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Abstract

Femur and tibia in the human body are connected by the Anterior Cruciate Ligament (ACL),
which has limited capacity to self-regenerate due to low level of vascularity. Very few success
rates in the clinical procedures to restore the tissue evidence that currently available clinical
treatments are not optimal. Therefore, biologically similar, i.e., biomimetic, constructs that
resemble healthy native tissue in their function, composition, and structure can be used to
provide alternate solutions.

The hypothesis of the research is that the graft created from the alignment of Polyethylene
terephthalate and Polycaprolactone (PET&PCL) nanofibers with the diameter distribution in a
bimodal manner will resemble the healthy rabbit ACL’s collagen fibril diameter distribution
(CFDD). Histocompatibility of the ligament and bone growth would be enhanced via the
biodegradable portion of the PCL, whereas the non-biodegradable PET portion would retain the
integrity to prevent the deterioration of the graft’s mechanical strength. To evaluate this,
PET&PCL grafts were synthesized via electrospinning as a first step. Then, the alignment of the
nanofibers and their fiber diameter were assessed and put into comparison with native rabbit
ACL. As a third step, the mechanical quality of the synthesized grafts was evaluated and
compared to the native rabbit ACL. As a final step, PET&PCL grafts were assessed in the rabbit
ACL reconstruction model. PET&PCL electrospun graft’s fiber diameter distribution was found
to resemble the CFDD of ACL from the healthy rabbits. Also, stiffness and modulus were found
to be similar.

The novelty of the study is that the nanofiber grafts from PET and PCL resembling CFDD of
ACL tissue harvested in healthy rabbits were presented for the first time. This study is
significant because the graft designed and fabricated here has the potential to address the needs

of millions of patients suffering from ACL tears and ruptures. The design of the fibrous graft in
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this study diverges from the well-known unimodal structure, and this design is expected to

greatly affect ACL regeneration attempts.

Keywords: Ligament, ACL, PCL, Scanning Electron Microscope, MicroCT, Polyethylene
terephthalate, Polycaprolactone, Electrospun, Nanofiber, scaffolds.



CHAPTER 1- (INTRODUCTION)

1.1 Anterior cruciate ligament tears and current treatment methods

The Anterior Cruciate Ligament (ACL), one of the two cruciate ligaments in the knee, plays a
significant role in maintaining knee joint stability by preventing the tibia from sliding in relation
to the femur. Unlike the other six ligaments in the knee joint, the ACL is more susceptible to
injuries [1] because it often tears up when the knee is bent and the tibia rotates laterally at the
same time, which requires fast turning movements while running [2]. Previous reports [3]
demonstrated that approximately 69 people per 100,000 experience an ACL injury, which is
more common in males than in women, and the average age for the peak of incidence is reported
to be between 19-25 years. Reports also show that ligament rupture is more frequently seen in
young athletic people, which requires rapid recovery and long-lasting total healing [4].
Moreover, if left untreated, the rupture of the ACL may lead to the knee joint instability, which
in turn can cause dislocation or damage to other ligaments and inflammation [5]. It can also
affect the menisci which can ultimately lead to osteoarthritis [6].

Because ACL tissue cannot heal itself due to its low vascularity, surgical intervention is needed
to restore the function of the knee [7]. The state-of-the-art approach for ACL reconstruction is
the surgical reconstruction of autografts, allografts, or synthetic grafts. Although autografts are
widely regarded as the gold standard for ACL replacement, there are a number of disadvantages
including increased recovery time, donor site morbidity, and a limited range of movements [8].
Since the traditional methods used in ACL replacement have a number of disadvantages, more
attention is being paid to the possibilities of bioengineered grafts. In this regard, tissue

engineering offers a regenerative approach for ACL injuries through the use of biomaterials,



which can be processed to incorporate some of the structural properties of the native ACL tissue
into the graft.

In this thesis work, a method for the fabrication of biomimetic graft is proposed and the
structural and mechanical properties of the graft were compared with those of the native ACL
tissue harvested from rabbits. To prove the concept, the biomimetic graft was implanted into the

anatomical position of a rabbit (n=1) and the outcomes were observed in a short term study.

