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ABSTRACT

Rivera, Diego, Electrospun PCL and PCL/Gel microfiber scaffolds as prototypes for anterior

cruciate ligament (ACL) regeneration and repair. Master of Science (MS), December 2021, 43 pp.,

8 tables, 14 figures, 44 references, 25 titles

Polycaprolactone (PCL) is a polymer that has been a focus of tissue engineering due to its
range of applicability for biomedical applications. Synthesis of PCL from a microwave-assisted
and stannous octoate-catalyzed ring-opening reaction with e-caprolactone was accomplished.
Aligned-fiber microfiber mats were generated via electrospinning for characterization. PCL
microfiber mats were characterized via FTIR and scanning electron microscopy. These PCL
microfiber mats were mechanically tested to examine their applicability as tools for knee ligament
repair. During tensile testing, non-fiber aligned mats lacked the sufficient elastic modulus. Fiber-
aligned PCL samples both and gelatin-coated were tested and showed enhanced elastic modulus
and extension at break point. Braiding gel-coated PCL samples failed due to splintering caused by
drying of gelatin on scaffold surface. Biodegradation testing was carried out using phosphate
buffered saline, elastase, and MMP-1 collagenase to simulate synovial fluid. Gel-coated PCL

scaffolds showed consistent degradation with loss of mass no more than 22%.






DEDICATION

My thesis work and other academic achievements are dedicated, with immense gratitude,
to my family and friends. | wish to thank my mother, Maria Rivera, and my father, Humberto
Rivera, for their care and support throughout my time in university. Your love, unfailing
encouragement, and guidance helped me to continue striving forward and are the reason | am
here today. | also want to thank my sister Gabby for all the love and guidance she has provided
throughout my life. Thank you for always being there for me and for making difficult times
easier with nothing more than your company. | want to thank my friends Obed, Dominic, and
Angel for everything they have done for me over the years. Your friendship and support have
been truly valuable to me. Thank you all for your help and encouragement. This would not have

been possible without you.






ACKNOWLEDGMENTS

I would like to express my gratitude first to Dr. Javier Macossay-Torres for his
mentorship and patience these last few years as my graduate academic advisor and thesis
committee chair. | would like to thank him for kindly accepting me to join his research group and
helping to develop my knowledge and interest in polymer science. | wish to thank the members
of my thesis committee, Dr. Hassan Ahmad and Dr. “Deb” Bandyopadhyay, for all of their
assistance and guidance not only as members of my thesis committee, but also from the
beginning of my undergraduate education at UTRGV to the end of my graduate program. | also
wish to acknowledge Dr. Tilay Atesin, and Dr. Abdurrahman Atesin for motivating me to study
chemistry in the first place and for the guidance they provided during my undergraduate research
work. I also want to thank my fellow colleagues from Dr. Macossay’s research group, Fatema
and Kingsley, who offered perspective and assistance to my project which proved to be
incredibly valuable. Finally, I would like the University of Texas Rio Grande Valley and the
entire of the Chemistry Department for providing such a valuable experience. The support and
direction that I received from you all has proven to be invaluable and will undoubtedly serve me

well in the years to come.






TABLE OF CONTENTS

Page

A B ST R A CT ettt ettt et bt e h bt ke e R ettt nhe e bt e aRe e enne e nheeanbeenree s i
DEDICATION ...ttt b et e st et e s b e e e nn e e n e e nn e e nneeannis 1\
ACKNOWLEDGEMENTS ...ttt bbbt sae e nbe e sbeeenee e v
TABLE OF CONTENTS . ...ttt e e reennee s Vi
LIST OF TABLES ...ttt ettt st b et sbe e b e be e e be e snneenees viil
LIST OF FIGURES ... .ottt sttt et nae e e beennee s IX
CHAPTER |. INTRODUCTION. ...ttt 1
POIYCAPIOIACIONE ...t 2
GRIALIN ...ttt 5
ANLerior CrucCiate LIGAmMENT ........coiiieieieiere e 5
RING-Opening POIYMEIIZAtION .........c.coiiiiiiccie et 9
EIECIIOSPINMING ...ttt bbb bbbt 12
ENZYMe Degradation....... oottt bbbt 14
CHAPTER 1. METHODOLOGY ..ottt 16
SEArtING MALEITAIS ..ot 16
Microwave-Assisted Ring-Opening Polymerization ..........c.ccccevvveiie i 16
POIYMET EXIFACTION ...t bbbt 17
Fourier Transform Infrared (FTIR) SPECLIOSCOPY ....ccvvveivieiiieiiie e siie et sie e 17

Vi



Scanning EIECtron MICIOSCOPY .....cuveiuieieiieieerie ettt e e et sae e esreeeeenes 17

EIECIIOSPINNING ...t bbbt 18
(€12 P O = U1 T SRS 19
Tensile Strength TESTING ......coviieeee e 19
Enzyme Degradation STUAY .........ccoocveiiiieiiiie e 20
CHAPTER I1l. RESULTS AND DISCUSSION ......oooiiiiiieiiiiesee e 21
Fourier Transform Infrared (FTIR) SPECIIOSCOPY .....vevverviriiriiriinieieieniesie e 21
Scanning EIECtron MICIOSCOPY .....c.veiuveiiiieieeiie s st ste ettt sre e ene 22
Tensile Strength TESTING ......covviieee et 24
ENZYyme Degratdation............ccuoiiiieieeiicie ettt re e ne e re e 31
CHAPTER IV. CONCLUSIONS ... 35
REFERENGES ... ..ottt ettt b et e bt et ee s b et e et e e e nbe e nneeannas 37
BIOGRAPHICAL SKETCH ...ttt 43

vii






LIST OF TABLES

Page
Table 1: Elongation at break percentages for biocompatible polyesters ..........ccccceviiiiniiiieiennnnnn, 4
Table 2: Anterior Cruciate Ligament Length, Width, ThiCkness ............ccccoeceiviiiiii e 8
Table 3: Non-aligned PCL fiber mat Tensile Test ReSUIS...........ccovevveieiieie e 24
Table 4: Aligned PCL fiber mat Tensile TeSt RESUILS .........cccoeriiiiiiiiieeec e, 26
Table 5: Gelatin-Coated Aligned PCL fiber mat Tensile Test Results..........cccccvvveviviivieiieniee, 27
Table 6: Mass loss of Gelatin Coated PCL scaffold samples over five days
INCUDALION TN PBS ...t 32
Table 7: Mass loss of Gelatin Coated PCL scaffold samples over five days incubation in
PBS+HCOIAGENASE......c.veeviieieitieie ettt sttt e s e reeneers e s reenbeennenres 33
Table 8: Mass loss of Gelatin Coated PCL scaffold samples over five days incubation in
PBSHEIASTASE ...t 33

viii






LIST OF FIGURES

Page

Figure 1: Chemical structures of polyesters polycaprolactone (PCL), polyglycolide (PGA),

