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ABSTRACT OF THE DISSERTATION

Electrospinning of Nanofibrous Scaffolds for Meniscal Tissue Engineering

by

Jihye Baek

Doctor of Philosophy in Materials Science and Engineering

University of California, San Diego, 2015

Professor Sungho Jin, Chair

Meniscus injury and degeneration have been linked to the development of
secondary osteoarthritis. Therapies that successfully repair or replace the meniscus are
therefore likely to prevent or delay OA progression. We investigated the novel approach
of building layers of aligned polylactic acid (PLA) electrospun scaffolds with human
meniscus cells embedded in extracellular matrix (ECM) hydrogel to lead to formation of
neotissues that resemble meniscus-like tissue. PLA ES scaffolds with randomly oriented

or aligned fibers were seeded with human meniscus cells derived from vascular or

XX



avascular regions. Morphology and mechanical properties of PLA scaffolds (with and
without cells) were influenced by fiber direction of the scaffolds.

Also, the self-healing capacity of an injured meniscus is limited to the
vascularized regions and is especially challenging in the inner avascular regions. Thus,
we investigated the use of human meniscus cell-seeded electrospun collagen type I
scaffolds to produce meniscus tissue and explored whether these cell seeded scaffolds can
be implanted in repair defects created in meniscus avascular tissue explants. To
determine potential for repair of meniscal defects, meniscus cells were seeded and
cultured on aligned electrospun collagen scaffolds for 4 weeks before implantation.
Surgical defects resembling “longitudinal tears” were created in the avascular zone of
live bovine meniscus explants and implanted with cell-seeded collagen scaffolds and
cultured for 3 weeks. Ex-vivo implantation with cell-seeded collagen scaffolds resulted in
neo-tissue that was significantly better integrated with the native tissue. Meniscus cell-
seeded electrospun collagen scaffolds may therefore be useful in facilitating meniscal
repair in the repair of avascular meniscus tears.

Hydrogels and electrospun scaffolds materials support cell attachment and neo
tissue development and can be tuned to structurally and mechanically resemble native
ECM by altering either electrospun fiber or hydrogel properties. We examined meniscus
tissue generation from different cell sources including several human meniscus, bone-
marrow mesenchymal stem, synovial, and infrapatellar fat pad cells. All cells were
seeded onto electrospun collagen scaffolds while encapsulated in an ECM hydrogel or
directly seeded on the scaffolds. Collagen scaffolds supported meniscus tissue formation

and cell seeded scaffolds generated higher stiffness relative to acellular scaffolds.

xxi



Overall, electrospun materials support neotissue formation and show potential for

use in cell-based meniscus regeneration strategies.
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CHAPTER 1: INTRODUCTION

“The secret of life, though, is to fall seven times and to get up eight times.”

—Paulo Coelho

1.1 Motivations and Background

1.1.1 Structure —function, and composition of the meniscus

Menisci are semilunar disc-shaped fibrocartilaginous tissues located on the tibial
plateau within the medial and lateral compartments of the knee (Figure 1.1). The major
functions of this tissue include transmission of load and contribution to joint
lubrication[1]. The menisci can be divided into outer and inner regions containing cells
that are responsible for maintaining tissue homeostasis under the high shear and
compressive forces experienced in the knee joint. The wedge shape semilunar sections of
meniscus and its horn attachment contribute to alter the perpendicular compressive
tibiofemoral forces to horizontal hoop stresses[2]. Simultaneously, shear forces are
developed between the collagen fibers within the meniscus while the meniscus is
deformed outspread. Meniscal existence in diverse animal species already proves their

significance[3].
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Figure 1.1 Anatomic location of the meniscus. Anterior view of the human knee joint
illustrating semilunar disc shaped fibrocartilaginous menisci. Courtesy of student
consult.com

The peripheral section of the meniscus is comprised of vascularized tissue and
covered by synovial membrane tissues, including major fibroblast-like cells while the
inner section of the meniscus is avascular along with more chondrocyte-like cells[2]. In
terms of biochemical composition, the meniscus is highly hydrated since water forms
approximately 72% of the wet weight of the meniscus.[4] The remaining 28% is consists
of organic matter comprised of mostly extracellular matrix (ECM) and cells. The bulk of
the organic matter consist of collagens (75%), GAGs (17%), DNA (2%), adhesion

glycoproteins (<1%), and elastin (<1%) (Figure 1.2[2]).
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Figure 1.2 Schematic chart of the biochemical content in meniscus by wet weight

The collagen fibrils are mostly organized in a circumferential direction while
some collagen fibers are oriented radially (Figure 1.3). This can be correlated with
mechanical forces that meniscus withstands during everyday activity. Petersen et al.[5]
conducted scanning electron microscopy (SEM) of human meniscus tissues, and
described three distinct layers in the meniscus cross section (Figure 1.3) including 1)
Superficial network, a fibril network, woven into a mesh-like matrix, enclosing the
femoral and tibial areas. ii) Lamellar layer, which lies below the superficial network that
is comprised of radially oriented bundles of collagen fibrils. iii) Central main layer that is
the primary bulk part of the meniscus, consisting of collagen fibrils that are organized in

a circumferential orientation.
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Superficial network Lamellar layer Central main layer

Figure 1.3 Synoptic drawing (upper part). And SEM pictures of three distinct areas, 1.
Superficial network, 2. Lamellar layer, and 3. Central main layer is correlated with the
synoptic drawing (under part). Adapted from (Petersen et al. 1998)[5]

The biomechanical properties of the meniscus in the knee are adapted to resist
many different forces such as shear, tension, and compression. Several studies have
investigated the properties of the meniscus tissue both in humans and in animal models as
outlined in in Tables 1.1 and 1.2[6-9]. As reported by these studies, the meniscus
withstands vertical compression with an aggregate modulus of about 100-140 kPa. The
tensile mechanical property of the meniscus vary with the direction (between
circumferential and radial directions). Even though biomechanical properties vary by
species, the meniscus has a characteristic anisotropy turned to the forces exerted on the

tissue.



Table 1.1 Biomechanical properties of the knee meniscus

Study Species Segment Aggregate Shear Permeability
Modulus Modulus (£SD; 1071
[Ha] [Sps] m*N's™)
(£SD;MPa)  (+SD;MPa)
Sweigart Human Medial Superior:
et al. [8] Anterior 0.15+0.03 0.08 £0.01 1.84 +0.64
Central 0.10+£0.03 0.05 £0.01 1.54+£0.71
Posterior 0.11+0.02 0.05+0.01 2.74 +2.49
Medial inferior:
Anterior 0.16 £ 0.05 0.08 +0.02 1.71 £ 0.48
Central 0.11 £0.04 0.06 £ 0.02 1.54+0.49
Posterior 0.09 £0.03 0.05+0.01 1.32 +£0.61
Bovine Medial Superior:
Anterior 0.21 +£0.06 0.11 +0.03 6.22 +£2.55
Central 0.14+£0.05 0.08 +0.02 573 +6.19
Posterior 0.11 £0.04 0.06 £ 0.02 473 £2.56
Medial inferior:
Anterior 0.16 = 0.06 0.08 = 0.03 5.79 £4.31
Central 0.11+0.03 0.06 + 0.02 5.65+4.13
Posterior 0.13+0.06 0.07+0.03 5.40+5.36




