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Abstract

Purpose—In this study we investigated the effect of platelet-rich plasma (PRP) and bone-marrow
derived stromal cell (BMSC)-seeded interposition in an in vitro canine tendon repair model.

Methods—Bone marrow, peripheral blood, and tendons were harvested from mixed breed dogs.
BMSC were cultured and passaged from adherent cells of bone marrow suspension. PRP was purified
from peripheral blood using a commercial kit. 192 flexor digitorum profundus tendons were used
for the study. Tendons repaired with a simple suture were used as a control group. In treatment groups,
acollagen gel patch was interposed at the tendon repair site prior to suture. There were three treatment
groups according to the type of collagen patch; a patch with PRP, a patch with BMSC, and a patch
with PRP and BMSC. The repaired tendons were evaluated by biomechanical testing and by
histological survey after 2 and 4 weeks in tissue culture. To evaluate viability, cells were labeled
with PKH26 and surveyed under confocal microscopy after culture.

Results—The maximum breaking strength and stiffness of the healing tendons with the BMSC-
seeded PRP patch was significantly higher than the healing tendons without a patch or with a cell-
seeded patch (p<0.02). Viable BMSC were present at both 2 and 4 weeks.

Conclusions—PRP enhanced the effect of BMSC-seeded collagen gel interposition in this in vitro
model. Based on these results we now plan to investigate this effect in vivo.
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INTRODUCTION

Flexor tendon injuries in the hand are common and associated with substantial socioeconomic
costs and disability (1). Functional outcomes of these injuries have improved with new surgical
repair methods and rehabilitation regimens, but complications such as adhesions and repair
ruptures remain problematic in some cases (2,3). These complications are believed to be related
to an inherent weakness in the healing capacity of tendons, which are hypocellular, and for
which the usual mode of healing involves recruitment of extratendinous fibroblastic cells. As
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these cells attach to the healing tendon, restrictive adhesions develop. Rehabilitation methods
to disrupt the adhesions with mobilization may result in failure of the repair (4).

To overcome the problems associated with tendon hypocellularity and improve tendon healing,
bone marrow derived stromal cells (BMSCs) have been used as a source of additional cells at
the tendon repair site (5,6). BMSCs are nonhematopoietic stromal cells obtained from a subset
of clonogenic adherent marrow-derived cells that undergo replication in culture. BMSCs are
able to differentiate into a spectrum of cell types including osteoblasts, chondrocytes,
adipocytes, fibroblasts and tenocytes (7,8). Indeed, the extratendinous fibroblasts that appear
at the repair site during normal tendon healing may be of BMSC origin (9). Growth factors are
also important in tendon healing (10,11). Growth factors can enhance tendon repair when
applied to the site of injury(12), but it is difficult to supply an effective sustained concentration
of necessary growth factors in the normal sequence of their appearance. To overcome this
problem, investigators have started to focus on a natural packet of multiple growth factors, the
platelet, delivered in the form of platelet-rich plasma (PRP) (13,14).

The growth factors in platelets include not only platelet-derived growth factor (PDGF), but
also transforming growth factor B (TGF- B), vascular endothelial growth factor (VEGF),
insulin-like growth factor-1 (IGF-1), and epidermal growth factor (EGF) (15). The use of PRP
to improve healing has been explored considerably during the last decade. PRP is used for both
bone and soft tissue healing enhancement, including tendon (16,17). PRP also enhances
proliferation of BMSC (18), and some growth factors known to be present in PRP, such as
IGF-1 and TGF- B, augment the effect of BMSC on tendon (19,20). Therefore, the purpose of
the current study was to test the hypothesis that the use of BMSCs and PRP at the tendon repair
site would accelerate tendon healing, using an in vitro canine tendon tissue culture model. We
further hypothesized that PRP would enhance the effect of BMSC on tendon healing site and
increase tendon healing strength, beyond the effect of BMSCs alone.

MATERIALS AND METHODS
Study Design

A total of 192 flexor digitorum profundus (FDP) tendons from the 2™ to 5t digits of both
forepaws and hind paws were immediately harvested from 12 dogs after sacrifice for other,
IACUC approved, studies. The FDP tendons were then immediately immersed into cell culture
medium to maintain tissue viability. The tendons were randomly assigned to one of four
treatment groups and two time points, for a total of eight study groups with 24 tendons in each
group (Table 1). The FDP tendons were fully lacerated and surgically repaired with one of four
different interposition patches placed within the laceration site prior to suture. All procedures
were carried out under aseptic conditions. After 2 or 4 weeks in tissue culture, the tendons were
evaluated for mechanical strength, cell viability, and histology.