POIYIACTIC ACIA (PLA) ..ottt 3
Figure 2: Different categories of ACL tear Type Aand TYPe B .....coveieiieiiiie i 6
Figure 3: Activated Monomer Mechanism for ROP Of LaCtones ..........ccccocevvveniieniininniceenn, 10
Figure 4: Monomer-Insertion Mechanism for ROP of €-CL .........ccoviiiiiiiiiiiieeeen, 11
Figure 5: Schematic diagram of a typical electrospinning setup with

rotating COIECtION ArUM .......cooiiiiccece e 13
Figure 6: FTIR SPeCtrum OF PCL .....ooviiiiiiiieee e 21
Figure 7: Scanning Electron Microscope Imaging of Aligned PCL fibers at

5,000x and 20,000X MagnifiCation .............ccoueiuiiiieiieieee e 22
Figure 8: Scanning Electron Microscope Imaging of Gelatin-Coated Aligned

PCL fibers at 5,000x and 20,000x magnification ...........cccccceeviieiiiiiie i 23
Figure 9: Tensile Strength Test of Non-aligned PCL fiber mat ...........cccooveiiiiiiiicic 24
Figure 10: Tensile Strength Test of Aligned PCL fiber mat ..........cccccoovviiineienicinineseeeiees 26



Figure 11: Tensile Strength Test of Gelatin-Coated Aligned PCL fiber mat .............cccoveeenen.

Figure 12: Comparison of Mechanical Properties for Nonaligned, Aligned, and

Gelatin-Coated Aligned Fiber PCL fiDer mats ..........ccocooiiiiiiiiiieeeceee e

Figure 13: Section of ACL used to Determine Average Width, Measured Width of

Single-Braided Tissue, Measured Width of Double-Braided TiSSUE ..........cccccvveeiiveiinenen.

Figure 14: Braided Electrospun PCL fiber mat, Braided Electrospun PCL fiber mat after

Splintering, Broken Braided PCL fiber mat .........ccccooveveiieiiiie e






CHAPTER |

INTRODUCTION

As the field of tissue engineering evolves, there is an increasing demand for polymer
materials with properties similar to naturally occurring tissue. Such properties include
biodegradability and excellent tensile strength, while ease of polymer production allows for more
efficient creation of effective medical tools. Up to this point, materials scientists have looked
toward different polymers, naturally derived and synthetic, to suit biomedical needs (Pham
2006). One aspect of tissue engineering that has driven the need for biomimetic materials is knee
arthroplasty utilizing ligament prosthesis. Knee injuries, specifically those resulting from tearing
of the anterior cruciate ligament (ACL) are one of the most common repetitive injuries in the
United States, with an incidence of 100,000 cases in the US in 2010 (Cimino 2010). Annually,
such injuries represent a total treatment cost of approximately 0.5 to 3 billion dollars (Spindler
2008). The major factor contributing to this insistent problem is the rejection of typical
prosthesis materials such as polytetrafluoroethylene (PTFE) or polyethylene terephthalate (PET)
as a response of the immune system. Typical materials face untimely degradation by the hostile
synovial fluid in the knee. The synovial fluid in the knee is hostile toward foreign material to the
point that even newly generated connective tissue cannot grow to repair injury without a tissue
scaffold (Palmer 2011), thus a material that can serve as a functional tissue scaffold for
developing cells with favorable resistance to biodegradation is necessary. In addition, the ACL is
a major ligament in the knee that is primarily responsible for stabilization in knee movement.
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Comprised of an anteromedial and a posteromedial bundle, the ACL also prevents
hyperextension of the knee and controls rotary motion at the knee. This range of motion
necessitates a material with good physical properties with respect to extension and stress
capacity (Peeler 2017). Typically, ACL arthroplasty is done by surgically replacing the torn
portion of the ligament with either an autograft or allograft material at anchor points along the
tibial plateau (DiFelice 2015). However, due to the amount of ACL injuries, degree of
degradability of donor materials, and lack of ready source of donor tissue for grafting, the
potential of synthetic polymer materials is being explored. In this study, polycaprolactone (PCL)
was chosen to fill this role as it has been described to exhibit good resistance to degradation
(Diaz-Gomez 2014), excellent physical properties (Sayyer 2013), and because it can be

processed into tissue scaffolds that have potential for anterior cruciate ligament prosthesis.

Polycaprolactone

Polycaprolactone is a polyester that has commonly been a subject of attention in medical
research due to its biodegradability, physical capabilities, and practicality (Sheng 2019). PCL is
nontoxic and biocompatible, allowing for cell proliferation in vivo while also maintaining
excellent chemical properties such as its hydrophobicity, low melting point (60°C) and glass
transition temperature (-60°C) and elastic physical nature. PCL is semicrystalline and linear in
structure. It can be synthesized via the ring-opening polymerization of e-caprolactone using a
stannous octoate catalyst. Its structure is marked by the repeating ester group along the polymer
chain that affords the polymer a degree of hydrophilicity. This feature does not overcome the
aliphatic hydrocarbon chain that makes PCL resistant to water degradation but does allow for

interaction between PCL and other substances in certain conditions.



Previously, other polymers such as polyglycolic acid (PGA) and polylactic acid (PLA)
have been explored as potential polymers suitable for tissue scaffold engineering due to the
biocompatibility, tailorable degradation rate, and modifiable surface properties inherent to the
materials (Gentile 2014). However, this study focuses on polycaprolactone due to the superior
physical properties offered by the polyester. When comparing the chemical structures of these
three biomimetic polymers (Figure 1), the distinct long methylene chain of PCL offers a greater
degree of elongation to the polymer, imbuing any fabricated PCL scaffolds with greater

resistance to strain deformation.

PCL 0 PGA PLA
|| 0 ©
07, o], o I

Figure 1: Chemical structures of polyesters polycaprolactone (PCL), polyglycolide (PGA),

polylactic acid (PLA)

Comparing the tensile elongation at break percentages for the three polymers shows a
distinct difference in their ability to withstand bending before complete loss of structural
stability. When force is applied along a polymer fiber axis, this external stress changes the
equilibrium interatomic distances of the polymer, thus eliciting an elastic response. PCL
microfiber scaffolds are preferably fabricated with fiber alignment in mind, so as the external
stress is applied along the axis of fiber alignment, there is elongation in the direction of the
applied force. As this elongation occurs, the polymer chains are aligned thus strengthening the

resistance of the material against complete and irreversible deformation. Thus, lengthier polymer



chains such as those of PCL are capable of more alignment under strain compared to chemicals
with shorter structures or unaligned polymer samples (Khokhlov 2009). As PCL maintains an
elongation at break percentage several times higher than the other polymers (Table 1), it was
determined to be more suitable to meet the mechanical and structural demands presented by ACL

prosthesis.