Table 1.2 Tensile properties of the knee meniscus

Study Species Direction Location Stiffness
(£SD;MPa)
Fithian et al. [6] Human Circumferential Lateral Meniscus
Anterior 159.1 £47.4
Central 228.8+51.4
Posterior 294.1 £90.4
Medial Meniscus
Anterior 159.6 £ 26.2
Central 228.8+51.4
Posterior 294.1 £90.4
Tissakht et al.[9] Human Circumferential Lateral Meniscus
Anterior 124.58 +39.51
Central 91.37 £23.04
Posterior 143.73 £ 38.91
Medial Meniscus
Anterior 106.21 £ 77.95
Central 77.95 £25.09
Posterior 8236 £22.23
Radial Lateral Meniscus
Anterior 48.47 +£25.67
Central 45.86 +24.20
Posterior 29.85+12.77
Medial Meniscus
Anterior 48.31 £24.35
Central 46.20 +27.56
Posterior 32.55+11.27
Lechner et al.[7] Human Circumferential Medial Meniscus
Anterior 141.2 £56.7
Central 116.4 £47.5
Posterior 108.4 +42.9




1.1.2. Meniscus lesions and their treatment

Meniscus tears are a major consequence of intra-articular knee injury and
meniscal surgery is the most common orthopedic procedure in the United States[10, 11].
To be specific, approximately 1.5 million arthroscopic surgical procedures of the knee are
performed each year in the United States alone and of these more than half involve the
meniscus[12]. Meniscus lesions commonly occur young people as a consequence of
sporting injuries, typically in females between 11 to 20 years of age and males between
21 and 30 years of age. Also, males are more prone to meniscal injury than females
(male:female ratio between 2.5:1 to 4:1)[ 13, 14]. Meniscal injury in the medial meniscus

take places more frequently than in the lateral meniscus with a ratio of about 2:1[15].
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Figure 1.4 Schematic diagram of different types of meniscal injuries. Courtesy of
http://www.inkymousestudios.com/portfolio/medical-illustration/human/tibial-plateau-
meniscus-tears.php

The meniscus also exhibits regional variations in vascularization. Even though the
menisci are fully vascularized at birth, the blood vessels in the meniscus regress over

time. Therefore, the peripheral outer region (i.e. the red-red region) receives the



overwhelming bulk of blood vessels while inner section of the meniscus becomes
avascular. Since this regional diversity of vascularization of the meniscus is correlated
with healing capacity, juvenile meniscus injuries heal readily and have greater self-
healing capacity than adult meniscus lesions, which only tend to heal in the vascularized
region[16]. Thus, the vascularized periphery of the meniscus has some self-healing
capacity, and minor or simple tears can be repaired with 63 — 91% repair rate[17].
However, large or complex tears, especially those within the avascular region have no
self-healing capacity and are extremely difficult to repair[2, 4].

The treatment of meniscus injuries has progressed substantially over the last three
decades. Diverse techniques and approaches have been attempted in patients in order to
improve the repair and substitute damaged menisci. In order to relieve pain, enhance
function, and prevent cartilage degeneration, meniscus allograft transplantation has been
proposed as one solution[18-20]. Another approach is the direct replacement of meniscal
tissue using synthetic or natural biomaterial, including periosteal tissue[21], small
intestine submucosa SIS[22], acellular porcine meniscal tissue[23], perichondral
tissue[24], and bacterial cellulose[25]. Even though a number of techniques have been
developed to repair meniscal tears: involving sutures, screws, arrows, and darts[27],
partial or total meniscectomy is currently the most common and recommended treatment
for meniscus tears[26]. These meniscal repair procedures can relieve pain, locking, and
instability in the short-term. However, in the long term, no significant benefit has been
documented with respect to preventing degenerative joint changes and accelerated

osteoarthritis (OA) due to deficient meniscal function[28-30].



1.1.3 Meniscal Tissue Engineering

Tissue engineering typically uses scaffolds to contribute transitory support for
cells in order to stimulate the formation of new extracellular matrix (ECM) to replace
tissue that has been damaged or destroyed by injury, disease, or innate defects. Native
ECM comprises of diverse molecules that is critical for cell survival, proliferation, and
function. It is comprised of proteins such as collagens, and carbohydrate biopolymers
such as glycosaminoglycan (GAGs). The scaffolds for tissue engineering should imitate
both the structure and the function of natural ECM. A number of studies have been
conducted to tissue engineer the meniscus with different kinds of scaffold materials to

mimic natural ECM and promote cell function in a natural microenvironment.
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Figure 1.5 Schematic diagram of categorized scaffolds for tissue engineering of the
meniscus
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Scaffolds for meniscal tissue engineering can be classified into four broad groups:
synthetic polymers, hydrogels, ECM components, or tissue-derived materials (Figure
1.5). Synthetic polymers such as polyurethane (PU), polycaprolactone (PCL),
polyglycolic acid (PGA), polylactic acid (PLA), and polylactic co-glycolic acid (PLGA)
are materials that can be biodegraded, and have several advantages including desirable
mechanical properties, amenable to diverse methods to fabricate, and feasibility of tuning
suitable pore size[31, 32]. Hydrogels are hydrophilic colloids, which can hold water, and
are derived from synthetic materials such as poly N-isopropyl acrylamids (PNIPAAm) or
natural materials like alginate[2]. Since hydrogels can hold a large amount of water, the
water content largely determines the physical properties of the hydrogels. ECM
component scaffolds are derived from macromolecules of natural materials like gelatin or
collagen. ECM scaffolds establish a native environment for cultured cells and enhance
bioactivity. However, the mechanical property of the ECM component scaffolds is not
optimal. Lastly, tissue-derived materials consist of processed whole tissue such as
decellularized ECM. Although tissue-derived materials have advantages of providing
natural environment for cell seeding, migration, and ECM deposition, the supply of
tissue-derived materials is limited[2].

The optimal scaffold for meniscal tissue engineering has to perform exceptionally
well in at least three standards; mechanical properties, bioactivity, and logistics. The
above four categories of scaffolds are graded based on this three standards outlined in
Figure 1.6[2]. Because during everyday activity, the meniscus withstands many different
kinds of forces such as shear, compression, and tension, scaffolds for meniscal tissue

engineering should possess relevant mechanical properties. Also, ideal scaffolds should
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support adequate cell viability in order to permit the production of new ECM, integrate
into host tissue, have low immunogenicity, and maintain a final stable cell phenotype.
Finally, scaffolds need to be easily accessed and available in plentiful and convenient
supplies, able to be sterilized, and are able to be surgically handled and implanted into the

knee joint.

Rated Criterion

Mechanics

Bioactivity

Logistics

Synthetic Hydrogel ECM Tissue-derived Scaffold-free
Scaffolds Scaffolds component scaffolds

scaffolds (e.g., self-
(e.g., SIS, assembly)

(e.g., Collagen, GAG) decellularized matrix)

Figure 1.6 Schematic diagram of scaffolds for meniscal tissue engineering graded on
three standards from 1-4 blocks[2].