1.2 Biomaterial selection and method of graft fabrication

Biomaterials are one of the essential components of regenerative engineering approach and
should possess appropriate chemical and physical properties. Briefly, they should be degradable
and degradation products need to be biologically compatible. Additionally, they are expected to
be similar to the native ACL structurally and functionally and possibly outperform the outcomes
of autografts and allografts [9]. In this study, we aimed to use a mixture of PCL and polyethylene
terephthalate (PET) to fabricate synthetic ACL grafts. According to published research, synthetic
polymer PCL is one of the most often utilized biomaterials for ligament replacement because of
its durability and elasticity [10]. One of the reported studies [11] claimed that PCL is an
appropriate material for use in regenerative medicine due to its biodegradable, biocompatible,
and bioresorbable nature. Additionally, compared to other biodegradable polymers, it has
appropriate viscoelastic characteristics and it is simple to create and modify a wide variety of
shapes including nanofibers [12]. Furthermore, degradation products of PCL are not cytotoxic
[14]. Despite these advantages of PCL, our previous reports [28] demonstrated using a rabbit
ACL reconstruction model that it is unable to stabilize the knee joint due to its inferior
mechanical properties in terms of both strain and resistance to loads. This behavior of PCL grafts
motivated us to investigate alternative biomaterials that would stabilize the knee joint upon

implantation.
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In this regard, a non-degradable polymer, PET, was selected and combined with PCL to enhance
the load resistance and strain of the synthetic ACL graft. Because PET is used in manufacturing
the prosthetic devices due to its high tensile strength, [15], it appears as a plausible candidate for
the material of fabrication of ACL grafts. As for the application of PET in orthopedic devices, it
is used in the fabrication of a Ligament Advanced Reinforcement System (LARS), a synthetic
ligament recommended for certain specific cases of ligament injuries [16]. Therefore, a mixture
of PET&PCL graft was proposed in this study. In terms of structural similarity of the PET&PCL
graft to the native ACL, the graft was designed to exhibit a bimodal fiber diameter distribution (a

diameter distribution with two peaks).

Since the native ACL is formed by the collagen fibrils in the range 10nm to 400nm [25], the
method of electrospinning was selected to fabricate the grafts. Electrospinning is a versatile
technique for producing fibrous structures with diameters ranging from a few nanometers to a
few microns, when compared to other methods developed for creating fibrous structures [18].
Moreover, by modifying the electrospinning parameters, nanofibers with diverse physical and
mechanical properties can be produced [19]. These advantages make electrospinning a preferred

technique for manufacturing synthetic ligament grafts. 1.3 Selection of animal model

The anatomical and physiological characteristics of animals serve as effective models for the
design, testing and manufacturing of various biomedical devices. Animal models based on
rabbits are widely exploited for knee joints, especially for ACL, due to the similarity in
physiology and cost-effectiveness [20]. As the main objective of animal studies is to test the
product in a setting that is physiologically similar to that of the human patients, anatomical
similarity between the animal model and the human is an important factor to consider. A study
[21] investigated the level of similarity and discrepancy of the construction and functions of the
knee of humans with lapin and 5 more different animal types —bovine, ovine, caprine, porcine
and canine. Although there were some differences, a significant resemblance was detected
during the one-by-one assessment. The study [21] suggests that the rabbit ACL is significantly
shorter and much more narrow than its human counterpart. The width and the length can be

normalized using tibial plateau width to achieve similar dimensions. Moreover, according to

11



another published study [22], even though there is no general standard, rabbit ACL is one of the
most frequently used large animal models for ACL studies. For these reasons, rabbit was used as

animal model for ACL replacement.

1.4 Problem statement, study hypothesis and aims

Once injured (torn or ruptured), the ACL exhibits limited self-healing capacity due to its poor
vascularity and dynamic nature. Currently available approach (gold standard) to treat ACL
injuries is the reconstruction procedure using allografts; however, this option is available at the
expense of increased morbidity at the donor site, reduced kinematic range, an increased risk of
re-rupture, and the possibility of infection. Therefore, a more sustainable approach is needed for
the healing of injured ACL. Tissue engineering offers a regenerative approach for ACL injuries
through the use of biomaterials, which can be processed to incorporate some of the structural
properties of the native ACL tissue into the scaffold/graft. We hypothesized that a graft
fabricated from aligned PET and PCL nanofibers with bimodal diameter distribution will mimic
the range of diameters of collagen fibrils in the anterior cruciate ligament of rabbits. We also
hypothesize that the mechanical properties of the PET&PCL graft will be comparable to those of
the natural ACL tissue, and its mechanical performance will be retained or improved after its
reconstruction into rabbits. Histocompatibility of the ligament and the ingrowth of new bone
would be enhanced via the biodegradable component of the ligament PCL, whereas the
non-biodegradable PET portion would retain the biomechanical quality of the ACL grafts
throughout its life.