Table 1: Elongation at break percentages for biocompatible polyesters. (SpecialChem)

Material Elongation at Break (%0)

PCL 600-900%
PGA 15-20%
PLA 5-7%

There are other characteristics of PCL contributing to the attractiveness of the material
for bioengineering applications such as tissue prosthesis. The most prevalent of such
characteristics is the biodegradability of the polymer. Predictable and tunable biodegradability is
an attractive feature for arthroplasty as it ensures that a PCL ligament prosthetic will not require
surgical removal once native cells proliferate in the knee. The potential tendency of PCL to
degrade from these enzymes can be attributed to the natural hydrolysis of ester bonds which is
autocatalyzed by the carbonyl end groups on the polymer chain. This ester bond hydrolysis is
further affected by the length of the polymer chain, the crystallinity of the sample, and the
hydrophobicity of the polymer. The acute effects of biodegradation are not immediately seen in
PCL studies. Typically, after 2 years in a hostile enzyme environment, a PCL allograft or
autograft undergoes gradual decay until its complete dissolution (Spindler 2008). It is this
observation that demands an investigation into the effect of this enzymatic environment on

synthetic tissue scaffolds. The long-term effects of this metabolism are not completely known at

4



this point; though to avoid toxic by-products, some studies have posited the application of a
copolymer to aid in maintaining elastic properties over long term degradation without adding
more potentially hazardous by-products (Kanjwal 2011). The degree of degradation from other

enzyme sources found in vivo such as elastases are one focus of this study.
Gelatin

To amend any issues potentially caused by the tendency of PCL to degrade over time and
to improve the other properties of the compound, this study also investigates the effect of the
addition of gelatin as a copolymer. PCL inherently has a high degree of miscibility, making it
attractive for blending with other material that can supplement its shortcomings. In this case,
gelatin was chosen as it could provide better elasticity to the tissue scaffold prototype as well as
providing hydrophilic character to the prototype, making it more suitable for biomedical
applications. Gelatin is a protein and a natural polymer derived from the hydrolytic degradation
of collagen that contains bioactive polypeptides. As it is composed of various amino acids,
gelatin has numerous polar functional groups that make it exceptionally hydrophilic and
compatible to biological environments. In terms of physical characteristics, gelatin has been
recorded to maintain Young’s Modulus values of 414 + 50 MPa and break-point stress 11.7 +
1.52 MPa. This elastic character of gelatin could be advantageous for use in tissue engineering.
This in combination with the nontoxic character of gelatin results in a biocompatible polymer

that has the potential to improve all the shortcomings of PCL.
Anterior Cruciate Ligament

The knee joint is comprised of several ligaments and menisci that allow for the wide

range of motion while protecting against knee overextension and injury. The ligament of interest



to this study is the anterior cruciate ligament so named because this tissue runs across its paired
ligament, the posterior cruciate ligament. These ligaments cross over each other within the joint
capsule and remain outside the synovial cavity. The ACL arises from the anterior intercondylar
area of the tibia behind the attachment point of the medial meniscus and extends proximally to
the posterior part of the lateral femoral condyle. As it extends across the knee joint, the ACL
passes beneath the transverse ligament and blends with the anterior meniscus (Girgis 1975). The
primary role of the ACL is the prevent displacement and rolling of the femoral condyles during
knee flexion and to prevent hyperextension of the knee. However, ACL injuries are one of the
most common knee injuries in the United States (Cimino 2010), commonly resulting from

sudden stops or changes in direction causing a partial or complete tear of the tissue body.

Type A Type B

Figure 2: Different categories of ACL tear Type A (left) and Type B (right) (modified from

DiFelice 2015)



The different types of ACL tear that are commonly observed (Fig. 2) present unique
challenges for ligament prosthesis. In significantly older studies, patients with very little
remaining connective tissue left on the femur (Type A) were the only patient group with realistic
opportunity for tissue repair as previous surgical procedures relied on directly suturing the
remaining ligament tissue to the ACL “stump” and allowing for natural tissue regeneration to
occur. It was concluded that the direct attachment of the torn ligament to the femoral origin and
higher quality of tissue was responsible for better patient recovery (Sherman 1991), leaving
many patients with mid-substance tears (Type B) without treatment options. This is one
advantage of developing polymer tissue scaffold prosthetic prototypes for use in ACL repair.
Through the utilization of completely fabricated polymer microfiber scaffolds, there is potential
to “bridge” torn ligament tissue offering the structural support previously unavailable to Type B
patients. Such scaffolds also can allow for the proliferation of new tissue cells with the loss of
ligament strength inherent to sutured ACL tissue. More contemporary studies have found that
older ACL restoration studies were unable to determine other variables that affected patient
recovery rate such as the degradation effect of the synovial fluid enzyme environment on

repaired ACL tissue (DiFelice 2015)

Once torn, the ACL is easily reinjured due to the harsh synovial environment of the knee
(Palmer 2011). Synovial joints contain a healthy volume of synovial fluid to provide lubrication
for articular cartilage and facilitate movement, absorb shock to the joint, and transport and filter
nutrients and waste. This non-Newtonian fluid is comprised of primarily hyaluronic acid and a
variety of proteinases and collagenases (Lee 1996) that pose a significant problem for
arthroplasty. Upon injury of the ACL, an inflammatory response is triggered, and the knee joint

is flooded with synovial fluid (Tchetverikov 2005). Over time, the sustained release of this



synovial fluid can potentially degrade newly generated tissue and make neoligamentization
impossible. Thus, exploring the resistance of electrospun tissue scaffolds is vital to the feasibility
of future prototypes. Although previous studies have utilized hydrophobic and degradation-
resistant materials such as polyurethane (Liljensten 2002)(Macossay 2014) over time, the
enzymatic environment of the synovial joint proves too hostile for cell proliferation and blood
vessel growth in the new ligament. A suitable tissue scaffold prototype would need to be able to
resist such an environment while maintaining biocompatibility for tissue growth and

regeneration of the ACL.

As knee ligament arthroplasty is a major goal for this study, being able to design a tissue
scaffold with the dimensions of the ACL is of high priority. Previous studies have recorded

average dimensions of the ACL as presented in Table 2.

Table 2: Anterior Cruciate Ligament Length, Width, Thickness

Anterior Cruciate Ligament Dimensions

Average Measurement Range Std. Dev.
Width n=66 8.23 mm 5.1-13.7 mm 1.96
Length n=66 32.4 mm 22.9-451mm 4.06
Thickness (Sagittal Plane) n=48 4.5 mm 3.1-7.2mm 0.9
Thickness (Frontal Plane) n=48 4.3 mm 2.9-6.2mm 0.8

Because factors such as nutrition and genetics have a major effect on human growth and
development, the dimensions of body parts including knee ligaments vary from population to
population over different periods of time. This results in difficulty generating a one-size-fits-all

approach to creating knee ligament prosthetics for individual patients. This issue has been



investigated by numerous research groups who have identified statistically significant
correlations between easily measurable physical attributes such as height or femoral width and
ACL length (van Zyl 2016) to allow for accurate predictions of ligament dimensions and thus
medically applicable tissue scaffold prototypes. Nevertheless, the average ACL dimensions such
as length, width, and thickness (de Oliveira 2015) for some populations have been documented
in the course such studies. These average ACL dimensions can act as broad goals for the

dimensions of a fabricated PCL microfiber tissue scaffold prototype.
Ring-Opening Polymerization

In this study, polycaprolactone synthesis is achieved through ring-opening
polymerization (ROP) of e-caprolactone (e-CL) in the presence of a catalyst. e-CL is a cyclic
monomer containing a polar carbonyl group which lends itself well to the ROP process, yielding
a high molecular weight, low dispersity polymer. While it is more expensive than other methods
of PCL synthesis such as polycondensation, ROP produces a high-quality PCL that is suitable for

the needs of this study.

