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SUMMARY
Background. Epidermal Growth Factor (EGF) stimulates epidermis cell growth, prolifer-
ation and differentiation in skin regeneration. The aim of this study was to pre-clinically 
investigation of the role of EGF in tendon healing. 
Methods. One cm defects were created at the right Achilles tendons of 30 New Zealand 
White rabbits. Ten rabbits were allocated to one of three groups: Group-1-(Sham) tendon 
defect with a gap that was splinted with a non-absorbable suture; Group-2-(EGF +) 
tendon defect with a gap that was splinted with a non-absorbable suture and a 25 µg/kg 
EGF injection into the defect; Group-3-(Scaffold + EGF) tendon defect was grafted with 
a biodegradable, porous Polycaprolactone (PCL) scaffold loaded with 25 µg/kg EGF and 
stabilized with a non-absorbable suture. Animals were sacrificed at 8 weeks post-surgery 
and Achilles tendon repair and healing status was investigated using histopathologic and 
biomechanical analysis methods. 
Results. Group-2-(EGF +) had greater adipocyte development (moderate) than Group-
1-(Sham) and Group-3-(Scaffold + EGF). Group-2-(EGF +) and Group-3-(Scaffold + 
EGF) had greater peripheral nerve development (weak) than Group-1-(Sham). Group-2-
(EGF +) had greater vascularization (moderate) than Group-1-(Sham) and Group-3-(S-
caffold + EGF). Group-2-(EGF +) had greater collagen Type-III development (moder-
ate) than Group-1-(Sham) and Group-3-(Scaffold + EGF). Group-3-(Scaffold + EGF) 
had greater collagen Type-I development (moderate) than Group-1-(Sham) and Group-
2-(EGF +). Groups did not display statistically significant differences for load to failure 
or elongation at failure. Group-2-(EGF +) and Group-3-(Scaffold + EGF) displayed less 
stiffness that the control (healthy contralateral Achilles tendon) (p < 0.05), however, exper-
imental groups did not differ (p > 0.05). 
Conclusions. The application of EGF and scaffold displayed superior histological tendon 
healing evidence, but there was no significant difference in terms of biomechanics.
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INTRODUCTION
The Achilles tendon is the strongest tendon of the ankle 
joint, and one of the most important biomechanical struc-
tures in human gait (1). The Achilles tendon is frequent-
ly affected by ankle trauma and it is susceptible to acute 

or chronic injuries. As a result of these injuries, patients 
experience significant daily activity and sports performance 
impairments, functional limitations and disabilities. 
Although many studies have been conducted to identify the 
causes of Achilles tendon rupture, its nature is still not clear-
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ly understood. There is no consensus as to whether Achilles 
tendon rupture is the result of tendon disease, biomechan-
ical loads, or some combination of both (2). Degenerative 
changes identified in biopsy specimens obtained during 
surgical repair suggest that acute Achilles tendon rupture 
may actually represent acute tears that occur in association 
with chronic tendon degenerative conditions (1, 3-5). 
It has been suggested that biologic agents such as growth 
factors accelerate surgical tendon repair healing and reduce 
adhesion formation, particularly if they are administered 
within the first 10 days post-surgery (6, 7). Transforming 
Growth Factor-β (TGF-β) for example, has been shown 
to be particularly active near the proximal Achilles tendon 
defect, whereas Insulin-like Growth Factor (IGF) and 
Fibroblast Growth Factor (FGF) are more active through-
out the entire defect area. Platelet-Derived Growth Factor 
(PDGF) and Vascular Endothelial Growth Factor (VEGF) 
activity was noted throughout the entire defect repair 
area (7-9). 
Although bioactive agents such as Platelet-Rich Plasma 
(PRP), bone marrow aspiration, Mesenchymal Stem Cells 
(MSCs) and previously mentioned growth factors are being 
used as supplements to conventional treatment protocols, 
Epidermal Growth Factor (EGF) is not currently used 
for tendon healing. Rather, EGF is routinely used for skin 
healing, especially among patients with diabetic wounds to 
facilitate epidermal bridging either by topical infiltration or 
by intralesional or perilesional injections (10). Injection of 
EGF in these cases stimulates the growth and proliferation 
of vascular endothelial cells, keratinocytes and fibroblasts 
that have an important role in scar tissue formation. Clinical 
EGF application for subcutaneous wound healing is used 
worldwide (11). Based on the lack of information regarding 
the potential role of EGF for tendon healing, the objective 
of this study was to investigate its efficacy in EGF alone and 
EGF together with a Polycaprolactone (PCL) scaffold using 
a rabbit model. The study hypothesis was that use of EGF 
alone and with a polycaprolactone (PCL) scaffold would 
display superior Achilles tendon defect healing compared 
to a sham procedure. 