Preparation of PRP

Whole blood (55 ml) was withdrawn into a sterile syringe containing citric acid-citrate-dextrose
anticoagulant (ACD-A) at ratio of 10:1 (16). The blood was then processed within 1 hour after
harvest. PRP preparation from blood was carried out using the GPS 111 System (Biomet
Biologic, Warsaw, IN), according to the manufacturer’s directions. A solution of 1000 units
of bovine thrombin (BioPharm, Alpine, UT) per milliliter of 10% calcium chloride (Sigma, St.
Louis, MO) was used to activate the PRP (16), at a ratio of 6 ml of PRP to 1 ml of the thrombin/
calcium chloride mix. This mixture was then left at room temperature for one hour to lyse the
platelets and release the growth factors. The solutions were centrifuged for 5 minutes at 1500
rpm and the supernatant was used in the next step. Platelets within both whole blood and the
PRP were counted for comparison according to the method of Brecher and Cronkite (21).
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BMSC Harvest and Suspension

The BMSC were isolated from bone marrow aspirates obtained from canine tibia. 8.0 ml of
bone marrow was aspirated aseptically using a 20 ml syringe containing 2.0ml of heparin
solution immediately prior to euthanasia. The heparin was removed by centrifugation at 1500
rpm for 5 minutes at room temperature, and the bone marrow pellet was then resuspended in
cell culture medium and divided into three equal aliquots and placed in 100-mm cell culture
dishes with 10mL of standard medium, which consists of minimal essential medium (MEM)
with Earle’s salts (GIBCO, Grand Island, NY), 10% fetal calf serum, and 1% antibiotics
(Antibiotic-Antimycotic, GIBCO, Grand Island, NY).

The bone marrow cells were then incubated at 37°C with 5% CO, and 95% air at 100%
humidity. After 3 days, the medium containing floating cells was removed and new medium
was added to the remaining adherent cells. These adherent cells were considered to be bone
marrow stromal cells (BMSCs) (22). When reaching 70-80% of confluence, the BMSCs were
released with trypsin-EDTA and subcultured. A homogenous BMSCs population was obtained
after 3weeks of culture and BMSCs (passage 3) were harvested for further use.

Preparation of Cell-Seeded patch

PureCol bovine dermal collagen (2.9mg/ml, Inamed Corporation, Milmont Drive Fremont,
CA) was prepared following the company’s instructions. Briefly, 5.50ml of sterile, chilled
PureCol collagen was mixed with 1.6 ml of sterile 10 x MEM, 7 pl of sterile 5M NaOH and
893 pl distilled H,O to adjust the pH to 7.4 + 0.2, making 8 ml temporary collagen/MEM
solution on ice. The solution was then stored on ice for no longer than 1 hour until use.

BMSCs in passage 3 were washed twice with sterile PBS and 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 amounts of collagen and cell density were adjusted
to a final collagen concentration of 0.5 mg/ml and initial cell density 1.0 x 108 cells/ml. A 2ml
aliquot of the cell-seeded collagen solution was added to a sterile 35 mm Petri dish.

After incubating at 37°C in a 5% CO, humidified incubator for one day for gelation, the BMSC-
seeded patch was cut to a similar cross-sectional shape as the tendon ends (roughly 2x4 mm),
and used immediately.

Preparation BMSC-Seeded PRP Patch

Cells and collagen solution were prepared in the same fashion described above. The amount

of collagen and cell density were adjusted to a final collagen concentration of 0.5 mg/ml and
initial cell density 1.0 x 10° cells/ml using 1 ml of the PRP supernatant and 1ml of the collagen
solution. A 2 ml aliquot of the BMSC-seeded PRP collagen solution was added to a sterile 35
mm Petri dish.

After incubating at 37°C in a 5% CO, humidified incubator for one day for gelation, the gel
was cut and used immediately. For the PRP patch group, the PRP patch was prepared similarly,
but without the addition of BMSC.