1.1.4 Electrospinning and nanofibrous scaffolds for meniscal tissue engineering

A porous, and interconnected 3D construct with high surface area is needed for
meniscal tissue engineering in order facilitate cell attachment, allow the diffusion of
nutrients from the blood or synovial fluid, and mimic the mechanical properties of the

tissue. Compared to macroscale-structural scaffolds, nanoscale-structural scaffolds have a
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much larger surface area to present more surface proteins and enhance cell adhesions
through cell membrane receptor interactions.

Many techniques have been investigated for fabricating porous scaffolds of tissue
engineering to mimic ECM such as gas-foamed, salt-leached, freeform fabrication,
topography library, phase separation, molecular self-assembly and hydrogels[33-36].
However, these methods have not been able to mimic ECM structure and function with
the desired porosity. One method to emulate meniscus nano- and microstructure with
appropriate anisotropic mechanical properties, and with high cell compatibility, may be

achieved using a process called electrospinning.
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Figure 1.7 Scanning electron microscopy (SEM) image of electrospun nanofibers
compared to a human hair (left) and schematic of different fibers according to diverse
diameters. Courtesy of http://www.epa.gov/ncer/events/news/2002/09 05 02a.html

In the electrospinning process, a high voltage is applied to charge a liquid droplet
of homogeneous polymer solution at the tip of spinneret, which serves as an electrode. At
a critical point, a stream of liquid erupts and dries and is collected as a fiber on grounded
or charged collectors, which serve as the counter-electrode. This point of eruption forms

a Taylor cone, which accelerates the formation of continuous fibers (Figure 1.8). The
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working parameters of electrospinning can be largely categorized into three parts:
solution parameter, process parameters, and ambient parameters[37]. The solution
parameters are comprised of the concentration of polymer solution, molecular weight of
the polymer, solution viscosity, surface tension, and solution conductivity, which is
dependent on the type of polymer and solvent. There are four different process
parameters that affect the electrospinning process: the applied voltage that should be
higher than the threshold voltage needed to eject a stream of liquid as fibers, the flow rate
to control the emitted volume of solution onto a spinneret, the collector acting as the
conductive substrate, and the distance between the collector and the tip of the syringe that
affects the fiber diameter and morphology.

Electrospun scaffolds comprised of natural or synthetic materials in dimensions
that mimic native collagen fiber bundles[2] can be efficiently produced by
electrospinning.[13, 38] The combination of mechanical strength and biocompatible
qualities of electrospun nanofibers provide an advantage over other 3-dimensional (3-D)
scaffolds formed with techniques such as gas-foamed, salt-leached, freeform fabrication,
topography library, and hydrogels [33, 35, 36]. The high surface-to-volume ratio, and
porosity generated by electrospun fibers facilitates cell attachment, cell proliferation, and
deliver of nutrients through the scaffold[39]. Specifically for meniscus tissue engineering,
a scaffold that provides the requisite mechanical properties of the meniscus may be useful
to enhance repair of meniscal tear defects, and may permit early rehabilitation. Active
joint motion during the early phase of repair also helps prevent restrictive adhesions and

scar tissue formation that affect range of motion and limit recovery of function[40].
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Figure 1.8 Schematic of electrospinning device to generate nanofibers
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1.2 Thesis objective

The central focus of this thesis is to design electrospun nanofibrous scaffolds that
can mimic the native extracellular matrix, especially circumferential collagen fibrils
within meniscus, and to assess cell-attachment, cell viability, cellular morphological
responses, extracellular matrix production, mechanical properties and stem cell

differentiation.

To achieve these goals, the following issues were addressed:

* To develop and optimize the electrospinning processes to enhance cell-
matrix interactions by tailoring specific scaffold parameters affecting
nanostructural architecture, namely pore size, pore network geometry,
hierarchical nanostructures, and anisotropy of internal pore structures.

* To design tunable natural materials as 3-dimensional constructs with
appropriate mechanical properties, capable of promoting expansion of
human meniscus cells or stem cells while maintaining their function.

* To investigate the healing effect of cell seeded engineered constructs with

native meniscal tissue.
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1.3 Overview of the dissertation

Chapter 1 provides a brief introduction to the structure, function, and
composition of the meniscus, to meniscal tissue engineering, to the process of
electrospinning, and summarizes the current status of meniscal tissue engineering.

Chapter 2 describes the design, development and characterization of electrospun
artificial fibrous scaffolds and engineered multilayered architectures with human
meniscus cells.

Chapter 3 further extends the application of electrospinning with a natural
polymer, a major component of the meniscus ECM, and provides proof of concept
healing of a meniscal tear.

Chapter 4 investigates the meniscogenic potential of different types of human
cells when seeded on a nanofibrous scaffolds comprised of natural polymer.

Chapter 5 summarizes the dissertation and outlines potential future directions.
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CHAPTER 2: MENISCUS TISSUE ENGINEERING USING A
NOVEL COMBINATION OF ELECTROSPUN SCAFFOLDS AND
HUMAN MENISCUS CELLS EMBEDDED WITHIN AN

EXTRACELLULAR MATRIX HYDROGEL.

“We are what we repeatedly do. Excellence, then, is not an act, but a habit.”

—Aristotle

2.1 Introduction

Menisci are semilunar disc-shaped fibrocartilaginous tissues located on the tibial
plateau. The major functions of this tissue include transmission of load and contribution
to joint lubrication.[1] The menisci can be divided into outer and inner regions containing
cells that are responsible for maintaining tissue homeostasis under the high shear and
compressive forces experienced in the knee joint. The wedge shape of meniscus and its
horn attachments serve to convert the vertical compressive tibiofemoral forces to
horizontal hoop stresses. Simultaneously, shear forces are developed between the
collagen fibers within the meniscus while the meniscus is deformed radially.[2] The outer
region hosts blood vessels and is thus also termed the vascular region. Cells within the
vascular region are mainly fibroblast-like and are elongated or spindle-shaped. The inner
or avascular region is devoid of blood vessels and contains mainly chondrocyte-like cells

that are rounded or spherical.[3]

21
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Compromised meniscus function due to degeneration or injury is the most
common risk factor for the development of knee osteoarthritis. The most common
orthopaedic procedure is partial meniscectomy, which also alters normal meniscus
function.[4] Approximately 1.5 million arthroscopic surgical procedures of the knee are
performed each year in the United States alone and of these more than half involve the
meniscus.[5] Clinical interventions aim to preserve the meniscus structure and function.
A number of techniques are being used to repair meniscal tears: polymer-based arrows,
darts, screws, staples, and other suture devices.[6] However, because of the low
probability of successfully repairing a torn meniscus, partial or total meniscus
replacement is being actively developed.[7, 8]

To satisfy this need, a number of tissue engineering strategies have attempted to
enhance the repair and replacement of damaged meniscus. Meniscus allograft
transplantation has been explored as a solution to replace lost meniscal tissue to prevent
cartilage degeneration, relieve pain, as well as to improve function.[9] Another approach
is the direct replacement of meniscal tissue, in part or in whole, using natural or synthetic
biomaterial scaffolds, including collagen-based grafts, subintestinal submucosa, cell-free
hydrogels, degradable porous foams, multilayered, multiporous silk scaffolds and macro-
and microporous polymeric meshes.[10, 2] Many of the above studies employing in vivo
animal models or in human clinical trials show some chondroprotection by the implants
but with a low success rate. With the exception of allografts, this failure is likely because
the implants do not mimic the complex internal architecture and native mechanical

properties as well as possess the appropriate resident cells.[11-14]