METHODS

Preparation of the PCL scaffold as the EGF 
delivery system 
Porous PCL scaffolds were prepared with freeze-drying 
as previously described (12). Briefly, PCL was dissolved in 
dichloromethane (4%, 10 mL), poured into petri dishes and 
lyophilized (Labconco Freezone 6, USA) after freezing at 
-20 °C overnight. Cylindrical porous scaffolds (D: 0.5 mm, 

L: 1 cm) were cut from the lyophilized foams. EGF (for a 
final concentration of 25 µg/kg when implanted) was loaded 
into the scaffolds by adsorption into the scaffold pores. For 
this, 85 µg EGF was suspended in 100 µL of 1%, w/v algin-
ic acid solution and introduced to both sides of the scaf-
folds. After air- drying, the scaffolds were dipped into etha-
nol and then kept in 5% w/v CaCl2 for 1 h to crosslink the 
alginic acid. Scaffolds were sterilized using ethylene oxide 
(Steri-Vac gas sterilizer 5XL) at 37°C for 4 h 45 min.

Animals 
Thirty New Zealand White rabbits between 9-12 months 
old with an average body weight of 3350 ± 13 g were includ-
ed in the study. In this randomized and controlled experi-
mental study, 3 groups of 10 rabbits were created. All proce-
dures were performed after obtaining approval from Animal 
Experiments Local Ethical Committee (13).

Surgical technique
A 1 cm long defect was created in the right Achilles tendon 
of each rabbit. All surgical procedures were performed 
by the same surgeon using the same suture material (3.0 
Prolene, Ethicon, USA) for tendon repair. No operations 
were performed on the left Achilles tendons, which consti-
tuted the control group.
All animals were administered 20 mg/kg Cefazolin Sodi-
um I.M. antibiotic prophylaxis and then were anesthetized 
using 35 mg/kg ketamine HCL and 5 mg/kg xylazine. A 
sufficient level of anesthetic depth was reached after corneal 
reflexes disappeared.
The surgery site was dyed using an antiseptic solution of 
10% Batticon® and the rabbits were positioned in prone. 
After surgical site sterilization, the Achilles tendon was 
palpated and an approximately 4 cm long skin incision was 
made starting from the ankle posterior and extending proxi-
mally along the medial side of the Achilles tendon. Subcuta-
neous tissue was sharply dissected, and the Achilles tendon 
was reached. While the rabbit hind sole parallel to the 
ground, surgical pen and ruler were used to demarcate the 
region between 1.5 cm and 2.5 cm from the Achilles tendon 
calcaneal insertion (figure 1 a).
The marked tendon regions on the right Achilles tendons 
of all rabbits were excised to create a 1 cm long Achilles 
tendon defect (figure 1 b). After defect creation, surgical 
repair was performed using non-absorbable suture and the 
same suture method (modified Kessler technique) at the 
right Achilles tendon for each group of rabbits (figure 1 c). 
A different interventional procedure was then performed in 
each of the 3 experimental groups.
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Figure 1. (a, b) Photographs showing 1 cm tendon defect formation in the rabbit Achilles tendon. (c) Modified Kessler Suture 
Method. 