Tendon Repair and Tissue Culture

Each tendon was transected 6 mm distal to the distal edge of A2 pulley and shortened by cutting
to a standardized length of 30 mm, with the repair site located centrally at the zone Il D level
(23). The gel was placed between the lacerated tendon ends. Then the tendon ends were apposed
with two simple loop sutures of 6-0 Prolene (Ethicon, Somerville NJ). The sutures were set
carefully not to directly cross tendon apposition site (Figure 3B). The repaired tendons were
mounted on a wire mesh designed to maintain the tendons in a straight position (Figure 1). The
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mesh was then placed into a 100 mm Petri dish with 50ml of minimal essential medium (MEM),
Earle’s salts (GIBCO, Grand Island, NY), 10% fetal calf serum, and 1% antibiotics (Antibiotic-
Antimycotic, GIBCO, Grand Island, NY), and incubated at 37°C in a 5% CO, humidified
atmosphere. Tendons were cultured for 2 or 4 weeks. Culture medium was changed every 3
days.

Biomechanical Testing

After culture, tendons were removed from the culture dish. A single loop suture was placed at
each end of the test specimen to connect the tendon to a custom-designed micro-tester for
mechanical evaluation (Figure 2). The testing apparatus included a load transducer (Techniques
Inc., Temecula, CA) which connected to the one of the tendon loops, and a motor and
potentiometer (Parker Hannifin Corp., Rohnert Park, CA) which were connected to the other
loop. Before testing, the tendon apposition sutures were cut on both sides of the tendon, without
disrupting the repair site, in order to assess the strength of the healing tissue rather than the
suture strength (Figure 3).

To minimize influence on the repair site, sutures were carefully cut at a point away from the
apposition site. For the same reason, the sutures were not removed during testing.

The tendon was placed on a flat plastic platform moistened with saline. The specimen was then
distracted at a rate of 0.1 mm/second. The displacement and maximum strength to failure were
measured by the transducer and recorded for data analysis. The failure was confirmed by two
separate observations, the complete loss of force detected by the load transducer and gross
observation of disruption of the connecting tissues.

Cell Viability Assessment

Histology

In order to assess the cell viability and distinguish the BMSCs from the cells existing in the
native tendon, the BMSCs were labeled with PKH26 red fluorescent cell linker (Sigma, St.
Louis, MO) before seeding in the gel patch. The patches with the labeled BMSC were implanted
between the cut tendon ends. After tissue culture for 2 or 4 weeks, the tendon samples were
frozen immediately on dry ice and mounted with O.C.T. compound (Tissue-Tek; Sakura
Finetek, Torance, CA). Sections of 6 um were cut in the sagittal plane using a cryostat (Leica,
Bannockburn, IL) and were mounted on glass slides with cyanoacrylate ester glue (Elmer’s
product, Columbia, OH). Acquired specimens were observed using laser scanning confocal
microscopy (LSM510; Zeiss, Thornwood, NY).

From each test group, four tendon segments, including the repair site, were collected and fixed
in 10% neutral buffered formalin for 24hours. The tendon samples were soaked in 10% to 20%
of sucrose/0.1M PBS solution gradually. Sections of 6 um were cut in the sagittal plane using
a cryostat (Leica, Bannockburn, IL). The sections were mounted on glass slides and stained
with hematoxylin and eosin (H&E). The morphology was evaluated with light microscopy.

Statistical Considerations

Design—The experimental design was based on a paired or repeated design; 16 tendons from
each dog were allocated in a balanced manner to each of the 4 repair methods and each of the
2 time conditions, such that each animal contributed 2 tendons to each of the 8 combinations
of repair method and time condition.

Analysis—The outcome of primary interest was the biomechanically measured ultimate
strength of the healing tendons with the repair sutures removed. The effect of 2 factors on this
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outcome was studied: 1) patch type at 4 levels (no patch, PRP patch, BMSC in collagen patch,
and BMSC in PRP collagen patch) and 2) time at 2 levels (2 weeks and 4 weeks). As each
animal contributed 2 tendons to each of the 8 combinations of repair method and time condition,
the data was analyzed using a 2-factor analysis of variance (ANOVA) with repeated measures
on both factors. All statistical tests were two-sided and p-values less than 0.05 were considered
significant.

Sample Size and Power—The overall experiment was designed with two factors having
4 and 2 levels, respectively. However, since each animal contributed tendons to each
experimental condition, a conservative approach to the power analysis considered the number
of unique animals contributing to the comparison of any two experimental conditions based
on a paired t-test. Based on preliminary data from a similar experiment, the standard deviation
of the ultimate strength was calculated to be 25mN. Assuming similar variability in the
proposed study, a sample of 10 animals (160 tendons) provides 80% power to detect a
difference of 25mN in ultimate strength between any two experimental conditions (o= 0.05).
These estimates were based on a conservative approach, so actual detectable differences might
be smaller, given the more efficient and powerful nature of the two-factor model.