23

An alternative means to emulate meniscus nano- and microstructure with
mechanical properties, and with high cell compatibility, may be achieved using a process
called electrospinning. Electrospun scaffolds comprised of natural or synthetic materials
in dimensions that mimic native collagen fiber bundles[2] can be efficiently produced by
electrospinning.[15, 16] The combination of mechanical strength and biocompatibility
qualities of electrospun nanofibers provide an advantage over other 3-dimensional (3-D)
scaffolds using other techniques such as gas-foamed, salt-leached, freeform fabrication,
topography library, and hydrogels. The high surface-to-volume ratio and porosity
generated by the electrospun fibers facilitates cell attachment, cell proliferation, and
transport of nutrients through the scaffold.[17] A scaffold that provides the requisite
mechanical properties of the meniscus may be useful for repair of meniscal tear defects
and may permit early rehabilitation. Active joint motion during the early phase of repair
also helps prevent restrictive adhesions and scar tissue formation that affect range of
motion and limit recovery of function.[18]

In the past decade, biodegradable materials, such as polylactic acid (PLA) and
poly(glycolic acid) (PGA), have been preferred especially in intra-articular
procedures.[19] PLA has been more useful for biodegradable meniscal repair devices
because the wet-strength half-life is 6 months.[20] The critical period for meniscal repair
is 6 to 12 weeks[21] and PLA meniscal repair devices (e.g., Biostinger, meniscal screw,
and meniscus arrow) preserve their initial strength even after six months.[22-24]
Polylactides of varying molecular weights have been shown to be biocompatible,[25]
Pure PLA has excellent mechanical properties including a tensile strength of 50 MPa and

a modulus of 3.4 GPa.[26] The biocompatibility, suitable degradation time, and strength
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of PLA materials allow it to better mimic the structure, biological, and mechanical
function of native extracellular matrix (ECM) proteins, which provide support and
regulate tissue formation and regeneration.

In this study we aimed to: 1) produce electrospun PLA scaffolds with random or
aligned fiber arrangements similar to the collagen fiber arrangements in native
meniscus,[27] which were examined for their mechanical properties and were observed
under scanning electron microscopy (SEM); i1i) examine the response of cultured human
meniscus cells isolated from the vascular and avascular regions on these electrospun
scaffolds in terms of cell viability, morphology and gene expression profiles; and iii)
produce multilayered PLA constructs in an effort toward generating engineered
meniscus-like graft tissue. These constructs were made by encapsulating human
avascular meniscus cells in an extracellular matrix hydrogel sandwiched between layers
of electrospun PLA. After culture, these engineered tissues were characterized by
histology and immunohistochemistry to examine whether this approach would produce a

meniscus-like tissue.
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2.2 Materials and Methods

2.2.1 Fabrication of poly lactic acid (PLA) scaffolds

PLA (Mw = 100,000, NatureWorks LLC, Minnetonka, MN) was dissolved in a
mixed solvent of dichloromethane and N,N-dimethylacetamide (8/2 w/w) by stirring for
48 h at room temperature to obtain homogeneous 10 wt% solution. The PLA solution
was loaded in a syringe, which was driven by a syringe pump (KDS200, KD Scientific
Inc., Holliston, MA) at a feeding rate of 2.0 mL/h. A Teflon tube was used to connect the
syringe and a 21G needle (inner diameter of 0.5 mm), which was set up horizontally. A
voltage regulated DC power supply (NNC-30kV-2mA portable type, NanoNC, South
Korea) was used to apply a voltage varying from 15 to 20 kV to the PLA solution to
generate the polymer jet. The electrospun fibers were deposited in the form of a web on
collectors covered by aluminum foil. For collecting random fibers, the tip-to-collector
distance (TCD) was set to 16 cm on a flat plate as a collector. For collecting aligned
fibers, a rotating drum (~2400 rpm) was placed at 12 cm from the tangent of the drum to
the needle tip. To account for different collector sizes and effect of gravity, the TCD
distances were optimized for the formation of electrospun PLA fibers of consistent and of
comparable diameter. An overview of the systems used to generate random and aligned

electrospun scaffolds is shown in Figures 2.1A and B.
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Figure 2.1 Overview of the electrospinning equipment (A) A grounded plate collector
produced random PLA fibers and (B) a rotating drum collector was used to deposit
aligned PLA fibers

2.2.2 Structural morphology of PLA scaffolds

The morphology of electrospun PLA scaffolds was studied under scanning
electron microscopy (SEM) (Philips XL30, FEI Co., Andover, MA) with an accelerating
voltage of 10 kV. Scaffolds were coated with iridium using a sputter coater (Emitech
K575X, EM Technologies Ltd, England). The diameter of individual electrospun fibers
was measured from the SEM images using image processing software (Image J, National

Institutes of Health, Bethesda, MD).

2.2.3 Tissues and cell isolation
Normal human menisci (medial and lateral) were obtained from tissue banks
(with Scripps Institutional Review Board approval), from six donors (mean age: 29.8 +

4.7; age range: 23-35 years; two females, four males). Normal menisci were selected
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following a previously reported macroscopic and histologic grading system.[28] The
inner 2/3 (avascular region) and the outer 1/3 of the meniscus (vascular region) was
separated with a scalpel and enzymatically digested using collagenase (2 mg/mL; C5138,
Sigma-Aldrich, St. Louis, MO) in DMEM (Mediatech Inc, Manassas, VA) and 1%
Penicillin-Streptomycin-Fungizone (Life Technologies, Carlsbad, CA) for 5—6 hours. The
digested tissues were filtered through 100 pm cell strainers (BD Biosciences, San Jose,
CA) and seeded in monolayer culture medium (MCM) consisting of DMEM (Mediatech)
supplemented with 10% calf serum (Omega Scientific Inc. Tarzana, CA) and 1%
Penicillin/Streptomycin/Gentamycin (Life Technologies). Cells were cultured for 1

passage before use in scaffold seeding experiments.

2.2.4 Cell cultures on single layered ES PLA scaffolds

Human cells from avascular or vascular regions of the meniscus were separately
seeded onto 2 cm (length) x 1 cm (width) rectangular shape of random and aligned PLA
scaffolds at a density of 0.5 x10° per scaffold (0.25x106 per cm2) in 6-well plates. Cells
were cultured in DMEM supplemented with 10% calf serum and 1% Penicillin,
Streptomycin, and Gentamycin for 3 days to permit cell attachment and scaffold
colonization. Subsequently, the medium was changed to serum free ITS+ medium
(Sigma-Aldrich) supplemented with 10 ng/mL TGFpB1 (PeproTech, Rocky Hill, NJ). The
serum-free ITS+ medium used in ES scaffolds culture consisted of DMEM (Cellgro,
Manassas, VA), 1 x ITS + (Sigma-Aldrich) (i.e. 10 mg ml-1 insulin 5.5 mg ml-1
transferrin, 5 ng ml-1 selenium, 0.5 mg ml-1 bovine serum albumin, 4.7 mg ml-1 linoleic

acid), 1.25 mg ml-1 human serum albumin (Bayer, Leverkusen, Germany), 100 nM
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dexamethasone (Sigma-Aldrich), 0.1 mM ascorbic acid 2-phosphate (Sigma-Aldrich),
and penicillin/streptomycin/gentamycin (Gibco, Carlsbad, CA).[29] After 2 weeks in
culture with medium changes every 3 to 4 days, the cells on the scaffolds were assessed

for cell viability by confocal microscopy and for cell morphology by histology and SEM.

