugated antibodies (Becton Dickinson,

San Jose, CA) for 30 min at 4uC, following the manufacturer’s

recommendations. After incubation, the cells were washed twice

and used for cytofluorimetric evaluation. Specifically, 30,000

events were acquired by FACScan cytometer (Becton Dick-

inson) and analyzed by CellQuest analysis software (Becton

Dickinson).

Preparation of MSC/fibrin clot constructs
The day before surgery, peripheral blood samples were

collected from the patients to obtain autologous plasmas. On the

day of intervention, pre-induced MSCs were harvested from tissue

culture flasks, viable cells were counted using Trypan Blue solution

and resuspended in 2 ml of autologous plasma (0.5N106–2.0N106

viable cells/2 ml plasma per tube) using 50 ml tubes (Corning) to

ease further manipulation. To each tube 800 ml of CaCl2 were
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added (Bioindustria Farmaceutici, Rome, Italy) at 7 mM final

concentration and were incubated for 15–30 min at 37uC to

obtain MSC/fibrin clot constructs. These were immediately

implanted at the site of the lesion with no further osteinductive

treatment. A hemocytometer was used to count the residual

cells that had remained in the clot supernatants after cross-

linking. Seeding efficiency was thus evaluated as difference with

respect to the seeded number. Media from cell cultures (n = 8

patients) were collected and analyzed at each passage to exclude

viral, mycotic and bacterial contaminations. Separate sets of

samples, when available, were prepared in parallel to be used

for construct characterization, including viability and osteo-

genicity.

Viability of MSC/fibrin clot constructs
Hematoxylin and Eosin (H&E, Sigma) staining was performed

on paraffin-embedded MSC/fibrin clot sections to evaluate cell

morphology. MSC viability inside the clots was evaluated with

alamarBlueH (AB; Invitrogen). An AB test was performed on 2

independent sets of samples (n = 5 patients) at 1 h and 20 h after

clot crosslinking. Briefly, after removing the exceeding fluid, 10%

v/v of AB/complete medium was added and reactions were

stopped after 6 h. Supernatants at 100 ml/well were photometri-

cally assayed at 570 nm and 600 nm to calculate the percentage of

reduced AB (%ABred) following the manufacturer’s recommen-

dations.

Evaluation of osteogenic markers in MSCs and MSC/fibrin
clot constructs

Alkaline phosphatase (ALP) and calcium deposition were

evaluated by cytochemistry on MSCs (n = 8 patients) and MSC/

fibrin clot constructs (n = 3 patients).

ALP was detected with kit #86 (Sigma), following the

manufacturer’s recommendations. MSCs at the second conflu-

ence, both pre-induced samples and untreated controls, were

cytocentrifuged, while constructs were embedded in OCT (Bio-

optica, Milan, Italy), stored at 270uC and cryosectioned. The

samples were then fixed, washed and treated with Naphtol AS-BI

phosphate as a substrate. The cells were counterstained with

neutral red. The intracellular ALP enzyme activity was highlighted

in blue.

Calcium deposition was evaluated by von Kossa staining [30].

Untreated MSCs were osteoinduced for 3 weeks using a standard

in vitro procedure to assess the potential terminal osteo-

differentiation of the cells [29]. Mineral deposition appeared in

the form of black granules under optical light microscopy.

Surgical technique and patients’ follow-up
One or more units of constructs were prepared for each patient,

depending on the extent of the lesions and considering a ratio of

about 1 clot per cm3 of the pre-intervention lesion (Table 2).

Constructs immersed in their native solution were carried to the

operatory room and were implanted within 2 h from preparation.

The surgical procedure involved the removal of the fixation

device, which had been inserted in the previous failed interven-

tions.

