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Implantation of a Novel Biologic and Hybridized
Tissue Engineered Bioimplant in Large Tendon Defect:

An In Vivo Investigation

Ahmad Oryan, DVM, PhD,1 Ali Moshiri, DVM, DVSc,2 Abdolhamid Meimandi Parizi, DVM, PhD,2

and Nicola Maffulli, MD, MS, PhD, FRCP, FRCS (Orth), FFSEM3,4

Surgical reconstruction of large Achilles tendon defects is technically demanding. There is no standard method,
and tissue engineering may be a valuable option. We investigated the effects of 3D collagen and collagen-
polydioxanone sheath (PDS) implants on a large tendon defect model in rabbits. Ninety rabbits were divided
into three groups: control, collagen, and collagen-PDS. In all groups, 2 cm of the left Achilles tendon were excised
and discarded. A modified Kessler suture was applied to all injured tendons to retain the gap length. The control
group received no graft, the treated groups were repaired using the collagen only or the collagen-PDS pros-
theses. The bioelectrical characteristics of the injured areas were measured at weekly intervals. The animals were
euthanized at 60 days after the procedure. Gross, histopathological and ultrastructural morphology and bio-
physical characteristics of the injured and intact tendons were investigated. Another 90 pilot animals were also
used to investigate the inflammatory response and mechanism of graft incorporation during tendon healing. The
control tendons showed severe hyperemia and peritendinous adhesion, and the gastrocnemius muscle of the
control animals showed severe atrophy and fibrosis, with a loose areolar connective tissue filling the injured
area. The tendons receiving either collagen or collagen-PDS implants showed lower amounts of peritendinous
adhesion, hyperemia and muscle atrophy, and a dense tendon filled the defect area. Compared to the control
tendons, application of collagen and collagen-PDS implants significantly improved water uptake, water deliv-
ery, direct transitional electrical current and tissue resistance to direct transitional electrical current. Compared to
the control tendons, both prostheses showed significantly increased diameter, density and alignment of the
collagen fibrils and maturity of the tenoblasts at ultrastructure level. Both prostheses influenced favorably
tendon healing compared to the control tendons, with no significant differences between collagen and collagen-
PDS groups. Implantation of the 3D collagen and collagen-PDS implants accelerated the production of a new
tendon in the defect area, and may become a valuable option in clinical practice.

Introduction

The management of tendon injury with tissue loss is
challenging.1–3 Low healing rates, development of peri-

tendinous adhesions and muscle atrophy are major conse-
quences.4–7 Direct suturing of such tendons may not be
possible, and tendon transfer or lengthening can be technically
demanding and of uncertain outcome.4,8–11 In these injuries,
tendon grafting has been used.3,12,13 Both auto and allografts
have limitations, including availability of grafts, cosmetic and
functional donor site morbidity, technical demands, rejection,
transmissible viral diseases, ethics concerns, and costs.9,12,14

Xenografts are an option, but there are concerns of acute
rejection and disease transmission.9,15–18 Tissue engineering is
an option to consider in such instances,19–21 although most in-
vestigations have focused on in vitro experimentation.19 There-
fore, most of the commercial tissue engineered products have
produced dubious results in vivo, and the immunological re-
actions after implantation of these products are unclear.16,19,22 In
addition, the healing response of tissue engineered products
in vivo is not comprehensively investigated.19

Tissue engineered products could be divided into biologic,
synthetic, and hybrid implants.9,17,19 Most biologic scaffolds are
xenogenic, and most processing methods on these scaffolds
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involve decellularization of the tissues.15 Thus, these types of
scaffolds are not specific for a particular molecule (e.g., colla-
gen).15,20 Therefore, the architecture of such tridimensional19

scaffolds is not altered by the tissue engineering technologies.9

In vivo, these implants did not improve the characteristics of the
healing tissue, and the rate of rejection can be high.15

The use of synthetic scaffolds has been accompanied by
severe inflammatory response, and the presence of toxic
degradable products.19 Also, their architecture is mainly bi-
dimensional.19 However, scaffolds can be fabricated in sev-
eral manners, and their architecture could be manipulated so
that they could be more appropriate for tissue regeneration.
These scaffolds have been combined with biological products
to decrease the amount of synthetic material in the scaffolds
and to produce appropriate tridimensional structures.9

Ideally, scaffolds should be biodegradable and biocom-
patible, and their architecture is able to accelerate cell migra-
tion and proliferation and enhance tissue regeneration
in vivo.23 Collagen molecules are the major constituent of
tendons, and they are polymerized as fibrils, fibers, fiber
bundles and fascicles.24–26 These unique structures are covered
with paratenon or tenosynovium, which prevent adhesion
formation after injury and facilitate tendon movement.24,27

We constructed a novel tridimensional collagen implant
with or without a covering synthetic bidimensional scaffold.
The effectiveness of these scaffolds on large tendon defect
model in rabbits was investigated in terms of gross morphol-
ogy, light microscopy and ultrastructural, biophysical, bio-
electrical and biomechanical properties. We hypothesized that
this novel tridimensional collagen implant is biodegradable and
biocompatible, and increases the number, diameter, density
and alignment of the newly regenerated collagen fibrils and
fibers. These structural developments improve the biophysical
and bioelectrical characteristics of the newly regenerated ten-
don. The covering bidimensional synthetic scaffold may have a
role in decreasing the peritendinous adhesion, muscle and
tendon atrophy. Therefore, combining such a bidimensional
scaffold with a tridimensional collagen implant may increase
the quality of the newly regenerated tissue in the defect area.

Materials and Methods

Ethics

The investigators who undertook the measurements and
analyses of the results were unaware of the experimental
design and grouping details. All animals received humane
care in compliance with the Guide for Care and Use of La-
boratory Animals published by the National Institutes of
Health (NIH publication No. 85-23, revised 1985). The ani-
mals were housed in individual standard rabbit cages and
maintained on standard rabbit diet, with no limitation of
access to food or water. The study was approved by the local
Ethics Committee of our faculty.

Study design

This study was a controlled laboratory study. One hundred
and eighty skeletally-mature male White New Zealand rabbits
aged 12 – 2 months and 3.14 – 0.17 kg body mass were ran-
domly divided into treated collagen (n = 60), treated collagen-
polydioxanone sheath (PDS) (n = 60), and control (n = 60)
groups. The left Achilles tendon of each animal in all groups
was designated as the transected/injured tendon, and the

right, normal contra-lateral tendon (NCT) was left intact. In
each group, the animals were randomly divided into two
subgroups of experimental (n = 30) and pilot (n = 30) animals.

The bioelectrical characteristics of the injured and normal
tendons of the experimental animals were investigated
weekly, and the animals were euthanized 60 days post injury
(DPI). Their tendons were investigated morphologically and
biophysically. The pilot animals of each group (n = 30) were
randomly divided into six pilot groups with five rabbits
each. The animals in the pilot groups were euthanized at 6,
12, 18, 24, 30 and 40 DPI, and their injured tendons (n = 5 for
each group) were histologically examined.

