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OZET

Doku Miihendisligi Yontemi ile Elektroegirilmis On Capraz Bag (OCB) implanti

Hazirlanmasi

Diinyada 6n ¢apraz bag (OCB) yirtilmalarinin sikhig aktif yasam bigimi ve sporun
daha da popiilerlesmesi ile gittikge yaygmlasmaktadir. OCB’nin kendisini
iyilestirememesinden ve tedavi edilmemis bir yirtigin verdigi rahatsizlikla birlikte
sporcular i¢in erken emeklilik anlamina gelmesinden dolayi, hastalar ameliyat olmaya
yonlendirilir. OCB yirtilmalar igin tedavi altin standardi OCB rekonstriiksiyon
ameliyatidir. Bu ameliyat sirasinda yirtik ligament parcalari temizlenir, kemiklere
acilmis olan deliklerden hastanin tendonundan hazirlanmis greft gecirilir. Cogu hasta
icin rekonstriiksiyon ameliyat1 sorunsuz olarak aktif bir hayata geri donmeyi saglasa
da, bazi hastalar greftin alindig1 donér bolgede sorun yasamaktadir. Kadavralardan
alinan greftler, enfeksiyon hastaliklarin bulas riski ve sterilize edilme siirecinin bu
greftlerin mekanik ozelliklerini etkilemesinden dolay: iyi bir alternatif degildir. Bu
sebeple, alinan tendon greftler yerine kullanilmak iizere bir greftin gelistirilmesi i¢in
aragtirmalar devam etmektedir. Piyasada yapay malzemelerden {iretilmis greftler
bulunmaktadir ve bunlar 10 yili askin bir siiredir kullanilmaktadir. Ancak doku
biiylimesinin olmamas1 ve mekanik yorulma yiiziinden greftin basarisiz olmasi sebebi
ile cerrahlar tarafindan tercih edilmemektedirler. Yapilan bu calismada, doku
miihendisligi yontemi ile bir OCB ligament implantinin gelistirmesi amaglanmistir.
Bu nedenle, elektroegirilmis ipek fibroin-kolajen tip I fiber matinin ve L929 fibroblast
hiicre yiikli GelMA hidrojelinin bir araya getirilerek olusan iki kath yapinin
kivrilmasiyla tiibiiler bir yapi hazirlanmistir. Canli-Olii hiicre canliligi analizi ve
Alamar mavisi testinin sonuglari bu tiibiiler yapinin i¢indeki hiicrelerin cogalabildigini

gostermistir.

Anahtar Sézciikler: On ¢apraz bag, doku miihendisligi, elektroegirme



ABSTRACT

Preparation of a Tissue Engineered Anterior Cruciate Ligament (ACL) by

Electrospinning

The incidence of anterior cruciate ligament (ACL) tears is becoming more common
around the world as active life style and sports are becoming more popular. As ACL
is incapable of healing itself and an untreated tear can lead to severe discomfort along
with an early retirement from sports for athletes, patients are encouraged to go through
surgery. The golden standard treatment for ACL tears is ACL reconstruction surgery
during which the torn ligament stumps are shaved off and a graft prepared from the
tendon of the patient is passed through the holes drilled into the bones. While for most
patients the reconstruction surgery allows them to return back to an active life without
any problems, some patients suffer from the complications on the donor site where the
graft was harvested from. As grafts from cadavers have the risk of transmitting
infectious diseases and the process for sterilization causes loss of their mechanical
properties, they are not a good alternative. Due to this, there is continuous research to
develop a graft that could be used instead of harvested tendon grafts. On the market,
there are grafts made from synthetic materials and they have been on the use for more
than a decade but the lack of tissue regrowth and graft failure due to mechanical
exhaustion they are not preferred by surgeons. In our study, the aim was to develop a
tissue engineered ACL ligament. This construct was prepared by combining a silk
fibroin-collagen type | electrospun fiber mat and GelMA hydrogel loaded with L929
fibroblast cells and rolling this bilayered structured into a tubular shape. Live-Dead
cell viability assay and Alamar blue assay results showed that cells within the tubular

construct were able to proliferate.

Keywords: Anterior Cruciate Ligament, tissue engineering, electrospinning



1 INTRODUCTION

As sports activity rises across the globe, injuries related to them rises significantly,
and one of the most common injuries athletes have been suffering from are the anterior
cruciate ligament (ACL) tears. On average there are more than 80 000 surgeries for
ACL reconstruction in US [1]. The chance of injury to the ACL was found to be nearly
three times more in female athletes than males [2]. Due to the need to return to athletic
life and to improve on their quality of life, and ACL injuries lead to knee joint pains,
many patients who suffer from ACL ruptures undergo a reconstruction operation

followed by a post-operative rehabilitation [3].

In general, during a reconstruction operation for the ACL, the ruptured ends of the
ligament are removed. Bone tunnels are drilled at both ends of the tibia and femur to
allow the graft prepared from tendon tissue to pass through. The grafts may be
harvested from tendons such as patellar or hamstring tendon. For most of these
operations, autografts harvested from the patient’s own tissue are preferred. Autografts
are known to cause additional problems to the patient such as infection, donor site
morbidity and weakening of the tendon. Allografts, tissues harvested from a cadaver,
may be an alternative to reconstruct the ligament of the patient but there is always the
risk of disease transmission, the graft losing its original mechanical integrity after
sterilization and rejection of the graft by the host [4,5].

To overcome these shortcomings, researchers have been looking into developing
artificial grafts for ACL. Tissue engineering is a research area that is the conjunction
of different fields such as medicine and engineering which aims to restore, maintain
and improve the damaged tissues of a patient. [6] The constructs produced through
tissue engineering consists of cells seeded onto a scaffold. The main aim of these
constructs is for them to function on a similar level mechanically and biologically with

the natural tissue they are designed to imitate.

The aim of this study was to produce a bilayered tissue engineered anterior

cruciate ligament construct and to study this construct under in vitro conditions. For



this a fibrous mat with aligned fibers were produced through electrospinning as the
bottom layer to imitate the natural alignment of the collagen fibers of the natural tissue,
over the fibrous mat a layer of cell loaded GeIMA hydrogel was stacked on top and
then this bilayered construct was rolled to produce a rolled up structure that could be
used in future ACL rupture repair applications. The structure was intended to be
suturable, and for medical applications would be used together with a medical grade
glue for better attachment to ligament stumps and to keep its rolled up shape. During
this study, 3D printed tough PLA rings were used to keep the structure in its tubular
shape.



2 BACKGROUND

2.1 Anterior Cruciate Ligament (ACL)

The knee (Figure 1) is a complex joint of the human body and it is responsible for
the support of most of the body weight and maintaining the stability throughout daily
activities. The joint maintains its function and stability through the primary and
secondary stabilizers. The primary stabilizers of the knee are the ligaments that make
up the joint, the main ligaments that bear this function are the collateral and cruciate
ligaments. The two collateral ligaments, medial collateral ligament (MCL) and lateral
collateral ligaments (LCL) give stability to the medial and lateral parts of the knee and
to prevent the excessive valgus and varus stresses that appear throughout the
movement of the joint; meanwhile the two cruciate ligaments, anterior cruciate
ligament (ACL) and posterior cruciate ligament (PCL), are responsible for preventing

the displacement of the tibia and femur [7, 8].

—— Patella

-

Femur

Posterior Cruciate Ligament
(pCL) Anterior Cruciate Ligament

(AcL)

Lateral Collateral Ligament «———

(LCL) Medial Collateral Ligament

(McL)

Fibula +~——

Tibia

Figure 1 Knee Anatomy. [1]

Focusing on the function of the cruciate ligaments, ACL can be seen performing

a double function as it prevents tibia from sliding forward against the femur and it also

prevents damage to menisci by maintaining the biomechanical function [9]. ACL is



also considered the main stabilizer of the knee, by taking up more than 80% of the
stabilization factor and thus due to this also most commonly ruptured ligament [7]. It
is commonly accepted that ACL consists of two main bundles, anteromedial (AM) and
posterolateral (PL), and these two bundles work in tandem during the knee’s motions.
In the extension of the knee, ACL can be more vertically oriented the PL bundle is
tighter whereas AM is looser, the opposite is observed for the flexion of the knee [10].

Both bundles are named after their tibial insertions; the AM bundle is at the
anteromedial tibial insertion site and PL bundle is at the posterolateral site. When
looked at the ACL as a whole it can be seen that it is at its widest at the tibial insertion
site, where the fibers of the ligament fan out and form a “foot region”, through this
ACL wraps itself around the anterior part of the intercondylar notch [11]. For the
femoral insertion site, the ligament originates from the medial side of the femoral
condyle and from there it runs an oblique course until it reaches tibia [12]. The width
and length of the ACL varies, with its width ranging in between 7-12 mm and its length
in between 22-41 mm. Surface area of the ACL changes depending on the location,
with the smallest surface area of the ACL being its mid-proximal region with 33 mm?
and the widest being the tibial region with 42 mm? [13].

When compared with other ligaments, ACL conforms to the general properties of
ligaments such as that it is a white-silvery fibrous structure that connects two bones
and is mostly made of collagen. The basic components that make up ligaments can be
divided into two, with fibroblasts that secrete collagen and the extracellular matrix
(ECM). The ECM is made out of collagen fibrils, water and polysaccharides that trap
water. Collagen Type | and Type Il abundant in the ligamentous tissue [14]. In ACL,
there are two types of patterning that collagen forms; one is a pattern that is sinusoidal,
also named as “crimp pattern”, and mostly makes up the central part, while the second
patterning described as a non-linear/helical wave pattern is called the “recruitment
pattern” and makes up the peripheral region. During tensile loading, at low loads crimp
pattern straightens out, but as higher loads are applied elongation of the fibrils occur
and more of the fibrils, including the recruitment fibrils, are included in the load

bearing. These higher loads cause a gradual rise in tissue stiffness, allowing ACL to



protect the knee joint. A collagen fibril has a 25-250 nm diameter, and many fibrils
come together to form fibers that form sub-fascicules. A gathering of 3-20 sub-
fascicules makes up a fascicle, which has a diameter in the range of 250 um to several

millimeter and along with paratenon they make up the ACL (Figure 2) [13-15].
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Figure 2 Components of Ligaments.