A B C

Group 1 (Sham): the 1 cm tendon defect was “splinted” 
leaving a 1 cm gap without tendon ends getting closer using 
non-absorbable Prolene® (3/0, polypropylene) suture, 
while the hind soles were positioned parallel to the ground 
(figure 2 a).
Group 2 (EGF +): the same as Group 1, but with the addition 
of an EGF injection (25 µg/kg) in the defect (figure 2 b, c).
Group 3 (Scaffold + EGF): the same as Group 1, but with 
the addition of a biodegradable, porous scaffold loaded 
with 25 µg/kg EGF (figure 2 d). 
Postoperative 25 µg/kg EGF injections were made in the 
defect region for 10 days every other day in Group 2 and 
Group 3 (figure 3). Only ankle splint was applied in Group 
1 as postoperative procedure. 
The wounds of all rabbits were dressed on the second 
post-surgical day and changed each 2-day interval for 10 
days. Three rabbits died during postoperative follow-up. 
One rabbit died in each group, leaving 9 rabbits in each 
group. At eight weeks post-surgery, a bloc excision was 
performed on the Achilles tendons of all sacrificed rabbits 
from the muscle-tendon junction proximal to the bone-ten-
don junction where the Achilles tendon adheres to the 
calcaneus. Repair and regeneration of sacrificed Achilles 

tendons were examined macroscopically, histologically, and 
biomechanically. Five of the 9 tendons in each group were 
allocated randomized (13) for biomechanical evaluation and 
the remaining 4 were used for histological evaluation. 

Histological evaluation
Histological evaluation was performed by two independent 
university histology professors using an agreed upon crite-
ria. Initial rater agreement was ≥ 80%. When disagreements 
existed, the raters consulted with each other to finalize their 
assessment. 
Histological scoring was performed from healing site 
samples using the following criteria: 0=no development 
evidence; 1=weak development evidence; 2=moderate 
development evidence; 3=strong development evidence 
(13). Therefore, a score of 0 for adipocytes, for example, 
suggests that no adipocytes were observed the defect, while 
a score of 3 suggests a high adipocyte volume.
For this evaluation, 1 cm long tendon healing area sections 
and an equal length from the healthy contralateral Achil-
les tendon (control) were excised, and then rapidly fixed 
in 10% formalin. All tissue specimens were then processed 
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Figure 2. (a) Photograph showing surgical repair in Group 1 (Sham). (b, c) Photographs showing surgical repair and EGF injec-
tion on the Achilles tendon rupture site in Group 2 (EGF +). (d) Photograph showing surgical repair by grafting the Achilles 
tendon rupture defect with scaffold and impregnating the scaffold with EGF in Group 3 (Scaffold + EGF).

Figure 3. Photographs showing EGF 
injection, which were performed every 
other day for 10 days in Group 2 (EGF 
+) and Group 3 (Scaffold + EGF). 

for routine light microscopy. All tissues were embedded in 
paraffin, and 10 µm thick sections were cut using a slid-
ing microtome and stained with hematoxylin and eosin 
and Masson’s trichrome. Sections were imaged digitally 
under a research microscope. Whole section imaging was 
performed using with MBF Bioscience Microlucida system 
(Williston USA) which consists of a motorized microscope 
(Leica DM4000) and an Optronics Microfire digital camera. 
Surgical side tissue samples were investigated comparatively 
in all groups for collagen fibril structure and pattern, chang-
es in vascularity, and changes in adipocyte and inflammatory 
cell infiltration. 