The catalyst utilized in the ROP reaction for this study is tin (1) 2-ethylhexanoate,
commonly known as stannous octoate [Sn(Oct)z]. Approved by the FDA as a food additive,
Sn(Oct). is an inexpensive and versatile catalyst that is easily applicable to this study due to its
solubility in organic solvents and lactones. Although FDA approved, Sn(Oct). is composed of a
toxic metal that can potentially be present in the synthesized polymer. Even in trace amounts, tin
can form cytotoxic compounds making its use in the synthesis of PCL for tissue engineering
pursuits less attractive. There have been investigations into the use of other, less toxic metals
such as magnesium and calcium alkoxides as catalysts to supplant Sn(Oct). in these types of

ROP reactions (Kricheldorf 2007).



The mechanism that ring-opening polymerization of e-caprolactone follows is a topic of
ongoing study. Previous investigation (Obregon 2018) asserts that two primary mechanisms are
the most probable: the activated monomer type and the monomer-insertion type. In activated
monomer polymerization, direct coordination of the stannous octoate catalyst with the carbonyl

oxygen of g-caprolactone activates the monomer (Fig. 3).

Ci H
c.O OCI:ST:‘ --- é)—R
SnOct, + ROH + ( ) - . &5 ROP _ Octsn --- OR Co-R
R O_LA" H

|
( )
\r
Figure 3: Activated Monomer Mechanism for ROP of Lactones (Obregon 2018)

This activation makes the carbonyl oxygen of the monomer more susceptible to
nucleophilic attack, leading to further reaction with an alcohol (either as an impurity or added
intentionally). After the nucleophilic attack of alcohol, a rearrangement of electrons occurs,
allowing for the insertion of the monomer into the metal-oxygen bond. Propagation of the
polymerization continues as both monomer and alcohol are coordinated to the Sn(Oct), complex

until a hydroxyl group formed during hydrolysis terminates the reaction (Albertsson 2003).

In monomer-insertion type ROP, Sn(Oct)2 is suggested to act as a co-initiator in the
presence of alcohol (Penczek 1998). In this proposed mechanism, alcohol reacts with Sn(Oct)2
producing a stannous alkoxide active specie with a free 2-ethylhexanoic acid before

polymerization begins (Fig. 4).
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Figure 4: Monomer-Insertion Mechanism for ROP of e-CL (Obregon 2018)

This stannous alkoxide acts as the initiator of the polymerization, coordinating to the
carbonyl of the monomer to begin the ring-opening step of the reaction. The now nucleophilic
alkoxide is added onto the electrophilic ester functional group of g-caprolactone. The reaction
then proceeds via acyl-oxygen bond cleavage, opening the ring and forming a new alkoxide
which acts as the propagation center. The propagating polymer chain remains attached to the
metal via the alkoxide bond until a hydroxyl end-group formed by hydrolysis terminates the

reaction.

To achieve a higher degree of reproducibility, scalability, and cost-efficiency, microwave
irradiation is employed as an alternative energy source to improve the outcome of the ROP
reaction. Microwave irradiation heats molecules via molecular dipole moments being impacted

by microwave energy. Any molecules that exhibit permanent dipole moments will undergo
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rotation, friction, and collision resulting from their alignment to the applied microwave
electromagnetic field, thus generating heat (Hoogenboom 2007). e-CL consists of a polar
carbonyl group with a loss tangent (tan d: the ability to translate electromagnetic energy into heat
at a given frequency and temperature) of 0.35. Being that tan 6 values 0.1 to 0.5 indicate
moderation absorption of microwave radiation, microwave assisted ROP of ¢-CL was

determined to be a fast and high-yield method for synthesizing high molecular weight PCL.
Electrospinning

Electrospinning is a process that originates from the mid-20" century as a novel method
of spinning fibers for filtration tool manufacturing from biopolymers such as cellulose acetate
based on even earlier efforts to refine electrospraying procedure (Filatov 2007). However, in the
mid-1990s, polymer scientists such as Reneker demonstrated the applicability of organic
polymers to the electrospinning process (Reneker 1995), near-instantly popularizing the
technique and vastly increasing the field of work for electrospinning and solidifying it as a
multifaceted and tremendously applicable tool for micro/nanofiber engineering. In the present,
electrospinning is a robust tool for polymer fiber fabrication with highly tunable experimental
parameters that result in fiber scaffolds suitable for various projects. Electrospinning is the
chosen method of fabrication for the PCL microfiber tissue scaffolds in this study as it has been
established to allowed good control of the physical characteristics and porosity of the completed
fiber mats (Pauly 2019), both attractive aspects for tissue engineering. As pictured in Fig. 5,
electrospinning involves ejecting a polymer solution from a electrically charged spinneret
(typically a metal needle) onto target charged with equal but opposite charge. Utilizing the
generated electric field, this technique can provide fiber samples with 10 nm to 10 pum diameter

features (Cramariuc 2013).
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Figure 5: Schematic diagram of a typical electrospinning setup with rotating collection drum

(Mori 2015)

By applying sufficient charge to a polymer solution, electrostatic forces overcome surface
tension and droplets are stretched, eventually ejecting a stream of polymer solution from a point
of eruption known as a Taylor cone. As the stream moves toward the oppositely charged
collector, it dries and gains acceleration before deposition. This acceleration results in elongation
which leads to uniform fibers at diameters as small as the nanometer scale. By utilizing a rotating
collector drum, the deposited fibers can be aligned along the direction of rotation, improving
elongation of the microfiber mats thus affecting the tensile properties of the completed fiber
scaffold. The parameters of an electrospinning setup such as electric potential, flow rate, solution
viscosity, and needle characteristics are carefully chosen as they directly influence the qualities
of the finished microfiber mat. For example, voltage settings can improve fiber diameters by

stretching polymer solution as it is jetted, though excessively high voltage can destabilize the jet
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resulting in the opposite effect. In addition, high solution viscosity can prevent ejection from the
jet, leading to discontinuous fiber formation and beading of deposited polymer on the sample
surface (Ginestra 2016). Being that electrospinning parameters have a major influence on the
physical characteristics of a fabricated polymer mat, high priority properties such as fiber

alignment and surface porosity are controlled to ensure a suitable prototype can be fabricated.

