
 

 

Introduction 
 
Tendon injuries ranging from partial to full thick-
ness tears are some of the most common 
sports related injuries. These injuries can result 
in significant disability and dysfunction and can 
be devastating for both professional and ama-
teur athletes alike. Partial tendon ruptures are 
often treated conservatively, while full thickness 
or chronic partial thickness ruptures will often 
require surgical intervention [1]. Current surgi-
cal treatments involve direct end-to-end repair 

when possible, versus the use of autografts, 
allografts, xenografts, synthetic polymers, or 
resorbable biomaterials (when large defects 
cannot be repaired primarily) [1]. 
 
Rehabilitation following tendon injury and repair 
is a long process which often lasts several 
weeks. During this time, immobilization and 
protected motion are required [2]. These restric-
tions put the healing tendon at risk for compli-
cations such as adhesions and a poorer quality 
of repair [1]. Despite the extensive remodeling 
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that occurs, the biochemical and mechanical 
properties of healed tendons never match those 
of intact tendons. Healing of tendons in humans 
has been found to show remodeling for up to 
one year with inferior biomechanical properties 
when compared to normal uninjured tissue [3]. 
In a study of transected sheep Achilles tendons 
that had healed, the rupture force was only 
56.7% of the normal value at 12 months [1]. 
This may be related to the absence of mechani-
cal loading during the period of immobilization. 
Collagen that stays unstressed during the prolif-
erative and remodeling phases remains haphaz-
ard in organization and is weaker than stressed 
collagen [4]. The ability to have a repaired ten-
don initiate early protected motion would have 
significant implications on the final outcome. 
Establishing adequate tendon healing for ten-
dons that are capable of withstanding tension is 
presently a limiting factor for early motion. 
 
Methods to enhance tendon repair time as well 
as the quality of repair are currently an unmet 
clinical need. Several strategies are currently 
under investigation for enhancement of tendon 
repairs: extracorporeal shock wave therapy, 
pulsed magnetic fields, gene therapy, modifica-
tion of cytokines and growth factors, and tissue 
engineering with stem cells [1]. Mesenchymal 
stem cells have attracted considerable atten-
tion for their ability to undergo differentiation 
into a variety of specialized mesenchymal tis-
sues including tenocytes. Several well-
conducted studies have looked at the use of 
stem cells in the repair of tendons [5-8]. These 
studies have demonstrated various degrees of 
improvement in stem cell-mediated repairs. 
Biomechanical, histological, and speed of re-
generation have all been investigated with posi-
tive but sometimes inconsistent results, sug-
gesting the need for further research. The cur-
rent study evaluates the use of stem cells har-
vested from the circulating blood in order to 
augment the repair of ruptured tendons. Our 
hypothesis is that the introduction of this 
unique circulating stem cell population will re-
sult in an improved rate and quality of repair 
than has been previously found with mesenchy-
mal stem cell-augmented repair. 
 
Methods 
 
Animal model 
 
Fifty-one adult male Sprague-Dawley Rats were 
acquired and acclimated in individual cages for 

at least one week before any surgical proce-
dures. Each rat subsequently underwent an 
index procedure and was assigned to either an 
experimental or control group. Histomorphomet-
ric analysis of the surgical site was performed at 
a period of two weeks and four weeks after sur-
gery. Biomechanical analysis of the repaired 
tendon was performed at two, four and six week 
time points. The use of animals was in accor-
dance with protocols approved by the Institu-
tional Animal Care and Use Committee at the 
North Shore-Long Island Jewish Health System/
the Feinstein Institute for Medical Research. 
 
Stem cell preparation 
 
Circulating stem cells (CSC) were isolated using 
a sponge wound model. Subcutaneously-
implanted polyurethane sponges (1x1x0.25cm) 
were surgically placed in a group of ten male 
Sprague-Dawley Rats under a separate experi-
mental protocol. The induction of a local inflam-
matory response results in sponge infiltration by 
circulating stem cells. These sponges were re-
trieved at two weeks time. Creation of single cell 
suspension was achieved using collagenase, 
DNase, and protease digestion. Stem cells were 
isolated by Percoll density gradient centrifuga-
tion and subsequently cultured at 37°C, 5% 
CO2 in standard tissue media (M199, FBS) on 
Matrigel-coated flasks. These cells were loaded 
onto PGA nonwoven scaffolds to be used in the 
current study. 
 