Preparation of the collagen implant

Collagen type I was extracted from the bovine superficial
digital flexor tendon as previously described.28 The acid
solubilized collagen molecules were electrospinned onto a
dual plate device to produce the large and aligned electro-
spun collagen fibers.29 After electrospinning, the acid-
solubilized bovine tendon type I collagen molecules were
mixed with electrospun collagen fibers and polymerized in
an incubator at 4�C for 48 h to produce tridimensional col-
lagen gel. The type I collagen fibers were aligned under 12
Tesla magnetic fields (CRETA) during polymerization.30 The
electrospun collagen matrix (2D) acted as a core with its fi-
bro-conductive characteristics and improved alignment of
the newly formed collagen fibers. The collagen composite
was cut into several pieces of the same size and shape as the
rabbit’s Achilles apparatus (L = 2 cm, H = 3.5 mm, W = 3 mm).
The collagen composites were cross-linked after suspension
in iso-osmolar 0.1% riboflavin solution, using UV (wave-
length of 365 nm) irradiation.31 To produce the bio-synthetic
implant, polydioxanon nano scaled plates were purchased
(PDS plate; Ethicon, Johnson & Johnson), sectioned at
300 nm, melted and wrapped around each collagen piece to
cover the implant at the periphery. The final product was
repeatedly washed with distilled water, and received 100
Gray g-radiation, and was suspended in 96% ethanol to
produce and maintain sterility until surgery32 (Fig. 1).

Initial tests of the scaffolds

The purity of the type I collagen was confirmed by sodium
dodecyl sulfate poly-acrylamide gel electrophores.28 The
morphology of the scaffold was studied by scanning electron
microscopy (SEM). Sterility and endotoxin content were
tested and confirmed by microbiological and limulus ame-
bocyte lysate test respectively in vitro.33 The scaffolds were
seeded using rat skin fibroblasts (cell line CRL-1213), and cell
viability was determined and confirmed by histology, SEM
and live/dead cell assay34 (Fig. 2).

Premedication and anesthesia

The animals were premedicated by intra-muscular (IM)
injection of 1 mg/kg acepromazine maleate, and were an-
esthetized by IM injection of 30 mg/kg Ketamine combined
with 0.05 mg/kg Xylazine hydrochloride.27

Injury induction and surgical reconstruction

Under aseptic conditions, a lateral longitudinal incision
was made on the skin over the left Achilles tendon. A skin
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flap was reflected medially to expose the Achilles tendon.
Two cm of the Achilles tendon with its paratenon were ex-
cised (*70% of the Achilles tendon), from *0.5 cm distal to
the gastrocnemius muscle to 0.5 cm proximal to the calcaneal
tuberosity. Primary realignment of the tendon extremities
was undertaken using double stranded monofilament ab-
sorbable polydioxanon 0–4 suture material and a straight
taper-cut orthopedic needle (PDS; Ethicon, Inc., 1997, John-
son & Johnson), in a modified Kessler core pattern, to ar-
range the edges of the tendon into a normal anatomical
orientation but leaving a 2 cm gap between the extremi-
ties.2,35 This method was applied for the control and treated
groups. In each treated animal, the implant was implanted in
the tendon gap, and a double-stranded suture was routed
through the longitudinal axis of the prosthetic implant. The
skin over the lesion was closed using 2-0 silk in a continuous
pattern. All surgical procedures were undertaken by one ex-
perienced surgeon. No prosthesis was used in the control
tendons (left injured control tendon [ICT]), and the gap was

left intact. In the defect areas of the rabbits of the collagen
implant group, the tridimensional collagen prosthesis (injured
treated tendons with collagen prosthesis [ITTC]) was implanted.
In the defect areas of the rabbits of the treated collagen-PDS
group, the bio-synthetic tridimensional collagen implants (in-
jured treated tendons with collagen-polydioxanon prosthesis
[ITTC-PDS]) covered with the bidimensional polydioxanon
scaffolds was implanted. Postoperative analgesia with fenta-
nyl (Matrifen, Roskilde, DK; 0.0015 mg/kg/h) was provided
for 3 DPI via a transdermal patch applied to the shaven and
sutured skin. Given the strict aseptic surgery and the sterility
of the implant, no antibiotic prophylaxis was used and no
wounds became infected (Fig. 3A–E).

Bioelectrical characteristics

To determine the direct transmission electrical current
(DTEC; micro-amp) and the tissue resistance to direct elec-
trical current (TRDEC; micro-ohm) of the ITTCs, ITTC-PDS,

FIG. 1. Preparation of the
collagen implant. The colla-
gen solution was placed in
the syringe pump with the
needle charged at 6 kV with
respect to the base plate (A).
The nanofibers were har-
vested and mixed with fresh
collagen solution (B), incu-
bated for final polymeriza-
tion (C). This hybridized
collagen gel was dried (D)
and cut into rectangular
strips to form several pros-
theses (E) which were cross-
linked (F), sterilized and then
dried (G). Each arrow shows
a next step (A–G). Color
images available online at
www.liebertpub.com/tea
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ICTs and their NCTs, a bioelectrical measurement device
(Digital Multi Pen Type Meter; Mastech) was used. The
negative probe was placed on the medial aspect, and the
positive probe on the lateral aspect of the tendon with its
covering skin. DTEC and TRDEC were measured at weekly
intervals from days 0 to 60 post injury.

Euthanasia

The animals were euthanized by intra-cardiac injection of
a combination of 35 mg/kg Ketamine, 2 mg/kg Xylasin, and
1 mg/kg Acepromazine maleate (all from: Alfasan Co.) with
2 mg/kg gallamine triethiodide (Specia Co.).6

Sample collection

After euthanasia, both the injured (n = 30 left tendons) and
intact tendons (n = 30 right tendons) of each experimental group

were assessed for gross morphology. The injured and NCTs of
each experimental group were randomly divided into two
groups. In group 1, the tendons were subjected to tensile testing
(n = 10 left, n = 10 right for each group) while the remaining
tendons (n = 20 left and n = 20 right) were used as follows:

Each tendon (n = 20 left and n = 20 right) was longitudi-
nally transected, and divided into three parts. The medial
part was processed for light microscopy, the middle part
for transmission electron microscopy (TEM), and the lat-
eral part was used for determination of the biophysical
characteristics.36

For the pilot animals, their injured (n = 5 at each time
point) and NCTs (n = 5 at each time point) were investigated
for gross morphologic and histopathologic analyses.

To simulate human Achilles tendon defects, we transected
all the three strands of the rabbit Achilles tendon and an-
chored the tendon edges with modified Kessler core pattern;

FIG. 2. In vitro tests. (A) SDS-PAGE images of type I collagen using 6% poly-acrylamide gel to examine the purification of
collagen extracts. Lane a: molecular marker, lane b: bovine collagen. (B) Histologic section of the constructs after 20 days of
cell culture. The proliferating fibroblasts are infiltrated to the implant and proliferated. (C–E) Cell viability was determined by
live/dead cell assay using fluorescein diacetate (live) and propidium iodide (dead). (C–E) shows day 5, 10 and 20 after cell
seeding. Almost all of the fibroblasts are green, indicating the cells are live. The lack of propidium iodide stained dead cells
(red) supports the idea that normal rat fibroblasts have attached to the scaffold and that the majority of the cells are viable. (F,
G) Surface and inside of the collagen implant after 20 days of cell seeding, respectively. The cells proliferated (arrows) and
produced matrix. Color images available online at www.liebertpub.com/tea
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therefore, the injured tendons regenerated as a single strand
at 60 DPI. Therefore, the sections were only provided from
one regenerated band. For the right tendons (NCTs), sections
were provided from all the three strands but histologically,
ultrastructurally and biophysically there were no differences
between different strands.