Created with BioRender.com

Fibroblast cells are lined up in between the collagen fibers, although the properties
of the cells change depending on the zonal placement on ACL. There are three main
zones along the length of the ligament, named proximal, middle and distal zones
(Figure 3). The proximal zone is the first one third length from the femoral insertion
site of the ACL, is softer and highly cellular when compared to the rest of the structure.
The cells in this zone are circular, ovoid cells in addition to the occasional spindle-like
fibroblasts. In the middle zone, when compared to the other zones there are less cells,
they have spindle-like shape and their cytoplasm is closely attached to the collagen
fibers to the point of following the crimp pattern. Here, crimp length is higher along
with the density of collagen. The distal third of the ligament makes up the distal zone.
Similar to the proximal zone, there is low collagen density and fibroblasts have an
ovoid structure. Unlike the other two zones, the bundles of collagen are bigger and the

ligament shows fibrocartilage-like properties. The cells have a high activity,



resembling chondrocytes with their ovoid shape and bundling together in rows of
groups in between collagen bundles [13, 16].

Figure 3 Morphological variation of the cells of ACL depending on their location.
a) Proximal part, ovoid cells; b) Middle part, elongated spindle-like cells; ¢) Distal part, ovoid
cells, with chondrocyte-like properties [13].

While the main blood supply of the ACL is provided by Middle Geniculate Artery
(MGA), the synovial sheath that surrounds the ligament allows other blood vessels to
enter and follow its path in parallel to the fibrils. The vascularization is present in
proximal and middle regions of the ligament but closer to the tibial insertion site.
Studies classify the distal region as avascular, while the synovial sheath that covers

the ligament is not present in this region [17, 18].

The ACL is innervated through the posterior-anterior branches of the tibial nerve,
these nerves penetrate the synovial covering and run along the fascicles. Generally,
these nerves have a vasomotor function, with mechanoreceptors having their own
responsibilities. There are three types of mechanoreceptors found in the ACL; Ruffini
receptors are responsible for sensing the stretching and are generally found near the
femoral insertion site, Golgi-like receptors are found near the insertion sites of the
ligament and Pacini receptors can be found on the both ends of the ligament and these
nerves are responsible to sense compression and rapid movements. The nocireceptors
of the ACL are the free nerve endings and they are more numerous compared to the
mechanoreceptors. They are responsible for sensing potentially damaging actions to

the tissue and have a vasoactive function [19-21].



2.2 Anterior Cruciate Ligament Injuries

When it comes to sports injuries, a study has found that for high school athletes
more than half of them were knee injuries and of these ACL injuries made up half of
those [2]. In a national population study, it was found that males aged between 20 and
39 who are more active in sports are at a higher risk of an ACL injury [22]. With the
rising participation rate of women in sports, studies show that for female athletes the
incidence of an ACL injury is higher when compared to a male athlete [2, 23]. When
compared with their male counterparts, female athletes had injured their ACL at a more
than two times higher incidence rate. The possible causes for this difference could be
explained as both external and internal factors. Internal factors for female athletes are
based on hormonal, anatomical and neuromuscular functions. There is a debate when
it comes to the hormonal factors as researchers cannot reach a consensus. The main
point is that the various hormones such as estrogen, progesterone and menstrual cycle
based hormones are all changing and in various cyclic stages these hormones may be
affecting the biomechanical properties of the ACL. However the data provided by
various researchers do not provide a proper evidence [24]. An in vitro study on the
effect of estrogen and progesterone showed that the change in the concentration of
these hormones affect the proliferation rate of human ACL fibroblasts and the
synthesis of collagen [25]. These two hormones, depending on the phase of the
menstrual cycle have different concentrations. This cycle can be classified into three
main phases; the follicular phase (Days 1 through 9) where both progesterone and
estrogen levels are low, the ovulatory phase (Days 10 to 14) starts with a surge to the
estrogen levels, and during the luteal phase (Days 15 through 28) there is a rise to the
progesterone levels [26]. For the clinical findings on the hormonal effects, it was found
that the anterior knee laxity was at its lowest at the luteal phase while at the ovulatory
phase the anterior knee laxity was at its highest [27]. Anterior knee laxity is a risk
factor for ACL injury, and can be defined as “the anterior displacement of the tibia in
comparison to femur”. Thus, a higher anterior knee laxity poses a higher risk of ACL
injury [28]. Another clinical study on female ski athletes found that athletes had a
higher incidence rate of ACL injury at late follicular phase [29]. When trying to track

the cycle of the athletes along with the incidence of ACL injuries different



methodologies are used to measure hormone levels such as self reporting of the cycle
or taking saliva or urine samples. This variation in methodology prevents comparison
between studies and a consensus was reached in 2006, which agreed that the currently
available studies for the effect the menstrual cycle on ACL are insufficient to come to
a conclusion but agreed on the higher injury incidence at both early and late follicular
phases [30].

The differences in Q-angle (Table 1) and Notch Width Index (NWI1) (Table 2) in
between both sexes can be given as anatomical factors for the higher incidence of ACL
injuries on female athletes. Q-angle is the angle that is between the line drawn from
the anterior superior iliac crest to the center of the patella, and the line drawn from the
tibial tuberosity to the same point on patella meanwhile the valgus angle is the angle
in-between the femur and the tibia. Both of these angles are prone to change depending
on the position of the person and the extension-flexion of the knee but when comparing
both sexes, on average females have a higher Q-angle. A high Q-angle means that the
valgus angle is high as well. A high valgus angle during movement is known to lead
to ACL injury and due to this it is believed that a higher Q-angle increases the risk of
an injury [31, 32] due to the mechanism where an increase to the Q-angle, leads to a
higher the lateral pull to quadriceps which causes an additional stress to the knee

through patella and thus increasing the risk of ACL injury [33].
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Table 1 Scheme showing the lines used to calculate Q-angle and factors affecting its

calculation [31].

illiac spine

Anterior superior

Centre of
patella

Tibial
tuberosity

Valgus angle

Q-angle is calculated according to the
angle in between the vertical line drawn
from the center of patella and the line
drawn from the center of patella to the

anterior superior iliac spine.

This angle is affected through
anatomical differences such as femur,
width of the hips but the stance and the
position of the person while the angle is

calculated affects the angle as well.

Notch width index (NWI) is the ratio of the intercondylar notch width (INW), the
length of the space in between the two tips at the distal end of femur, and the overall

length of the distal end of femur. A smaller INW is usually linked to a smaller ACL.

For females the INW is smaller when compared to their male counterparts [31]. Having

a small INW can cause impingement when the knee is positioned at full extension, a

position seen in sports during landing from a jump or during cutting maneuvers [34],

both of them common movements where female athletes injure their ACL [35].
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Table 2 Scheme showing the lines used to calculate NWI and the factors affecting its
calculation [31].

Notch Width Index (NWI) is
calculated by the ratio of the
intercondylar notch  width
(INW) (a) to the width of the
distal femur (b).

While females are associated

with having smaller INW thus
a smaller NWI, it is also
common in men to have a
small INW.

At the flexion position, ACL works in tandem with hamstrings to prevent the
anterior displacement of the tibia [31], for female athletes’ quadriceps has both higher
mass and recruitment ratio when compared to hamstring muscles and usually for
landing and cutting movements female athletes are shown to be using their quadriceps
more. This increases the potential for ACL injury to the increased anterior tibial
displacement caused by the contraction of quadriceps muscle [34].

Regardless of gender, for all ACL injuries non-contact injuries make up 70% of
them. Meaning that most of the ACL injuries are not caused by a direct force to the
knee but by the general movement during sports activities [36]. For a non-contact
injury, the athlete has to either to come to a sudden stop or to apply force to the knee
from different directions while the foot is bearing weight. An example for the latter
situation is when the athlete is landing without regaining their balance properly with
their hip turned inwards, they plant their foot to the ground bearing their entire weight

onto the lower leg causing forces from opposite sides to be applied to the knee joint
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and leading to the ACL to be extended to the point of tearing. Contact injuries requires
adirect force to be applied to the knee. These injuries can be caused by the mechanisms
similar to that of the non-contact injuries but with contact injuries higher energy is
applied and dislocation of the knee, along with damage to other ligaments and

structures in the knee joint are possible [37, 38].

ACL injuries are classified according to two factors, the timing of the diagnosis
and the size of the tear. For ACL injuries, an acute ACL tear was when the tear was
identified within 6 weeks after injury and chronic ACL tear was described as identified
at least after 3 to 6 months after injury [39]. Generally complete tears of ACL are easier
to clinically diagnose as the tests such as Lachmann test during physical examination
give the most accurate results for complete tears while for partial tears physical
examination may not give a clear diagnosis and need to be properly diagnosed through
Magnetic Resonance Imaging (MRI) or arthroscopy. Of ACL tears, less than 30% can
be classified as partial ACL rupture [40.41]. There are different classifications to the
partial ACL tears, for both Hong et al. [42] and Noyes et al. [43] classified partial tears
according to the amount of fibers that remained untorn, both of them classifying more
than 50% intact fibers as partial ACL tear, while according to the classification of the
American Medical Association for Athletic Injuries (Table 3) partial tearing of
ligaments are classified as 2" degree sprains as moderate sprains [44]. A general
definition of partial ACL tears is when one of the two bundles (PLB or AMB) ruptures
while the other bundle remains intact [45]. While it is possible to avoid surgery with
partial tears and to have a continued mechanical function patients continue to feel mild
to moderate pain and giving way episodes [46], and for young patients who return to

an active life generally partial ACL tears progress into complete tears [47].
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Table 3 Classification of Sprains by American Medical Association for Athletic
Injuries [44].

Classification Definition
1%t Degree Mild pain, mild tenderness, no abnormal motion, minimal or no swelling,
Mild Sprain minimal bleeding, minimal loss of function

(Minor tear of ligament fibers)

2" Degree Moderate disability due to pain, slight tenderness, slight-to-moderate
Moderate Sprain abnormal motion, swelling, local bleeding, moderate loss of motion,
(Partial tear of ligament fibers) tendency to recur
3 Degree Pain, disability, abnormal motion, possible deformation, tenderness,
Severe Sprain swelling, bleeding, instability

(Complete tear of ligament fibers)

2.3 Treatment Approaches for ACL

For tendons and ligaments, after a rupture the healing process can be categorized
as a normal wound healing process similar to that of the process during skin’s healing
process, where in time a fibrous structure forms in the place of the wound defect [48,
49]. Of the ligaments, the medial collateral ligament (MCL) is the ligament that has
the best understood healing process and it is known to heal without the requirement of
surgical intervention. The healing of ligaments can be summarized into three steps: i)
early phase also known as the inflammatory phase, ii) proliferative phase and lastly,
iii) remodeling phase. The inflammatory phase starts within the first minutes of the
tear of the ligament by the start of hemostasis, both of the ruptured ends of the ligament
retract themselves and a fibrin blood clot forms. Within the next three to five days, this
clot is resorbed and replaced by the cells activated by the inflammatory response.
These angiogenic and fibroblastic cells, remove debris from necrotic tissue and start
to produce matrix. Following this, in between the gap of the two ends a vascular
response causes an increase in both vascularity and blood flow. Around six weeks,
proliferative phase starts during which a fibrous scar tissue that connects both ends is
formed. In this tissue, collagen type 111 is much more abundant instead of collagen type

I and is more vascular compared to the natural tissue. In time the collagen fibrils,
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although their diameters are smaller, become aligned in the direction of the stress.
Finally at the remodeling stage, scar tissue loses its cellularity and vascularity in time,
and collagen type | becomes more abundant. This healing takes nearly a year and for

the ligament may not return to its original performance even after two years [50-52].