Sites of non-union were completely excided and the medullary

canal was opened. The bone edges were cleaned and revitalized by

drilling. The constructs were thus inserted in the site of non-union

and bone gaps were filled with autologous (4 interventions),

homologous (3 interventions), synthetic (1 intervention) or

autologous+synthetic (1 intervention) material (Table 2). Bone

synthesis was then performed with plate and screws. After surgery,

the patients were immobilized with plaster casts or braces for 30

days. Clinical and radiographic healing was evaluated 1 month

after the intervention, and follow-ups were performed at least bi-

monthly until healing was diagnosed. At longer times, radio-

graphic analyses were conducted to monitor the efficacy and safety

of this ex vivo procedure. Averages of short- and long-term follow-

ups were 6.7 and 76.0 months respectively. Clinical follow-ups

focused on the functionality evaluation of the involved joints.

Electromyographic and electroneurographic analyses were pur-

sued when necessary. Radiographic evaluation was performed via

x-ray analysis.

Statistical analysis
The results were reported as means 6 standard deviations.

Statistically significant differences in the ALP expression of MSCs

(controls versus pre-induced cells) and in MSC/fibrin clot

construct viability (1 h versus 20 h) were evaluated using the

Mann-Whitney test.

Results

Characterization of MSCs
Spindle-shaped cells able to form colonies, namely MSCs, were

obtained in our cultures (Fig. 1A–B). Flow cytometry of MSCs at

passage 0 and passage 1 showed CD105 bright, being 98.9% and

99.9%, respectively; and CD90 bright, being 97.7% and 99.0%,

respectively. HLA-DR expression in both passages ranged from

negative to very low fluorescence (,1%). The cells turned out to

be negative for CD34 and CD45. Cell viability measured with

Trypan Blue staining was 93–95%. The ALP activity of

Table 1. Pre-intervention history of enrolled patients with final atrophic pseudarthrosis.

Patient (gender and age) Fracture type (Müller AO Classification) Number of previous surgeries failed

F. 45 12-A1 2

M. 27 12-B3 1

F. 73 12-C1 2

M. 61 21-B1 1

M. 51 21-B1 1

M. 46 22-A1 3

F. 18 22-A2 2

F. 31 22-C3* 3

*This fracture type involves 2 bones (ulna and radius).
doi:10.1371/journal.pone.0073893.t001
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cytocentrifuged MSCs was revealed via cytochemistry (Fig. 1C–

D). A quantitative analysis highlighted ALP positivity in

17.6268.99% of untreated cells and in 36.0068.84% of pre-

induced cells with statistical significance (p = 0.002) (Fig. 1E).

Untreated MSCs were also able to differentiate successfully into

osteoblasts, as shown by calcification after 3 weeks in osteogenic

medium (Fig. 1F). The supernatants from both first and second

confluence turned out to be negative for the microbial detection.

Characterization of MSC/fibrin clot constructs
MSC/fibrin clot constructs, prepared adding pre-induced

MSCs to autologous plasma and calcium chloride, cross-linked

in 15–20 min. This operation gave rise to jelly discs immersed in

their supernatant solution. The product was ready to be implanted

immediately after clotting.

Separate sets of samples, prepared in parallel, were used for

construct characterization. Constructs appeared stable up to 48 h

after crosslinking. Cell entrapment efficiency was higher than

90%. The AB test revealed the presence of viable cells within the

constructs. The analysis was carried out 1 h and 20 h after clot

crosslinking and showed similar AB reduction percentages with

not statistically significant difference (39.95613.57% and

37.0464.99%, p = 0.753) (Fig. 2A), demonstrating that cells can

maintain their metabolism active for at least one day after clotting.

H&E stained sections showed the presence of viable MSCs

embedded in the fibrin matrix, as confirmed by good cell integrity

with well-defined nuclei and an ongoing mitotic process (Fig. 2B).

ALP activity of pre-induced MSCs entrapped inside the clot

resulted intense (Fig. 2C). Von Kossa staining on construct sections

showed marked nodular calcium deposition (Fig 2D).