Biomechanical evaluation
Tendons that underwent biomechanical evaluation were 
immediately brought to the laboratory after harvesting for 
biomechanical testing. Specimens were placed in the soft 
tissue clamps of the test machine (Testometric, Rochdale, 
England) from both sides (figure 4). Tendons were strained 
at 10 mm/min. Stress-strain curves were obtained and the 
point where the force suddenly started to drop after the 
peak loading force was recorded (14). Moreover, elonga-
tion at failure (mm) and Young’s modulus (N/mm2) of the 
tendons (stiffness) were assessed. 
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Statistical analysis
Statistical analysis was performed to compare the values 
obtained from the biomechanical tendon studies. In deter-
mining whether there were statistically significant differenc-
es between the 3 experimental groups and the control group 
for load at failure force, Young’s modulus, and elongation 
at failure, the Shapiro-Wilks test was performed to confirm 
data normality. Following this, one-way Analysis of Variance 
(ANOVA) was applied to each of the 3 variables. Variance 
homogeneity assumption was evaluated using the Levene test. 
Post-hoc analysis was performed in order to better delineate 
which group created the difference for differences between 
the groups identified in Young’s modulus variable, and the 
Bonferroni test was performed for paired comparisons at this 

stage. Fisher’s exact tests were used to delineate group differ-
ences for histological scoring variables. All analyses were 
performed using the SPSS Version 22.0 statistical software 
package (IBM-SPSS, Armonk, NY, USA). An alpha level of p 
< 0.05 was selected to indicate statistical significance. 

RESULTS

Macroscopic findings
Defect healing and bridging was macroscopically observed 
in all subject groups (figure 5 a-c). 

Histological findings
Group 1 (Sham): new vessel formation, i.e. angiogenesis and 
Type III collagen were observed to be newly constructed 
tendon tissue. Rare adiposity was observed (figure 6).
New vessel formation was observed in the defect area, 
which was thought to originate from the pericytes adja-
cent to the endothelial cells present along the defect line. 
Therefore, growth factors and cells necessary for healing 
appeared in the defect area. Adipocytes and pericytes were 
also observed in association with new vessel formation. 
Group 2 (EGF +): under light microscopy, tendon angio-
genesis was observed. Group 2 displayed greater evidence 
of vascularization (moderate) than Group 1 and Group 3, 
(p=0.006). It was also observed that pericytes accumulated 
along the defect and healing continued. The concentration of 
adipocytes was greater than in Group 1. Group 2 displayed 
greater evidence of adipocyte development (moderate) than 
Group 1 and Group 3 (p < 0.0001) (figure 7). Increased 
adipocyte concentration suggests that tendon repair was 
more active in accelerated in Group 2 compared with 
Group 1 and Group 3. Group 2 displayed greater evidence 
of Collagen Type III development (moderate) than Group 
1 and Group 3 (p=0.006). In contrast to Group 1, Group 
2 also exhibited small quantities of Type I collagen fibers. 
The fact that Type I collagen was observed in this group, 
even in small quantities at 8 weeks post-repair indicates that 
tendon healing was at a more advanced stage and the healing 
progression was advanced compared with Group 1. Group 2 
and Group 3 displayed greater evidence of peripheral nerve 
development (weak) than Group 1 (p=0.006).
Peripheral nerve buds that we considered differentiat-
ed from MSCs through the injection of EGF were also 
observed in Group 2 but not in Group 1 (figure 7).
Group 3 (Scaffold + EGF): under light microscopy, tendon 
angiogenesis was observed. It was also observed that peri-
cytes with vascularization accumulated along the defect 
and healing continued. Vessel formation in the tendon, i.e. 

Figure 4. Biomechanical evaluation with the Testometric 
device.
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Biomechanical test findings
Peak load to failure forces were identified as 325.8 ± 101.7 
N in the control group, 415.7 ± 111.5 N in Group 1, 314.7 
± 72 N in Group 2, and 311.1 ± 94.9 N in Group 3 group 
(table II). When Group 1, Group 2, and Group 3 were 
compared with each other and with the control group, 
significant group differences were not evident (p > 0.05) 
(figure 9). 
The amount of elongation at failure (mm) was identified as 
7.4 ± 2 mm in the control group, 10.4 ± 4.3 mm in Group 1, 
12 ± 5 mm in Group 2 and 11.4 ± 5.3 mm in Group 3 (table 
II). There were no significant statistical differences between 
the groups (p > 0.05). 
Among the three different biomechanical characteristics 
that were evaluated, a significant statistical difference was 
only identified for Young’s modulus (stiffness) values (p 
< 0.05). Pairwise comparisons revealed that Group 2 and 
Group 3 displayed less stiffness compared to the control 
group (p < 0.05). Pairwise comparison between Group 1, 
Group 2 and Group 3 did not reveal statistically significant 
Young’s modulus differences (p > 0.05) (figure 10). 