For ACL tears, this process is different. The studies [53-55] that follow the
progression of ACL tears where patients do not undergo any treatment show that the
patients continue to have giving way episodes, with swelling and mild pain and return
to sports activity was minimal. A study by Murray et al. [56] has found that due to the
intra-articular placement of the ACL does not form a fibrin clotting which is the initial
step that allows the cellular proliferation after tear that starts the healing process does
not occur, while for MCL is an extra-articular ligament and thus clotting is not
impeded. This lack of clotting is caused by the fact that ACL is covered by the synovial
tissue, after an injury occurs, the ligament is exposed to synovial fluid which contains
hemorrhaging breakdown products and is known to affect ACL fibroblast proliferation
in culture negatively [57]. Looking closer at the interaction in between the ACL
healing and synovial fluid, Tang et al. [58] discovered that while ACL shows the initial
inflammatory phase of the wound healing with the production of the enzymes
responsible for the breakdown of collagen debris, the synovial fluid released a much

higher amount of these enzymes and disrupting the progression of the healing process.
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Figure 4 Healing phases of two different ligaments, ACL (at the top) and MCL (at the bottom)
[23].

Due to this lack of healing, ACL tears tend to require an operative treatment for
the patient to regain normal knee functions. ACL tears are associated with possible
damage to menisci and leading to articular cartilage damage, regardless of this some
patients may choose not to undergo an operation due to various factors such as age or
deciding to quit a life of high-activity [59]. Different considerations are taken into
account before starting non-operative treatment, the patient should suffer from an
isolated ACL injury, meaning there is no additional injury to the knee and physical
therapists employ different tests to measure the patient’s suitability for the treatment.
Generally, these tests look into knee laxity, knee function, limitation to daily activities
and quadriceps strength. After passing these assessments, the patient can be classified
as a “coper”, a term used clinically that indicates the patient is able to cope with the
injury, and allowed to proceed into appropriate physical therapy [60,61]. During
physical therapy patient undergoes exercises that aim to help with the reduction in the
swelling of the knee, regaining the range of motion of the knee, along with the aim of
strengthening of quadriceps and hamstrings to help with joint stability, balance and
prevention of anterior translation of tibia. Bracing is also another method for
preventing anterior tibial translation [62]. For patients aged 25 and younger, it is
suggested that they should undergo an operative treatment instead as non-operative

treatment fails for this age group [63].
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For a patient who wants to regain pre-injury function of the knee and continue on
high activity sports, they have to undergo operational treatment. Currently the gold
standard is the ACL reconstruction. During ACL reconstruction, holes are drilled into
both femur and tibia, through these holes a graft prepared from harvested tendon tissue
is placed and fixed properly. There are many variations that can be considered for this
operation. For the holes drilled into the bones, the surgeon may choose to drill a single
tunnel or a double tunnel. Single tunnel ACL reconstructions are known for improving
the anterior-posterior knee stability but they were lacking when compared to normal
knee kinematics. Due to the normal ACL anatomy having two bundles, surgeons are
starting to find the double tunnel ACL reconstructions more appropriate as the
operations where double tunnel technique was applied results for knee laxity were
similar to that of a normal knee but the surgery is harder compared to the single tunnel
reconstructions and in the case of improper positioning of bone tunnels the

reconstruction surgery would lead to failure [5, 59].

In reconstruction surgeries, the choice for the source of the graft depends on the
preference of the surgeon along with the availability of the tissue. Autografts are most
commonly used during these operations, because while allografts allow to avoid donor
site morbidity the general consensus considers allografts to be mechanically weaker
than autografts and the sterilization techniques employed weakens the allografts
mechanically. When compared with an autograft of patellar tendon, allograft of the
same tissue had a weaker biomechanical property with the allograft having only the
half of the tensile load (N) of the autograft [64].

For these surgeries, bone-patellar tendon-bone (BTB) autografts are most commonly
used, with 4-string hamstring tendon autografts following second and finally 4-string
quadriceps tendon autografts. Quadriceps grafts are more difficult to harvest and
literature on its mechanical performance compared to the other two autografts is
lacking. When comparing the BTB and hamstring autografts, both grafts seem to have
their own advantages and disadvantages (Table 4), with BTB grafts considered as the
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more popular option by the surgeons due to its higher strength (nearly three times
higher than that of the natural ACL tissue) [4, 64, 65].

Table 4 Advantages and Disadvantages of BTB, Hamstring and Quadriceps Grafts

[64, 65].
Graft Types Advantages Disadvantages
Bone-patellar tendon- High strength Anterior knee pain
bone Lower rate of retearing Higher chance of developing
Higher knee stability osteoarthritis
Hamstring Lower chance of donor site morbidity Higher chance of tunnel
Faster healing widening
Quadriceps Bigger cross-sectional area for grafts Difficult to harvest
Lower chance of pain during kneeling Not enough data in literature

Before reconstruction surgeries became the golden standard, for ACL tears the
repair surgery was the preferred method. The technique was first used in 1895, and
was properly developed in 1970s-80s into open primary ACL repair. The technique
had initially positive results for the patients and had become the standard operation but
the mid term follow ups showed that more than 50% of patients suffered from
rerupturing of the ligament. With the better results of reconstruction surgeries, ACL
repair was abandoned as a technique [66]. In recent years, ACL repair became
popularized once more and the possible reasons why the technique did not give out
good results was scrutinized. Usage of open arthromies for the surgeries was one of
the main criticisms as it caused additional damage to the knee, along with the location
of the tear. For tears located on the midsubstance of the ligament, patients required
follow up surgeries but for the proximal tears located closer to femoral notch, patients
had a much positive outcome [67]. The ACL repair is a technique still in development
but it is attractive to many due to it allowing to retain the natural tissue. There is also
the possibility of allowing to retain the stumps gives better proprioception, as in the
ACL reconstructions where the surgeons decided that there was a chance of

reinnervation possibly allowing future regaining of the proprioception of the natural
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tissue [5]. As an alternative to auto- and allografts, there are stents, prosthetics and
ligament support devices made from various materials available but due to lack of long

term results they are not preferrable for clinicians [59].

24 Tissue Engineering

Due to risk of donor site morbidity and the potential of the donor tissue losing its
previous performance with autografts, and the risk of infection and transmission of
diseases from allografts [59], there is a need for an alternative strategy that can
overcome these risks for the patient. For this reason, tissue engineering is an attractive
area of science for both physicians and researchers alike. The main emergence for
tissue engineering is considered to start when in mid 1980s Vacanti and Langer
developed a biodegradable scaffold made from synthetic polymers and seeded it with
cells, to implant this cell carrying scaffold into animals [68, 69]. Although sometimes
both terms of “tissue engineering” and “regenerative medicine” are used
interchangeably, tissue engineering is seen as a sub-branch of regenerative medicine
where a scaffold is used for tissue regeneration [70]. In their paper titled “Tissue
Engineering” Vacanti and Langer defined tissue engineering as “an interdisciplinary
field that applies the principles of both engineering and medicine for the development
of biological substitutes with the aim of the restoration, maintenance and improvement
of the tissue function” [6].

While the main intent for the invention of tissue engineering to develop a structure
to support or replace the natural tissue, methods used in tissue engineering can be
applied for various purposes. Through in vitro models the ethical problem with animal
testing can be overcome by using these models for toxicology studies [71], drug
development and testing [72] and to understand tissue development and disease
modeling [73].

A tissue engineered construct’s components can be separated into three main
groups (Fig. 4); i) the scaffold that carries and houses the cells, ii) the cells that fill the

scaffold, and iii) growth factors that aid in the adhesion, proliferation and/or
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proliferation of cells [74]. An ideal scaffold should have the porosity needed for cells
to migrate into the scaffold and allow needed nutrients to pass through, while having
an absorption rate parallel to that of the healing tissue as scaffolds that degrade slower
than the regeneration rate can slow or stump tissue regeneration [70]. Cells in tissue
engineering applications are chosen according to the target tissue. While the patient’s
own cells can preferably be used in culture, there are difficulties in harvesting and
these cells can take longer time to proliferate to an appropriate amount. Cells taken
from other donor can be utilized but there is still the risk of host rejection and disease
transmission. To overcome these, stem cells isolated from different tissues such as
bone marrow, adipose tissue, etc. have the potential to differentiate into target cells or

cell lines of the target cells can be used in tissue engineering applications [75].

Cell Isolation

Growth Factors Cells n]//

5 Cell Culture
« /

Seeding the scaffold
with cells and growth
factors
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Figure 5 Components of Tissue Engineering.

Created with BioRender.com
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2.5 ACL Tissue Engineering

For ACL tissue engineering, it is expected from the construct to be biocompatible
and allow cellular and tissue ingrowth, to provide knee stability and biomechanical
properties while degrading at a rate that allows transitioning to newly regenerated
tissue, and to not require additional surgery [76].

Various materials are used as scaffolds in tissue engineering. These materials can
be divided into three categories; synthetic materials, natural materials and
decellularized matrices. Synthetic materials have the advantage of being able to be
produced in bulk and having controllable mechanical and degradation properties but it
is more difficult for cells to adhere to these materials. Natural materials and
decellularized matrices are attractive to cells but they have poor mechanical properties
and can degrade at a faster rate [77].