Surgical technique 
 
The animals were anesthetized in accordance 
with IACUC protocol. The skin overlying the Achil-
les tendon was shaved using surgical clippers. 
With the use of an aseptic technique, a longitu-
dinal skin incision was made directly over the 
Achilles tendon. A complete transverse lacera-
tion was made with a surgical blade through the 
midsubstance of the Achilles tendon to simulate 
tendon rupture. All transected tendons were 
immediately repaired with 4-0 Vicryl sutures 
(Ethicon) using a Mason Allen stitch. In half of 
the rats (n=25), a PGA nonwoven scaffold 
seeded with allogenic stem cells was attached 
as an onlay to the defect site. The other half 
(n=26) was treated with suture repair alone to 
serve as the control group. Skin closure was 
performed in a routine manner with use of Vicryl 
sutures. The animals were not immobilized post-
operatively. After 2, 4, or 6 weeks post surgery, 
the animals were sacrificed and the tendons 
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were harvested for histological and biomechani-
cal analysis. 
 
Histology and morphometry 
 
At the time of necropsy, tendons were har-
vested, fixed in formalin, decalcified, and paraf-
fin embedded. Samples were sectioned and 
stained with hematoxylin and eosin. Histological 
evaluation using a scoring system previously 
described was conducted on samples from the 
two- and four-week time points [5]. This system 
takes into account the orientation and degree of 
organization of the repaired tendon tissue. 
Scores range from 0 to 3 with 0 being normal 
tendon architecture and 3 characterized by 
marked changes with greater than 50% disor-
ganization in collagen architecture [1]. All re-
searchers were blinded to the treatment groups. 
 
Biomechanical testing 
 
Biomechanical testing was performed at two-, 
four-, and six-weeks post surgery. Upon animal 
sacrifice, the Achilles tendon was dissected, 
leaving the bone-tendon interface intact, and 
then frozen at -80°C. On the day of testing, the 
samples were thawed individually at 4°C, ex-
cess muscle was removed, and the bone was 
trimmed with clippers to facilitate mounting. All 
mechanical testing was performed on an In-
stron testing frame (Model 5566) where sam-
ples were tested while submersed in a bath 
containing PBS. Precise displacement control 
was applied to each specimen, and the result-
ing load was measured using a 100N load cell 
with load accuracy of +/-0.5%. All data acquisi-
tion and device control was through a personal 
computer, where data was acquired at 10 Hz.  
 
Samples were tested in uniaxial tension to de-
termine the tensile stiffness (S) and modulus 
(E), and elastic toughness. Specimens were 
mounted in hydraulic grips between two rough-
ened surface plates and sand paper, in order to 
prevent slippage of the sample during pull test-
ing. A pre-load of 0.5N was applied to the speci-
mens, and the length of the specimen was re-
corded. Tensile displacement was applied to the 
samples at a strain rate of 0.1 %/sec until fail-
ure. After failure, the dimensions of the fracture 
surface were measured with calipers to calcu-
late the effective cross-sectional area of each 
sample. The tensile modulus was determined 
from the linear portion of the stress-strain 

curve. Ultimate tensile strength (UTS) was calcu-
lated from the maximum load and fractured 
surface area. Elastic toughness (K) was also 
calculated numerically using a Riemann sum 
method. Results were compared against a data-
base of previously published control samples 
using the same suture tendon repair technique 
described in this study [1]. 
 
Results 
 
All animals enrolled in the study tolerated the 
surgery well with no post-operative complica-
tions. Analysis of the histological scores of the 
scaffold + CSC group demonstrated significant 
improvement in repair compared to suture-only 
controls. By two weeks, the scaffold + CSC 
group had an average histological scores of 
0.6±0.4SD, which was significantly greater than 
the repair seen in the control only group 
(2.6±0.7SD; p<0.05). The scaffold repair dem-
onstrated complete bridging of the transection 
site with parallel collagen fiber arrangement 
(Figure 1). Control repairs resulted in a repair 
characterized by collagen disorganization and 
instances of lack of bridging of tendon tissue 
(Figure 1). By four weeks, both groups showed a 
continuing trend of healing, with the scaffold 
group exceeding the histological quality of the 
tissue repaired with suture alone (Figure 1). The 
scaffold + CSC group had a decreasing cross-
sectional area with time, (0.167±0.04 at two 
weeks vs. 0.134±0.03 at six weeks, p<0.05). 
This was also associated with a significant in-
crease in the UTS of the tendons, reaching 
4.2MPa by six weeks (Figure 2; p<0.05). An in-
crease in the tensile modulus was seen over 
time (Figure 2), reaching 31Mpa by six weeks 
(p<0.05). The scaffold + CSC group also 
achieved a significantly higher elastic toughness 
by six weeks.  
 