Clinical evaluation
Revision of fixation at the non-union sites was performed with a

short term follow-up at 6.7 months (range 3.5–12.0 months),

evidencing positive clinical outcomes, with all patients recovering

their limb function (Table 2). Neither peri- nor post-surgical

complications were reported. Radiographic healing was detected,

confirming satisfactory integration of the new bone with the

surrounding tissues and abundant callus formation. Only one

patient (F. 31), affected by a complex fracture involving both ulna

and radius needed a second surgery. Partial healing was observed

after 6 months; however a second intervention was required as the

radius still presented an unsolved atrophic pseudarthrosis focus

and the ulna disclosed an initial but insufficient consolidation,

which showed hypertrophic pseudartrosis. The second interven-

tion was carried out because of the breakage of a metal plate at the

radius level. The fixation device was intact at the ulna level and

therefore it was maintained. A bone window was thus created on

the neoformed callus to host new MSC/clot units. The constructs

were implanted in both bones (Table 2).

In all cases, subsequent long-term follow-ups at 76.0 months

(range 60.0–92.0 months) showed no episodes of ectopic neofor-

mation, infection or overgrowth, neoplastic transformation,

demonstrating the safety of our procedure. Long-term efficacy

was confirmed by the absence of re-fracture in all patients. A set of

images relative to a representative patient (M. 51) is shown in

Figure 3. Photographs provide documentary evidence of clot and

bone chips on the operating table (Fig. 3C) and MSC/fibrin clot

construct implanted during surgical procedure (Fig. 3D–E). Pre-

intervention radiographs show presence of pseudarthrosis and

plate detachment (Fig. 3A–B). Several radiographic follow-ups

after the intervention with MSC/fibrin clot constructs displayed

the healing timeline: after 2 and 6 months, showing initial

consolidation (Fig. 3F–G); after 9 months, revealing occurred bone

healing (Fig. 3H); and after 60 months, showing absence of side

effects (Fig. 3I). No appreciable effectiveness differences depending

on diverse bone substitute performance could be highlighted in

this study.

Discussion

Many strategies have been used in the treatment of non-unions,

which are often associated with impaired healing after surgical

intervention [35]. Auto-grafts, usually from the iliac crest,

represent the most common therapeutic approach in trauma

surgery for their osteo-induction, -production, and -conduction

properties. However, several limitations, such as donor-site

morbidity and supply still need to be overcome [36,37]. Allo-

grafts, on the other hand, feature good osteo-conductive properties

but carry the risk of disease transmission [35]. So far, tissue

engineering has appeared to be a very promising technique in

several regenerative applications. Indeed, the combination of cells

and scaffolds could represent the optimal solution in the

management of many orthopedic defects (e.g., pseudarthrosis)

potentially accelerating fracture healing and reducing complica-

Table 2. Details of MSC/fibrin clot construct implant and of post-implant healing.

Patient
Number of
interventions

Number of
constructs
implanted Bone substitute

Time of radiographic
healing (months)

F. 45 1 2 Autologous bone graft from iliac crest 5.0

M. 27 1 5 Banked homologous bone and allomatrix 3.5

F. 73 1 6 Autologous bone graft from iliac crest, synthetic bone chips 5.0

M. 61 1 4 Homologous bone chips (Osteotech) 10.0

M. 51 1 2 Synthetic bone chips 7.5

M. 46 1 5 Autologous bone graft from iliac crest 6.0

F. 18 1 4 Autologous bone graft from iliac crest 5.0

F. 31 1* 2+2 (ulna+radius) Banked homologous bone 6.0

1** 1+4 (ulna+radius) Autologous bone graft from iliac crest 6.0

*A partial healing of the ulna was observed after the first intervention, while the radius still presented athrophic pseudarthrosis. **Complete healing of the ulna and the
radius) occurred only after the second intervention.
doi:10.1371/journal.pone.0073893.t002
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tions and healthcare costs [38,39]. To manage orthopedic defects,

autologous MSCs have been applied together with scaffolds at the

lesion site, exploiting their trophic and differentiative properties

[40]. MSC administration has been performed with two main

procedures: (i) the ‘‘one-step’’ procedure, also known as ‘‘minimal

manipulation’’, using the bone marrow, either whole or concen-

trated, and (ii) the ‘‘two-step’’ procedure, also known as ‘‘extensive

manipulation’’, using ex vivo expanded and reimplanted bone

marrow MSCs [41]. While the former method is simple and

immediate, with an actual MSC concentration ranging in 1,000–

10,000 cells/ml of bone marrow, the latter method is laborious

and time-consuming, but it allows the MSC number to be

increased by 100 to 10,000 folds [42].