2.2.5 Mechanical properties of PLA scaffolds

The mechanical properties of PLA scaffolds were quantified via tensile testing (n
= 10 per group). Both random and aligned scaffolds were tested under three different
conditions: 1) freshly electrospun dry scaffolds were tested within 1 day of production; ii)
scaffolds were seeded with avascular human meniscus cells and cultured for one and
three weeks; and iii) scaffolds were cultured for one and three weeks without cells. For
mechanical testing, the electrospun scaffolds were cut into dog-bone-shaped scaffolds
using a custom-made aluminum template to guide reproducible testing shapes. The
template was 50 mm in length, with a 5 mm width on each end and a central width of 2
mm (Fig. 2.2). The thickness of each scaffold was measured using a digital caliper and
reported as mean =+ standard deviation (SD). For mechanical testing of cultured cell-
seeded and acellular scaffolds, human avascular cells (0.5x106 cells/each scaffold) were
seeded on aligned PLA scaffolds. All cultures were in DMEM supplemented with 10%
calf serum and 1% Penicillin, Streptomycin, and Gentamycin for 3 days to permit cell
attachment and scaffold colonization. Subsequently, the medium was changed to serum-
free ITS+ medium (Sigma-Aldrich) supplemented with 10 ng/mL TGFB1 (PeproTech).

After 1 week and 3 weeks in culture with medium changes every 3 to 4 days, the cell-
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seeded and non-seeded scaffolds were cut into the same dog-bone shaped specimens as

the dry specimens and were evaluated for mechanical properties.

50 mm

Figure 2.2 Geometry and size (mm) of the dog-bone shaped tensile test specimens

The specimens were mounted in the grips at their two ends of a uniaxial testing
machine (Instron® Universal Testing Machine, 3342 Single Column Model; Norwood,
MA) with a 500 N load cell and tested to failure at a crosshead speed of 1 mm min-1 at a
gauge length of 20 cm under ambient conditions. Young’s modulus was calculated from
the slope of the linear segment of the stress-strain curve. Ultimate tensile strength (UTS)

was calculated at the maximum load before failure. Values were presented as mean = SD.

2.2.6 Multilayer construct formation

Human avascular meniscus cells (passage 1) were suspended in a hydrogel
consisting of collagen type II (3 mg/mL), chondroitin sulfate (1 mg/mL) and hyaluronan
(1 mg/mL) at 1x10° cells per mL. Cells suspended in hydrogel were seeded onto one
aligned PLA scaffold (50 pL), followed by layering another scaffold sheet on top.

Another cell layer was applied, followed by a final, third scaffold on the top (Fig.2.3). To
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stabilize the scaffold layers, a layer of 2% alginate (PRONOVA UP LVG; Novamatrix,
Sandvika, Norway) was dispensed over the construct and crosslinked in calcium chloride
(120 mM; Sigma-Aldrich) for 20 minutes. Layered constructs were cultured in serum-

free medium supplemented with TGFB1 (10 ng/mL).

Aligned -

-

hydrogel

Figure 2.3 Process of production of multiple layers. Human meniscus cells encapsulated
in a hydrogel consisting of collagen type II, chondroitin sulfate and hyaluronan were
seeded onto a base aligned PLA scaffold, followed by placement of another scaffold
above in the same fiber orientation. This was followed by another layer of cells and one
more scaffold layer. To hold the layers together, a layer of 2% alginate was deposited
over the entire stack and crosslinked.

2.2.7 Cell viability assessments
The viability of cells cultured on PLA scaffolds was observed using the live/dead
kit consisting of Calcein-AM and Ethidium Homodimer-1 (Life Technologies) and a

laser confocal microscope (LSM-510, Zeiss, Jena, Germany) as previously described.[30]

2.2.8 Cellular morphology of avascular meniscus cells on single layer PLA scaffolds
SEM was employed to observe high-resolution features of cells grown on the
electrospun PLA scaffolds. After a culture time of 7 and 14 days, the cells on the

substrates were washed with PBS and fixed with 2.5% weight/volume glutaraldehyde
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(Sigma-Aldrich) in PBS for 1 h. After fixation the samples were washed 3 times with
PBS for 10 minutes each. The samples were then dehydrated in a graded series of ethanol
(50%, 70%, and 90%) for 30 minutes each and left in 100% ethanol for 24 h at
temperatures below 4° C. Next, the samples were kept in 100% ethanol until they were
completely dried in a critical point dryer (Autosamdri-815, Series A, Tousimis Inc.,
Rockville, MD). The dried samples were then surface metalized by sputter coating with
iridium for SEM examination. The morphology of the scaffolds and the adherent cells

was observed by SEM (Philips XL30, FEI Co., Andover, MA).

2.2.9 Histology and immunohistochemistry

PLA scaffold layers seeded with avascular meniscus cells were fixed in Z-Fix
(ANATECH, Battle Creek, MI) and embedded in paraffin. Sections of 5—7 um were
stained with H&E and Safranin O Fast Green. For detection of collagen type I by
immunohistochemistry, cut sections were treated with hyaluronidase for 2 h,[31] and
incubated with a primary antibody against collagen type I (clone: I-8HS; MP Biomedicals,
Santa Ana, CA) at 10 pg/mL. For detection of collagen type II, (II-II6B3, Hybridoma
Bank, University of Iowa) used at 10 pg/mL. Secondary antibody staining and detection
procedures were followed as previously described.[32] An isotype control was used to

monitor nonspecific staining.

2.2.10 RNA isolation and RT-PCR
Total RNA was isolated from single layer PLA constructs using the RNeasy mini

kit (Qiagen, Hilden, Germany) and first strand ¢cDNA was made according to the
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manufacturer's protocol (Applied Biosystems, Foster City, CA). Quantitative RT-PCR
was performed using TagMan® gene expression reagents. COL1A1, aggrecan, SOXO9,
COMP and GAPDH were detected using Assays-on-Demand™ primer/probe sets
(Applied Biosystems). To normalize gene expression levels, GAPDH was employed

using the ACt method.[33]

2.2.11 Statistical analysis
ANOVA and post-hoc student’s t-test was used to assess the statistical
significance of differences in fiber diameter, mechanical properties, and gene expression

levels. P-values less than 0.05 were considered significant.
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2.3 Results

2.3.1 Controlled production of electrospun random and aligned PLA fibrous scaffolds
The morphological structures of aligned and random electrospun PLA fibers are
shown in Figure 2.4. The rotating drum speed (~2400 rpm) and delivery parameters used
produced scaffold structures with a high degree of alignment (Fig, 2.4B). The average
diameter of aligned fibers was 1.25 = 0.31 um (range: 0.46—2.32 um) and that for random
PLA fibers was 1.31 + 0.56 pum (range, 0.70-3.84 um). There was no statistically
significant difference between the fiber diameters. Random scaffolds had a thickness of

0.15 = 0.04 mm; the thickness of aligned scaffolds was 0.09 + 0.03 mm.
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Figure 2.4 Scanning electron micrographs (SEM) of electrospun (ES) PLA scaffolds (A)
SEM of random and (B) aligned ES PLA fibers (Mag. 1250x, scale bar: 20 um).