Gross morphology

Each injured tendon (n = 30 for each experimental group,
n = 5 for each pilot group) or NCT (n = 30 for each experi-
mental group, n = 5 for each pilot group) was carefully
evaluated. Hyperemia, peritendinous adhesions, general
appearance, muscle atrophy, muscle fibrosis and tendon di-
ameter were then measured and scored according to the
previous methods.6,7,37

Light microscopy

After routine preparation of the samples (each experi-
mental group: n = 20 left, n = 20 right; each pilot group: n = 5
left, n = 5 right),6,7 they were stained using hematoxylin and
eosin.6 The samples were examined at light microscopy
(Olympus). The photomicrographs were captured from the
histologic fields and then transferred to the computer soft-
ware (Adobe Photoshop CS-5) for digital analysis (nsample =
20, nhistopathologic section = 3, nhistopathologic field = 5, totally
300L and 300R histopathologic fields for each experimental
group).27 The number of tenoblasts, neutrophils, lympho-
cytes and macrophages of the tendon proper were counted
( · 200),6,7 and the results were expressed as mean – standard
deviation (SD). The host graft interaction was followed in the
histologic sections obtained from the pilot animals.

Transmission electron microscopy

The samples were fixed in cold 4% glutaraldehyde, de-
hydrated in graded ethanol, and embedded in epon resin 811
(TAAB Co.). Transverse sections of 70–80 nm thick (number
of ultrathin section per sample = 3, number of samples in
each experimental group = 20 left and 20 right) were pre-
pared, and standard methods were employed for production
of the ultramicrographs.27 Number, diameter and density of
the collagen fibrils of five different fields of the same mag-
nification ( · = 39000) for each tissue section were measured
and calculated by a computerized morphometric technique,
using computer software (ImageJ, NIH).

In each group, the number of collagen fibrils and elastic
fibers was counted in all the ultra-micrographs (magnifica-
tion · 39000), and the results were expressed as mean and
SD. The transverse diameter of all the collagen fibrils of all
the ultra-micrographs and the transverse diameter of 100
elastic fibers were measured and the results were expressed
as mean and SD. For the density of the collagen fibrils, the
area (nm2) of the collagen fibrils in the ultra-micrographs
was measured and reported as percentage of the total area
(area of the ultramicrographs). Alignment and maturity of
the collagen fibrils and elastic fibers were scored and ana-
lyzed as previously described.6,7

Biophysical characteristics

For percentage dry weight analysis, the injured tendons
and their NCTs (for each experimental group: n = 20 left and
n = 20 right) were weighed immediately after euthanasia, and
then freeze-dried (Helosicc, Ink, Co.) to a constant dry weight,
and the percentage dry weight was then calculated.2,37 To
determine water uptake capacity, each fully dehydrated

FIG. 3. Injury induction, surgical reconstruction and gross pathology. Two cm (A) of the Achilles apparatus discarded (B)
and modified Kessler pattern was applied (C) in the remaining edges to maintain the gap at its 2 cm length. Collagen (D) and
Collagen-polydioxanone sheath (PDS) (E) prosthesis were implanted in the defect area. At 60 days post injury (DPI), the
injured control tendons (ICTs) had a marked hyperemia and a loose areolar connective tissue formed in the defect area (FL).
Compared to their intact tendons (FR), these tendons showed lower diameter with diagnostic muscle atrophy and fibrosis
(FL). At this stage the treated tendons with collagen (GL) and collagen-PDS (HL) prostheses, had transverse diameter
comparable to their intact tendons (GR, HR). These tendons were tendinous in nature and no hyperemia and peritendinous
adhesions were seen (GL, HL). Compared to their intact tendons (GR, HR) and their control tendons (FL), the amount of
muscle fibrosis and atrophy was reduced in the collagen tendons (GL vs. GR) but these factors were more reduced in the
collagen-PDS tendons (HL vs. HR). Color images available online at www.liebertpub.com/tea
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collagen implant was immersed in 0.9% isotonic saline so-
lution, at 37�C for 48 h, to achieve its final wet weight. This
weight was used as an index of wet weight of the implant,
which was then freeze-dried. The fully dehydrated material
was weighed and immersed in 0.9% isotonic saline solution
at 37�C. From min 1 to min 480 after immersion, the implant
was weighed at various time points. The water uptake ca-
pacity was calculated using the following equation: Index of
water uptake = weight (dry)/time. The time refers to the
point that the samples gained their maximum wet weight. To
calculate their water delivery capacity, the fully hydrated
samples were placed in a dry environment at 37�C, and left
to evaporate their water content. From min 1 to min 3840
after air exposure, the samples were weighed at various time
points. The index of delivery was calculated using the following
equation: Index of water delivery = (Wwet)/Wdry · 100/time.
The time refers to the point that the samples lost their hydration
and reach their dry weight. Analysis was performed based on
the indices of normal tendons.

There were no significant differences between the wet
weight of the samples immediately after euthanasia and the
wet weight of the samples after saline immersion. Saline
immersion had no role in protein depletion from the tissues.

Tensile testing

The method has been previously described.2,6,7,27 Briefly,
the distal end of the Achilles tendons (n = 10 left, n = 10 right
in each experimental group) together with a portion of cal-
caneus were detached distally, and 3 cm of gastroc soleus
muscle belly with its Achilles insertion were incised proxi-
mally. The tendons were mounted vertically, using a mate-
rials testing system (INSTRON� Tensile Testing Machine).
We used a dual-cryogenic fixation assembly, holding the
tendon securely at both ends. The gastroc soleus muscle and
the tendinous insertion over the muscle were clamped in the
upper jaw and the distal part of the tendon including tendon
and the calcaneal part were clamped in the distal jaw. The
flow of liquid nitrogen through a chamber within the cryo-
clamp was used to freeze the tendon in the clamp to prevent
slippage of the tendons. Up to 1 mm of the tendon samples
beyond the jaws were frozen. The freezing technology did
not have any deleterious effect on the tensile testing results.
A 30 mm portion of the tendon sample was adjusted between
the jaws. Petroleum jelly was applied to the tested portions
of the tendons to prevent dehydration and thermal injury. A
heater was centered to prevent freezing of the portion to be
tested, and two cardboard insulators protected the ice sur-
face from melting. This setup ensured a sharp temperature
gradient between the frozen ends of the tendon and the
portion to be tested, which was undertaken at rabbit body
temperature (37�C). The temperature of the portion to be
tested was measured by a laser heat detector device in real
time temperature prior and during tensile testing. Two
thermocouples (one in each cryofixation assembly) closely
monitored the degree of freezing. Care was taken to use the
same condition for all the samples including treatment,
control and intact tendons.

Each tendon was loaded by elongating it at a displacement
rate of 10 mm$s - 1 until a 50% decrease in load was detected.
Load and crosshead displacement data were recorded at
1500 Hz, and the load-deformation and stress-strain curves

were produced for each specimen using Test-Works 4 soft-
ware (SUME Systems Corporation).

The load to failure is the maximum load that a material can
withstand while being stretched or pulled before failing or
breaking. Its unit is ‘’Newton’’ often shortened to ‘’N’’. Load
at the yield point (SI unit: N) of a material is defined as the
load at which a material begins to deform plastically. Prior to
the yield point, the material will deform elastically and will
return to its original length when the applied load is removed.
Once the yield point is passed, part of the deformation will be
permanent and nonreversible. In the force displacement curve,
the maximum load is the higher registered load of the force
displacement curve, and the yield is the point at which the
curve ends its linear portion and commences a convexity to-
wards the deformation axis. Stiffness is the rigidity of an ob-
ject, that is, the extent to which it resists deformation in
response to an applied force. The complementary concept is
flexibility or pliability: the more flexible an object is, the less
stiff it is. Stiffness was calculated by fitting a linear regression
line to the load-deformation data from 30% to 90% of the
maximal peak load on the deformation curve. The portion of
the curve for defining stiffness should be after the toe region
and before the yield point; it is measured in N/mm.

A strain is a normalized measure of deformation re-
presenting the displacement between particles in the body
relative to a reference length. In this experiment, we mea-
sured the initial length between the two clamps before ap-
plication of tension (L1) and at ultimate load (L2). The
ultimate strain was measured as ([L2–L1] / L1) · 100.