A B C

Figure 5. (a) Group 1 (Sham), (b) Group 2 (EGF +) and (c) Group 3 (Scaffold + EGF).

angiogenesis was observed. Peripheral nerve buds that were 
considered to have differentiated from mesenchymal stem 
cells were also observed in this group. 
Group 3 displayed greater evidence of Collagen Type I devel-
opment (moderate) than Group 1 and Group 2 (p < 0.0001) 
(table I), suggesting more accelerated healing as Type III colla-
gen was replaced by Type I collagen. The amount of Type III 
collagen was lower and Type I collagen was higher in Group 
3 even compared to Group 2 (table I). The level of Achilles 
tendon healing that was observed in this group more close-
ly resembled normal tendon structure. We perceive that 
with combined scaffold and EGF application, the necessity 
to produce Type III collagen to serve as a temporary healing 
scaffold was diminished so tissue plasticity was biased more 
toward Type I collagen transformation compared to the other 
experimental groups (figure 8). The amount of adipocytes was 
lower compared with Group 2 since this group was at a last 
phase of healing process where type I collagen making process 
is mostly accomplished (table I). This group, which was domi-
nated by Type I collagen, appearing to have moved past the 
active proliferation phase by 8 weeks following defect repair, 
with lesser energy needs during the final phase of healing. 
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Figure 6. Histologic evaluation of tendon regeneration in Group 1 (Sham).

A

B

E

C D

GF

Table I. Histological group comparisons.

SHAM EGF EGF + SCAFFOLD

Collagen type III 1 2 1

Collagen type I 0 1 2

Adipocyte 0 2 1

Vascularization 1 2 1

Peripheral nerve 0 1 1
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Figure 7. Type III > Type I collagen dominance and peripheral nerve buds were observed. Adipocytes were also observed. 
Group 2 (EGF +).

E
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Figure 8. Type I collagen dominance was observed in Group 3 (Scaffold + EGF).

Table II. Biomechanical test group comparisons. 

N Mean Std. Deviation
Force Peak (N) Control 5 325.8 101.7

Group 1 (Sham) 5 415.8 111.6

Group 2 (EGF +) 5 314.7 72.1

Group 3 (Scaffold + EGF) 5 311.1 95.0

Total 20 341.8 98.7

Elongation at Failure (mm) Control 5 7.5 2,0

Group 1 (Sham) 5 10.4 4.3

Group 2 (EGF +) 5 12.1 5.0

Group 3 (Scaffold + EGF) 5 11.4 5.3

Total 20 10.4 4.4

Young modulus (N/mm²) Control 5 190.6 61.4

Group 1 (Sham) 5 127.9 34.1

Group 2 (EGF +) 5 97.1 35.6

Group 3 (Scaffold + EGF) 5 83.5 33.4

Total 20 124.8 57.9

DISCUSSION
Current approaches to Achilles tendon rupture treatment 
involve surgical repair and early mobilization (15). The goal 
of surgical repair is to minimize the risk of tendon re-rup-
ture and prolonged immobilization by creating a repair that 
has sufficient fixation strength, without negatively affecting 
natural tendon physiology (15-17). The more closely the 