Owing to the industriousness of the ‘‘two-step’’ method and to

the regulatory aspects correlated to ex vivo manipulation, most

surgeons have preferred the use of the ‘‘one-step’’ procedure [43–

45]. In our vision, MSCs have to be considered as pharmaceutical

agents and their concentration is fundamental for calibration with

respect to defect extension. In line with this idea, there are some

authors who are still encouraging the use of expanded cells [46–

49]: Kitoh et al. and Kim et al. have used MSCs differentiated

towards the osteoblast lineage, while Marcacci et al. and Bajada et

al. have used undifferentiated MSCs. Cells have been employed in

combination with different scaffolds: platelet rich plasma [46],

macroporous bioceramic [49] and calcium sulphate pellets [48],

all showing satisfactory outcomes even in difficult cases.

On the other hand, extensive ex vivo culture may cause

abnormalities in cell morphology, such as cell inclusions, size

alterations and cell detachment in the late passages [50]. Reduced

cell viability due to long-term culture could hamper the efficacy of

treatment. Furthermore, concerns still remain about the use of ex

vivo expanded MSCs, including possible risks of infection and cell

transformation [51,52].

To overcome the problems related to the ‘‘two-step’’ procedure,

we introduced modifications regarding both cell culture/induction

and construct design that deserve to be discussed. Specifically, we

minimally ex vivo expanded MSCs to reduce the risk of cell

transformation in culture and we limited osteogenic induction to

only 4 days. Indeed, it has been demonstrated that MSC pre-

culture in osteogenic medium enhances the bone formation rate

[53]. In this way, we allowed the cells to partially differentiate

without reducing their proliferative potential and avoiding cell

Figure 1. Characterization of expanded MSCs before fibrin clotting. (A) Light microscopy image of an MSC colony. (B) Light microscopy
image of MSCs and MPCs in culture. (C and D) Micrographs of cytochemical staining for ALP activity (in blue) in resting and predifferentiated MSCs,
respectively. (E) Bar graph showing the percentage of ALP positive cells: resting versus predifferentiated. (F) Photograph displaying von Kossa
staining on untreated MSCs, detached at second confluence, and MSCs osteo-induced for 3 weeks.
doi:10.1371/journal.pone.0073893.g001
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senescence. In this study, we took advantage of our previous

experience in the isolation and culture of bone marrow

mesenchymal cells in autologous serum for their possible clinical

use. Interestingly, the autologous context made it possible to

identify not only the well-known MSC population, but also a

subset of cells (1–10% in mononuclear cultures), named mesoder-

mal progenitor cells (MPCs), which appear to be precursors of

MSCs [54–56]. These cells result to strongly adhere to plastics and

therefore only a few MPCs were possibly collected at the second

confluence, obtaining an almost pure MSC suspension. However,

we later hypothesized that the MPC population could contribute

to long-lasting healing even at a minimal concentration. Indeed,

MPCs may play a significant role in the regeneration process

compared to the use of mere MSCs, both for their capability to

produce fresh MSCs and for their wide differentiative potential

[54,55].

The need for cell attachment, proliferation, and differentiation

in tissue engineering remains crucial and requires the design of

functional scaffolds, preferably bioreabsorbable. Autologous fibrin

gels offer many advantages, in terms of availability, biocompat-

ibility and biodegradation. Furthermore, a gelling scaffold can be

molded to the shape of bone cavities. In previous in vitro studies,

we have demonstrated that autologous plasma, cross-linked to

obtain a fibrin clot, is a suitable carrier for MSCs and that the

right balance between plasma and calcium chloride allows cell

proliferation, terminal osteo-differentiation and spreading, show-

ing clot-entrapped MSCs to be housed in a fibrin-microfiber

porous-like structure [29]. Moreover, MSCs have been shown to

exit the clot and migrating on the tissue culture plastic. This aspect

suggests possible integration between the transplanted MSCs and

the surrounding bone areas. During the healing process, it can be

hypothesized that the MSC/fibrin clot constructs are metabolized

with the same process of endogenous fibrin (i.e., through

fibrinolysis and phagocytosis).

