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Abstract
The purpose of this study was to investigate the effect of bone marrow stromal cells (BMSCs) on
tendon healing in a canine ex vivo model. Bone marrow was harvested and BMSCs were isolated
and cultured according to established protocols. Cells were seeded into 0.5 mg/ml collagen gels
and cultured for 24 h to allow gel contraction, and then implanted between the lacerated ends of
repaired flexor digitorum profundus tendons. Tendons repaired with a gel patch alone and without
a gel patch served as control groups. After 2 and 4 weeks in culture, the repaired tendons were
evaluated for breaking strength and stiffness. Cell viability was assessed by labeling the cells with
PKH26 red fluorescent cell linker. The maximal strength and stiffness of repaired tendons with the
BMSC-seeded patch were significantly higher than the repaired tendons without a patch or with a
patch without cells, at both 2 and 4 weeks (p < 0.05). Viable BMSC were present between the cut
tendon ends at both 2 and 4 weeks. We conclude that BMSC-seeded gel patch transplantation has
the potential to enhance flexor tendon healing, and we plan to investigate this effect in vivo.
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1. Introduction
Injuries to the finger flexor tendons are common, especially in the young and working-age
population and result in considerable disability, healthcare cost, and loss of working
capability [1]. Primary repair following tendon injury has been commonly accepted as the
gold standard to restore hand function [2,3]. However, complications such as adhesions, gap
formation, and rupture following tendon repair are still common [4,5], and adhesion-free
tendon healing is still a challenge [6].

Although both intrinsic [7,8] and extrinsic [9] processes are involved in flexor tendon
healing, the extrinsic healing process is usually predominant because of the relatively poor
vascularization of the tendon. However, extrinsic healing comes at the risk of adhesion
formation between tendon and surrounding tissues. Intrinsic healing mainly relies upon the
ability of the injured tendon to recruit tenocytes from the tendon surface, which migrate to
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the site of injury [10]. Yet, in the normal tendon, the cellular component comprises only 5%
of tissue volume [11] and cellularity is further decreased at the cut ends of injured tendons.
Furthermore even a single interrupted suture placed in a normal tendon produces a markedly
acellular zone in the surrounding tendon [11], hence conventional tendon repair techniques
often render injured tendons even more hypocellular.

Bone marrow stromal cells (BMSCs) are multipotential cells which can differentiate into a
spectrum of cell types including fibroblasts and tenocytes [12,13], which have been widely
used in tissue engineering to generate the tendon tissue [14,15]. To overcome flexor tendon
hypocellualarity and potentially increase the intrinsic healing capabilities of tendon repairs,
we proposed to investigate if BMSCs would enhance the flexor tendon intrinsic healing. We
hypothesized that interposition of BMSC-seeded collagen gel constructs between the cut
tendon ends would increase tendon healing strength in a canine ex vivo model.

2. Methods
2.1. Bone marrow stromal cell harvest

Bone marrow was harvested from mixed-breed dogs weighing between 25 and 30 kg. The
dogs were euthanized for other, IACUC approved, studies. Immediately after euthanasia, 4.0
ml of bone marrow was aspirated from each tibia using a 20 ml syringe containing 1.0 ml
heparin solution. Bone marrow containing heparin solution was added to 5.0 ml PBS and
centrifuged at 1500 rpm for 5 min at room temperature. The supernatant PBS with heparin
was removed and the bone marrow cells were divided into four 100 mm dishes in 8 ml of
stromal cell growth medium. The medium consisted of minimal essential medium (MEM)
with Earle’s salts (GIBCO, Grand Island, NY), 10% fetal calf serum and 5% antibiotics
(Antibiotic-Antimycotic, GIBCO, Grand Island, NY). The bone marrow cells were
incubated in a 37 °C, 5% CO2 humidified atmosphere. On day 5 after primary culture, the
medium containing floating cells was removed and new medium was added to the remaining
adherent cells. These adherent cells were defined as bone marrow stromal cells (BMSCs),
based on previous reports [12]. The medium was then changed on alternate days. After
reaching confluence on days 14–21, the cells were suspended by washing twice with sterile
phosphate-buffered saline (PBS), harvested with 0.25% trypsin, counted and subcultured in
Petri dishes. Cells between passages 2 and 4 were used for the experiments.