Enzyme Degradation

To ensure that the PCL tissue scaffolds are suitable for the hydrolytic environment of the
knee, this study simulates a synovial environment on the higher end of enzyme concentration as
described in the methodology section. Generally, polyesters are more susceptible to hydrolytic
degradation proportionally to their hydrophilic character. Thus, PCL is better suited for
environments compared to PGA or PLA (Jeong 2004). Synovial enzymes are hypothesized to
collectively affect the healing of intra-articular injuries (Maeda 1995), which makes it a critical
matter to determine how new materials will fare in their presence. Synovial fluid is primarily
composed of D-N-acetylglucosamine and hyaluronic acid as well as lubricin glycoproteins and
various enzymes such as proteinase, collagenase, and elastase (Seidman 2021). Of these
enzymes. elastase and matrix metallopeptidase 1 (MMP-1) are found in varying concentrations.
Elastase is a class of protease that primarily targets and breaks down elastin and collagen fibers
which, in combination, control the mechanical properties of various connective tissues. In the
knee, the specific protease present is neutrophil elastase which destroys bacteria and host tissue
alike via hydrolysis. In this process the proteins are degraded in specialized neutrophil lysosomes
which further degrade other proteins in the extracellular matrix. MMP-1 is a collagenase that
specifically targets Types I, I, and 111 interstitial collagen for degradation. It is also known to be

involved in the breakdown of the extracellular matrix and tissue remodeling. Typical bodily
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concentrations of these enzymes can range. Elastase concentration in the knee can range from
0.041 to 101.8 pg/mL. MMP-1 concentration can range from 177 to 279 pg/mL in the knee

(Palmer 2011).
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CHAPTER II

METHODOLOGY

Starting Materials

¢ -caprolactone was purchased from Acros Organics. Stannous octoate [Sn(Oct)2] was
purchased from Silicone Technology and stored under refrigeration. 100% beef gelatin was
sourced from PB Leiner. The solvents dichloromethane (99.8% extra dry), dimethylformamide
(>99.9%) and tetrahydrofuran (>99.8%) were purchased from Acros Organics. Hexane (99.9%)
was purchased from Sigma-Aldrich and stored under freezing conditions. All chemicals were
used without any further purification. For the biodegradation trials, the MMP-1 (295 u/mg dry

weight) and elastase (11.5 u/mgP) were sourced from Worthington Biochemical.

Microwave-Assisted Ring-Opening Polymerization

The Anton Paar Monowave 400 was used to carry out the microwave-assisted reaction.
The reaction temperature was set to 150°C for the complete duration of the polymerization. This
temperature was maintained via the internal IR laser thermometer in the instrument. The reaction
proceeded for two hours at peak temperature, followed by one hour of cool down to room
temperature. The maximum pressure in the reaction chamber was set to a 5.5 torr. A mixture of
3.42 g of e-caprolactone (30 mmol) and 10.7 pL of stannous octoate catalyst (0.0033 mol) was
poured into a microwave reaction flask with a magnetic stirring bar. The reaction flask used was

the 30 mL Anton Paar G30 borosilicate model, a vessel designed specifically for the 400 series
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Monowave with a maximum fill volume of 20 mL. The flask was purged with Argon gas for 10
minutes, sealed, and transferred to the microwave reactor. The vessel was irradiated at reaction
conditions before being removed from the monowave reaction chamber and allowed to cool and

solidify.
Polymer Extraction

Upon completion of the reaction, the solid product was dissolved in 6.0 mL of
dichloromethane and the contents were poured into a precipitation dish or large beaker. The
dissolved PCL was then precipitated with 15 mL of cold hexane and the dish was moved to the
freezer for at least 24 hours. After this, the precipitated PCL was gently vacuum filtered and
moved into 20 mL scintillation flasks to be dried and stored in a Isotemp Model 280A vacuum

oven at 45°C under 25 in. Hg.
Fourier Transform Infrared (FTIR) Spectroscopy

Infrared spectroscopy characterization was carried out using a Bruker VERTEX 70v FT-
IR spectrometer equipped with a diamond crystal tip. The instrument in conjunction with OPUS
software completed scans with resolution set to 2 cm™, 256 scans and a frequency range of 3500
cm* to 400 cm™. PCL samples were crushed into fine powder and loaded onto the spectrometer

analysis platform for characterization.
Scanning Electron Microscopy

To determine the degree of gelatin adherence achieved during the coating step, scanning
electron microscopy was employed to obtain images at 5000X and 20,000X magnification. The
instruments used were a Zeiss LEO 435 VP scanning electron microscope with a Denton
Vacuum Desk 1 self-contained sputter and etch unit. To achieve imaging, the microfiber
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samples were treated with an ultrathin coating of palladium (Pd) through low vacuum sputter
coating. This electrically conductive alloy coating prevents static electric charge during electron
irradiation thus improving the signal and enhancing image contrast and resolution. During Pd
coating, the argon pressure in the vacuum chamber was set to 6-7 psi. The samples were loaded
onto a pedestal holder and sputter deposition was initiated when the chamber reached 30 mTorr
or below. The samples were coated in two consecutive 30 second cycles at 45 mA. Upon
completion of coating deposition, the samples were placed on a silicon wafer and moved into a
sample chamber wherein micrographs were taken at various magnifications. Micrographs were
obtained from the microscope operating at an accelerating voltage of 3.9 kV and set aside for

comparison.

Electrospinning

Electrospinning was carried out with a custom rotating mandrel machine at atmospheric
conditions and at room temperature. An Extech Instruments 382213 DC regulated power supply
was used to supply the voltage potential to the spinneret and collection drum. The
electrospinning parameters were decided based on previous work carried out with microwave
assisted ROP derived PCL (Obregon 2018). The positive voltage for the system was set to
+12kV and the negative was set to -12kV. The positive voltage was transferred from the power
supply to an alligator clip connected to a 21-gauge blunt-tipped needle spinneret. The negative
end was grounded to the collector apparatus which was a cylindrical section of machined
stainless steel 10 cm in diameter, rotating at a constant rate of 2500 rpm to promote fiber
uniformity and alignment. Here, the positive character on the spinneret induced an attraction
between the now positively charged polymer solution and the negatively charged collector disk.

The polymer solution consisted of 8 mL of a 15% wt/vol PCL solution in 1:1 (DMF:THF)
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dispensed from a 10 mL glass syringe. The contents were administered for electrospinning by a

KD Scientific 200 syringe infusion pump programmed at a flow rate of 0.2 mL/min.

Gelatin Coating

The completed fiber mats were coated with gelatin to investigate the effect of the natural
polymer on the physical properties of PCL. To coat the fiber mats, a 5% wt/vol beef gelatin
solution was prepared using a 1:1 ratio of hot water (~95 C) to acetic acid. The solution was
poured into a 20 mL scintillation flask and stirred overnight to dissolve the gelatin powder. Once
fully dissolved, the gelatin solution was poured into a petri dish containing sections of a PCL
fiber mat. The petri dish was then placed into a desiccator with all the calcium chloride removed
and replaced with another petri dish filled with water. This was done to ensure the environment
remained hydrated for the duration of the coating. The samples were left in the desiccator for at

least 24 hours and removed when needed for further testing.