The aim of this study is two folds: to design a synthetic PET&PCL graft that will imitate the
distribution and organization of collagen fibers seen in normal rabbit ACL tissue using
electrospinning processes and test the performance of the grafts in a rabbit ACL reconstruction
model. Our objectives:

i.  To fabricate PCL&PET graft by using electrospinning,
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ii.

1il.

1v.

To evaluate fiber diameter distribution and alignment of nanofibers and compare with
native rabbit ACL,
To test the mechanical properties of fabricated grafts and compare them with native

rabbit ACL

To test the performance of the PET&PCL graft in a rabbit ACL reconstruction model
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CHAPTER 2 - (MATERIALS AND
METHODS)

This chapter gives the details about: i) fabrication of nanofiber based membranes with an
electrospinning device, ii)) SEM characterization of membranes, iii) determination of diameter
distribution of fibers and their organization, iv) fabricating grafts and performing tensile tests, v)
testing the graft in a rabbit animal model, and vi) micro-CT and biomechanical characterization

of the implanted graft. Figure 1 below illustrates the study approach.

SEM device and image of graft Mechanical test and animal test of PET&PCL Rolled graft

- 2

Figure 1: Representation of the experimental work

2.1 Materials
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All materials except PET were obtained from Sigma Aldrich, and the product numbers are given
below.

Dichloromethane (Sigma Aldrich, #270997), Polycaprolactone (Sigma-Aldrich, ##440744),
formic acid (90%, #110854), Trifluoroacetic acid (Sigma Aldrich, #302031), acetic acid
(#270725), pyridine (Sigma-Aldrich #270970), Polyethylene terephthalate (Coca Cola bottles -

25% recycled and 75% virgin PET).

2.2 Fabrication of nanofiber based membranes with an electrospinning device

The bimodal distribution of PET&PCL fibers were produced using PET solutions prepared in
trifluoroacetic acid (TFA) and dichloromethane (DCM) while PCL solutions prepared in acetic
acid (AA), formic acid (FA), and pyridine as shown in Table 1. The PET solution was performed
by stirring the ingredients at 1500rpm at room temperature for 4 hours. The PCL solution was
prepared by stirring the ingredients at 1500rpm and 40°C for 2 hours.

To produce PET&PCL aligned nanofibers, a co-electrospinning method was used (Figure 2).
PET and PCL concentrations of 7.5% and 8% were used, respectively. The PET solutions were
transferred from two syringes to the center of a rotating drum, whereas PCL solution mounted
on oppositely positioned syringe pump with one syringe. The distance from the drum to the
needles tip were set to 15cm for PET and 7cm for PCL. The applied voltages were adjusted to
16 kV and 9kV for the PET and PCL solutions, respectively. The speeds of the pumping were
0.06ml/h for PET and 0.03ml/h for PCL. The drum rotated at 2000 rpm (Table 1).

The aligned bimodal PCL grafts were made from 8% and 15% concentration of PCL with 0.03
ml/h and 0.15 ml/h flow rate, 9kV and 16kV voltage, respectively (Table 2). The syringes filled
with the solutions were positioned oppositely with direction to rotator drum, and distance

between the needle tips and rotator was 7 cm for both of them.

Graft Type Material Properties Process Parameters

15



Bimodal TFA | DCM AA FA Pyridi Flow Distance | Drum | Needle Voltage
PET&PCL rolled (ml) (ml) (ml) | (ml) ne rate (cm) Speed | Diameter V)
grafts (ml) (ml/h) (rpm) (G)
PET 7.5% 0.075 0.2 0.8 0.06 15 2000 21 16
ar
PCL 8% 0.08 0.5 0.5 0.006 0.03 7 2000 21 9
or
Table 1: Solution formulation to create PET&PCL bimodal grafts
Material Properties Process Parameters
Graft PCL Acetic | Formic | Pyridine Flow Distance | Drum Needle Voltage
Type (gr) Acid Acid (ml) rate (cm) Speed Diameter kV)
(ml) (ml) (ml/h) (RPM) (G)
Bimodal 8% 0.08 0.5 0.5 0.006 0.03 7 2000 21 9
PCL
rolled grafts o [ 0.15 | 05 0.5 0.006 | 0.15 7 2000 21 16