Ultimate tensile strength, often shortened to tensile
strength or ultimate strength, is the maximum stress that a
material can withstand while being stretched or pulled be-
fore failing or breaking. Maximum stress can be calculated
as: Maximum stress = maximum load (load to failure) / cross
sectional area of the sample. It is measured in N/mm2. The
cross section of the tendons was defined as an ellipse, the
maximum and minimum diameters were measured, and
the surface area was then calculated for each tendon. The
large transverse diameter was measured from the medial to
lateral part, and the small diameter was measured from the
dorsal to plantar surface after the tendon was dissected.6,7,27

Elastic modulus, or modulus of elasticity, is the mathemat-
ical description of an object or substance’s tendency to be de-
formed elastically (i.e., nonpermanently) when a force is
applied to it. The elastic modulus of an object is defined as the
slope of its stress–strain curve in the elastic deformation region;
as such, a stiffer material will have a higher elastic modulus.
Elastic modulus = Stress / Strian. Its unit is: N/mm2.6

Statistical analysis

After application of the normal distribution test, the sig-
nificant differences of the measured values within groups
were statistically tested using paired-sample t-Test. The sig-
nificant differences of the measured values between groups
were tested using One Way ANOVA. The Kruskal-Wallis
H Test was performed to analyze the scored data. Statistical
analyses were performed using the computer software
SPSS version 17 for windows (SPSS, Inc.). Differences of
p < 0.05 were considered significant. For base scoring data,
the median and range of the score was reported (median
[min–max]).7
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Results

Bioelectrical characteristics

At 7 DPI, the DTEC of the ICTs, ITTCs and ITTC-PDSs
was significantly higher than 0 DPI ( p = 0.001). At 14 DPI,
unlike ICTs, the DTEC of the ITTCs and ITTC-PDSs signifi-
cantly increased, compared to 7 DPI ( p = 0.001 for both). At
20, 30 and 60 DPI, the DTEC of all the ICTs, ITTCs, ITTC-
PDSs significantly decreased, compared to 14, 20 and 30 DPI,
respectively ( p = 0.001 for all). The measured values for the
ITTCs and ITTC-PDSs were significantly lower than those of
the ICTs at 20, 30 and 60 DPI ( p = 0.001 for all). Although the
DTEC of the ITTCs and ITTC-PDSs was significantly lower
than the ICTs, the measured value of the DTEC of the ITTCs
(2.77-fold) and ITTC-PDSs (2.49-fold) was significantly
higher than those of 0 DPI ( p = 0.001 for both).

At 7 DPI, the TRDEC of the ITTCs (11.72-fold), ITTC-PDSs
(8.11-fold) and ICTs (30.02-fold) was significantly lower
( p = 0.001 for all) than 0 DPI. At this stage, TRDEC of the
ITTC-PDSs was significantly higher than that of the ITTCs
( p = 0.001) and ICTs ( p = 0.001). The measured value of the
ITTCs was significantly higher than the TRDEC of the ICTs
( p = 0.001). Compared to 7 DPI, the TRDEC of the injured
tendons of all groups at 14 DPI significantly decreased
( p < 0.05 for all). The TRDEC of the ITTC-PDSs was signifi-
cantly higher than the TRDEC of the ITTCs, and the TRDEC
of the ITTCs was significantly higher than the TRDEC of the
ICTs at this stage ( p = 0.001 for all). Compared to 14 DPI, the
TRDEC of the injured tendons of all groups significantly
increased ( p = 0.001 for all), and the measured value for the
ITTCs and ITTC-PDSs were significantly higher than the
ICTs at 20 DPI ( p = 0.001 for both). The same pattern was
seen at 30 DPI in these tendons. TRDEC of the ICTs, ITTCs,
and ITTC-PDSs significantly increased at 60 DPI, compared
to 30 DPI. At this stage, the TRDEC of the ITTC-PDSs was
significantly higher than the TRDEC of the ITTCs, and the
measured value for the ITTCs was significantly higher than
the measured value of the ICTs ( p = 0.001 for all). Although
the TRDEC of the ITTCs and ITTC-PDSs significantly in-
creased at various time points after injury, they were still
significantly lower than their normal ranges even at 60 DPI
( p = 0.001 for all), so that the ICTs, ITTCs and ITTC-PDSs
gained 11.56%, 24.89% and 29.6% of their normal (0 DPI)
TRDEC at this time (Fig. 4A, B).

Gross morphological findings

The ITTCs (3 [1–3]) and ITTC-PDS (2 [1–3]) showed sig-
nificantly better scores for peritendinous adhesion compared
to the ICTs (3 [2–3]; p = 0.049, p = 0.021, respectively). The
ITTCs (2 [2–3]) and ITTC-PDS (2 [0–3]) also showed better
scores for hyperemia compared to the ICTs (3 [2–3]; p = 0.035,
p = 0.003, respectively). The ITTCs and ITTC-PDSs exhibited
significantly better scores for muscle fibrosis (3 [1–3], 2 [0–3]
vs. 3 [3–4], p = 0.042, p = 0.001 respectively), muscle atrophy
(3 [0–3], 2 [1–3] vs. 3 [2–4], p = 0.049, p = 0.017 respectively),
and general appearance of the injured tendons (2 [0–3], 2 [0–
4] vs. 3 [1–4], p = 0.044, p = 0.035 respectively) compared to
the ICTs. The transverse diameter of the ICTs in the injured
area was significantly lower than the comparable area in
their NCTs (1.89 – 0.12 mm vs. 3.85 – 0.32 mm, p = 0.001). The
transverse diameter was also significantly lower than the

comparable area of the ITTCs (1.89 – 0.12 mm vs.
4.12 – 0.28 mm, p = 0.001) and ITTC-PDSs (1.89 – 0.12 mm vs.
4.19 – 0.35 mm, p = 0.001) (Fig. 3F–H).

Histologic findings

General report. After implantation of the prostheses,
both the collagen and PDS scaffolds increased the in-
flammatory response compared with the control lesions. The
inflammatory cells mainly consisted of neutrophils, lym-
phocytes and macrophages. The majority of the inflamma-
tory cells during the initial stages of tendon healing were
neutrophils which then declined during the fibroplasia and
remodeling stages of tendon healing. The lymphocytes
and macrophages were increased during the inflammatory
and early remodeling stages (first 3 weeks after tendon in-
jury) to decline thereafter. The inflammatory cells phagocy-
tized some parts of the collagen implant during the
inflammatory stage of tendon healing and the free spaces of
the collagen implant were infiltrated by the newly re-
generated connective tissue. When tendon healing pro-
gressed from the inflammatory to the fibroplasia stage, the
remnants of the collagen implant, evident at histology, acted
as micro scaffolds for the new tissue. The new tissue was
then aligned along the direction of the collagen remnants
during the fibroplasia and remodeling stages. No marked
inflammatory reaction was seen around the collagen rem-
nants, and they were gradually degraded or infiltrated by the
healing tenoblasts during the course of the experiment. At 60
DPI, these processes resulted in the development of a new
tendon which was aligned longitudinally between the gas-
trocnemius muscle and calcaneal tuberosity. The addition of
PDS scaffold around the collagen implant reduced the de-
velopment of peritendinous adhesion. It also increased
the quality of the healing tissue in which the cells were
more mature. The cells and collagen fibers showed a better
alignment compared with those treated with the collagen
implant alone. At that stage, the scaffold was partially de-
graded, and some remnants of the PDS scaffold were seen
in the defect area around the new tendon. Unlike the treated
lesions in which a new tendon was regenerated, the only
regenerated tissue in the injured area was a loose areolar
connective tissue which was filled with many immature
vascular structures and immature collagen fibers. The fibers
and cells were haphazardly distributed at different direc-
tions in the injured area and had invaded the peritendinous
area and muscle fibers. The treated lesions also showed
less muscle fibrosis and atrophy, and their muscle fibers
were larger and denser compared with the control lesions
(Figs. 5, 6).