2.3.2 Controlled production of electrospun random and aligned PLA fibrous scaffolds
Cells seeded upon randomly spun PLA scaffolds were flattened and spread-out

with multi-directional extensions (Fig. 2.5A), while cells on aligned PLA scaffolds were
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elongated in line with the direction of the fibers (Fig. 2.5B). These differences in
morphology and alignment were also reflected in the confocal images (Figs. 2.5C-D),
which provided evidence of high cell viability for both scaffolds. No obvious differences

in cell morphology were seen between the vascular or avascular cells.
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Figure 2.5 Scanning electron micrographs (SEM) of cellular response on electrospun (ES)
PLA scaffolds. (A) SEM of avascular human meniscus cells cultivated on random and (B)
vascular human meniscus cells seeded on aligned ES PLA fibers (Mag. 1250x), scale bar:

20 pm in SEM images. (C) Confocal microscopy of vascular human meniscus cells

cultured on random scaffolds and (D) avascular human meniscus cells cultivated on

aligned scaffolds demonstrating viability (live/dead) and alignment cells cultivated on

PLA scaffolds (Mag. 10x; scale bar: 200 um in confocal images)
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2.3.3 Meniscus cell phenotype is not altered by fiber orientation or from region of

isolation
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Figure 2.6 Relative fold change in gene expression of human vascular and avascular
meniscus cells cultivated on either random or aligned PLA electrospun scaffolds. (A)
Increased COL1AT1 gene expression. (B) Increased SOX9 gene expression. (C) Reduced
Aggrecan expression relative to monolayer controls. (D) COMP expression on random
and aligned PLA electrospun scaffolds (n = 4-5 donors). Expression levels are relative to
monolayer controls (dotted line).
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In comparison to meniscal cells maintained in MCM (baseline control gene
expression levels indicated by dotted line in Fig. 2.6), cells derived from either vascular
and avascular regions cultivated on both random and aligned ES PLA scaffolds in serum-
free ITS medium the presence of TGFB1 (10 ng/ml) displayed significantly (p <0.05)
increased COL1A1, SOX9 (Figs. 2.6A and 2.6B), and COMP (Fig.2.6D) gene expression
levels relative to monolayer cultured cells. Although decreased aggrecan mRNA was
seen (approximately 2-fold) in cells on both scaffolds (Fig. 2.6C), this expression was not

significantly different from the monolayer cultured cells.

2.3.4 High tensile mechanical properties of aligned electrospun PLA scaffolds

Young’s modulus and UTS in the random and aligned scaffolds are presented in
Figure 4. Random scaffolds possess an average tensile modulus of 67.31 £ 2.04 MPa.
Aligned scaffolds, tested in the direction parallel to the aligned nanofibers generated a
significantly greater (p < 0.001) tensile modulus of 322.42 + 34.40 MPa, compared to
random scaffolds. However, the tensile modulus perpendicular to the aligned direction
was 7.18 = 1.27 MPa, significantly weaker than random scaffolds (p < 0.001). Similarly,
UTS of aligned scaffolds was significantly (p < 0.001) higher: 14.24 + 1.45 MPa (parallel
to direction of alignment) compared to 3.8 £ 0.21 MPa measured in the random ES
scaffolds.

Random and aligned scaffolds tested in the direction of fiber orientation generated
a sharper increase in stress with a “toe region” in the pre-yield region. While random

scaffolds extended nonlinearly after yield, aligned scaffolds generated crack straining
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Figure 2.7 Mechanical testing of random and aligned ES PLA scaffolds. (A) Young’s
modulus (MPa) for random, aligned (along fiber orientation), and perpendicular to fiber
orientation. (B) Ultimate stress readings (MPa) for each condition. (C) Stress/strain curve
for each condition and (D) random PLA scaffold. (E) aligned PLA scaffold (F)
perpendicular oriented PLA scaffold.



38

(Figs. 2.7C-E), yielded, and failed at comparatively adjacent points earlier in the strain
region. Aligned scaffolds measured in the direction perpendicular to fiber orientation,
exhibiting a much lower stress-strain response (Figs. 2.7C and 2.7F).

Mechanical properties of cell-seeded and paired acellular scaffolds were assessed
over time in culture via tensile testing. The stiffness of all scaffolds showed some
decrease with time in culture. However, cell-seeded scaffolds tended to possess higher
stiffness and reached a higher ultimate tensile stress, although no significant difference

was established in Figure 2.8.

2.3.5 Multi-layer PLA cell-seeded scaffold support meniscus-like neotissue formation
Since the random PLA scaffolds yielded a much lower average tensile modulus
(67 MPa) than the aligned scaffolds (>300 MPa), we chose to make multilayers of
scaffolds using only aligned fibers to mimic the circumferential collagen fibrous bundles
in native meniscus. Human avascular meniscus cells were seeded onto three scaffolds
within a biomimetic gel composed of collagen type II, chondroitin sulfate and hyaluronan
(1 mg /mL each) and held in place with a layer of 2% alginate crosslinked with calcium
chloride (Fig. 2.9D). Following 2 weeks of culture, a construct was developed that
comprised of a fusion of the PLA scaffold layers, newly synthesized ECM and cells that
had infiltrated and distributed inside and throughout the triple-layered construct (Figs.
2.9A-F). The neotissue was Safranin-O negative (Figs 2.9A and 2.9B), and possessed an
ECM composed of collagen type I (Fig. 2.9C) and with cells elongated in the same
direction/orientation as the ES PLA fibers. Immunostaining for collagen type II was

negative for these neotissues (data not shown).
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Figure 2.8 Mechanical testing of random and aligned ES PLA scaffolds over time in
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40

A B ~ S ~
{ - -
i T
-
e e e

Figure 2.9 Histology and immunohistochemistry of multi-layer aligned PLA cell seeded
scaffolds. (A—B) Safranin O/Fast-green stain. Arrows indicate three aligned PLA scaffold
layers and the arrowhead points to the layer of alginate. (C) Collagen type I immunostain.
(D) Isotype control stain. (E) Light microscope image of two weeks cultured construct.

(F) DAPI stain. (Mag. A = 10x, scale bar: 200 um ; Mag. B, C, D, E, and F = 40x, scale
bar: 100 um).
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2.4 Discussion

The ultrastructural arrangement of collagen fibers in the superficial and laminar
layers of the meniscus comprises of random collagen fibers. However, the main central
layer is made up of circumferentially aligned collagen bundles that are critical for the
mechanical function of the meniscus.[27] We demonstrated the capacity to create both
random and aligned electrospun scaffolds, which resemble the architecture of the native
meniscus, by using electrospinning technology. We investigated the potential of
combining human meniscus cells with nanofibrous scaffolds for meniscus tissue
engineering. These electrospun PLA scaffolds possessed anisotropic mechanical
properties, mimicked the native central layer of the meniscus tissue (the main bulk of
meniscus tissue consisting of collagen fibrils[27]), and supported cell growth to permit
production of the major ECM components seen in meniscus tissue. Our data also show
that electrospinning can be employed in conjunction with a novel cell-seeded biomimetic
hydrogel to produce higher order constructs that promote neotissue formation and
scaffold integration. These results demonstrate proof of concept of using such scaffolds
for meniscus tissue engineering.