healing tendon maintains natural anatomical and histolog-
ical characteristics the lower the re-rupture and complica-
tion rates should be while still enabling earlier mobilization 
or therapeutic exercise performance. 
There was no significant difference in strength between 
Krackow, Bunnell and Kessler suture techniques in Achilles 
tendon repairs in a human cadaver study (18). Karatekin et 
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ment of chronic Achilles tendinopathies (24-26). Addition-
ally, PRP has not been shown to be better than placebo for 
human Achilles tendon repair (6, 27, 28).
Bone marrow aspirate is a biologic agent that releases MSC 
to the injury site. In a pre-clinical Achilles tendon rupture 
study Schepull et al. (29) reported that bone marrow aspi-
rate applied to healing tendons provided poorer outcomes 
compared to tendons that received MSC and a non-treated 
control group. Achilles tendon repair can be improved by 
MSC use to increase the anti-apoptotic effect (30). Using a 
rabbit model study, Selek et al. (31) reported that MSC use 
increased collagen organization over the initial 3 weeks of 
healing, however, significant differences were not observed 
during the later healing periods. Although there have been 
major study findings indicating that MSC use enhanc-
es tendon repair, Kraus et al. (32) reported that rat Achil-
les tendon repairs supplemented with MSC use displayed 
poorer biomechanical test results than a control group at 28 
days post-injury (32). 
Various growth factors are also used in tendon rupture 
treatments. Increased FGF levels during the early heal-
ing phase display angiogenic and mitogenic effects, and 
increased Type I and Type III collagen fiber production. 
Fibroblast growth factor and platelet-derived growth factor 
were shown to stimulate proliferation of mature tendon 
fibroblasts in serum-free medium (33). Use of FGF has 
been reported to have a positive effect on rat rotator cuff 
rupture healing (34). Use of rhPDGF can accelerate tendon 
healing through several mechanisms. Small animal studies 
have shown that rhPDGF use enhances tendon mechani-

Figure 9. Peak load to failure. Figure 10. Young’s modulus (construct stiffness).

al. reported similar functional and elastographic results of 
Krackow and modified Kessler suture methods in the long-
term follow-up of the patients (19). Modified triple Kessler 
repair was stronger in this cadaveric biomechanical study 
compared with the traditionally used single Krackow tech-
nique. The modified Kessler technique was used because it 
was thought to be superior or not biomechanically different 
compared to other suture techniques.
Unfortunately, Achilles tendon healing following surgical 
repair often results in a fibrovascular scar that is mechan-
ically weaker than the native tendon. This scar formation 
occurs in association with Type I/Type III collagen ratio 
changes, with greater Type III collagen fiber concentra-
tions. Tendon healing strategies aim to bring this collagen 
type ratio as close as possible to that of healthy tendon (20). 
When applied within the initial 10 days following tendon 
rupture, growth factors accelerate tendon healing and 
reduce adhesions (7, 8). When growth factors and other 
biologic healing agents are concentrated in a given medium, 
the healing process can become accelerated (8).
Various biologic agents and growth factors are current-
ly used in combination with surgical interventions (9, 21). 
However, there is no consensus or guidelines concerning 
the use of biologic agents and growth factors for Achilles 
tendon repair. Platelet Rich Plasma (PRP) releases vari-
ous growth factors (e.g. TGF-β, PDGF, IGF, and VEGF) 
to enhance healing through accelerated revascularization 
(20, 22) However, a rabbit model study revealed that PRP 
injections led to decreased collagen fiber diameter (23). The 
use of PRP was also reported to be insufficient in the treat-
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cal strength and movement range through matrix remod-
eling, collagen synthesis, improved blood clot formation 
and cell proliferation (35, 36). Use of TGF-β has also been 
shown to regulate cell differentiation and proliferation, 
and increase Type I and Type III collagen fiber produc-
tion (37). Hou et al. (38) demonstrated that tendons treated 
with TGF-β displayed an increased resistance to mechani-
cal forces (38). Animal model studies using IGF to induce 
tenocyte migration and collagen synthesis are ongoing. Use 
of VEGF increases angiogenesis and capillary permeability 
(39). Zhang et al. (37) reported that although there was a 
significant increase in Achilles tendon repair tensile strength 
at two weeks following VEGF application, there was no 
significant differences by the end of the 4th week (40). Each 
of the above-mentioned biological agents show varying 
levels of promise for Achilles tendon repair, however, only 
a few techniques have achieved clinical application. There-
fore, at the current time there is no biologic agent available 
that constitutes a standard treatment protocol for Achil-
les tendon rupture with a consensus that healing will be 
obtained that more closely resembles that of native, healthy 
tendon tissue.
Although healthy tendons are dominated by Type I collagen 
fibers, a significant amount of Type III collagen fibers get 
synthesized in the repair site following rupture and repair 
which gradually transform into Type I collagen fibers during 
the later healing stages. Type III collagen has a very low 
resistance to tensile forces, therefore, the healing tendon 
is more susceptible to spontaneous rupture during this 
time period (41). The aim in tendon repair treatment is to 
achieve Type I collagen dominance by the end of the healing 
process. The higher the Type I/Type III ratio the lower the 
re-rupture and complication rate (42). Conceivably, earlier 
Type III to Type I collagen fiber transformation should help 
prevent re-rupture or repair site stretching during recovery 
while enabling earlier mobilization. 
To date, to our knowledge, no pre-clinical or clinical studies 
regarding EGF use for tendon healing have been reported. 
Local EGF use has been clinically shown to improve chron-
ic skin wound healing, closure, and epidermal bridging (11). 
Using a rat model, Brown et al. (43) reported increased 
collagen formation following EGF application at surgical 
incision sites, reporting a 200% increase in wound tensile 
strength at 7-14 days post-application. Clinical studies of 
EGF embedded in silver sulfadiazine has been reported to 
increase the epithelialization of chronic wounds, particular-
ly when applied using intra- and peri-lesional injections (10). 
Various biologic agents have been used to facilitate tendon 
healing. Debates exists as to which agent(s) should be used 
and at what time they should be delivered during the heal-
ing process. To improve this understanding, we used a 1 cm 