Quantitative report (cell counting). After tendon injury
and implantation of the prostheses, the number of tenoblasts,
neutrophils, lymphocytes and macrophages significantly in-
creased at 6 DPI, and were significantly higher in the treated
lesions during the first 40 days following injury compared
with the ICTs ( p = 0.001 for all). In comparison between the
ITTCs and ITTC-PDSs, the PDS sheath significantly in-
creased the number of neutrophils at 6 DPI, but there were
no significant differences between the ITTCs and ITTC-PDSs
at other stages of tendon healing. In all groups, the neutro-
phil counts was higher at 6 and 12 DPI and then significantly
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FIG. 4. Bioelectrical and biophysical characteristics of the injured tendons. The treated tendons with collagen and collagen-
PDS prostheses had a significantly lower transitional direct electrical flow (A) ( p < 0.05) and higher tissue resistancy to direct
electrical flow (B) ( p < 0.05) compared to the ICTs. However there were no significant differences between the treated groups
( p > 0.05). The injured tendons treated with collagen and collagen-PDS prosthesis had a more similar diagrammatic pattern of
water uptake (C) and water delivery (D) to the normal pattern at various time points, compared to the ICTs, so that, in the
treated tendons the indices of water uptake (E) and delivery (F) were significantly lower than the ICTs and was close to
normal value. Compared to the injured collagen tendons, the Collagen-PDS tendons showed significantly the lower indices of
water uptake and water delivery ( p < 0.05). Color images available online at www.liebertpub.com/tea
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declined from 18 DPI to the end of the experiment ( p = 0.001
for all). The lymphocytes and macrophages in the lesions of
all groups declined from 24 DPI to the end of the experiment.

At 60 DPI, The ITTCs and ITTC-PDSs showed signifi-
cantly higher number of tenoblasts compared with the ICTs
( p = 0.001 for both), and the ITTC-PDSs showed a signifi-
cantly higher number of lymphocytes and macrophages
compared with the ICTs ( p = 0.001 for both). There were no
significant differences between the ITTCs and ITTC-PDSs at
this stage ( p < 0.05) (Fig. 7).

Ultrastructural findings (TEM)

General report. The collagen fibrils of the ICTs were
small, unimodally distributed, and demonstrated low density.
They showed a haphazard distribution pattern, so that in each
section the collagen fibrils sectioned both transversely and
longitudinally, and the cellular and fibrillar arrangement were
not similar to normal tendinous structure (Fig. 8A–C). Immature
tenoblasts were the most common cell types, and they had
large, transparent cytoplasm with small proportion of nucleus
to cytoplasm (Fig. 9A–C). The elastic fibers were mostly im-
mature, and their orientation, organization and aggregation
were far behind normal tendons (Fig. 8B). The collagen fibrils of
the ITTCs (Fig. 8D–F) and ITTC-PDSs (Fig. 8G–I) were aligned
unidirectionally so that they were sectioned almost longitudi-
nally in longitudinal section. The collagen fibrils were distrib-
uted in a bimodal pattern, and their diameter and density had
increased. All the microscopic field was filled with larger col-
lagen fibrils, and the cells laid in the directions of the collagen
fibrils (Fig. 9D, E). The elastic fibers were larger, and showed a
more advanced alignment and maturation pattern. Few rem-
nants of the collagen implant were present in the injured area,
so that the newly regenerated collagen fibrils surrounded them
and aligned along their orientation (Fig. 9F).

On the other hand, the collagen fibrils of the NCTs (Fig.
8J–L) were highly aligned in a unidirectional pattern, and
very scanty cigar-shape tenocytes and, rarely, fewer mature
tenoblasts were laid in the direction of the collagen fibrils.
The elastic fibers were rare but highly mature, and well or-

ganized. The collagen fibrils were distributed in a multi-
modal pattern with marked density and maturity. The large
collagen fibrils were surrounded by the smaller collagen fi-
brils and provided a unique organizational pattern, typical of
normal tendinous tissue.

Quantitative report. ITTCs and ITTC-PDS showed
significantly higher rate of collagen fibrillogenesis com-
pared to ICTs (590.08 – 28.81, 652.77 – 24.28 vs. 350.26 –
21.71, p = 0.001, p = 0.001 respectively) (Table 1). The ITTC-
PDSs showed higher fibrillogenesis than the ITTCs
( p = 0.046). The collagen fibrils of the ICTs were in the range
of 0–64 nm, and those of the ITTCs and ITTC-PDSs differ-
entiated into two different categories of 0–64 and 65–
102 nm. The number of collagen fibrils in the range of
65–102 nm in the ITTC-PDSs was significantly higher than
the ITTCs (75.27 – 7.65 vs. 48.95 – 8, p = 0.001). Although the
collagen fibrils of the treated groups differentiated into
two different ranges of diameter, their NCTs showed five
different ranges of 0–64, 65–102, 103–153, 154–256 and
257–307 nm collagen fibrils.

The ITTCs and ITTC-PDSs showed significantly higher
diameter of the collagen fibrils compared to the ICTs
( p = 0.001 for all). The mean total diameter of the collagen
fibrils of the ITTC-PDSs was significantly higher than the
ITTCs (58.73 – 2.75 nm vs. 47.96 – 1.6 nm, p = 0.001), but was
significantly lower than their NCTs (58.73 – 2.75 nm vs.
110.16 – 9.76 nm, p = 0.001). The density of the collagen fibrils
of the ITTCs and ITTC-PDSs was significantly higher than
the ICTs (66.23% – 5.28%, 72.24% – 5.01% vs. 47.15% – 4.17%,
p = 0.001 for both), but was significantly lower than their
NCTs ( p = 0.001 for both). ITTCs and ITTC-PDSs showed
higher number and diameter of elastic fibers compared to the
ICTs ( p = 0.001). In the ITTCs and ITTC-PDSs, the transverse
diameter of the immature fibroblasts and fibrocytes was
significantly lower than the ICTs ( p < 0.05). 29.21% – 3.02% of
the ITTC-PDSs, 20.06% – 4.85% of the ITTCs, 4.19% – 1.02%
of the ICTs and 97.81% – 2.77% of the NCTs were mature
tenoblasts or tenocytes. The differences between groups were
statistically significant ( p = 0.001 for all).