2.2. Preparation of cell-seeded collagen gel
Vitrogen bovine dermal collagen (Cohesion Technologies, Palo Alto, CA,
U.S.A.)wasprepared following the company’s instructions. Briefly, 10 ml of sterile, chilled
Vitrogen collagen were mixed with 3 ml of sterile MEM, 1.05 ml of sterile 0.167 M NaOH
and 0.95 ml distilled H2O to adjust the pH to 7.4 ± 0.2, making 15 ml temporary collagen/
MEM solution on ice. The solution was then stored at 4–6 °C for no longer than 1 h prior to
use.

Confluent plates of BMSCs were washed twice with sterile PBS and then trypsinized. The
cells were counted with a hemocytometer and centrifuged to remove the media and leave
behind a cell pellet with a known number of cells. The amount of collagen and cell density
was then adjusted to a final collagen concentration of 0.5 mg/ml and initial cell density 1.0 ×
106 cells/ml. A 1 ml aliquot of the cell-seeded collagen solution was evenly distributed over
the surface of a sterile 35 mm Petri dish with approximately 1 mm thick layer of solution.

After incubating at 37 °C in a 5% CO2 humidified incubator for 24 h for gel contraction, the
BMSC-seeded collagen was cut to a similar cross-sectional shape as the tendon ends and
used immediately. As a control, collagen gel was prepared similarly, without the addition of
BMSCs in the final stages.
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2.3. Tendon repair with implant
Forty eight FDP tendons from the 2nd, 3rd, 4th and 5th digits of 6 dogs were used in this
study. After harvesting, tendons were immediately placed in tissue culture medium as
detailed below. The tendons were randomly assigned to three groups: (1) repaired tendon
with cell-seeded gel patch; (2) repaired tendon with gel patch without cells; and (3) repaired
tendon without gel patch. Each tendon was transected in the middle of a 30 mm length
centered at the proximal interphalangeal joint level. This section of the FDP tendon consists
of two collagen bundles. A simple suture of 6/0 Ethilon (Ethicon, Somerville, NJ) was
placed in each bundle. Before tightening the suture loop, the gel patch with or without
BMSCs was implanted between the tendon end and then the sutures was knotted to close the
repaired tendon (Fig. 1).

2.4. Repaired tendon culture
A custom-made frame with four pairs of clamps was designed to fit in a 100 mm Petri dish.
The repaired tendons were held in the frame by directly clamping the tendon ends and the
frame was placed in the Petri dish containing tissue culture medium (Fig. 2). The tissue
culture medium consisted of minimal essential medium (MEM) with Earle’s salts (GIBCO,
Grand Island, NY), 10% fetal calf serum and 5% antibiotics (Antibiotic-Antimycotic,
GIBCO, Grand Island, NY). The tendons were incubated at 37 °C in a 5% CO2 humidified
atmosphere. Culture medium was changed every 72 h.

2.5. Biomechanical testing
Specimens were removed from tissue culture at 14 or 28 days post-repair. A single suture
loop was placed at each end of the repaired tendon for the purpose of mounting the tendon in
a custom-designed mechanical micro-tester. The specimens were mounted in the testing
apparatus with one suture loop connecting to a load transducer (Techniques Inc., Temecula,
CA) and the other loop connecting to a motor and potentiometer (Parker Hannifin Corp.,
Rohnert Park, CA). The loop at each tendon end was 5 mm long, so that the whole testing
specimen including the repaired tendon and suture loops was 40 mm long. Before testing,
the two sutures at the repair site were cut carefully, without disrupting the repair site, in
order to assess the patch healing strength rather than the suture holding strength (Fig. 3). For
mechanical testing, the tendon was placed on a flat glass platform moistened with saline.
The specimen was then distracted at a rate of 0.1 mm/s until the repair site was totally
separated. The displacement and maximum strength measured by the transducer were
recorded for data analysis.