Both non-degradable and degradable synthetic materials have been used for ACL
tissue engineering. There are grafts for ACL made from non-degrading synthetic
polymers available on the market and they are generally made from poly(ethylene
terephtalate) (PET), poly(tetrafluoroethylene) (PTFE) and polypyrene. PET,
commercially known as Dacron is a strong polymer with high yield strength. A PET
graft on the market Ligament Advanced Reinforcement System (LARS), has good
initial results but there is a risk of mechanical failure in the long-term due the material
deforming under sustained loading [78, 79]. While PTFE as a material has strong
mechanical properties, Gore-Tex graft made from braided PTFE showed that the grafts
suffered from material fatigue and lack of tissue ingrowth [78, 80]. Polypyrene is
another polymer with high mechanical properties and biocompatibility. The Kennedy
Ligament Augmentation Device (LAD) that is made from woven braids of polypyrene
was intended to give support to weakened tendons and to be used in repair of partial
tears of ACL but with the repair surgeries falling out of standard, the high complication
rate LADs had in reconstruction surgeries and the retardation in maturation due to
stress shielding caused LADs to become obsolete [76, 78]. Other than the grafts that

are on the market, different synthetic material applications as scaffolds are being
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studied by researchers. The biodegradable synthetic polymers such as poly(lactic acid)

(PLA) and poly(glycolic acid) (PGA) are considered gold standard for tissue

engineering [75], and there are studies on the application of similar materials such as

poly(e-caprolactone) (PCL), etc. for ACL tissue engineering with various results

(Table 5).
Table 5 Studies on ACL tissue engineering using different synthetic materials
Material Fabrication Study/Outcome References
PCL fibers were bundled in vitro, with ACL cells isolated
together, and then these from sheep
bundles were grafted with The bundles showed good
poly(sodium styrene biomechanical properties even
sulfonate). after grafting treatment and cells
PCL showed better proliferation and [81]
adhesion with grafted bundles
compared to the untreated PCL
fiber bundles.
A PCL fiber mat was in vivo (rat), while there was an
prepared through initial host reaction as the study
electrospinning and was progressed this response dwindled
coated with collagen, plasma | and collagen deposition increased
PCL etching was used to increase | in time. [82]
porosity of the fiber mat. Six
of these mats were stacked
together to produce a
scaffold.
PLA- PLA-Poloxamer copolymer in vitro, with ACL cells isolated
Poloxamer | Wasspun to produce yarn, from rat
with these different scaffolds | PLA-Poloxamer copolymer did
were prepared through not affect cell viability and (83]

knitting, braiding and rolled
knitting.

cellular activity. Of all the various
scaffolds, ones prepared through
rolled knitting had the mechanical

properties most similar to ACL.
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Polymers derived from natural sources are another alternative to develop a tissue
engineered ligament as they are more attractive for cells to adhere to [77]. One example
of these materials is collagen, found abundantly in natural tissues such as various as
bone to cornea and also responsible for the maintenance of both biological and
structural integrity of the ECM [84]. There are total of 28 different collagen types
identified, and all collagen types share the right handed triple helix shape made from
chains that are composed through the repetitions of peptides of glycine-X-Y, where X
and Y are usually proline and hydroxyproline. These collagens can be differentiated
through their length, the composition of their chains, along with their functions and
distribution in tissue. Another method of classification for collagen types is through
the supramolecular structures they form, such as fibril forming and network forming,
along with other formations. The most commonly found collagens are fibril forming,
making up the 90% of the total collagen amount in the body. The fibril forming
collagens are the types I, 1, 111, V and XI, and are mostly found in bone, cartilage, skin
and connective tissues. Type Il collagen is primarily present in cartilaginous tissues,
functioning as a shock absorber and maintaining the tensile integrity of the tissue while
type V is associated with types | and 11, and can be found around the perimeter of the
cells to essentially function as a cytoskeleton. Type 111 gives the skin its flexibility and
is produced at the beginning of the wound healing process. Type I collagen is the most
abundant collagen in the body with few exceptions, such as with brain, hyaline
cartilage and the vitreous body of the eye. For type I collagen the triple helix formation
Is constituted of a heterotrimer with two identical al(I)-chains and one a2(I)-chain
coiling around each other. This strand is usually around 300 nm long and through
lining up and forming stacks with repetitive 67 nm spacing (D-period), they form
collagen fibrils (Figure 6) [85, 86].
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Figure 6 The collagen structure. a) The triple helix formation of alpha chains, b) Formation
of collagen fibrils through the characteristic pattern of collagen type 1 [85,86].

Use of collagen type | as a scaffold material for ligament tissue engineering is
common due to its high presence in the native tissue, and there have been previous
studies [87, 88] for the implementation of it as a graft but it was found that collagen
on its own is weak mechanically and requires crosslinking but this step causes
cytotoxic residue and even then the collagen’s mechanical performance does not

improve [89].

Another commonly used natural polymer used in ligament tissue engineering is
silk fibroin due to its unique mechanical properties, such as its tensile strength and
toughness [89]. Silk, specifically silk obtained from the cocoons of Bombyx mori
silkworms has been in use in biomedical applications for a long time as a material for
sutures. In nature, a silk fiber is made up of two fibrous proteins weighting 25 and 325
kDa that are covered in sericin, a protein that binds these two proteins together to form
the fiber. It has been shown that the presence of sericin affects the biocompatibility of
silk, causing an adverse reaction in the host and must to be removed through a
degumming process (Figure 7). The silk fibroin proteins, similarly to collagens has a

repetitive primary structure that tends to form homogenous secondary structure in
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-sheet form, along with crystals due to hydrogen bonds and hydrophobic interactions.
This mixture of B-sheet and crystallinity gives silk fibroin its mechanical properties,
with the B-sheet formation affecting the mechanical properties and degradation rate of
the material. Through methanol treatment, it is possible to induce crosslinking to

transform the random coils to -sheet structure [90-92].
Raw silk

T—— Fibroin

Sericin

-
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Figure 7 The schematic representation of silk fibroin isolation [91].

For ligament tissue engineering, silk fibroin has been used as scaffold usually
either in knitted form or in electrospun form. In their study, Seo et al. [93] had prepared
a knitted silk fibroin scaffold to compared its properties with a similarly knitted PGA
scaffold both in vitro and in vivo, with the conclusion that while the silk fibroin had
better biocompatibility, mechanically it was weaker than PGA. Jin et al. [94] has
shown that a fiber mat of silk fibroin obtained through electrospinning allows
attachment of bone marrow-derived mesenchymal cells, a commonly used cell type in
ACL tissue engineering [95]. By combining silk fibroin and collagen type I,
Maghdouri-White et al. [96] produced an electrospun mat with nanofibers that showed

proper cellular attachment and proliferation, with cellular alignment with the fibers.

The fabrication of scaffolds through electrospinning allows for the preparation of

scaffolds with fiber diameters on a micro- or nano-scale with alignment that closely
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mimics the ligament tissue. At its core, electrospinning is composed of three main parts
1) a power supply, ii) a syringe pump and iii) a grounded collector (Figure 8). The
syringe pump feeds the dissolved polymer through a needle and the power source is
attached to it. The power needed throughout the process is excessive, reaching
kilovolts; at a certain value this electrical power reaches the needed to overcome the
surface tension of the droplet to form a conical shape called the Taylor’s cone and the
polymer is ejected as a charged jet. This charged polymer jet is attracted to the
grounded collector, as the jet moves towards the collector the solvent of the polymer
evaporates and fibers of the polymer are collected on the grounded surface. The
alignment of the fibers can be affected depending on the collector used, on a flat
surface fibers are collected on a random formation whereas mandrels spun at a certain

velocity can be used to obtain aligned fibers [97-99].
Collector
Syringe Polymer solution

| Spinneret
— -

000

- |

Fibers

High Voltage l

Figure 8 The schematic representation of an electrospinning system [97].
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3 MATERIALS AND METHODS

3.1 Materials

Bombyx mori silkworm cocoons were a kind gift from Bursa Metropolitan
Municipality (Turkey). Sprague-Dawley rat tails were kindly provided by the
Experimental Animals Application and Research Center (DEHAM) of Acibadem
Mehmet Ali Aydinlar University (ACU) (Turkey). Sodium carbonate, hydrochloric
acid and methanol were purchased from ISOLAB (Germany). Lithium bromide, acetic
acid, sodium phosphate monobasic, (1,1,1,3,3,3)-hexafluoro-2-propanol (HFIP),
gelatin from porcine skin (300 g bloom), methacrylic anhydride, lithium phenyl-2,4,6-
trimethyl benzoylphosphinate (LAP), N,N,N’,N’-tetramethyl ethylenediamine
(TEMED), ammonium persulfate (APS), trizma base, sodium dodecyl sulfate, and
fluorescein isothiocyanate (FITC) conjugated phalloidin were obtained from Sigma-
Aldrich (USA). Sodium phosphate dibasic was supplied by AFG Bioscience (USA).
DMEM High Glucose medium and 0.25% Trypsin-EDTA were from Gibco (USA).
Live/Dead assay kit and Alamar Blue assay kit were purchased from Thermo Fisher
Scientific (USA). Fetal Bovine Serum (FBS) was from Biowest (USA). Dimethyl
sulfoxide (DMSO) was purchased from WAK-Chemie Medical GmbH (Germany).
Coomassie Stain and Laemli Sample Buffer were obtained from Bio-Rad (USA).
GenColor Prestained Protein Marker was from GeneMark.

3.2 Methods

3.2.1 Production of ACL Scaffold
3.2.1.1 Isolation of Silk Fibroin from Silk Cocoons

Bombyx mori cocoons were cut and weighed, and then placed in boiling Na2CO3
(0.02 M) for 30 min. The threads were dried by placing them in an oven at 37°C
overnight. The threads were weighed. LiBr solution (9.3 M) was heated to 60 °C and
was poured over the silk threads. The silk threads were left to dissolve for 4 h at 60 °C,

after which the solution was filtered through filter paper. The filtered solution was
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dialyzed (10,000 Da cut-off, Thermo Fisher Scientific) against distilled water for 3
days. The solution was frozen at -80 °C and were freeze dried (FreeZone Freeze Dry
System, Labconco Co., USA).