defect Achilles tendon defect model to evaluate the effica-
cy of EGF applications over the initial 10 days post-injury. 
Histologic evaluation revealed that within the same 8-week 
time period Group 1 displayed less Type III collagen fiber 
formation than Group 2. Group 2 displayed significantly 
more Type III collagen fiber formation in combination with 
some evidence of earlier transformation to Type I collagen 
fibers. Therefore, the addition of EGF was found to accel-
erate Type III to Type I collagen fiber synthesis. Group 2 
tendon healing was noted to be more advanced compared 
to Group 1. 
Histologic examination revealed that Group 3 had the 
greatest level of Type I collagen fibers. Group 3 also had 
fewer adipocytes and Type III collagen fibers than Group 
2. These findings suggest that Group 3 had moved past 
the active proliferation healing phase over the same period 
and the need for adipocytes decreased in proportion to the 
reduced active synthesis. The accelerated transformation 
of Type III to Type I collagen fibers was significantly more 
evident in this group. With the addition of a PCL scaffold 
of sufficient size to fill the defect, all tendon healing phases 
took place more quickly and more robustly. These positive 
findings using a PCL scaffold are in agreement with over 
reports (44). 
Scaffolds are known to provide both mechanical support 
and guidance for migrating cells to grow during tendon 
healing (45). This study used biodegradable scaffolds made 
of PCL which is known to facilitate bone defect repair based 
on an animal model study (46). An optimal Achilles tendon 
repair scaffold should enable more natural healing and 
rapid tendon defect bridging (44). The scaffolds produced 
can be processed in a perfusion reactor, cultivating teno-
cytes or tendon precursor stem cells, to verify and to opti-
mize the interaction between the tissue engineered struc-
ture and the cells (47). Growth factors are susceptible to 
degradation and their efficacy can be quickly reduced due 
to rapid elimination from the defect site following injection. 
When growth factors are encapsulated within scaffolds, 
they are maintained for a comparatively longer time period. 
Therefore, better tendon healing can be achieved by using 
scaffold and growth factors in combination. To sum up the 
histological findings, the addition of EGF accelerated heal-
ing, whereas scaffold and EGF use in combination led to 
the quickest histologic healing. Moreover, an unexpected 
outcome of this study was the peripheral nerve buds that 
were observed in the tendon following EGF injections.
Biomechanical testing revealed that load at failure and elon-
gation at failure values revealed no differences between the 
3 experimental groups. The only significant biomechanical 
characteristic difference was for Young’s modulus (stiffness). 
Both Group 2 and Group 3 displayed lower Young’s modu-
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lus values compared to the control group (healthy contra-
lateral Achilles tendon). Biomechanically, the difference 
between the groups showed that the addition of EGF and 
scaffold did not have a positive biomechanical contribution. 
Achilles tendon rupture treatment with lentiviral bFGF 
transduced mesenchymal stem cells did not show positive 
effects biomechanically in a long-term follow-up. Interest-
ingly, in later stages stem cells had hardly any effects on 
biomechanical results (48). The PRGF did not have a major 
influence on cellular organization. It also had an undesir-
able effect on the biomechanical properties of repaired flex-
or tendons (49). In another PRGF study, the PRGF-treat-
ed tendons had higher force at 8 weeks compared with the 
placebo group biomechanically (50). Histologically, imme-
diate injection of PRP for tendon injury improves tendon 
healing in rats. Nevertheless, PRP injection group in Achil-
les tendon injury had lower peak force biomechanically than 
the control group (51). Zhang et al. reported administra-
tion of exogenous VEGF can significantly improve tensile 
strength early in the course of the rat Achilles tendon heal-
ing but there was no significant difference in tensile strength 
among the groups at 4 weeks postoperatively (39). Applica-
tion of the TGF-B1 and IGF-1 in a patellar tendon defect 
model resulted in a significant increase in force at failure, 
ultimate stress, stiffness, and energy uptake at 2 weeks, 
whereas none of the parameters revealed any significant 
difference between the two groups at 6 weeks (52). Local 
application of FGF-2 on tendon-to-bone remodeling in rats 
was reported FGF-treated specimens were stronger at 2 
weeks but at 4 and 6 weeks, both specimens were exhib-
ited similar strength biomechanically (53). In studies that 
added growth factors to tendon repair, there was no signifi-
cant difference in long-term results with the control group, 
as in our study.
In terms of clinical practice, tendon biomechanics study is 
more important than histological study. Since there is no 
biomechanical positive effect with the addition of EGF and 