Discussion 
 
The findings from this study support our hy-
pothesis that circulating stem cells, when used 
as an adjunct in tendon repair, significantly im-
proved not only rate of repair, but contributed to 
a level of collagen organization not previously 
observed using gene therapy, protein therapy, 
or current tissue engineering technologies. Al-
though the use of mesenchymal stem cells has 
been associated with ectopic bone and cartilage 
formation [1], there was no evidence of this 
occurrence in our samples. Of note, there was 
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no increase in angiogenesis within the tendon 
tissue which, if present, could translate into 
reduced biomechanical strength. Increased in-
tra-substance vascularity is often associated 
with healing tissues, including tendon. This im-
provement in tendon tissue regeneration in the 
absence of increased angiogenesis suggests 

either unique cellular qualities exhibited by our 
stem cells or a novel mechanism facilitating 
tendon repair. It is unclear as to whether the 
repair was primarily due to the implanted cells 
on scaffold, or whether the presence of the 
CSCs stimulated the repair process of the native 
tendon fibroblasts. 

Figure 2. Tensile modulus (left) and UTS (right) of repair with CSCs. 

Figure 1. Circulating stem cell augmented repair (right) vs. control (left) at 2 weeks (top) and 4 weeks (bottom) x200 
the original magnification (Mallory' trichrome Stain). Note the improved organization of the experimental groups four 
weeks post-operatively.  
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The addition of circulating stem cells to the site 
of injury also appears to have improved the 
strength of the repair tissue as demonstrated 
via biomechanical testing. The UTS, tensile 
modulus, and the elastic toughness were found 
to increase over time, reaching significantly 
higher values than suture only controls. This is 
clinically noteworthy as most tendon injuries 
have been shown to heal with a final strength 
that is markedly below pre-injury baseline 
strength [6]. A decrease in cross sectional area 
at the site of injury was also found to be associ-
ated with the addition of circulating stem cells 
suggesting a higher degree of remodeling. Limit-
ing scar formation associated with a tendon 
injury is crucial especially in flexor tendon lac-
erations of the hand where repairs must not 
only be strong, but also capable of passing 
through the tendon sheath and the associated 
pulley system of the fingers. 
 
The use of circulating stem cells has been suc-
cessfully incorporated into other facets of medi-
cine with few adverse reactions and minimal 
complications [1]. The ability to increase re-
trieval of these cells has been enhanced in hu-
mans by using Lenograstim (Granulocyte 34, 
Aventis Pharma) [9]. These autologous circulat-
ing stem cells have been successfully used to re
-establish hematopoietic recovery following the 
treatment of acute myeloid leukemia [1, 2]. 
They have also seen utilization in the field of 
interventional cardiology in the treatment of 
myocardial damage following acute myocardial 
infarction [10]. 
 
Although making headway in the treatment of 
other diseases, the use of this circulating stem 
cell population in the treatment of common 
musculoskeletal injuries has been limited as is 
evidenced by the scarcity of literature evaluat-
ing its efficacy. In future studies, the addition of 
controlled mechanical loading during the repair 
process will be explored. This could be useful to 
evaluate both the histological and biomechani-
cal consequences of early range of motion and 
from a practical standpoint may contribute to 
new post repair rehabilitation protocols in hu-
mans. Cell labeling for in vivo tracking of the 
cells will also be performed to determine the 
CSCs role in this enhanced repair process. It 
would also be useful in determining which area 
of the tendon these cells take up residence as 
tenocyte function has been found to vary de-
pending on the region of origin [1]. Cell-to-

collagen ratio has been evaluated in stem cell 
seeded construct as described by Juncosa et al. 
Accordingly, the use of different cell concentra-
tions should be evaluated to examine a dosage 
dependent response in-vivo.  
 
The basic cellular biology of tendon repair is still 
not fully understood. Although significant pro-
gress has been made, further work remains to 
overcome the challenges and morbidity associ-
ated with tendon injuries. 
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