3.2.1.2 Isolation of Collagen Type | from Rat Tails

Sprague Dawley rat tails, a kind gift from DEHAM, ACU, stored at -80°C were
thawed and their skin was removed, tendons were separated from the tails. The tendons
were left to dissolve in cold (4°C) acetic acid (0.5 M) for 3 days. The solution was then
filtered through glass wool to remove non-dissolved connective tissue and the filtered
solution was dialyzed (10,000 Da cut-off, Thermo Fisher Scientific) against phosphate
buffer solution (at 7.2 pH, sodium phosphate dibasic (12.5 mM), sodium phosphate
monobasic (11.5 mM)) for the next 5 days. The solution was removed from dialysis
tubes and were centrifuged at 10,000 g for 10 min at 4°C. The pellets were then
dissolved in cold (4°C) acetic acid (0.15 M) overnight. 5% (w/v) NaCl was added to
the solution to precipitate the protein for the next 2 days. The precipitated collagen
was collected by centrifuging the solution at 10,000 g for 20 min at 4°C. The pellets
were dissolved in cold (4°C) acetic acid (0.15 M) overnight, and were then dialyzed
against PBS (at 7.2 pH, sodium phosphate dibasic (12.5 mM), sodium phosphate
monobasic (11.5 mM)) for the next 5 days. The collagen was then removed from the
tubes and was centrifuged at 10,000 g for 20 min at 4°C. For the next 2 days, the pellets
were left to dissolve in 70% ethanol. The solution was then centrifuged at 10 000 g for
30 min at 4°C. The collagen pellets were then frozen at -80 °C and were freeze dried
(FreeZone Freeze Dry System, Labconco Co., USA). The collagen was kept at 4°C

until further use.

3.2.1.2.1 Analysis of the Isolated Collagen Type | by SDS-PAGE

The purity of the Collagen isolated from rat tails was characterized through
sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). During
electrophoresis proteins are separated according to their masses. SDS is a negatively

charged detergent that denatures the proteins into long chains and covers them with a
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negative charge, allowing the proteins to be separated according to molecular mass.
For additional denaturation, -mercaptoethanol can be used. Two different gels in
different concentrations are prepared, stacking gel that has a lower concentration is
used to load the samples and the other gel separates the proteins according to their
mass. By applying electrical potential, proteins start to move towards the positively
charged electrode.

In this study, separating gel (8%) and stacking gel (4%) solutions were prepared
(Table 6), separating gel was poured first into the gel casette and allowed to polymerize
at room temperature for 30 min. Afterwards, stacking gel was poured in and the combs
were placed in the gel cassette. Two collagen samples (0.02% collagen in 0.02% acetic
acid), one of the samples loaded with f-mercaptoethanol, were denatured at 95°C for
5 min and were then loaded into wells. The applied potential was 180 V and the gel
was left to run for 1.5 h. The gel was washed with dH20O three times and was left in
Coomassie Blue overnight to stain the separated protein bands. The next day, the gel
was washed in dH20 for 4-5 h.

Table 6 Separating and Stacking Gel Concentrations.

Separating Gel (8%) Stacking Gel (4%)
acrylamide-bisacrylamide 2.66 mL 850 uL
(30% stock)

Tris-HCI (1.5 M, pH 8.8) 2.5mL -
Tris-HCI (0.5 M, pH 6.8) - 0.625 mL

10% SDS 100 pL 50 pL

10% APS 100 uL 50 uL

TEMED 5.99 uL 5uL

dH.0O 4.63 mL 3.4 mL
TOTAL 10 mL 5SmL

3.2.1.3 Production of a Fiber Mat Through Electrospinning

The fiber mat of the outer layer with aligned fibers were obtained through

electrospinning. The electrospinning system was composed of power supply (Gamma
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High Voltage, USA), syringe pump (New Era Pump Systems Inc., USA) and a rotating
mandrel made in our laboratory. The polymer solution was loaded into a syringe with
a blunted 26G needle and was pumped through the syringe pump at a constant flow
rate. The needle of the syringe is attached to a power supply to create a potential. At a
certain potential, this charge changes the formation of the droplet by overcoming the
surface tension and a conical shape known as “Taylor’s cone” is observed. To achieve
this the charge applied to the system needs to be adjusted until the needed voltage
value is reached. As the solution is ejected, the charged polymer is attracted to the
grounded collector, and as the polymer moves through the air to reach the metal
collector the solvent evaporates. To obtain fibers, both the distance between needle
and collector and the flow rate needs to be adjusted to a value that produces intended
fibers. The concentration of the polymers is another parameter that affects the fiber
uniformity, diameter and alignment, to obtain uniform fibers the polymer’s ratio both
within the solution, and if more than one polymer is used their ratios with each other
need to be adjusted. The alignment of the fibers depends on the collector used, a
mandrel with a proper rotation speed can be used for obtaining an electrospun mat with
aligned fibers. As shown in Table 7, different parameters were used for the optimized

values to produce a mat with aligned fibers.
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Table 7 Optimization of the Electrospinning Parameters.

Materials Applied Distance Flow Rate Mandrel Speed
Potential
(cm) (mL/h) (rpm)
(kV)
20 16 2.4 725
20 20 2.4 725
SF(10%):Coll (10%)
18 20 2.4 725
(Wiv)

1:1 18 20 2.0 725

18 20 1.8 725

18 20 1.6 725

20 20 1.2 725

Silk Fibroin 18 20 1.2 725

(10% wiv)

18 20 1.2 725

18 20 1.2 1000

SF (10%):Coll (10%)
18 20 1.2 1500
(wWiv)
18 20 1.2 2000
9:1
18 20 1.2 2500
18 20 1.2 3000

SF:Silk Fibroin, Coll: Collagen Type |

According to the results given in Section 4.2.1, the polymer with optimized
concentration was Silk Fibroin (10% w/v):Collagen Type | (10% w/v) at a 9:1 ratio.
The polymer was prepared by dissolving both materials separately in HFIP and after
that they were mixed. The optimized electrospinning parameters for the system were:
18 kV applied potential, 1.2 mL/h flow rate and 20 cm distance. The mandrel (15 cm
in diameter) of the collector was covered with a PEG coated aluminum foil and was
rotated at 2500 rpm. The obtained fibers were treated with methanol (99%) for 45 min
to set them and removed (Figure 9).
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Figure 9 Electrospinning system. [100].

3.2.1.4 Characterization of the Electrospun Mat
3.2.1.4.1 Scanning Electron Microscopy

Morphology of the fiber mats was studied using the Scanning Electron
Microscopy (SEM) (EVO 10, Zeiss, Germany). The mats were placed onto aluminum
stubs, and coated with gold under vacuum for 2 min (Q150RS, Quorum, UK).

3.2.1.4.2 Mechanical Testing
Tensile testing was done to determine the mechanical properties of the electrospun
fiber mats using Mechanical Testing Machine (Shimadzu AGS-X Series Universal

Test Machine, Japan) with 5 kN load cell at the speed of 1 mm/min, and Mechanical

Testing Software (Trapezium, Shimadzu, Japan).
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3.2.2 Synthesis of GelMA

In order to prepare GelMA, initially Dulbecco’s phosphate buffered saline
(DPBS) (Gibco) (200 mL, 10 mM) was preheated to 60°C and then 20 g of porcine
skin gelatin was added. Methacrylic anhydride (13.4 mL) was added to the solution
dropwise and the solution was left at 55°C for 2 h. The methacrylation reaction was
stopped by adding DPBS (400 mL). The solution was dialyzed (10,000 Da cut-off,
Thermo Fisher Scientific) against dH>O for 10 days to remove excess methacrylic
anhydride. After dialysis, the solution was filtered. Finally, the solutions were
lyophilized (FreeZone Freeze Dry System, Labconco Co., USA) and kept at -80°C

until further use.

3.2.2.1 Characterization of GelMA
3.2.2.1.1 'H-Nuclear Magnetic Resonance (*H-NMR) of GelMA

In order to measure the methacrylation degree of the gelatin, both gelatin and
dried GelMA were dissolved in D,O to obtain their *H NMR spectra, using Bruker
Biospin High Resolution Digital 300 MHz NMR Spectrometer (The Central Lab,
METU, Ankara). The equation given below was used to calculate the methacrylation
degree (MD).

Peak area of Lysine Methylene ofGelMA)
Peak area of Lysine Methylene of Gelatin X

MD (%): Methacrylation Degree

MD(%)=(1—

3.2.2.1.2 Determination of Equilibrium Water Content (EWC)

GelMA slabs were prepared by dissolving GeIMA in DPBS (16% w/v) at 37°C,
and lithium phenyl-2,4,6-trimethyl-benzoyl-phosphinate  (LAP) 10% (v/v)
photoinitiator was added to this solution. The GelMA solution was added into the wells
of a 96 well plate and was then exposed to UV (365 nm, 0.6 Joule/cm?) for 2 min in a
UV chamber (BIO-LINKTM BLX, Germany). After removing the slabs from the
wells, GelMA slabs were immersed in PBS at 37°C for 24 h. After excess PBS was
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removed with a filter paper, the slabs were rinsed with distilled water and their wet
weight (Ww) was recorded. The slabs were frozen at -80°C and then lyophilized to
record their dry weight (Wg). Equilibrium water content (EWC) of the GelMA slabs

were calculated according to the equation given below:

EWC (%) = 224 x 100
EWC (%): Equilibrium Water Content (%)
Wy Wet Weight

Wjg: Dry Weight
3.2.2.1.3 Mechanical Testing

Mechanical properties of the GelMA were examined through the compression
tests on GelMA slabs using Mechanical Testing Machine (Shimadzu AGS-X Series
Universal Test Machine, Japan) at a displacement rate of 0.5 mm/min. GelMA slabs
were prepared as in Section 3.2.2.1.2. The results were analyzed using Mechanical
Testing Software (Trapezium, Shimadzu, Japan). For each sample, a stress-strain
curve was obtained and from the slope of the linear region of this curve the
compression modulus of the samples was calculated according to the equations given

below:
Strain (&) = % (I
Stress (o) = % (1

Compressive Modulus = % (D)

Al: Displacement (mm)

I: Initial length (mm)

F: Applied Force (N)

A: Cross-sectional area of the sample (mm?)
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3.2.3 Construction of the Bilayered of GeIMA-Electrospun Fiber Tube

In order to form the GelMA layer of the tubular structure, a mold made from
Tough PLA was produced through 3D printing. The mold was designed in SketchUp
(Google Inc., USA) and loaded to the Ultimaker Cura 3.5.3 software of the Ultimaker
S5 3D printer (Ultimaker, Netherlands) for printing. The GelMA solution was
prepared as the Section 3.2.2.1.2 and then transferred into the mold with a
micropipette. The molds containing GelMA solution were placed in a UV chamber
(BIO-LINKTM BLX, Germany) to expose GelMA to UV (365 nm, 0.6 J/cm?) for 2

min.

The electrospun fiber mats were cut into squares (2 cm x 2 cm) and treated with
oxygen plasma on both sides (50 W for 3 min). After GelMA layer was prepared, the
fiber mat was placed on top of it while it was still in the mold. The bilayered product
was removed from the mold and exposed to UV for 30 s. The structure was then rolled
into a cylinder starting from one corner, and in parallel to the alignment of the fibers
(Figure 10).