2.6. Cell viability assessment
In order to assess BMSC cell viability and distinguish BMSCs from the tenocytes existing in
the native tendon, some BMSCs were labeled with PKH26 red fluorescent cell linker
(Sigma, St. Louis,MO) before seeding in the gel patch. Two FDP tendons in each group
were seeded with labeled BMSCs. Following tissue culture for 2 or 4 weeks, the tendon
samples were observed with a confocal microscope (LSM310 Zeiss, Germany).

2.7. Statistical analysis
Analysis of variance (ANOVA) was used to analyze the three groups at each of the two time
points, followed by a Tukey–Kramer post hoc test for individual comparisons. Only p values
of less than 0.05 were considered significant.
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3. Results
The maximal strength of the repaired tendons at 2 weeks was 10.5 mN (±7.1), 4.1 mN
(±4.9), and 27.4 mN (±15.6) for repaired tendon without patch, with patch without cells and
with cell-seeded patch, respectively. The maximal strength of repaired tendons at 4 weeks
was 30.1 mN (±25.9), 30.2 mN (±25.9), and 55.4 mN (±30.5) for repaired tendon without
patch, with patch without cell and with cell-seeded patch, respectively. The maximal
strength of repaired tendons with the BMSC-seeded patch was significantly higher than the
repaired tendons without patch or with patch without cells, at both 2 and 4 weeks (p < 0.05).
There was no significant difference between the repaired tendons without patch and with
patch without cells. The maximal strength of the repaired tendons at 4 weeks was
significantly higher than the tendons at 2 weeks in all three groups (p < 0.05) (Fig. 4).

The stiffness of the repaired tendons with BMSC-seeded patch was significantly higher than
the repaired tendons without patch and with patch without cells at both 2 and 4 weeks (p <
0.05). The stiffness was also significantly increased with time in all groups (Fig. 5).

Qualitative observation by confocal microscopy revealed that labeled viable BMSC were
present between the cut tendon ends after both 2 and 4 weeks of tissue culture (Fig. 6).

4. Discussion
Due to the hypocellular and hypovascular nature of the flexor tendon, intrinsic healing
requires amuch longer time than in other connective tissues [16–18]. This hypocellularity is
worsened after injury and surgical repair [19,20]. Furthermore, in tendon healing there is a
risk of gap healing rather than a contact healing, due to the effect of muscle tension on the
repaired tendon, especially with postoperative rehabilitation [20–23]. This effect may be
potentiated by the inherent delay in healing associated with tendon hypovascularity.
Silfverskiold et al. used X-rays to measure the distance between two metallic markers which
had been inserted into the tendon during the tendon repair surgery. They found that a gap
with a mean value of 3.2 mm was present at the final follow-up in 24 of 34 repaired FDP
tendons in zone II [24]. Gap healing following flexor tendon injury and repair has also been
observed in animal models [20,22,25]. Delivery of new cells directly to the injury site could
therefore be a useful therapeutic strategy both to accelerate healing and reduce the risk of
late gapping.