FIG. 5. Histopathologic evaluations: Host graft interaction and earlier stages of tendon healing. (A–I) Injured treated tendon
treated with collagen implant (ITTC). ( J–L) ICT. (A) At 6 DPI the collagen implant absorbed the inflammatory cells in its
structure so that a demarcation line could be seen between the inflammation (I) and the collagen remnant (C.R). (B–D) At 12
DPI the inflammatory cells mainly consisted of neutrophils and macrophages infiltrate throughout the collagen implant and
phagocytized some areas of the collagen implant so that the C.R and the inflammation can be seen in the histologic field. (E)
At 18 DPI, some parts of the collagen implant are completely degraded by the inflammatory cells and the newly regenerated
connective tissue regenerated between the C.R. At this stage some parts of the collagen implant are phagocytizing by the
inflammation (I) and the C.R. which is not affected by the inflammation (I) is preserved. At 24 DPI (F), the inflammation was
subsided and the fibroplasia stage of tendon healing is in progress. Several C.R are still present in the defect area but the free
spaces between them are completely filled by the new tendon (N.T). At 30 DPI, the proportion of the C.R. is reduced and the
N.T is predominant at this stage (G). Note that the C.R. are now infiltrated by the healing tenoblasts and the C.R. acted as a
micro-scaffold for the N.T, so that is aligned the N.T along its longitudinal direction. (H) At 40 DPI, The proportion of the C.R.
is greatly decreased as compared with (G) No inflammatory cells can be seen around these C.Rs. At 60 DPI (I) most of the
collagen implant is absorbed and the majority of the new tendon is belonged to the newly regenerated tendon (N.T). This
tendon is aligned and its histologic characteristics give this concept that the healing tissue is in the remodeling phase of
tendon healing. ( J–L) ICT at 12, 30 and 60 DPI, respectively. Note that the amount of inflammatory cells are lower than the
ITTC. The tissue is not organized and its histologic characteristics is almost similar to loos areolar connective tissue which
mimic the subcutaneous fascia, even after 60 days (L–O) 12 DPI. The collagen implant greatly increased the inflammation in
the ITTC at 12 DPI (N), as compared with the ICT (M) The collagen-PDS implant increased the inflammation in the injured
treated tendons more than M and N. The majority of the inflammatory cells in (M–O) are belonged to the neutrophils which
have phagocytic activity. Color staining: H&E. Color images available online at www.liebertpub.com/tea

‰
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Compared to the ICTs (3.5 [3–4]), the ITTCs (2.5 [1–3]) and
ITTC-PDSs (2 [0–3]) showed significantly better scores for
alignment of the collagen fibrils ( p = 0.049, p = 0.012, respec-
tively). Also, ITTCs 3 [3–3.5] and ITTC-PDSs (3 [2–3])
showed significantly better scores in collagen maturity
compared to ICTs (4 [4–4]), p = 0.042, p = 0.027, respectively.
Compared to the ICTs (3 [3–3]), the ITTCs (2 [1–2]) and ITTC-
PDSs (1 [1–2]) showed significantly better scores for maturity
of the elastic fibers ( p = 0.035, p = 0.001, respectively).

Biophysical characteristics

ITTC-PDSs showed significantly higher dry matter con-
tent compared to the ITTCs (27.76% – 0.93% vs. 23.67% –
1.35%; p = 0.001) and ICTs (27.76% – 0.93% vs. 11.12%;
p = 0.001). In addition, ITTCs had significantly higher dry
matter content compared to the ICTs ( p = 0.001). The dried
ICTs gained their maximum wet weight 20 min after water
immersion (MPWI). Compared to the ICTs, the dried ITTCs,
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ITTC-PDS and NCTs gained their wet weight at 120 (6-fold),
240 (12-fold) and 480 (24-fold) MPWI. The NCTs, ITTCs and
ITTC-PDSs also showed significantly lower indices of water
uptake compared to the ICTs (0.203 – 0.06NCTs vs.
0.197 – 0.05ITTC vs. 0.115 – 0.06ITTC-PDS vs. 0.556 – 0.12ICTs,
p = 0.001). The difference between ITTCs and ITTC-PDSs was
not statistically significant ( p = 0.051).

By air exposure of the fully hydrated samples, the wet
weight of the ITTCs and ITTC-PDSs gradually diminished so
that they reached their dry weight at 3840 min post air ex-
posure (MPAE). However, the ICTs reached their dry weight
at 960 MPAE, so that both of the treated tendons lost their
wet weight later than the ICTs (4-folds). Compared to the
ITTCs and ITTC-PDSs, the NCTs reached their dry weight at

7680 MPAE and they lost their wet weight later than treated
tendons (2-fold) and control tendons (8-fold). The ICTs had a
significantly higher index of water delivery compared to the
NCTs, ITTCs, and ITTC-PDSs (1.72 – 0.21 vs. 0.105 – 0.01,
0.212 – 0.03, 0.093 – 0.01, p = 0.001), and the indices of the
treated tendons were more comparable to normal tendons.
However, compared to the ITTCs, the index of water deliv-
ery of the ITTC-PDSs was closer to NCTs (Fig. 4C–F).

Biomechanical findings

Treatment with collagen and collagen-PDS implants sig-
nificantly increased the load to failure, load to yield point,
stiffness, maximum and yield stress and modulus of

FIG. 6. Histopathologic characteristics of the injured tendons at 60 DPI. (A–I) 60 DPI. (A–C) and (G–I): transverse sections. (D–F)
longitudinal sections. (A) ICT. (B) ITTC. (C) injured treated tendon with collagen-polydioxanon implant (ITTC-PDS). At 60 DPI, the
newly regenerated tissue filled the defect area of the ICT, was amorphous in nature and several vascularity (Arrow) with poor
organization of the collagen fibers and cell alignment were evident in the histologic field. This tissue had low density of the collagen
fibers and there was no evidence regarding formation of the new tendon. Unlike ICT (A) the new tendon was formed in the defect
area of the ITTC (B) and some collagen remnant (Arrow) were observable through the new tendon however the majority of the defect
area was belonged to the new tendon not the collagen remnant. The proportion of the collagen remnants were lower in the ITTC-
PDSs (C) as compared with the ITTC and the remnants of the PDS were present around the new tendon. The new tendon was formed
though this PDS sheath. (D): at 60 DPI, the collagen fibers and the cells were oriented randomly. The arrows show the cellular and
fiber directions. Note that more than two major direction could be seen in the histologic section (D) The cells are immature mainly
consisted of lymphocytes and immature tenoblasts (D) At this stage the cellular structures of the ITTC (E) and ITTC-PDS (F) laid in
only one direction (arrows show the direction) and the density of the collagen fibers are higher and the cells are more mature, mainly
consisted of mature tenoblasts and tenocytes as compared with the ICT (D) At 60 DPI, the gastroc-soleus muscle of the ICT was
atrophied and the fibrous connective tissue filled the free spaces between the atrophied muscle fibers (G) The ITTC (H) and ITTC-
PDS (I) showed less muscle atrophy and fibrosis compared to the ICT. The muscle fibers are indicated by arrows (G-I) Color staining:
hematoxylin and eosin. Color images available online at www.liebertpub.com/tea
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FIG. 7. Quantitative histopathologic results at different stages of tendon healing. Number of tenoblasts, neutrophils,
macrophages and lymphocytes in the injured area of the treated and control groups at different time points (A–G). Number
of samples in each group: (1) experimental groups at 60 DPI = 20; (2) pilot groups at 6 to 40 DPI = each time point had five
samples. One way ANOVA with its subsequent post hoc Tukey test was used to statistically analyze the measured values. The
results were expressed as mean – standard deviation (SD) and differences were considered statistically significant at p < 0.05.
Cell counting was performed in triplicate and the average was calculated. Color images available online at www
.liebertpub.com/tea
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FIG. 8. Ultra structure of the injured and normal tendons (Transmission electron microscopy). In the ICTs, the transvers
diameter of the newly regenerated collagen fibrils (A, between arrows) was low and they had uni-modal distribution pattern
(A, B). At longitudinal section these collagen fibrils, were laid in multidirectional pattern (C, arrows) with no marked
orientation and compactness (C) In the treated tendons with collagen (D–F) and collagen-PDS (G–I) prostheses, the newly
regenerated collagen fibrils had bimodal distribution pattern and their diameter (D and G, between arrows) and density was
significantly higher than the ICTs. At longitudinal (F, I) and transverse (E, H) section, these fibrils were oriented in only one
direction (F and I, Arrows show the orientation of the collagen fibrils) and they were compact. Although the treated collagen-
PDS tendon had better morphological characteristics compared to the treated collagen tendons, however the differences were
not significant mainly ( p > 0.05). In normal uninjured tendons ( J–L), the collagen fibrils had the same characteristics as the
treated tendons but they were distributed in multimodal pattern so that more than two different category of fibril diameter (J,
a large collagen fibrils is indicated by the arrows) were present in these tendons. The normal collagen fibrils are highly
aligned so that in a longitudinal section (L) these fibrils are laid in only one direction. The arrows (L) shows the direction of
these fibrils. Scale bar A, D, G, J = 171 nm, B, E, H, K = 495 nm, C, F, I, L = 742 nm. Color images available online at
www.liebertpub.com/tea
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elasticity of the ITTCs and ITTC-PDSs, at 60 DPI, compared
with the ICTs ( p = 0.001 for all). At this stage, treatment with
collagen-PDS implant also significantly increased the load to
failure and load to yield point compared with the ITTCs
( p = 0.001 for both). The biomechanical properties of the
treated lesions were still significantly inferior compared to
those of their NCTs at 60 DPI ( p = 0.001 for all). The ICTs,
ITTCs and ITTC-PDSs showed 2.81%, 15.1% and 21.2% of the
load to failure, 19.23%, 46.54% and 50.15% of the maximum
stress, and 6.25%, 21.61% and 28.56% of the modulus of
elasticity of their NCTs at this stage (Fig. 10).