‘ Electrospun fiber mat
uv
\ Removal of Bilayered
—. — the bilayered structure
Crosslmlfed for structure ;
2 min from mold

GelMA solution GelMA hydrogel in mold

added into mold uv lCrfoss;gked
or s

l Roll
Fiber mesh

(|

Tubular
structure

Figure 10 Construction of the bilayered GeIMA-Electrospun Fiber tube.
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GelMA Hydrogel

Electrospun Fiber Mat

Figure 11 The bilayered tube.

3.2.3.1 Characterization of the Bilayered GelMA-Electrospun Fiber Tubes

3.2.3.1.1 Scanning Electron Microscopy (SEM)

In order to examine the hydrogel layer while it was still moist, the samples were
placed under low vacuum using Scanning Electron Microscopy (SEM) (Thermo
Quatro ESEM at Acibadem Mehmet Ali Aydinlar University).

The bilayered tubes were lyophilized (FreeZone Freeze Dry System, Labconco
Co., USA) after freezing at -80°C to prepare them for Scanning Electron Microscopy
(SEM) (EVO 10, Zeiss, Germany). The samples were placed onto aluminum stubs,
and coated with gold (Q150RS, Quorum, UK).

3.2.4 Invitro Studies

L929 fibroblast cell line (ATCC, USA), which was a kind gift from METU
BIOMATEN Center in Ankara, TURKEY, was used for in vitro studies because
fibroblasts are the local cell population found in the native tissue.

3.2.4.1 Culture of L929 Fibroblast Cells

L929 cells in Passage 23 were cultured in a medium containing DMEM High
Glucose, 10% FBS and Penicillin (100 U/mL)/Streptomycin (100
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ug/mL)/Amphotericin-B (0.25 pg/mL) (P/S/A) in tissue culture polystyrene flasks.
Culture media of cells were changed every 2 days.

3.2.4.2 Preparation of Cell Loaded GelMA Slabs

GelMA solution was prepared by dissolving GelMA in culture media at 37°C and
then filtering the solution through a 0.22 um syringe filter in a laminar flow cabin.
LAP (10% v/v) was added to the GelMA solution after filtering. The solution was kept

at 37°C until further use.

Once cells reached proper confluency (80%) , they were detached from culture
flasks by adding 0.025% Trypsin-EDTA, centrifuged at 1500 rpm for 5 min and the
resulting pellet was then resuspended in 1 mL of culture medium. Cells were counted
using a Thoma (ISOLAB, Germany). The intended amount of cells (10° cells) were
removed and placed into a separate falcon tube to be centrifuged, the cell pellet was
resuspended in GelMA solution. GelMA solution carrying 10° cells was added into the
wells of a 96 well plate and then crosslinked under UV (365 nm, 0.6 Joule/cm?) for 2
min in a UV chamber (BIO-LINKTM BLX, Germany). The crosslinked GelMA slabs
were placed into the wells of a 24 well plate, enough culture media containing DMEM-
High Glucose, 10% FBS and P/S/A was added and cells within the hydrogel were
cultured in a CO2 incubator at 37°C, 5% COz. The culture media was changed every 2

days.

3.2.4.3 Live-Dead Cell Viability Assay of GeIMA Slabs

After eight days of culture, Live-Dead Cell Viability Assay was conducted to
determine the viability of cells in GelMA hydrogel slabs. Assay solution was prepared
in DPBS with calcein AM (0.5 uL./mL) for live cells (green) and ethidium homodimer-
1 (2 uL/mL) for dead cells (red). After the culture media was removed, Live-Dead
assay solution was added into the wells and the samples were incubated at 37°C for 30
min. After incubation, the assay solution was removed, DMEM-High Glucose without

Phenol Red was added onto the samples and the samples were examined with Confocal
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Laser Scanning Microscopy (CLSM) (Zeiss LSM 900, Germany). The images were
examined and the viability of cells were calculated according to the equation given

below.

Live Cells (Green) 100
Total Cells (Green+Red)

Viability of cells (%) =

3.2.4.4 Construction of Bilayered Cell Loaded GelMA-Electrospun Fiber Tube

The cell loaded GelMA solution was prepared as in the Section 3.2.4.2. In order
to prepare the cell loaded GelMA layer, the molds sterilized with 70% EtOH for 1 h
and exposed to UV light under laminar flow for 1 h for both sides were used. SF-Col1l
fiber mats were treated with O2 plasma on both sides (50 W for 3 min), and then with

UV for 1 h on both sides under laminar flow.

After the cells were suspended in GelMA solution, it was poured into the molds
and were crosslinked with UV (365 nm, 0.6 Joule/cm?) for 2 min. The fiber mat was
placed onto the slab and the bilayered structure was transferred to a 6 well plate. The
bilayered structure was exposed to additional UV for 30 s. The structure was then
rolled and then two rings were placed at 2 ends to prevent uncoiling during culture.
Enough culture medium containing DMEM-HG, FBS and P/S/A was put into the wells

to fully submerge the construct. Media was changed every two days.

3.2.4.5 Cell Behavior in the Tubular Construct
3.2.4.5.1 Cell Proliferation on the Tubular Construct: Alamar Blue Assay

Alamar Blue Assay is a method that measures the metabolic activity of cells,
where the cells reduce the blue colored, non-fluorescent resazurin to the purple-pink,
highly fluorescent resofurin as shown in the reaction below. By measuring the
fluorescence of the resulting solutions, the viability of the cells can be calculated from

a calibration curve.
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Redox Reaction

RESAZURIN ) RESOFURIN

Alamar Blue solution (10% v/v) was prepared with DMEM-High Glucose without
Phenol Red and P/S/A. Readings were made on Days 1, 3, 7 and 14. After the media
was removed from the wells with samples (n=3), they were washed twice with PBS
(with Ca?*, Mg?"). Alamar Blue solution was added into wells, and the well plate was
covered with aluminum foil. The samples incubated for 1 h at 37°C in a CO;z incubator.
After incubation, the solutions were divided into the wells of a 96 well plate (10
wells/sample and five wells were filled with Alamar Blue Solution as blank). An
Absorbance-Fluorescence Plate Reader (Perkin EImer, USA) was used to measure the
absorbance of the products. Two measurements at 570 nm and 600 nm were made.
The reduction in the absorbance of the product was calculated according to the

equation given below.

8- )i XA Y=-UB. )i Xiso
Reduced (%) — (( ox )/," ’A,) ((z’n\)/.l /.') \IOO
((&rea) st XA 35) - ((84) 12 X A)

A= 570 nm A2= 600 nm
(eox)a2=117.216  (€red)r1 = 155.677
(eox)n1 = 80.586  (&red)r2 = 14.652
As1= Test well at Ay

A= test well at A2

A= Blank at \q

A’>=Blank at A

€ox. Excitation coefficient of the oxidized state of the molecule

€req: EXxcitation coefficient of the reduced state of the molecule
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3.2.4.5.2 Live-Dead Cell Viability Assay of the Tubular Construct

Live-Dead Assay solution was prepared as same in the Section 3.2.4.3 and the
same procedure was applied to the samples (n=2). The assays were performed for Days
3 and 14. The images were obtained with CLSM (Zeiss LSM 900, Germany). The
viability of cells was calculated using ImageJ NIH software with the same equation in
Section 3.2.4.3.

3.2.4.5.3 Cell Morphology on the Tubular Construct: Phalloidin-DAPI Staining

In order to examine the morphology of the cells within the tubular constructs, the
cells were stained with FITC conjugated Phalloidin and 4', 6-diamidino-2-
phenylindole (DAPI). Phalloidin stains the actin filaments of the cells while DAPI
stains the nucleus. The samples were fixed on Days 3 and 7 with 4% PFA at room
temperature, and then washed with PBS. The cells were permeabilized with 0.1%
Triton X-100 for 5 min at room temperature. After washing with PBS, the samples
were kept in 1% BSA for 30 min at 37°C. The samples were first stained with
Phalloidin (1:100 in 0.1% BSA) and were then counterstained with DAPI (1:5000, in
PBS). The cells were examined and their images were obtained with CLSM (Zeiss
LSM 900, Germany).
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4 RESULTS

4.1 SDS-PAGE Results of the Isolated Collagen Type I

The result of the gel electrophoresis for the Collagen Type I isolated from rat tails
is shown below (Figure 12). The first lane had the protein marker, and the remaining
lanes were loaded with the isolated collagen. In the last lane, the collagen sample was
loaded with mercaptoethanol for additional denaturing to obtain clearer lanes.
Collagen Type I shows doublets at 115 and 130 kDa and 215 and 235 kDa. Both of
the samples had bands at the indicated molecular weights of 115 and 130 kDa, meaning

that the protein isolated from rat tails were Collagen Type I.

Lane 1 Lane 2 _ Lane 3

a1l

180

135 === 130 130 {i—
115{ 115¢
)

75 S

63—

25 SN

17
P
Ladder coL1 coL1

w/Mercaptoethanol

Figure 12 SDS-PAGE of Type I collagen isolated from rat tail; Lane 1: Protein Ladder, Lane
2: isolated collagen type | sample (0.2% w/v) and Lane 3: isolated collagen type | with

mercaptoethanol (0.2% (w/v)).
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4.2 Characterization of the Electrospun Fiber Mat
4.2.1 Optimization of the Electrospinning Parameters

The natural ACL tissue is composed of bundles of aligned fibrils, with Type |
collagen being the most abundant [14]. The aim of the present study was to imitate this
organization by producing a fiber mat with aligned fibers by electrospinning. The
parameters of the electrospinning system such as the potential, flow rate, distance
between the needle tip and the collector, polymer concentration and rotation speed of
the mandrel collector was changed until the optimal parameter values for the
production of aligned fibers were found. In the first run, the parameters were as
presented in Table 8. The fibers of the resulting mat were fused, the fibers were not
fully separated from each other (Figure 13a). In electrospinning Run Il, while the
applied voltage, flow rate and mandrel speed remained constant, distance was
increased from 18 cm to 20 cm. The fibers of this mat also had fusion (Figure 13b).
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Table 8 Parameters of the Electrospinning Runs I-VII
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SF: Silk Fibroin, Coll: Collagen Type |

43



10 ym = i = 10 pm = i =
L EHT = 5.00kV Signal A = SE1 WD = 11.67 mm EHT = 5.00kV Signal A = SE1
| Probe = 20 pA Mag= 3.00KX | Probe = 20 pA Mag= 3.00KX

WD =11.90 mm

Figure 13 SEM images of electrospun fibrous mats obtained by electrospinning. (a) Run I and

(b) Run Il. Magnification x3000; scale bar 10 pm.