Platelets Count

The mean platelet count in the whole blood and PRP was 243 x 10%/ul (range 198-324 x
103/ul; SD 49 x 103/ul) and 1316 x 103/pl (range 919-1594 x 103/ul; SD 263 x 103/pl)
(p=0.0006) respectively. Platelet counts were 5.41-fold greater in the PRP compared to whole
blood (range 4.15-6.75-fold increase; SD 1.07).

Maximum Strength and Stiffness of the Healing Tendons

Analysis using a 2-factor ANOVA with repeated measures showed that the repaired method
had a significant effect on both maximum strength and stiffness of the healing tendons with
the repair sutures removed. The effect of time was not significant in either maximum strength
or stiffness. Since the interaction between repair method and time was not significant, the
comparison between each patch method was tested using the Tukey-Kramer post-hoc test.

The maximum breaking strength of the healing tendons was 55.6 mN (SD 19.1), 67.0 mN (SD
21.3),52.4 mN (SD 30.3), and 80.9 mN (SD 50.3) for the tendons without a patch, with a PRP
patch, with a BMSC-seeded patch, and with a BMSC-seeded PRP patch, respectively (Figure
4). The maximum strength of the healing tendons with the BMSC-seeded PRP patch was
significantly higher than the healing tendons without a patch (p=0.0077) or with a cell-seeded
patch (p=0.0025).

The stiffness of the healing tendons followed a similar trend. The stiffness of the healing
tendons was 27.5 N/m (SD 12.8), 31.7 N/m (SD 12.1), 25.7 N/m (SD 19.2), and 40.6 N/m (SD
27.1) for healing tendon without a patch, with a PRP patch, with a BMSC-seeded patch, and
with a BMSC-seeded PRP patch, respectively (Figure 5).The stiffness of the healing tendons
with a BMSC-seeded PRP patch was significantly higher than the healing tendons without a
patch (p=0.018) or with a cell-seeded patch (p=0.0062).

Cell Viability and Histology

Qualitative observation by confocal microscopy revealed that labeled viable BMSCs were
present among the repair site in both the BMSC-seeded patch and BMSC-seeded PRP patch
group after 2 and 4 weeks of tissue culture (Figure 6). We did not quantify the number of cells
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in each section, but do note a suggestion of more cells in the PRP treated patch at 4 weeks
(Figure 5D), as compared to the untreated patch (Figure 6C).

Under light microscopy, the tendon apposition site was bridged with an epitenon cell layer in
all groups cultured for 2 weeks, but there was no connection of collagen bundles within the
opposed tendon ends (Figure 7). In the 4 week samples, epitenon cells bridged the healing site
in all groups, as in the 2 weeks samples. In addition, every group showed partial connection
of collagen bundles between the opposed tendon ends (Figure 8 and 9).

DISCUSSION

The growth factors found in platelets are stored in an inactive state within a cytoplasmic
organelle called the a—granule (24). When the clotting process activates the platelets, the a—
granules fuse to the cell membrane and the growth factors are secreted and converted to a
bioactive state by the addition of histones and carbohydrate side chains (24). PRP can similarly
be activated by a variety of methods, including repeated freeze-thaw cycles (25), CaCl,
activation, (14), and thrombin/CacCl, activation (26). There is controversy regarding which
method is most effective. In our study, thrombin/CaCl, was used to activate the platelets (14,
24,27).

In this study, maximal strength was significantly higher in tendons with a BMSC patch with
PRP than with no patch, a PRP only patch, or a BMSC only patch. Although this was a tissue
culture study, this result suggests the potential of a combination of PRP and BMSC to augment
tendon healing.