Tensile Strength Testing

The tensile testing of the PCL and PCL+Gel fiber samples was carried out using an
INSTRON tensile tester 5943 with a 25 N maximum load cell under a crosshead speed set to 10
mm/min. Samples designated for testing were cut into a “dog-bone” shape using a custom-made
die and lever-operated press. The dog-bone samples measured a 2.75 mm width at their
narrowest point with a gauge length of 7.5 mm. A Fischer Scientific digital caliper was used to
measure the thickness of each cut sample. A minimum of seven samples were used to test the

tensile behavior of the polymer samples and the average values were recorded.
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Tensile testing was also performed on samples after braiding with a commercial-grade
hair braider. The braiding instrument was a Hanmei™ Twist Secret hair braider obtained from an

online retailer.

Enzyme Degradation Study

To measure and compare the tendency toward degradation of the PCL and PCL+Gel fiber
samples, a simulated synovial fluid formulation was prepared. To emulate the hostile conditions
of the knee, enzyme solutions were prepared at the higher end of physiological concentration
ranges. The enzymes utilized for this study were MMP-1 (250 pg/mL) and elastase (100 pg/mL).
Stock solutions of each enzyme were prepared using phosphate buffered saline (PBS) and stored
under freezing temperatures. As PBS was the carrier to deliver the enzyme in each of the
degradation tests, the buffer solution was also evaluated to determine its influence on the gelatin

coating and greater scaffold constitution.

The degradation study was carried out by cutting polymer samples from the larger mat
with a standard-size handheld hole puncher. Cut scaffold samples measured 6 mm in diameter
with an average thickness of 0.14 mm measured with digital calipers. The scaffolds were placed
in 12-well plates containing the enzyme and PBS solutions and allowed to incubate. After 1, 3,
and 7 days, the samples were removed from the wells and analyzed via microscopy and mass

loss-measurements to determine their degree of biodegradation.
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CHAPTER IlI

RESULTS AND DISCUSSION

Fourier Transform Infrared (FTIR) Spectroscopy

The primary characteristic peaks of PCL as seen on the experimentally determined FTIR
spectrum are at 1721 cm™ and 2850/2900 cm™. Literature cites characteristic peaks at 1720 cm™
as carbonyl stretching from the ester group of PCL while 2800 cm™ to 2900 cm™ peaks are
attributed to methylene C-H stretching from the long hydrocarbon polymer chain (Gorodzha
2015). The results of the FTIR characterization confirm that the ring-opening polymerization

was occurred and PCL was successfully synthesized with no discernable side products.

Figure 6: FTIR Spectrum of PCL
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Scanning Electron Microscopy

Scanning electron microscopy yielded images that offer a better look at the surface
morphology of the electrospun PCL scaffolds and the gelatin coated scaffolds. Figure 6 shows
the surface character of electrospun PCL at 5,000x magnification. The uncoated PCL sample
demonstrates good fiber alignment with minor beading. Overall fiber alignment tends to increase
the tensile strength of the sample in resisting deformation, demonstrating the advantage of the
electrospinning parameters specified in this study. Although surface beading is often observed
after electrospinning (Fong 1999), further modification of the electrospinning parameters could
be performed to fine-tune the surface features of the fiber mat. The uniform PCL fiber diameter
also results in a high degree porosity on the sample surface as illustrated in higher magnification
(Fig. 7). While high porosity is an attractive feature for biomaterials, the aligned network of

fibers can also lead to small pore size, which limits cell migration into the tissue scaffold (Wright

2011).

2pm EHT=10.01kV Spot Size = 205 1um EHT=10.01kV Spot Size = 205
WD= 9.5mm Mag= 500KX 1 WD= 95mm Mag= 20.00KX

Figure 7: Scanning Electron Microscope Imaging of Aligned PCL fibers at 5,000x (A) and

20,000x magnification (B)
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SEM was also carried out at the same levels of magnification for a PCL microfiber mat
coated in a 5% gelatin solution. A consistent surface application of gelatin has been document to
improve biocompatibility and cell viability of PCL fibers in bone implant studies (Mojarad
2019), so it was hypothesized that this process could also be beneficial for ligament tissue
engineering. Fig 8A demonstrates that adequate gelatin coating was achieved across the surface
of the polymer sample. Here, one can see that surface porosity of the PCL mat was maintained
which, in conjunction with the hydrophilicity and biocompatibility inherent to gelatin, should

improve the chances of cell proliferation on and inside the fiber scaffold.

s 4 So
EHT = 10.01 kV Spot Size = 205
WD = 7.5mm Mag= 5.00KX

Figure 8: Scanning Electron Microscope Imaging of Gelatin-Coated Aligned PCL fibers at

5,000x (A) and 20,000x magnification (B)(C)

Figures 8B and 8C show the coating of gelatin upon the microfiber beads at higher
magnification, offering a more detailed look into the minute surface features of the fiber sample.
Here, one can see that the gelatin coating appears to be more heavily deposited at sections of

microfiber with more beading. To amend this issue and potentially increase the effect of gelatin
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on the properties of the fiber scaffold, further work could be done to include gelatin in the
polymer solution during electrospinning. While is outside the current breadth of work of this

study, other polymers investigations suggest the potential of such an idea (Feng 2012).

Tensile Strength Testing

Tensile testing was carried out for three distinct electrospun PCL fiber scaffolds to
determine their physical properties. The first group of samples were taken from a PCL fiber
scaffold that was fabricated with a low degree of fiber alignment. The results of tensile testing

for the non-aligned fiber samples are illustrated in Figure 9.
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Figure 9: Tensile Strength Test of Non-aligned PCL fiber mat. All samples were taken from the

same electrospun sheet.

Table 3: Non-aligned PCL fiber mat Tensile Test Results

Non-aligned PCL fibers Max Load | Tensile Stress | Tensile Strain | Young’s Modulus
Mean 5.273 N 5.143 MPa 0.120 mm/mm 73.7 MPa
Std. Deviation 1.20 1.18 0.023 18.16
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Here, we can see that while some samples show decent physical properties as expected
from PCL, there is an undesirable range in individual sample results. Tensile strain values
ranging from 10% to 20% demonstrate a lack of consistency stemming from differences in the
polymer web of each sample. As there is no fiber alignment in this trial, polymer crosslink
density is increased which restricts molecule mobility resulting in brittleness. In addition, some
samples exhibit an immediate plateau of the tensile curve before smoothing out for an upward
slope. This is known as strain hardening (SH) and occurs as the fiber undergoes large scale
orientation due to an applied force resulting in better elongation properties. This visualization of
the effects of strain deformation on the tensile curve is prevalent in the non-aligned fiber samples
as they begin testing without much fiber orientation. The non-aligned PCL fiber samples
demonstrated good tensile strength at break values and maintained good maximum load although

individual samples displayed an unfavorable degree in variance across all trials.

While the tensile results show that even non-aligned PCL fibers maintain some good
physical properties, there is a need to achieve more consistent results. To that end, new samples
were taken from microfiber mat scaffolds fabricated with high alignment from a thinner
(0.04mm thick) section of the electrospun mat. The samples used in this testing process were cut
along their fiber alignment and extended to the breakpoint to quantify and visualize their

physical properties.