scaffold, it is not expected to reduce early joint movement 
start time, work turnaround time and risk of re-rupture. 
Although the addition of EGF is histologically significant, 
more studies are needed to use it in daily clinical practice. 

Study limitations
This study is limited in that it represents the histological and 
biomechanical results of a small sample of rabbit Achilles 
tendons at only the 8th week post-injury. There are no mid- 
or long-term results. Additional studies are needed to deter-
mine if significant histological and biomechanical group 
differences exist at shorter or longer durations than 8 weeks. 
It may have affected the results since sufficient postopera-
tive time has not been applied to the splint. 

CONCLUSIONS
The combined addition of EGF and a scaffold to Achil-
les tendon defect treatment increased the Type I/Type III 
collagen ratio and provided better histological evidence 
for tendon healing compared to EGF alone or Sham 
conditions. Histological evaluation revealed that EGF use 
increased vascularization, pericyte concentration adjacent 
to vessel endothelial cells and adipocyte concentrations 
leading to accelerated and more robust tendon repair heal-
ing. There was no significant difference in terms of biome-
chanics with the addition of EGF and scaffold. Although 
addition of EGF is histologically significant, it has no advan-
tage over control and sham groups biomechanically. There-
fore, further studies with larger sample sizes and over longer 
study durations are needed prior to clinical use of EGF for 
tendon rupture treatment.
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