Discussion

Unassisted healing in the control animals failed to produce
a new tendon in the large Achilles tendon defect. On the
other hand, implantation of the prostheses resulted in re-
generation of a new tendinous tissue. The results of this
preliminary study demonstrate that the treatment strategy
was able to significantly reduce the tendon adhesions and
muscle atrophy and increase the physical and morphological
performance of the new tendon compared with the control
lesions.

Unlike the unassisted healing in the control tendon, the
implant was initially able to accelerate the inflammation in
the defect area for a longer period, because the DTEC of
the ITTCs and ITTC-PDSs elevated up to 14 DPI. After ten-
don injury, exaggerated inflammation is harmful, but in-
flammation is necessary to initiate an appropriate healing

response.2,24 At this phase, the inflammatory cells infiltrate
into the defect area and produce swelling in the injured
area.25,27 The inflammatory cells and matrix metalloprotei-
nases start to degrade the injured tissue to facilitate fi-
broplasia and remodeling phases of tendon healing. Edema,
inflammatory cell infiltration and lack of proper organization
at earlier stages of healing normally result in swelling and
lower dry matter content of the injured area.24 Our results
suggest that, by decreasing the dry matter content and in-
creasing the water content of the injured tissue, electrical ions
could circulate into the injured area faster than in normal
tissue.38 Our histologic results confirmed the above results,
and demonstrated that, although inflammation is increased
by the presence of the prostheses, the inflammatory cells
declined after the inflammatory phase of tendon healing, and
no marked inflammation was seen during fibroplasia and
remodeling stages of tendon healing in the treated lesions.
Severe and prolonged inflammatory reaction is not beneficial
in tendon healing. By modulation of inflammation, the
healing response could be improved.2,6,27,37

It is possible that the remaining solvents of the collagen
implant that had been added to the collagen solution during
preparation of the collagen implant initiated inflammation at
the inflammatory stage of tendon healing. However, we ex-
amined the cytocompatibility of the implants, and they were
highly cytocompatible. The other possibility is that the im-
plant was infected and, given the presence of infection, the
inflammatory cells invaded the implant. We showed that the
implants were sterile. Also, we tested the endotoxin content,

FIG. 9. Differentiation of the tendon cells at ultra-structure level. A newly divided immature mesenchymal cells with the
lower proportion of the nuclei (N.)/cytoplasm (C.) so that most of the cell’s environment is cytoplasm (C.) (A) These cells can
be found in the newly regenerated tissue because they result from the new duplication (A) As the time goes on, these cells
become activated so that their nucleus (N.) is elongated (B) and rough endoplasmic reticulum, Golgi bodies and other
cytoplasmic organelles develop and the pockets of collagen molecules are seen in their cytoplasm (C, C.). Over time, the
proportion of nuclei (N.)/cytoplasm (C.) increases and when the mature fibroblasts (D) are in the transitional stage from the
mature fibroblasts to fibrocytes (E), their size and activity of their cytoplasm (C.) decreases and the shape of these cells
changes from the oval shape to cigar shape (D vs. E). In (D, E) the longitudinally sectioned collagen fibrils (L.C.F.) and the
transversely sectioned collagen fibrils (T.C.F.) are shown by the letters (L.C.F. vs. T.S.C.). As it has shown in (F), the remnant
of the collagen implant is present at the center of the figure and the newly regenerated collagen fibrils growth in the direction
of this remnant, so that at transvers sectioning, both the collagen remnant (C.R.) and the newly regenerated collagen fibrils
(R.C.F.) sectioned transversely in the same manner (F). Scale bar A = 1800 nm, B = 750 nm, C = 800 nm, D = 1760 nm,
E = 1240 nm, F = 800 nm. Color images available online at www.liebertpub.com/tea
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and showed that the implants had minimum amounts of
endotoxins. It is possible that the molecules of the scaffolds
in a large volume have some immunogenic activity and can
attract inflammatory cells, thus motivating an inflammatory
response. This effect was possibly because of the biode-
gradability and biocompatibility of the implants, which was
confirmed at histology.9,19,39,40

The covering PDS scaffold did not exert deleterious effects
on inflammation, and its combination with the collagen im-
plant did not increase markedly the severity of inflamma-
tion. Probably, this characteristic resulted from the
absorption of the PDS scaffold. The mechanism of degrada-
tion and absorption of the collagen implants is related to
their phagocytosis by the inflammatory cells, whereas ab-
sorption of the PDS scaffolds occurs by hydrolysis.41

Our results demonstrated that the collagen implant not
only increases the number of the inflammatory cells, but it
also has a similar role in increasing the number of tenoblasts.
Collagen molecules are chemo-attractive for fibroblasts.42

Probably, this characteristic of the collagen molecules at-
tracted fibroblasts to the implant, and, given the highly
aligned organization of the collagen fibers of the implant, the
migrated fibroblasts aligned and proliferate along the di-
rection of these fibers. Using a disorganized scaffold is more
likely to produce a highly disorganized tissue, delay pro-
duction of useful matrix, and prevent uniform remodeling.43

In tendon healing, appropriate organization results in im-
proved structural organization and physical performance of
the injured tendon.19,24

At macro-, micro- and ultra-structural level, most of the
implants were degraded at 60 DPI, and the majority of the
tissue placed in the defect area belonged to the new tendon,
not the implant. This is one of the merits of the implant.