Production of scaffolds via electrospinning has been carried out with numerous
synthetic polymers including polyurethanes, PLA, poly-e-caprolactone (PCL), and
polydioxanone. The attachment and proliferation of cells, deposition of matrix, and the
development of mechanical properties of the scaffolds over time is highly dependent on

the type of material.[34] The initial high strength and relatively long degradation time of
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PLA helps to mimic the structure and biological function of native ECM proteins, which
may support the formation and maturation of the tissue.

However, the initial mechanical properties of scaffold are important for implant
survival before eventual replacement and remodeling of regenerated tissue. We
established that the tensile modulus of aligned scaffolds was approximately 5-fold higher
than randomly oriented scaffolds and was comparable to the high end of the tensile
modulus of human meniscus in the circumferential direction. The pronounced ‘toe’
region seen in the stress-strain curve of circumferential parts of meniscus was also seen in
ES aligned PLA scaffolds in the present study (Figs. 4C and 4E).

The mechanical properties of our PLA scaffolds were significantly higher than
those reported elsewhere for aligned nanofiber scaffolds.[35-37] For example, random
PCL scaffolds had an isotropic tensile modulus of 2.1 + 0.4 MPa, compared to highly
anisotropic PCL scaffolds whose modulus was 11.6 £ 3.1 MPa in the presumed fiber
direction.[35] To increase mechanical strength of electrospun PLA, Seth et al,[38]
produced randomly electrospun nanocomposite scaffolds by encapsulating multi-walled
carbon nanotubes (MWNT) in PLA. The combined PLA and MWNT increased the
modulus of the randomly oriented electrospun scaffolds to 55 MPa.[38] However, this
modulus is in the low end of the range of moduli reported for human menisci, and even
lower than the tensile properties of the randomly oriented scaffolds reported in the
present study.

Electrospun nanofibers (50—1000 nm) are similar in diameter to the native
extracellular matrix.[39] This nano-sized fiber diameter has been shown to promote

matrix-forming activities in seeded cells, for instance, chondrocytes seeded on PLLA
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nanofibers produce more matrix than when seeded on PLLA microfibers.[40] We
therefore focused on the generation of engineered meniscus constructs using nanofibrous
biodegradable scaffolds produced via electrospinning in this range (nominally 500—1000
nm). Human meniscus cells infiltrated and distributed within aligned electrospun
scaffolds with an elongated morphology resembling cells in native meniscal tissue. We
also observed the production of ECM with high collagen type I content by human
meniscus cells between the PLA fibers and throughout the multiple electrospun PLA
layers within 14 days of culture. The low GAG staining is also consistent with normal
human meniscus.[28]

Notably, fiber orientation affected the morphology of cells on these scaffolds.
Meniscus cells seeded on random PLA scaffolds were flattened with multi-directional
extensions, while they were more elongated and in line with the direction of the fibers on
the aligned PLA scaffolds. In this current study, both random and aligned scaffolds
induced meniscus-like gene expression profiles as previously reported.[41, 42] Despite
differences in the observed cell morphology and in the observed via confocal and SEM
images, we could not detect significant differences in gene expression due to fiber
alignment, cell morphology, or due to region of origin (vascular or avascular). This result
was likely because in both cases, the cell morphology remained fibroblast-like. Similar to
our study with human meniscus cells, others have also reported that bovine meniscus
fibrochondrocytes or bovine mesenchymal stem cells derived from bone marrow
preferentially aligned in the predominant fiber direction, whereas cells on nonaligned
scaffolds were randomly oriented.[15] In addition, Baker et al [15] noted a significant

increase in mechanical properties after 70 days for aligned PCL scaffolds compared to
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random constructs seeded with either cell type. In this current study, the mechanical
properties of cell-seeded scaffolds were higher than non-cell seeded scaffolds at every
time point. Importantly, this indicates that these improvements in mechanical property
can be attributed to the neotissue deposited by the cells on each scaffold.

Hydrogels consist of entangled polymer chains that have an amorphous to semi-
fibrous character, whereas ES scaffolds display distinct nano- to microscale topography
that can be easily tuned.[43] Hydrogels reinforced with nanofibers are therefore an
attractive approach to tissue engineering since nanofibers can enhance the poor
mechanical properties of hydrogels. One study used a blend of PCL and gelatin but only
reported a compressive strength of about 20 kPa.[44] Synthetically reinforced hydrogel-
electrospun scaffold composite materials improved cell proliferation, and attachment and
spreading of neuroblastoma and rat cortical neuron cells that was attributed to the
topography of the electrospun fibers.[45, 44] We used a different approach to assemble
nanofibrous scaffolds into complex architectures by stacking multiple layers of fibers
sequentially deposited on top of one another (~1.5 mm total thickness) for proof-of-
concept engineering of fiber-reinforced meniscal tissues. The motivation for developing
multilayered constructs was to mimic regions of native tissue with respect to its
biochemical, structural, and mechanical properties at a clinically relevant scale.[42, 46]
Combining electrospinning with a biomimetic gel also provided cells with a growth
environment to support neotissue development similar to the ECM found in native
avascular meniscus tissue and aided in fusing multiple layers together. Although cells
typically spread out on the surface of electrospun scaffolds, these cells also infiltrated

inside each of the PLA scaffold layers.
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Several issues remain to be addressed in the production of a functional construct
for meniscus repair. While PLA is an FDA-approved biomaterial and is widely used
clinically, resorbed PLA scaffolds can lead to synovitis and chondral lesions.[22, 23]
Hence, a natural scaffold or more biocompatible material with nonreactive degradation
products is more desirable. Since only one group was studied, we could not test specific
hypotheses about the impact of the various components of the constructs. Assays of
biochemical composition are also important to assess potential for clinical translation. We
did not test the delamination strength of layered constructs due to technical challenges.
While our primary intention in the present study was to demonstrate proof of concept
with respect to biocompatibility, meniscal cell phenotype, and neotissue formation, in
future studies we aim to test whether these constructs can be used to repair defects

created in an ex vivo tissue model.
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2.5 Conclusion

In summary, we electrospun PLA to generate biodegradable and biomimetic
nanofibrous scaffolds. Aligned electrospun PLA fibers generated an anisotropic tensile
modulus that better approximated the properties of meniscal tissue than random
electrospun PLA fibers. Cells from avascular and vascular regions of human menisci
survived, attached, and infiltrated the PLA nanofibrous scaffold, and secreted the major
proteins found in meniscal matrix. Moreover, we were also able to demonstrate the novel
approach of combining nanofibrous scaffolds with human meniscus cells in an ECM
hydrogel to create thicker multilayered constructs in the dimensions necessary for partial

meniscus replacement.
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CHAPTER 3: REPAIR OF AVASCULAR MENISCUS TEARS WITH
ELECTROSPUN COLLAGEN SCAFFOLDS SEEDED WITH

HUMAN CELLS.

“I can’t change the direction of the wind,
but I can adjust my sails to always reach my destination.”