Then for the next Runs (111-V1), the applied potential was decreased to 18 kV,
while the distance and mandrel speed remained the same and four different fiber mats
were produced with these parameters. The fibers produced at Run 111 (Figure 14a) and
at Run IV (Figure 14b), had fusion, while there was an improvement on uniformity of
the fibers at Run V (Figure 14c) and Run VI (Figure 14d). Out of all four of these mats,

the fibers produced with 1.6 mL/h presented the lowest fusion.
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10 um EHT = 5.00 kV Signal A = SE1 WD = 11.35 mm 10 pm EHT = 5.00kV Signal A = SE1

WD = 11,61
IProbe=  20pA Mag= 3.00KX IProbe= 20pA Mag= 300KX g

10 pm EHT = 5.00 kv Signal A = SE1 _ 10 um EHT = 5.00 kv Signal A = SE1
WD =11.99 mm
I Probe= 20 pA Mag= 3.00KX I Probe= 20 pA Mag= 3.00KX

Figure 14 SEM images of electrospun fibrous mats obtained by electrospinning. (a) Run I11;
(b) Run 1V; (¢) Run V and (d) Run IV. Magnification x3000; scale bar 10 pm.

WD =11.43mm

Seeing as lowering the flow rate gave better uniform fiber formation, in the next
run (Run VII) flow rate was lowered to 1.2 mL/h. The fibers of this mat (Figure 15),

also presented fusion.
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Figure 15 SEM image of electrospun fibrous mat obtained by electrospinning, Run VII.

Magnification x3000; scale bar 10 um.

As the fusion of the fibers could not be fully solved by changing the parameters
of the electrospinning system the 1:1 ratio of the two polymer materials was changed
to only Silk Fibroin (10% (w/v)) (Run VI1II). The resulting mat (Figure 16) had uniform

fibers as was intended, although the fibers not organized.

10pm EHT = 5.00 kV Signal A = SE1

WD =10.29 mm
| Probe = 20pA Mag= 3.00KX

Dete: 2 Sep 2022

Figure 16 SEM image of electrospun fibrous mat obtained by electrospinning, Run VIII.

Magnification x3000; scale bar 10 pm.

As seen in the absence of fusion of the fibers upon use of only Silk Fibroin, the
ratio of Coll was decreased in the blend. Due to this, for Run IX the parameters shown
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in Table 9 were applied. As predicted, the fibers produced were uniform and not fused,

randomly distributed (Figure 17).

Table 9 Parameters of the Electrospinning Runs 1X-XIV
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Figure 17 SEM image of electrospun fibrous mat obtained by electrospinning, Run IX.

Magnification x3000; scale bar 10 um.

As fusion of the fibers were decreased to an acceptable degree, mandrel speed was
optimized to obtain aligned fibers. In the following Runs (X-XII), the mandrel speed
was increased. The fibers of the mats produced at Run X (Figure 18a) and Run XI
(Figure 18b) showed random fiber formation, while for Run XII (Figure 18c) fibers
started to show some alignment and at Run XIII (Figure 18d) the fibers were aligned

although they started to fuse.
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Figure 18 SEM images of electrospun fibrous mats obtained by electrospinning. (a) Run X;
(b) Run XI; (¢) Run XII and (d) Run XIII. Magnification x3000; scale bar 10 um.

To prevent the fusion of the fibers due to mandrel’s speed being too high, an

electrospinning run at 2500 rpm (Run XIV) was done. The mat had fibers that were

mainly aligned with the occasional random fiber.
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Figure 19 SEM image of electrospun fibrous mat obtained by electrospinning, Run XIV.

Magnification x3000; scale bar 10 um

4.2.2 Fiber Diameter and Orientation Analysis

The orientation of the fibers and their diameters were analyzed using the
FibroQuant 1.3 software. The diameters of the mat fibers ranged from 40 to 990 nm
(Figure 20a), with the fibers of the largest fraction (24.3%) having a diameter at the
range of 110-170 nm. It can be stated that the fiber diameter was mainly in the range
of 110-360 nm, even though fibers as thick as 1 um were obtained. The orientation of
the fibers was calculated from the SEM images at 0°-15° and 15°-45° deviation angles.
Since deviation at 0-15° is accepted as “aligned”, about 30% of the fibers was

considered aligned (Figure 20Db).
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Figure 20 The fiber analysis. (a) Fiber diameter, and (b) Fiber deviation angles
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4.2.3 Mechanical Analysis

Tensile testing was done on samples (1 cm x 4 cm) to determine the mechanical
properties of the electrospun fiber mats. A stress-strain curve was obtained from which
the tensile modulus of the samples was calculated to be 1499 + 200 MPa, while the
ultimate tensile stress and ultimate tensile strain were calculated, respectively as 51.6
MPa and 7.5% (Figure 21). The natural ACL tissue has a Young’s modulus of 204.1
+ 89.5 MPa and an ultimate tensile stress of 39.6 = 5.5 MPa [101], the values of the
fiber mat produced were much higher than the native tissue showing that the
electrospun SF-Coll mat can perform as a scaffold for ACL tissue engineering.
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Figure 21 Stress-Strain Curves of the Electrospun Fiber Mats (n=3).
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4.3 Characterization of the GelMA Hydrogel
4.3.1 H-Nuclear Magnetic Resonance (*H-NMR) Spectrum of GelMA

In order to calculate the degree of methacrylation, the *H-NMR spectrum of both
the gelatin used for the synthesis of GelMA and the methacrylated GeIMA polymer
were obtained. The resulting spectra (Figure 22) were examined with MestreNova
NMR analysis software (version 6.0.2, Mestrelabs Research) to calculate the
methacrylation degree. Methacrylate gives two peaks between 5.5-6 ppm while
phenylalanine gives a peak between 7.5-6.9 ppm, after methacrylation this peak
remains unchanged. Due to this, both spectra were normalized according to the
phenylalanine’s peak. Lysine peaks in between 2.95-2.8 ppm were used to calculate
the methacrylation degree according to the equation given in Section 3.2.2.1. The

methacrylation degree of the GelMA used in this study was found as 98.4%.

Q::

Aromatic amino group (7.5-6.9 ppm) Methacryloyl group (5.7-5.4 ppm) Lysine group (2.95-2.8 ppm)

Figure 22 'H-NMR Spectra. a) Gelatin, and b) GelMA.
4.3.2 Equilibrium Water Content (EWC) of GeIMA

Hydrogels are polymeric structures that are highly hydrophilic, and this property
allows these materials to withhold large amounts of water. The water retention
property of an hydrogel is important as it directly affects its mechanical strength when
swollen and its porosity [102]. For the GelMA slab samples (n=5) prepared with 16%
GelMA concentration with 2 min UV exposure, the equilibrium water content was

calculated as 84.8 %, showing high hydrophilicity while the water content of the
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natural tissue ranges in between 60-80% [13]. The hydrogels produced have a slightly

higher water retention level compared to the ACL tissue.
4.3.3 Mechanical Analysis of GeIMA Slabs

The GelMA slabs were tested through compression to determine the mechanical
properties of the hydrogel. The samples (5 mm height, 3 mm diameter) were tested
with 0.5 mm/min test speed. A stress-strain curve was drawn for each sample and the
compressive modulus was calculated (Figure 23). The compressive modulus of the
samples were calculated as 308 + 23 kPa, quite similar to the modulus values found in

the literature of the similar GelMA studies [103].
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Figure 23 Stress-Strain curves of GelMA slabs (n=3).
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4.4  Characterization of the Bilayered GelMA-Electrospun Fiber Tube

The bilayered tubes were produced by rolling a bilayered construct composed of
a GelMA layer and electrospun fiber layer into a tubular shape (Figure 24). The
diameter of the tubes was 4.86 + 0.43 cm and its length was 1.78 + 0.14 cm.

—

Fiber mesh

i "‘I
‘ "_L‘ GelMA

| )/ —

Figure 24 Preparation of Bilayered GeIMA-Electrospun Fiber Tube.

Tubular
structure

4.4.1 Scanning Electron Microscopy (SEM)

The tubular structure was examined with Scanning Electron Microscopy (Thermo
Quatro ESEM) under low vacuum conditions to observe the tubular structure with its
hydrogel at a hydrated state. One of the samples was cut diagonally to examine the
two layers (Figure 25), while in another tubular sample was examined as a whole
(Figure 26).
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Figure 25 SEM image of the two layers of the tubular structure under low vacuum.
Magnification: x120, Scale bar: 1 mm.
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Figure 26a

GelMA Hydrogel

Electrospun Fiber Mat

HV det
15.00 kV LVD

Figure 26 SEM images of the tubular structure. a) The top view, b) Frontal view,

Magnification: x120, Scale bar: 1 mm.

After the sample was freeze dried, a section of it was cut to have it examined under
SEM. In the images, the two layers made up of GelMA hydrogel and electrospun fiber
mat can be seen (Figure 27b). In the GelMA hydrogel layer, the interconnected porous

structure could be observed.
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Figure 27 SEM images of the tubular structure. (&) The upper view, Magnification: x35, Scale
bar: 1 mm; (b) Close-up of the wall of the tube, Magnification: x100, Scale Bar: 200 pym

45 In vitro Studies
451 Live-Dead Cell Viability of GelMA Slabs

Live-Dead Assay was done to the cell loaded GelMA hydrogels to observe the
viability of the cells within the intended hydrogel concentration and whether the time
exposed to UV to crosslink GelMA had any negative effects on cell survival. After 8
days in culture, the assay was performed on the samples. The images of the living
cells (green) and dead cells (red) were obtained with CLSM (Zeiss LSM 900,
Germany). Z-stacks at x10 magnification (Figure 29) were taken from both sides of
the slabs. For the bottom of the slabs, a higher amount of dead cells were observed
(Figures 28(a-b) and 29(b)).
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1

Figu re 28 CSLM images of the Live-Dead Cell Viabilty Assay of GelMA hydrogel slabs on

Day 8. (a-b the top of the slab, (c-d) bottom of the slab. Magnification: x10; scale bar 100 um

For the calculation of the cell viability, the z-stack image of the total slices taken
from both sides were used (Figure 28) and the viability of the cells was calculated
according to the equation given in Section 3.2.4.3. The fraction of the living cells was
calculated to be 83%. The cell viability (with the parameters the concentration of
GelMA and time under UV exposure) for the GelMA hydrogel slab was decided to be
acceptable since for cellular viability fraction >70% are considered acceptable for
cellular viability. Due to this, for the rest of the in vitro studies the same hydrogel

preparation parameters were applied.
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Figure 29 z-Stack CSLM images of the Live-Dead Cell Viability Assay of GeIMA hydrogel
slabs on Day 8. (a) top; (b) bottom; Magnification: x10, Scale bar: 300 um.