These remnants of the collagen scaffolds probably acted as
scaffolds, and they had a role in aligning the newly re-
generated tenoblasts, collagen fibrils and fibers along their
longitudinal direction. Our histologic results confirmed that
the direction of collagen remnants was in accordance with
the normal Achilles tendon direction between from the
gastroc-soleus muscle to the calcaneus. After simple tendon
transection, the preserved collagen fibrils acted as scaffolds
for the newly regenerated collagen fibrils in vivo.26,44

The ITTCs and ITTC-PDSs showed higher number of
mature tenoblasts compared to the ICTs. The cellular struc-
tures in the treated lesions were metabolically active, and
they produced large amounts of collagen and glycosamino-
glycans around themselves. Higher number and greater di-
ameter and density of the collagen fibrils regenerated in the
injured area of the ITTCs and ITTC-PDSs at 60 DPI dem-
onstrated that these tendons were dense, and their bio-
physical and bioelectrical characteristics were significantly
superior to those of ICTs. Number, diameter and density of
the collagen fibrils show evidence of a statistically significant
association with the biomechanical and biophysical proper-
ties of the injured tendons in vivo.2,36 In addition, greater
collagen fibril deposition and differentiation show evidence
of a statistically significant association with the higher dry
matter content and the improved indices of water uptake
and water delivery of the ITTCs and ITTC-PDSs compared to
the ICTs. The lower amount of DTEC and higher amount of
TRDEC in the ITTCs and ITTC-PDSs compared to the ICTs,
at 60 DPI, also support the above biophysical and structural
changes. Perhaps, the increase in the dry matter content or
decrease in hydration of the injured area, together with im-
proved alignment, result in greater compactness of the col-
lagen fibrils and fibers; this would be the main reason why

FIG. 10. Biomechanical characteristics of the injured treated, control and their normal contralateral tendons (NCTs) after 60
days of tendon injury (A–F). The ITTCs (n = 10) and those treated with collagen-PDS implant (ITTC-PDSs; n = 10) showed
significantly the higher load to failure, load to yield point, stiffness, maximum and yield stress and modulus of elasticity as
compared with those in the ICTs (n = 10) ( p = 0.001 for all). However at this stage (after 60 days), the treated lesions had
significantly lower biomechanical properties as compared with those in their NCTs ( p = 0.001 for all). The results are ex-
pressed as mean – SD. Color images available online at www.liebertpub.com/tea
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less electrical ions are transmitted through the healing tissue
compared to the inflammatory phase observed in the first 14
DPI. In such situation, TRDEC increases.

In the present study, there is evidence of a negative as-
sociation between changes of the DTEC and TRDEC in the
injured area. Therefore, if one of them increases, the other
will decreases. Others have shown that progress in the
healing phases modulates the bioelectrical characteristics of
the newly regenerated tissue.45–47 When a tissue is damaged,
its bioelectrical characteristics change, so that the electrical
currents diminish as healing progresses, and the normal
values is reestablished once healing is completed.38,47

A major role of the collagen implant and its covering
PDS sheath was to conduct the migrated fibroblasts in
the longitudinal axis of the implant; we clarified this as a
tenoconductive characteristic. This longitudinal axis was
along the normal anatomical direction of the tendon-muscle
unit. Thus, the migrating fibroblasts mostly proliferated
throughout the implant, and did not invade the peripheral
tissues and gastrocnemius muscle, resulting in lower peri-
tendinous adhesion and muscle fibrosis in the ITTCs and
ITTC-PDSs. These animals may have exhibited better weight
bearing and undertaken higher levels of physical activity
on their injured limb because less muscle atrophy and higher
tendon biomechanics were evident in the treated com-
pared to the control tendons. Development of peritendinous
adhesions is a major limitation in tendon healing5,24,48; our
implants showed reduced peritendinous adhesions.5,9 The
PDS scaffold also had a superior role in decreasing peri-
tendinous adhesions, because it acted as a tendon sheath for
the newly regenerated tendons. In addition, it improved the
morphologic characteristics of the new tendon compared to
the collagen group.

We showed that the prostheses were not rejected by the
host; had rejection occurred, more severe and prolonged
inflammatory reactions would have been evident, especially
at the fibroplasia and remodeling phases of tendon healing.
These findings do not support the results of Veillette et al.,15

who showed acute rejection of the implanted acellularized
porcine small intestine and filling of the defect area of tendon
by an amorphous tissue. Unlike their findings, the new
tendon which replaced the implants in the present study was
a highly aligned tissue. We used collagen molecules as the
sole tissue in producing the collagen implant. All the non-
collagenic structures were removed from the bovine tendons,
and the architecture of the scaffold was redesigned to ac-
celerate tendon healing. In contrast, Veillette et al.15 only
decellularized the xenograft, and did not remove all the
antigenic materials from such cadaveric tissue. Therefore,
scaffolds of collagen type I are not rejected after implantation
in rabbits’ tendon defect.

One of the merits of our tissue-engineered prosthesis is its
integration with the newly regenerated tissue and its com-
plete absorption and replacement by the newly regenerated
tendon. The implant bestows its characteristics on the new
tendon but does not remain part of it, as is the case with
some other prostheses. For example, after using a poly-l-
lactic acid as a prosthesis in a ligament defect model in
rabbits, despite excellent biomechanical properties of the
repaired area, the implant was not degraded and no new
tissue was replaced the scaffold after 16 weeks.49 Sato et al.50

investigated several different synthetic-based artificial ten-

dons (e.g., polylactic acid), the mechanical properties of
which declined over 26 weeks, but were not replaced by new
ligaments. In contrast, Gigante et al.51 used a highly aligned
bilamellar membrane of type I purified equine collagen in a
multi-lamellar conformation to augment a patellar tendon
defect model in rabbits. The scaffold was incorporated
within the native tendon, in concert with our results. Simi-
larly, Enea et al.52 worked with a patellar tendon defect in a
sheep model and used an experimental protocol similar to
ours, but with a different type of collagen implant, and they
found that it was incorporated into the repaired tissue after
3–6 months.

Despite these beneficial effects of such treatment strategy,
the physical and morphological characteristics of the new
tendon were still inferior to the intact tendons. The tendon
healing process is a complicated and prolonged process, and
despite intensive remodeling normal biomechanical char-
acteritstics may never be achieved.2,9,24 However, 60 DPI is
not a very long time for the healing of such a large Achilles
tendon defect, as more than 70% of the total Achilles tendon
was removed, and healing needs more time to be complete.
Longer observation in future studies would be needed to
evaluate the final outcome of this treatment strategy.

Biophysical and bioelectrical characteristics of the healing
tissues resemble their actual biomechanical and morpho-
logical characteristics. We showed that the better morpho-
logically organized tissue exhibits better water binding
capacity and electrical resistivity: all these factors correlate
with the better load to failure and stress of the healing tis-
sues. Knowledge of these concepts may be valuable when
the results of this preliminary study are translated into
clinical practice.

This study has tested scaffolds at in vitro and in vivo levels.
However, the success of in vitro tests is only the initial re-
quirement for in vivo application, and in vivo animal exper-
iments are only an approximation to clinical setting.

The anatomical differences between the human and rabbit
gastroc soleus-Achilles tendon apparatus could be one of the
limitations of the present model. However, we anchored
the three strands of the rabbit tendon with the suture, so that
the Achilles apparatus acted in the same fashion as the hu-
man Achilles tendon, so that the three strands did not have
the opportunity of sliding over each other.

Perhaps, by assembling glycosaminoglycans, growth fac-
tors and stem cells with such bioimplants, it may be possible
to improve the healing response, so that the healing tissue
would gain closer characteristics to normal tendons.41 Before
clinical translation, it is highly recommended to test the
biocompatibility of the implants by subcutaneous implanta-
tion of a small portion in humans. Given the lack of stan-
dard methods to reconstruct large Achilles tendon defects,
these bioimplants may be applicable in clinical practice in the
future.

Conclusion

A tissue engineered tridimensional collagen implant, with
or without a PDS covering sheath, improved the healing
response. Compared to unassisted tendon healing, the im-
plant was able to produce a newly regenerated tissue of a
tendinous nature, which had a lower amount of peritendi-
nous adhesions. This tendon was macro-, micro- and
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ultrastructurally, bioelectrically and biophysically superior
to the regenerated tissue from unassisted tendon healing;
however, these characteristics were inferior to that of the
normal tendon at 60 days after tendon injury. Longer periods
of observation would be needed to evaluate the final out-
come of this treatment strategy. These scaffolds are bio-
compatible and biodegradable, and might be applied in
clinical practice.
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