Bone marrow stromal cells (BMSCs) are multipotential cells which are able to differentiate
into a spectrum of cell types, including fibroblasts and tenocytes [12,13,26]. Recently,
Juncosa-Melvin et al. reported that BMSCs improved the biomechanical properties of
collagen constructs designed to replace tendon grafts [27]. Recent studies have demonstrated
that BMSCs can increase tendon regeneration in animal models of partial tendon injury in
vivo [28–30]. Crovace et al. used an Achilles tendinitis model created by collagenase
injection to study the effect of BMSCs. They found that BMSCs restored the fiber
architecture, increased expression of type I collagen and cartilage oligomeric matrix protein
(COMP) compared to the control group [28]. Smith and Smith treated 168 racehorses
suffering from superficial digital flexor tendon injure with BMSC implantation. They
demonstrated that BMSC treatment improved the outcomes and decreased the re-injury rate
[29]. The current study using an ex vivo model of complete tendon injury confirmed that
BMSC-seeded patch increased flexor tendon healing in this model as well. This ex vivo
model may be useful to optimize the engineered patch with an appropriate stem cell type,
density, and adjunctive growth factors prior to studying the results using living animals.
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In the current study, we used a collagen gel as the vehicle to transplant the BMSCs directly
into the lacerated flexor tendon repair site in a canine ex vivo model. The selections of the
gel concentration and cell density were based on previous studies [31]. Chen et al. used a
collagen gel lattice contraction model to study tenocyte behavior. They demonstrated that
gel contraction and mechanical properties of the contracted collagen lattice were maximal
with a 0.5 mg/ml initial gel concentration and 1.0 × 106 cells/ml [31]. Using this
formulation, we have demonstrated that the healing strength and stiffness both increased in
the BMSC groups compared with the two control groups.

The two control groups (with gel patch, but no cells and without gel patch or cells) were
selected for the purpose of eliminating the possibilities of stimulation or isolation effects of
the collagen gel on tendon healing. We did not find any significant difference between the
two control groups in our ex in vivo model, although some reports have demonstrated that
collagen gel alone could stimulate tendon healing [32,33].

As the sutures were cut before the tendon tensile testing, the suture holding strength was
eliminated as a factor and we were able to measure the strength of the tendon–tendon
healing directly. This is a novel method to mechanically evaluate tendon healing strength.

One of the limitations of the current study was that specific markers of tenocyte
differentiation, such as tenomodulin and types I and III collagen expression were not
examined, as we focused on the mechanical properties of healing. Future studies should
assess these factors as well. Second, the tendon healing was studied using an ex vivo model,
which would be different from an in vivo condition in biological response, nutrition and
mechanical stimulation. Third, we did not use other cell sources, such as dermal fibroblasts,
as another control group, to investigate the effect of different cell types on enhancement of
tendon healing. Finally, the behavior of the BMSCs may differ from that of the tenocytes
which were used to determine the gel and cell concentration. Therefore, the optimization of
the gel and cell concentration of the BMSC needs to be further studied. In future studies, we
will use the ex vivo model to investigate BMSC differentiation potential and functional
behavior after implantation to repaired tendon ends using immunohistochemistry
approaches. The effects of growth factors on the BMSC-seeded patch will be also
considered. Once the ex vivo model is optimized, we plan to investigate the effect of cell-
seeded patches in animal model in vivo.

5. Conclusion
In this study we directly implanted BMSCs between repaired flexor tendon ends using a
collagen patch as the cell delivery vehicle. We also developed a method to directly assess
the mechanical properties of the healing tissues. The repaired tendons with BMSCs had
improved failure strength and stiffness. We believe that BMSC-seeded gel patch
transplantation has the potential to enhance flexor tendon healing and plan to investigate its
effect in vivo.
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Fig. 1.
Flexor tendon repair using two single looped sutures with patch sandwiched in between.
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Fig. 2.
Repaired tendons were clamped with custom-made frame and cultured in the medium.
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Fig. 3.
Repaired tendons were mounted on the micro-tester for mechanical testing. Before
distraction, the sutures were cut at both side of tendon to eliminate the suture holding
strength.
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Fig. 4.
The maximal failure strength of the repaired tendon without suture holding (a < b < c, p <
0.05).
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Fig. 5.
The stiffness of the repaired tendon without suture holding (a < b < c, p < 0.05).
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Fig. 6.
The labeled BMSCs with PKH26 cell linker were observed under confocal microscopy with
red fluorescent at 2 weeks (A) and 4 weeks (B).
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