Table 2: Solution formulation to create PCL bimodal grafts

Rotator drum

Syringes : Syringe pumps

S

Power supply

) " [

Figure 2: Setup for fabricating bimodal grafts with aligned fibers

2.3 Scanning Electron Microscope characterization of membranes

16

Specimens were coated with 5 nm of gold lamination (Quotrum Q150T ES, UK) and examined




using a SEM (JSM-IT200(LA), JEOL, Japan). Image] (National Institutes of Health, U.S.)
software was utilized to assess fiber diameters. At least 100 fibers for each image were

measured (n=5).

2.4 Determine diameter distribution of PET&PCL fibers

Ten vertical lines were drawn with equal spacing in the SEM images. These lines were used to
determine the diameter of fibrils that crossed them. The United States National Institutes of
Health's ImageJ image processing software was utilized for this measurement. To ensure
accurate and statistically significant results, at least 100 fibrils per image were measured. In
addition, each graft was divided into three sections, which increased the sample size and
accuracy of the measurements. In each section and cohort, the diameter of fibrils crossing the
reference lines was measured. For each cohort separately, the diameter distribution, mean
diameter (calculated as the arithmetic average), and range (the difference between the maximum
and minimum diameter) were determined. This enabled a comprehensive analysis of the

diameter characteristics of fibrils in each studied cohort.

2.5 Fabrication of grafts and tensile tests

The electrospun aligned membranes were cut into pieces with 3cm width, being the dimension in
the direction of fibers. Then, these membranes were rolled to make bimodal grafts with 2.0-2.5
mm in diameter and 3 cm in length as shown in Figure 3A. This method was applied for both

bimodal PET&PCL and PCL grafts.
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Figure 3: (A) Fabrication of grafts by rolling the electrospun membranes, (B) installation of
the graft on the mechanical testing device

Using uniaxial material testing apparatus (MTS Criterion Model 43, MTS Systems Co., Eden
Prairie, Minnesota, United States), the mechanical characteristics of the rolled PET&PCL and
rolled PCL grafts were evaluated (Figure 3B). The dimensions of the grafts, including length,
width, and thickness, were measured using a caliper, (Faithful Quality Tool, UK, Faicaldig
digital caliper 150 mm). At a test speed of Smm/min, a constant extension was applied to both

PET&PCL and PCL grafts until rapture.

2.6 Testing the graft in a rabbit animal model

ACL reconstruction of the right knee using bimodal rolled graft was conducted on a four months
old male rabbit weighing around 4kg. Before surgery, the rabbit was examined by a veterinarian
for the presence of any diseases. The expert concluded that the animal is free of disease. Then,
to anesthetize the rabbit, Xylozine (5 mg/kg) and Zoletin (0,1 mg/kg) were used. After shaving

the right knee, betadine was used to clean the surface and the knee was aseptically draped. The
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native ACL was excised at its femoral and tibial origins following a medial para-patellar
incision and lateral patellar dislocation. At the tibia and lateral femoral condyle at the
anatomical position of the native ACL 2.5 mm drill hole was created. Bimodal rolled graft was
passed through the hole and ends were fixed with PGA 3/0 suture at the lateral surface of the
lateral femoral condyle and medial surface of tibia. The PGA ligature helped to stabilize the
knot. The incision was closed in layers. Both during and after the operation, antibiotics were
administered to the animal. It was then kept in a standard cage with no restrictions in activity.
Immediately after waking up, the rabbit's physical activity was monitored for 5 days. On the
fifth day, the rabbit was sacrificed to get the knee joint together with the femur and tibia. The

macropreparation was studied and compared with an intact knee joint with microCT analysis.
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Figure 4: Photographs of the ACL replacement surgery on the rabbit. (A) the opened knee
joint capsule, (B) formation of bone tunnel in femur, (C) formation of bone tunnel in tibia,
(D) the proximal end of the graft passed through the femoral tunnel, (E) sutured distal end of
the graft ready to pass through the tibial tunnel (F) distal end of the graft fixed in the tibial
side by suturing, (G) nanofiber based rolled PET& PCL graft replaced ACL in the knee joint,
(H) and (1) closing the wound by suturing layer by layer.