25



8r

65
5;

Tensile stress [MPa]

+

4 5

Tensile strain (Extension) [%]

7 8

Figure 10: Tensile Strength Test of Aligned PCL fiber mat. All samples were taken from the

same electrospun sheet.

Table 4: Aligned PCL fiber mat Tensile Test Results

Aligned PCL fibers Max Load Tensile Stress Tensile Strain | Young’s Modulus
Mean 3.278 N 5.515 MPa 0.089 mm/mm 124.7 Mpa
Std. Deviation 0.54 1.29 0.0025 17.02

The samples from this section of material show more consistency across all testing

properties. Sample extension was more consistent, with tensile stress peaking at 7 MPa and

averaging 11% extension. In this trial, fibers were more oriented before testing which is reflected

in Figure 10. There is no evidence of strain hardening as the fibers yield point is not immediately

reached, leading to consistent tensile strain values which suggests a more “hard and strong”

tensile character compared to the “soft and tough” character (Morales 2010) of the non-aligned

fiber trial. The aligned fibers in Trial 2 withstood a 37.8% lower maximum load compared to

Trial 1. The test result that most clearly demonstrates the physical differences between the non-

aligned and aligned fiber trials is the Young’s Modulus. The Young’s Modulus (YM) (also

known as the modulus of elasticity) is a mechanical property that quantifies the relationship
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between tensile stress and axial strain. YM is a measure of the stiffness of a material in response
to elastic deformation. There was a 69.2% increase in the Young’s Modulus values after using
aligned fiber samples. This suggests that implanted PCL tissue scaffolds have the potential to
resist elongation deformation allowing for good stabilization of the ligament repair site. There
remains room for improvement of physical properties in all categories. To investigate methods of
improving the physical characteristics of the microfiber scaffolds, aligned-fiber PCL samples

were coating with beef gelatin and mechanically tested.
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Figure 11: Tensile Strength Test of Gelatin-Coated Aligned PCL fiber mat. All samples were

taken from the same electrospun sheet.

Table 5: Gelatin-Coated Aligned PCL fiber mat Tensile Test Results

Gel-coated PCL fibers Max Load Tensile Stress Tensile Strain | Young’s Modulus
Mean 4874 N 6.692 MPa 0.1035 mm/mm 127.35 MPa
Std. Deviation 0.785 0.9814 0.0216 20.34

The data illustrated in Fig 11 shows that the addition of a gelatin coating improved the

consistency of the tensile data for the scaffolds across the board. The addition of the gelatin
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coating afforded the PCL microfiber mats improved maximum load, greater average extension,

and higher YM when compared to the non-coated samples in Trial 2. Comparing the results of

all three trials (Fig. 12), the gelatin-coated PCL samples are characterized by the favorable

physical properties of each other trial. This is thought to be the result of a plasticizing effect

imbued by the gelatin on the scaffold surface. This plasticizing effect is hypothesized to impart

similar maximum load bearing strength and elongation as seen in the non-aligned fiber trial

while maintaining the superior Young’s modulus of the aligned fibers in Trial 2.
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Figure 12: Comparison of Mechanical Properties for Nonaligned, Aligned, and Gelatin-Coated

Aligned Fiber PCL fiber mats

Previous studies (Obregon 2018) demonstrate PCL synthesized with microwave

assistance can show excellent physical properties — with extension rates of 50%, tensile strains

over 10 MPa, and Young’s Modulus over 50 MPa. The differences between those tensile test
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results and those obtained in this study are apparent. The addition of the gelatin coating to
aligned PCL fiber mats resulted in Young’s Modulus measurements reaching over 100 MPa
while tensile strains were measured only at approximately 10%. Overall, the effect of the gelatin
coating overall is a positive one. It affords the attractive physical properties of the natural
polymer. The tensile data of this test shows that the relationship between stress and strain, while
consistent on their own, does not show replicability as a function. This is represented in the
Young’s Modulus data point. Here, it can be observed that there is still room to improve
functional reproducibility either by modifying the polymer solution composition, electrospinning

parameters, or gelatin coating conditions.

To provide another dimension of structural stability, it was hypothesized that braiding the
PCL fiber mats could impart more tensile strength to the samples. As such a prototype would be
fabricated to the ligament of an individual patient, the length and wide of a braided fiber must be
comparable to that of an average anterior cruciate ligament. ACL length corresponds with the
height of an individual, and thus varies widely from case to case. In addition, the length of a PCL
microfiber mat can be controlled by altering the collecting drum diameter during electrospinning.
For these reasons, this section of study focuses on matching only the width of the ligament. First,
this process was tested using a single lab-grade paper tissue wiper. A single braided paper
sample was found to have a width of 4.8 mm (Fig. 13). On average, a normal ACL has a width of
approx. 8.3 mm (van Zyl 2016). One braided tissue sample only measured approximately half of
the target width, so two braided samples were combined. Two braided samples measured 8.3 mm
in width, indicating that a similar method would need to be undertaken with a gelatin-coated
PCL fiber mat. With a target width recorded and proved reachable, coated PCL fiber mats were

braided and measured.
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Figure 13: Section of ACL used to Determine Average Width (A), Measured Width of Single-

Braided Tissue (B), Measured Width of Double-Braided Tissue (C)

During braiding, some limitations of the gelatin-coated PCL fibers were observed. Single
braiding of a gel-coated PCL mat was achieved with no complications. This was performed
immediately after removing the mat from the gelatin bath and carefully drying the surface. At
this point, the sample was sufficiently pliable and was easily loaded into the braiding machine
(Fig 14A). The braided sample was measured to have a width of 2.3 mm. However, after
approximately 30 seconds, the mat began to exhibit extreme brittleness and shattered when

manipulated (Fig 14B).
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Figure 14: Braided Electrospun PCL fiber mat (A), Braided Electrospun PCL fiber mat after

Splintering (B), Broken Braided PCL fiber mat (C)

This loss of elasticity is attributed to the same plasticizing effect noted during tensile
testing. The surface gelatin quickly dries when removed from the coating bath and forms thin
sheets of biopolymer that fissure when rotation force is applied during braiding (CITE). This
made double braiding and tensile testing of the braided samples impossible as the large samples
would splinter when loaded into the tensile testing machine, thus the target width of 8.3 mm and
tensile data was not obtained for the braided fiber scaffolds. Future work could attempt to amend
this issue either by incorporating gelatin into the fiber solution during electrospinning or by
attempting stacked braiding of thin (~500 pm) fiber sheets as described in other studies

(Rothruaff 2017).
Enzyme Degradation

The eventual goal for these polymer scaffolds is to be used in vivo as knee ligament
prosthetics. As such, it is necessary to ensure that the prototypes developed are capable of
functioning inside the hostile, enzyme rich environment of the knee long enough for new cell

growth to occur on the fiber scaffold. It has been established (Fu 2014) that cell growth on
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gelatin/PCL tissue scaffolds platues after seven days of culture time. As uncoated PCL has been
shown to resist hydrolytic biodegradation in PBS for up to 50 days (Diaz-Gomez 2014), an
incubation of period of five days was arranged to offer insight into the degradation tendency of
the gelatin-coated PCL fibers. A trial of only phosphate buffered saline (PBS) was performed to
serve as a point of comparison to the enzyme trials. Samples were prepared and their mass was

measured over the course of five days.