In our study, we clinically demonstrate the efficacy of our

construct in an autologous context. The fibrin gel texture of the

clot permitted easy diffusion of the nutrients and differentiation of

the inner cells towards the osteogenic lineage. The positive

outcome obtained confirms the ability of MSCs in bone injury

repair, encouraging tissue integration and healing. The long-term

follow-up of the patients proved the safety and effectiveness of our

procedures: no episodes of ectopic neoformation, infection or

overgrowth, neoplastic transformation or re-fracture were detected

[57,58].

Strategies were also developed to optimize the efficiency of

construct implantation during surgical treatment. In particular, we

used clots immediately after their preparation to possibly allow in

vivo osteoblast differentiation to be completed and we calibrated

the number of clots to be implanted according to the extension of

bone damage. Moreover, with a minimal MSC ex vivo expansion

we managed to gather cell amounts sufficient to prepare several

‘‘units’’ of clots from single bone marrow samples, avoiding

additional collections from patients. In our procedure, we tried to

estimate an efficient ratio between extent of the lesion and MSC/

fibrin clot constructs, considering them pharmacological-like

agents. However, in the patient treated with a second surgery (F.

31), this ratio was doubled, since the first intervention had not

been completely successful. Some in vitro and animal studies have

reported on different performances of diverse MSC/bone

substitutes, highlighting the superior seeding efficiency, metabo-

lism and growth of MSCs on processed human cancellous

allograft, as well as the best MSC proliferation and stemness

Figure 2. Characterization of MSC/fibrin clot constructs before implantation. MSCs inside the fibrin clots: (A) Viability of with alamarBlue
assay at 1 and 20 hours after clot preparation (bar graph), (B) cell morphology with Hematoxylin and Eosin staining (micrograph), (C) ALP activity
staining (micrograph). (D) Von Kossa staining (micrograph).
doi:10.1371/journal.pone.0073893.g002
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maintenance on bone particles and calcium polyphosphate, with

respect to some synthetic substitutes, such as hydroxylapatite and

tricalcium phosphate [59,60]. Basing on the limited number of

cases treated with diverse bone fillers, differences of performance

related to the substitute material could not be appreciated in our

study. However, in such compassionate settings, we experienced a

successful recovery only when the bone substitutes were added

with MSCs.

In conclusion, our preliminary results are encouraging both in

terms of bone repair efficacy and patients’ safety. While the

surgical approach still remains first choice for the management of

non-unions, our data confirm that tissue engineering using MSCs

could provide a very useful tool to accelerate and complete the

healing process [61]. We believe that the minimal ex vivo MSC

expansion and short-term osteoinduction used in this study

strongly contributed to reduce risks of implant overgrowth due

to uncontrolled proliferation of transplanted cells. The respect of

tissue geometry, the stability of healing and the absence of

neoplastic transformation at such long-term follow-ups underline

the feasibility and safety of this procedure within the frame of a

regenerative medicine approach.
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Figure 3. Pre- and post-implant of MSC/fibrin clot constructs in a representative patient (M.51). (A,B) Pre-intervention images showing
pseudarthrosis and plate detachment. (C) MSC/fibrin clot constructs and bone chips on the operating table. (D,E) Implant of MSC/fibrin clot
constructs during surgical procedure. Radiographic follow-ups at: (F) 2 months; (G) 6 months; (H) 9 months, showing occurred healing and (I) 5 years,
showing bone strengthening and absence of side effects.
doi:10.1371/journal.pone.0073893.g003
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