2.7 Micro-CT characterization

The knee joints of a rabbit were harvested and stored at 4C for 24 hours. The specimens were
scanned using a LCT machine (IVIS Spectrum CT; Caliper) with the following parameters:
x-ray mode with a voxel size of 150 p, 440 Al fitter, 50 kV, a resolution of 425, and a FOV of L
x W x H 12 x 12 x 13 cm, binning 4, total time 140 sec. The approximate dose per scan was 52
mGyv. Using the Living Image 4.3.1 software (Caliper), the 3-D reconstruction was executed.
The image was exported and preserved in the Digital Imaging and Communications in Medicine

(DICOM) format.

2.8 Statistical Analysis

The mechanical properties of bimodal PET&PCL grafts, bimodal PCL grafts, and a healthy
rabbit ACL were compared using a one-way analysis of variance (ANOVA) followed by the
Tukey HSD (Honest Significant Difference) posthoc test. Analysis and comparison of collagen

diameter of healthy ACL tissues, fiber diameter of PET&PCL construct, fiber diameter of PCL
21



grafts, and mechanical properties of PET&PCL and PCL grafts were conducted using an
unpaired student-t test. When the p-value was less than 0.05, the difference was regarded

statistically significant.
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Chapter 3 — (RESULTYS)

3.1 Fiber diameter of PET&PCL grafts

The histograms of the PET&PCL scaffolds are shown below in Figure 5, along with the
corresponding SEM images of the scaffolds. The PET&PCL scaffolds appear to have a bimodal
distribution (Fig. 5 A). Moreover, they showed a well-organized morphology, with nanofibers

that were aligned in the longitudinal direction of the scaffolds (Fig. 5 B).
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Figure 5: Diameter distribution of (A) bimodal PET& PCL fibers and (B) representative SEM
images. Scale bar = lum.

Figure 6 shows the averaged distributions of native ACL fibrils retrieved from [28] and
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PET&PCL fibers that demonstrated a bimodal (two peaks) distribution. Specifically the first
peak for ACL and PET&PCL graft observed at 95+10nm and 84.4+8.8nm, respectively. The
second peak was observed at 160+0.0nm for both groups. However results show that there is
statistically significant difference between the diameters of native ACL fibrils and PET&PCL

fibers in terms of mean diameter and number average diameter.
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Diameter (nm)
B
Fibril Diameter (nm) PET&PCL Scaffold Native ACL tissue
Range 40-400 40-200
Peak(s) 84.4+8.8 160 95+10.0 160
Mean Diameter 135+10.8* 113.5+2.4
Number Average Diameter 14349.2* 124.3+2.4
* p<0.05

Figure 6: Comparison of diameter distribution between ACL tissue and PET&PCL grafts. (A)
Healthy ACL versus Bimodal PET& PCL, and (B) descriptive statistics. Error bars denote
standard deviation.
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3.2 Biomechanical characteristics of PET&PCL grafts

Figure 7 depicts the load-elongation and stress-strain characteristics of native ACL tissue,
PET&PCL graft and PCL-only graft. The curves begin with a toe region, which is followed by a
linear region, and terminate with a yield region. All groups exhibit the characteristic of a
three-phase pattern. The ultimate stress and strain in the tissue of the ACL are 27.74+6.80 N/mm?
and 23.4+10.47 percent, respectively. This specimen's tissue modulus was calculated from the
slope of the linear component of the stress - strain curve and is 1.9+0.84 MPa. The ligament's
stiffness was determined to be 108.8427.83 N/mm when it was stretched. The ACL was
stretched to a load of 145.8421.29 N with an elongation of 1.9+0.85 mm. In terms of yield
region, the yield strain, yield stress and load at yield were 18.9+6.31 %, 26.1+6.09 N/mm?* and
129.0£8.89 N, respectively.

As for the mechanical performance parameters of PET&PCL grafts, it was determined that the
ultimate stress and strain of the PET&PCL grafts were 29.5+2.5 N/mm?® and 61.7+11.8%,
respectively. In the same manner, the ultimate stress and strain of the PCL grafts, which
represented the negative control group, were 42.7+6.9 N/mm? and 140.0+2.9%, respectively.
PET&PCL and PCL grafts had moduli of 1.8+0.3 MPa and 1.0+0.4 MPa, respectively. It was
determined that the stiffness of PET&PCL and PCL grafts was 100.8+15.1 N/mm and 42.2+6.3
N/mm, respectively. When stretched to an ultimate elongation of 5.0+0.9 mm and 11.3+0.2 mm,
the ultimate tensile load for the PET&PCL and PCL grafts was 128.3£12.2 N and 126.5£11.5 N,
respectively.