Table 6: Mass loss of Gelatin Coated PCL scaffold samples over five days incubation in PBS

Degradation Trial 1: Phosphate Buffered Saline

Sample Day 0 Mass (dry) Day 1 Mass Mass Day 3 Mass Day 5 Average Mass
Number (mg) (mg) (mg) (mg) Loss (%)

1 3.1 6.7 5.6 4.6

2 3.0 6.5 6.1 4.9

3 2.1 4.5 4.5 4.1 21.20%

4 3.0 7.5 7.2 5.7

5 2.7 7.0 6.9 5.8

Table 6 serves as the control for the enzyme studies. It documents the degradation of
gelatin-coated PCL samples during hydrolytic degradation via the phosphate buffered saline
(PBS) enzyme medium. In the table, the data suggests that that there is initially no major change
in sample mass over the first three days. However, there is a noticeable drop in sample mass at
the five-day mark. This is attributed to ionic group interaction between the PBS and the gelatin
coating the PCL. This likeness in polarity suggests that the primary contributor to mass loss is

the solvation of the gelatin coating on the PCL surface over time.
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Table 7: Mass loss of Gelatin Coated PCL scaffold samples over five days incubation in

PBS+Collagenase (250 pg/mL)

Degradation Trial 2: MMP-1 Collagenase (250 pg/mL)

Sample Day 0 Mass Day 1 Mass Mass Day 3 Mass Day 5 Average Mass
Number (dry) (mg) (mg) (mg) (mg) Loss (%)

1 3.2 8.0 7.2 6.4

2 3.0 1.7 6.9 6.3

3 2.5 5.8 4.9 4.7 15.95%

4 2.3 6.9 6.7 6.3

5 2.2 6.6 5.8 5.3

6 2.1 6.0 5.9 4.9

Table 7 shows the degradation of the PCL/Gel samples in the presence of MMP-1. MMP-
1 is a collagenase enzyme. Gelatin is a hydrolyzed form of collagen composed of MMP-1-
sensitive degradation sites (Suvarnapathaki 2019), so degradation of the gelatin surface was
expected in this step. This study shows a gradual degradation to a lesser degree compared to the
control trial with a average mass loss of about 16%. One explanation for this outcome is that the
MMP-1-sensitive sites on the gelatin become saturated during incubation and thus the

degradation occurs at a slower pace than PBS medium alone.

Table 8: Mass loss of Gelatin Coated PCL scaffold samples over five days incubation in

PBS+Elastase (100 pg/mL)

Degradation Trial 3: Elastase (100 pg/mL)

Sample Day 0 Mass Day 1 Mass Mass Day 3 Mass Day 5 Average Mass
Number (dry) (mg) (mg) (mg) (mg) Loss (%)

1 2.2 6.6 6.6 6.4

2 2.2 6.5 6.4 5.4

3 3.4 8.6 7.2 6.3 14.59%

4 2.0 4.8 4.8 4.7

5 2.9 7.2 5.4 4.8

6 2.1 9.5 9.5 5.2

The elastase trial tabulated above in Table 8 shows mixed results. Samples 1, 4 and 6
show only minor changes over the course of the 5-day period. Other samples degraded

consistently, losing over 1 milligram of mass every two days. Such results suggest that the
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PCL/Gel scaffolds remain structurally sound over the course of week with small but still
apparent changes in mass. Elastase is a serine protease that degrades proteins by cleaving peptide
bonds. Specifically, elastase-like proteases tend to prefer small to medium sized hydrophobic
amino acid substrates such as alanine or valine (Ovaere 2009) which make up about 11.96% of
the amino acid content of bovine gelatin (Gauza 2017). It is possible that the relatively low
amount of amino acid substates for elastase degradation results in a small loss of sample mass

over five days.
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CHAPTER IV

CONCLUSIONS

Polycaprolactone was successfully synthesized from ¢ -caprolactone via ring-opening
polymerization using a stannous octoate catalyst. PCL microfiber scaffolds were successfully
fabricated by electrospinning and coated with gelatin via a hot-bath application. These fibers
were confirmed to show good distribution, porosity, and even gelatin coating as illustrated by
scanning electron microscopy. During tensile testing, unaligned PCL fibers showed good tensile
strength but lacked the resistance to elongation and were mechanically inconsistent overall. This
was attributed to restricted molecule mobility due to lack of fiber alignment. Thinner fiber mat
samples with better fiber alignment fared better, demonstrating Young’s Modulus values that
represented good elasticity due to better fiber chain elongation during alignment. Aligned-fiber
gelatin coated scaffolds produced favorable results during mechanical testing. Tensile testing for
gelatin coated aligned fibers showed good physical properties with a mean Young’s Modulus
measurement over 120 MPa indicating a good stress and strain relationship. This suggests the
gelatin coated fiber mats are good potential tissue scaffold prototypes with regards to the
mechanical demands of the ACL. Braiding of the PCL/Gel scaffolds was not achieved due to the
surface-coated gelatin drying and shattering during the twisting process. It was hypothesized that
in the future, electrospinning the gelatin with the PCL solution could circumvent this issue due to
better incorporation into the microfiber structure. Also, different methods of fiber sample

braiding could produce smaller, more easily characterizable braided PCL mats.
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As the long-term goal of this project is to fabricate a sample that can serve in the same
capacity as the anterior cruciate ligament, there were attempts to determine the biochemical
characteristics of the polymer samples. Enzyme degradation studies were carried out to
determine to what degree the polymer microfiber scaffold would break down in a simulated
synovial fluid environment of the knee. These trials found that the gelatin-coated PCL scaffolds
degraded moderately in the presence of PBS alone like due to solvation of gelatin across the
entire PCL surface resulting in mass loss over 20% over five days. In the presence of MMP-1
collagenase, mass loss occurred at a consistent rate likely due to the presence of MMP-1-
sensitive sites on the surface of gelatin. High concentrations of elastase resulted in the smallest
degree of gelatin-coated PCL fibers degradation. This was attributed to a relatively low substrate
content of bovine gelatin. These results suggest that these polymer tissue scaffolds degrade at a
consistent pace with no severe degradation in the time necessary for cell proliferation and

neoligamentization.

Future investigations into the potential of this material in the field of tissue engineering
and specifically knee ligament arthroplasty are wide ranging. There are many variations of
PCL/copolymer electrospinning that have yet to be fully explored. Methods for improving the
physical properties of the microfiber scaffold via braiding can be developed. Once the tensile
characteristics are more favorable, investigation into the biocompatibility of such scaffolds could
follow to determine the degree of ease for generation of new tissue such as blood vessels along a

PCL scaffold.
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