The attaching force measured between the tendon ends was in the order of mN. This is much
lower, of course, than the force measured in a sutured tendon, usually a value several orders
of magnitude larger, as is typically done in vivo studies of tendon healing, or in cadaver studies
of different suture designs. The difference from such studies is that an aim of this study was
to gain insights regarding early tendon-tendon healing, in an attempt to hasten the time when
the strength of the healing tendon exceeds the strength of the suture material used to support
the healing tendon. In order to do this, the suture effect must be eliminated. The data showed
that these initial strengths are very low, at least in our tissue culture model. Of course it is
known that over 6-12 weeks in vivo the strength of the healing tissue between the tendon ends,
even though it starts out at the mN level, grows by four orders of magnitude, eventually
exceeding that of the tendon suture. It is possible that that these low initial strengths can be
increased, both with new stimuli and over time, especially in vivo, to hasten the moment when
the tendon strength exceeds the suture strength, and the patient with a tendon injury can safely
resume full activity. As a start, this study showed the strength can indeed be improved with
use of a BMSC patch with PRP.

One of the limitations of the current study was that number of transplanted BMSCs was not
exactly known. Although the patches were similar in size, there might be different numbers of
cells within each patch. In future studies it would be helpful to quantify cell number more
precisely. A second limitation of the current study was that no quantitative comparison was
done for cell viability or our histological measures. A third limitation was that specific markers
of tenocyte or fibroblast differentiation, such as tenomodulin, tenascin-C, type | collagen and
type 111 collagen expression were not examined. If quantitative assays had been done, those
data might have given a clue to understand the basis for the differences between groups. Instead,
the focus of this initial study was on the mechanical properties of the healing tissue, thinking
that if no differences were observed there would be little value in such additional studies. But
it is obvious that future studies should assess these factors as well. A fourth limitation was that
this was an ex vivo model, which might be quite different from the in vivo condition. This was
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done for several reasons, not least to minimize animal use until we were confident that a positive
effect would be observed. In addition, tissue culture is a more controlled environment,
important in setting initial conditions.

In this study, BMSCs were implanted directly between cut flexor tendon ends using a collagen
patch containing PRP. The BMSC patch with PRP improved maximal strength and stiffness
of the tissue between the tendon ends in vitro. Though further studies are needed, this data
suggests that a BMSC-seeded patch with PRP has the potential to enhance flexor tendon
healing. Future in vivo studies are planned.
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Figure 1.
Tissue culture of the repaired tendon on custom made wire mesh.
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Figure 2.
Healing tendon mounted on the micro-tester for mechanical testing.
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Suture cut

=

Suture cut / Patch

Figure 3.

(A) Appearance of the repaired tendon at mechanical testing. Both sutures were cut prior to
testing. (B) Schema of the sutured tendon after suture cut. See the relation between suture,
apposition site, and the site of suture cut.
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Figure 4.
Maximum strength of the repaired tendon. (mean + SD. * =p< 0.01, ** = p < 0.02)
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Figure 5.
Stiffness of the repaired tendon. (mean = SD. * =p< 0.01, ** = p < 0.02)
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Figure 6.

The labeled BMSC with PKH26 cell linker was observed under confocal microscopy with red
fluorescence. (A) BMSC-seeded patch at 2 weeks, (B) BMSC-seeded PRP patch at 2 weeks,
(C) BMSC-seeded patch at 4 weeks, (D) BMSC-seeded PRP patch at 4 weeks.
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Figure 7.

The repaired tendons stained with hematoxylin and eosin at 2 weeks in lower magnification
(original photo taken at 90x magnification). (a) No patch group, (b) PRP patch group, (c)
BMSC-seeded patch group, and (d) BMSC-seeded PRP patch group. Scale = 0.5 mm.
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Figure 8.

The repaired tendons stained with hematoxylin and eosin at 4 weeks in lower magnification
(original photo taken at 90x magnification). (a) No patch group, (b) PRP patch group, (c)
BMSC-seeded patch group, and (d) BMSC-seeded PRP patch group. Scale = 0.5 mm.
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Figure 9.
The repaired tendons stained with hematoxylin and eosin at 4 weeks in higher magnification

(original photo taken at 450x magnification). Border of the collagen fibers within apposition
site is partially indistinguishable in every group.(a) No patch group, (b) PRP patch group, (c)
BMSC-seeded patch group, and (d) BMSC-seeded PRP patch group. Scale = 0.1 mm.
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Experimental Design

Table 1

Culture 2 weeks

Culture 4 weeks

Groups

MT | HIS/ICV | MT | HIS/ICV
No patch 20 4 20 4
PRP alone patch 20 4 20 4
BMSC in collagen patch | 20 4 20 4
BMSC in PRP patch 20 4 20 4

*

ME-mechanical testing; HIS-histological analysis; CV-cell viability analysis.
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