Comparison of the native ACL tissue with PET&PCL and only PET grafts showed that there
was no significant difference between ACL and PET&PCL in terms of maximum stress,
maximum load, modulus, stiffness, yield strain and yield stress (Figure 7 C, D). On the other

hand, the PCL-only grafts had significantly lower mechanical properties than ACL tissue and
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PET&PCL graft in terms of stiffness (Figure 7 C, D).
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(N/mm?) Load (N) (mm) Strain (%) (mm) Break (%) | Modulus (N/mm)
Native
ACL 27.7+6.8 | 145.8421.3 [ 1.94+0.8"* | 23.4+10.5"* | 2.2+1.1"* | 27.0+13.9"* | 1.9+0.8 [ 108.8+27.8"
PET+PCL
oraft 29.5+2.5% | 128.3+12.2 | 5.0+0.9" 61.7+11.8" 9.14+0.7 113.24+8.7 1.840.3 | 100.8+15.1%
PCL
oraft 42.7+6.9 | 126.5+11.5 | 11.3+0.2 140.0+2.9 13.4+£2.7 | 166.9+33.8 1.0+£0.4 4.246.3
D Yield Yield Stress | Yield Load
Strain (%) (N/mm?) (N)
Native ACL 18.9+6.31 26.1+£6.09 129.0+8.89"*
PET+PCL 17.8+1.9 18.4+0.7 75.1+4.3"
PCL 21.6+3.9 16.9+1.9 56.5+7.8

Figure 7: Comparison of Native ACL tissue, PET&PCL grafts, and PCL grafts in terms of

mechanical properties. (A) Stress-strain diagram, (B) Load-elongation diagram, (C) and (D)
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descriptive statistics. An * indicates significant difference from PET&PCL graft and #
indicates significant difference from PCL graft at p<0.05. Error bars represent SD.
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3.3 Evaluation of implants after ACL reconstruction in a rabbit model

Gross view of the PET&PCL grafts (Figure 8A) was similar to the native ACL (Figure 8B).
However, our previous PCL-only graft (Figure 8C) deformed permanently and was unable to

stabilize the knee joint after implantation.

Figure 8: Gross view of the knee joints harvested from rabbits at Day5. (A) After ACL
reconstruction with rolled bimodal PET&PCL graft, (B) intact knee joint (native ACL), (C)
after ACL reconstruction with braided bimodal PCL-only grafft.

3.4 MicroCT evaluation of bone tunnels

MicroCT images of the rabbit knee joints harvested at Day 5 clearly
demonstrate presence of bone tunnel drilled for ACL reconstruction.
Apparently, no bone is formed within the tunnel during the short period of
reconstruction (Figure 9).
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Figure 9: MicroCT images of the rabbit’s knee joint after ACL replacement with bimodal
PET&PCL graft (A) Bone tunnel in tibia (B) Bone tunnel in femur. Scale bar =5mm
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CHAPTER 4 - (DISCUSSION)

In this study, a nanofiber-based PET&PCL graft for rabbit ACL reconstruction was created to
mimic the microstructure of the native ligament. It is common knowledge that ligaments,
including the ACL, have a hierarchical structure and are composed of collagen fibers of various
diameters. For example, in the human anterior cruciate ligament (ACL), the smallest subfibrils
have a diameter of 40 to 140 nm and form fibrils with a diameter of 150 to 840 nm [23]. Some
authors argue that the composition of the ACL can change with age. However, research on
young people has revealed that the majority of this ligament is composed of collagen fibrils
ranging in size from 20 to 180 nm [24]. Studies conducted on animals have also confirmed that
the ACL is composed of nanoscale collagen fibers [25], [26], [27]. Our team's previous research
on rabbits revealed that the diameter of ACL collagen fibers ranges from 40 to 200 nm [28]
while the results of our current study indicate that the nanofibers from PET and PCL have
diameters ranging from 40 to 400 nm. However, there is a significant difference between the
mean diameters of the native ACL (113.542.4 nm) and the graft (1354+10.8 nm); and the number
average diameters of the native tissue (124.3+2.4 nm) and the PET&PCL graft (143+9.2 nm). It
is primarily due to the PET portion's origin of fibrils with larger diameters. In this study, the
lowest concentration of PET was used based on the spinnability properties of this polymer, as
stated in [29], and other electrospinning process parameters were modified to produce
nanofibers that resembled native tissue collagen fibers. Because it is well known that the
remodeling of tissue fiber microgeometry plays a role in the efficacy of ligament reconstructive

treatments [23].