452 Alamar Blue Assay of the Cells in the Tubular Structure

Alamar Blue Assay’s of the samples (n=3) were measured on Days 1, 3, 7 and 14.
Using the equation given in Section 3.2.4.5.1, the percentage of the reduced resazurin
was calculated and a graph (Figure 29) was drawn. In the first 7 days of culture, the
cells showed a linear growth in their proliferation rate. The continuous reduction of
the resazurin, shows that the cells were able to proliferate while in the tubular structure

and thus continue with their cellular activities.
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Figure 30 Alamar Blue Assay results of the samples (n=3).

45.3 Live-Dead Cell Viability of the Tubular Structure

Live-Dead Cell Viability Assay was carried out on the tubular samples on the

Days 3 and 14 of the culture and especially the GelMA layer of the samples were
examined as the cells were most abundant there (Figure 31).

Figure 31 CLSM images of the Live-Dead Cell Viability Assay of the GelMA hydrogel layer
of the tubular structure. (a) Day 3 and (b) Day 14. Magnification: x10, Scale bar: 50 pm.
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For the calculation of the cell viability, the z-stack images of the total slices were
used (Figure 32). On Day 3, cell viability was 68.8% while for Day 14 this value
increased to 88.8%. The lower viability of the cells on Day 3 can be attributed to the
mechanical stress the cells were exposed to on Day 1 where the bilayered slab was

rolled into a tubular structure.

Figure 32 z-Stack CLSM images of the Live-Dead Cell Viability Assay of GelMA hydrogel
layer. (a) Day 3; (b) Day 14; Magnifications: x10, Scale bar: 300 um.

4.5.4 Phalloidin-DAPI Staining of the Tubular Structure

The tubular samples were stained with FITC conjugated Phalloidin and DAPI to
examine the morphology of the cells within the bilayered tubes. The samples were
fixed on Days 3 and 14 with 4% PFA, and after staining the samples were examined
under CLSM (Zeiss LSM 900, Germany). The cellular morphology within the
structure as a whole, and separately both on the fiber and hydrogel layers were
examined. On the images taken together with the electrospun fiber mat the nuclei of
the cells could not be seen. This may be due to the auto-immunofluorescence of the
silk fibroin used for the fabrication of the electrospun fiber mats. DAPI, the dye that
stains the nuclei of the cells has a blue color at 358 nm, when during examination with

CSLM under the wavelength required to observe the staining the signal caused by the
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auto-fluorescent properties of silk fibroin [104] may be suppressing the signal of the
stained nuclei and preventing them from being observed (Figures 34(b) and 36(c-d)).
When comparing Day 3 (Figures 33-34) to Day 14 (Figures 35-36), the L929 cells
showed a continued proliferation as it could be seen from the increased number of cells
in the GelMA layer (Fig. 36a).

GelMA Hydrogel <

Electrospun Fiber Mat

Figures
33(a-b)

Figure 33 z-Stack CLSM images of the Phalloidin-DAPI staining of the tubular structure at
Day 3. (a) Top view of the tubular structure; (b) Side view of the tubular structure; (c) GelMA
layer; (d) Electrospun fiber layer; Magnifications: x10, Scale bar: 300 um
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Figure 34 CLSM images of the Phalloidin-DAPI staining on Day 3. (a) GelMA layer, (b)
Electrospun fiber layer. Magnification: x20, Scale bar: 20 um
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Figure 35a

Figure 35 z-Stack CLSM images of the Phalloidin-DAPI staining of the tubular structure on
Day 14. (a) The side view of the tubular structure, (b) GelMA layer, (c) Electrospun fiber
layer. Magnification: x10, Scale bar: 300 um.
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Figure 36 CLSM images of the Phalloidin-DAPI staining on Day 14. (a) GelMA layer, and
(b) Electrospun fiber layer; Magnification: x20, Scale bar: 20 pm.
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5 DISCUSSION

In this study, silk fibroin and collagen type | were chosen as the polymer for
electrospinning to produce a mat with aligned fibers. Collagen Type | was chosen due
to its abundance in the natural tissue and silk fibroin was chosen to give mechanical
support. A layer composed of GelMA hydrogel loaded with cells were then combined
with the electrospun fiber mat. This bilayered structure was then rolled up to a tubular
shape to imitate the shape of the ligament. Two 3D printed rings made from PLA were
used to keep the bundle in tubular shape. L929 fibroblast cells were used throughout

this study as they are the most abundant cells found in native ACL tissue [13].

A fiber mat with aligned fiber orientation was produced through electrospinning.
The structure of ACL is made up of fascicles (250 um diameter) of multiple bundled
collagen fibrils of 25-250 nm diameters that are parallel to each other [13-15]. The
diameters of electrospun mat’s fibers were between 40 nm-1 um, with the fibers with
thickness in the range of 110-360 nm making up most of the mat. The fibers were
highly oriented (0-15° and 15-45°), as a deviation of 15° is considered as aligned and
here about 30% of the fibers were aligned. When compared with the natural tissue, the
produced electrospun mat had fiber thickness similar to the ACL, while in some other
studies where an electrospun fiber mat of SF-Coll had much thicker fibers with 910 +
60 nm diameter [96]. In another study, a SF-PEO electrospun mat had a fiber thickness
of 700 + 50 nm [94].

ACL is crucial part of the knee, functioning as the stabilizer of the joint [7],
bearing high mechanical loads. After a tear, the tissue can not heal itself or continue
its function at its previous performance level [53-55]. Due to this, through
reconstruction surgery, the stumps of the ligaments are shaved off and a graft made
from tendons is passed through the holes drilled into the femur and tibia [5, 59]. These
grafts depending on where the tendon is harvested from have different mechanical
properties. The bone-patellar tendon-bone, the most preferred graft of the surgeons,
has a Young’s modulus of 297 MPa, while for hamstring tendons this value is 557
MPa [105] and for the natural ACL it is 204.1 MPa [101]. The electrospun fiber
produced in this study, had a much higher Young’s modulus (1.499 GPa) when
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compared to both the native ACL and the graft alternatives. A mat prepared by
electrospinning of SF-Col1 had a much weaker modulus of 9.78 MPa [96]. Comparing
the ultimate tensile stress value of the fiber mat to that of the natural ACL tissue, the
fiber mat had a higher value (51.6 MPa) compared to ACL (39.6 MPa) and is therefore
very suitable for the purpose [101].

In order to mimic the ECM of the native tissue and to act as the cell carrying layer,
GelMA polymer was synthesized by the methacrylation of gelatin. The methacrylation
degree was calculated by *H-NMR spectra of the gelatin used in the synthesis reaction
and the methacrylated GelMA polymer. For the GelMA used throughout this study,
the methacrylation degree was calculated as 98.4%. A high methacrylation degree (>
80%) for GelMA produces a hydrogel with increased stiffness whilst decreasing the
equilibrium water content [106]. For the 16% GelMA, the EWC was calculated as
84.8% and with a compressive modulus of 308+ 23 kPa, showing that the hydrogel
had sufficient hydrophilicity allowing solutions to enter whilst still retaining its

mechanical properties.

As the cell carrier layer, the GelMA hydrogel layer needed to have enough cell
attracting properties to retain the cells while not affecting the proliferation and viability
of the cells. To determine the viability of cells within GeIMA hydrogel slabs, Live-
Dead Assay was conducted on L929 loaded hydrogel slabs. After 8 days in culture,
the viability was calculated as 83%, with the bottom of the slab having a higher
proportion of dead cells which may be due to being exposed to poor culture conditions
(low O2 and nutrient) throughout the incubation. With an acceptable level of the cells
staying alive after culture, the parameters for the GelMA hydrogel with 16% (w/v)
GelMA concentration and 2 min UV was used for in vitro studies with bilayered tube.

A bilayered tube made up of a cell-loaded GelMA layer and a SF-Coll electrospun
fiber mat was prepared. During in vitro studies, in order to prevent the tube from
uncoiling, rings were placed at both ends. By conducting Alamar Blue Assay, Live
Dead Assay and Phalloidin-DAPI Staining the proliferation, viability and morphology

of the cells were determined respectively. On Day 3, there was a high amount of dead
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cells (32%) but as the culture progressed to Day 14 the viability of the cells increased
to 88%. This difference may be caused by the mechanical stress applied to the cells
during the rolling and placing the rings. The increased viability on Day 14 show that
while initially rolling the tube negatively affected the cell viability in time the cells
were able to overcome this effect. For the cell proliferation, the cells had a linear
growth through the Days 1-7, and after Day 7 of culture there was a distinct increase,
possibly caused by the cells overcoming the stress at the start of culture. Cellular
morphology did not change significantly between Day 3 and Day 14. Unlike most
fibroblasts which are spindle shaped [107] L929 exhibits a round morphology, but the
increase in cell numbers could be seen along with the attachment of cells to the fiber

layer.
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6 CONCLUSION

In this thesis, the aim was to develop a tissue engineered ACL through
electrospinning. The electrospun fiber mat with aligned fibers were produced with silk
fibroin and collagen type | as the polymer, this fiber mat was then combined with
GelMA loaded with L929 fibroblast cells. This bilayered construct was then rolled to
give it a tubular shape to achieve a suturable implant.

The viability of cells within GelMA and the tubular structure was determined
through various in vitro assays. The Live-Dead Cell Viability assay results showed
that GelMA concentration, along with the duration of exposure to UV, did not affect
the cell viability and proliferation after 8 days in culture, and with the tubular construct
both Live-Dead Cell Viability and Alamar Blue assays showed that cells continued

their cellular activity and proliferation for the 14 day culture duration.

The fiber layer of the construct showed viscoelastic mechanical properties with a

high Young’s modulus surpassing that of the native tissue.

In the future, other materials could be introduced to the fiber structure to improve
elasticity. Improvements could be made to preserve the tubular shape of the construct
in in vitro studies during this study 3D printed PLA rings were used to keep the bundle
in tubular shape.

In conclusion, the tubular structure appears to be capable of maintaining cellular

viability and proliferation, and therefore, in vivo studies could be initiated.
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