As numerous studies have demonstrated a correlation between the diameter distribution of
collagen fibers and the mechanical properties of the ligament [30], bimodal distribution results

in greater tensile properties, whereas unimodal distribution is predominantly observed in injured
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ligament tissues and is associated with biomechanical weaknesses [31]. Processing SEM images
by diameter size reveals a bimodal distribution of PET&PCL nanofibers, with two peaks at
84.4+8.8 nm and 160nm. According to [28], the rabbit’s native ACL has a bimodal organization
of fibers with the first peak at 95+10.0 nm and the second peak at 160nm. Similarly, previous
studies on other animals demonstrated a bimodal pattern of fibers: bovine, ovine, and rat had
two peaks at 73 and 213 nm, 100 and 250 nm, and 60 and 160 nm, respectively, and all showed
unimodal distribution after injury [25], [26], [27]. This indicates that our bimodal PET&PCL
grafts completely mimic the native ACL tissue's behavior in terms of structure, and that the

bimodal composition would improve its' mechanical ability, thereby preventing ruptures.

Bimodal distribution results in improved mechanical properties because the smaller fibers fill
the space between the larger fibers, making the structure dense. Incorporating PET, which
possesses superior mechanical properties [15], increased the bimodal graft's tensile strength
even further. Therefore, there are no differences between the native ACL and both types of
bimodal grafts in terms of maximum stress, maximum load, modulus, yield strain and yield
stress. However, in terms of stiffness, PET&PCL demonstrated comparable results to native
ACL while PCL grafts demonstrated significantly lower results. Stiffness for PET&PCL grafts
was 100.8+15.1 N/mm, whereas this figure for PCL grafts was 42.2+6.3 N/mm. Even though
PET&PCL have greater elongation than a native ACL, consisting of 5.0+0.9 mm and 1.9+0.85
mm, respectively, this figure is considerably lower than that of PCL, which is 11.3£0.2 mm.
Both PET&PCL and PCL grafts performed worse than native ACL in terms of strain at break
parameter. This could be related to the overall polymer characteristics during the tensile test.
Nevertheless, this bimodal PET&PCL graft is able to stabilize the knee joint due to its similar

modulus and stiffness to native ACL tissue as well as its lower elongation than PCL grafts.

After rabbit ACL reconstruction surgery, the bimodal rolled PET&PCL graft stabilized the knee
joint, whereas the PCL braided graft elongated. In both instances, the animal's physical activity

was not restricted, and results were obtained five days after surgery. There was no difference in
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length between the PET&PCL grafts before and after 5 days of activity, whereas the PCL graft

almost doubled in length.

MicroCT analysis is a technique for assessing the formation of new bone [32] as well as the
tunnel enlargement for various reasons, one of which may be a mechanical factor [33] and the
drilling technique. The MicroCT analysis performed 5 days after surgery to evaluate the bone
tunnels created in the femur and tibia on the ACL insertion sides revealed no difference.
Possible causes include the shorter duration of the study and the smaller diameter of the needle
used to drill the bone tunnel. As some authors [34] have suggested that larger bone tunnels may

be advantageous for bone formation.
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CHAPTER 5 - (CONCLUSION)

The aim of this research was to investigate the structural and functional characteristics of a graft
fabricated from PET&PCL, and compare it with the native rabbit ACL. The results revealed that
the graft exhibited similarities with the native tissue in terms of both diameter distribution and
mechanical properties. This finding is significant as it indicates that the PET&PCL graft could
be a suitable synthetic graft for ACL reconstruction.

This study is original because it is the first study to propose a method for the fabrication of a
PET&PCL graft with bimodal distribution for ACL reconstruction. Therefore, the findings of
this research will have promising implications for the advancement of orthopedic research and
clinical practice.

Further studies involving in vitro and in vivo experiments on rabbit models will be conducted to

evaluate the performance and biocompatibility of the PET&PCL graft.
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