—Jimmy Dean

3.1 Introduction

Knee injuries, resulting in meniscal tears, are the most frequent injuries to the
meniscus and are an important factor of knee disability [ 1-3], accounting for up to 15% of
all injuries of the knee in younger active individuals [4]. Partial or total meniscectomy is
currently the most common recommended treatment approach for meniscus tears[5]. A
number of techniques have been developed to repair meniscal tears: involving sutures,
screws, arrows, and darts[6]. These meniscal repair procedures can relieve pain, locking,
and instability in the short-term. However, in the long term, no significant benefit has
been documented with respect to preventing degenerative joint changes and accelerated
osteoarthritis (OA) due to deficient meniscal function[7-9].

The predominant issue with meniscal tears is absence of self-healing capacity of
the meniscus due to lack of vasculature[10, 3]. While fully vascularized at birth, adult

menisci are usually only vascularized in the outer one-third to two-thirds [3]. The
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vascularized periphery of the meniscus possesses some self-healing capacity, and minor
or simple tears can be repaired[11]. However, large or complex tears, especially those
within the avascular region are extremely difficult to repair.

Numerous approaches have attempted to enhance repair or replace injured
meniscal tissue. Transplantation of meniscus allografts can relieve pain and enhance
function in the short term[12-14]. Others have explored replacement of meniscal tissue
using natural biomaterials, including periosteal tissue[15], small intestine submucosa
(SIS)[16], acellular porcine meniscal tissue[17], perichondral tissue[18], and bacterial
cellulose[19]. However, these approaches have not been translated to clinical application
largely due to poor replication of the organization, structure, biological and mechanical
properties of meniscal tissue.

Electrospinning makes it feasible to fabricate nano-scale fibers composed of
synthetic materials such as polylactic acid (PLA), polycaprolactone (PCL)[20-23]; and
natural materials such as collagen, gelatin, and chitosan[24-26]. Electrospun fiber
matrices have been used successfully in drug delivery and wound healing as well as other
biomedical applications[27]. These nanofibrous scaffolds possess the advantages of
tunable mechanical strength with a large biomimetic surface area. Cell attachment, cell
proliferation, and transport of nutrients through the scaffold can be accelerated by the
high surface-to-volume ratio and porous structure of the scaffold [28, 29]. We previously
demonstrated that electrospun PLA scaffolds can replicate meniscus nano- and
microstructural organization with appropriate mechanical properties and high cell

compatibility[30].
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Although synthetic polymers are biocompatible, they can cause significant
inflammation and foreign body reaction when implanted in vivo[31]. For example,
biodegradation products (lactic acid) released from PLA reduce pH within the knee joint
[32]. Natural polymers may circumvent these complications and a scaffold comprised of
collagen may be optimal since it is the main fibrillar component of the meniscus, it is
biocompatible, and is approved for clinical use[33, 34].

The objective of this study was to develop biomimetic scaffolds that replicate the
collagen fibrils of native menisci, seeded with cells derived from human meniscogenic
cells, and with biomechanical properties approaching that of native meniscal tissue.
Towards this objective, we electrospun scaffolds comprised of collagen type 1 with
different fiber arrangements (random and aligned) to emulate the regional distribution of
meniscus fibers. These electrospun scaffolds were then cross-linked to enhance
mechanical properties and seeded with human meniscal fibrochondrocytes. The scaffolds
were characterized by fiber morphology and biomechanical properties. Meniscogenic
potential was assessed by cell viability, proliferation, gene expression, and matrix
synthesis. To determine potential for clinical translation, we also evaluated ex-vivo repair
by implanting cell-seeded electrospun scaffolds in tears created in the avascular region of

live meniscus explants.
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3.2 Materials and Methods

3.2.1 Fabrication of electrospun collagen type I scaffolds

Sixteen percent w/v Bovine Collagen type I (Semed S, acid-soluble, DSM, NL)
was dissolved in 20x Phosphate buffered Saline (PBS) and ethanol at a ratio of 1:1 v/v as
described previously[37]. ES scaffolds were created in a similar way as previously
described for electrospun PLA scaffolds[20]. The collagen solution was placed in a
syringe, actuated by a syringe pump (KDS200, KD Scientific Inc., USA) at a feeding rate
of 0.1-0.2 mL/h into a Teflon tube that was connected to a 21-G needle with an inner
diameter of 0.5 mm. Collagen fibers were electrospun onto collectors covered by
aluminum foil. For fabricating random fibers, a flat plate was used as a collector with a
tip-to-collector distance of 16 cm. For fabricating aligned fibers, a drum, rotating at 2400
rpm was placed at 12 cm from the needle tip (to the tangent surface of the drum). The
applied voltage was varied from 15 to 20 kV by a voltage regulated DC power supply
(NNC-30kV-2mA portable type, NanoNC, South Korea) to generate the polymer jet.
Electrospun collagen scaffolds were crosslinked by submerging in 0.25% glutaraldehyde
(Sigma-Aldrich) in 1x PBS for 1 hour. After fixation, scaffolds were washed three times

for 10 min each with absolute ethanol and store at 4 °C.

3.2.2 Structural morphology of collagen type I scaffold
To examine the ultrastructural morphology of electrospun collagen type I
scaffolds, scanning electron microscopy (SEM) was performed. The ES collagen

scaffolds were coated with iridium using a sputter coater (Emitech K575X, EM
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Technologies Ltd, England). The prepared scaffolds were examined under SEM (Philips
XL30, FEI Co., Andover, MA) with an accelerating voltage of 10 kV. The diameter of
the electrospun fibers for each scaffold was calculated from the SEM images via an

image processing software (Image J, National Institutes of Health, USA).

3.2.3 Tissues harvesting and cell isolation

Normal human menisci (medial and lateral) were obtained from tissue banks
(approved by Scripps Health review board), from six donors (mean age: 29.8 + 4.7; age
range: 23-35 years; two females and four males). To grade and select the menisci a
macroscopic and histologic grading system was used [38]. The avascular region was
defined as the 1/3 outer portion and the remaining 2/3 was considered the vascular
region. These regions were separated by scalpel and enzymatically digested using
collagenase (2mg/mL; C5138, Sigma-Aldrich, St. Louis, MO) in DMEM (Mediatech Inc,
Manassas, VA) and 1% Penicillin-Streptomycin-Fungizone (Life Technologies, Carlsbad,
CA) for 5-6 hours. Digested tissues were filtered through 100 pm cell strainers (BD
Biosciences, San Jose, CA) and seeded in monolayer culture in DMEM (Mediatech)
supplemented with 10% calf serum (Omega Scientific Inc. Tarzana, CA) and 1%
Penicillin/Streptomycin/Gentamycin (Life Technologies). The isolated meniscus cells

were cultured for one passage before seeding onto electrospun scaffolds.

3.2.4 Cell seeding in electrospun collagen type I scaffolds
Isolated human meniscus cells (passage 1) derived from the vascular and

avascular regions were seeded onto 2 cm x 1 cm rectangular random and aligned collagen
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scaffolds at a cell density of 0.5 x 10° per scaffold. Cell-seeded scaffolds were cultured in
6-well plates and maintained in 2 mL of monolayer culture medium for 3 days to permit
initial cell attachment and scaffold colonization. The medium was then changed to
serum-free ITS+ medium (Sigma) supplemented with 10 ng/mL TGFp1 (Peprotech,
Rocky Hill, NJ). The serum-free ITS+ medium used for electrospun scaffolds culture
consisted of DMEM (Mediatech), 1 x ITS+ medium(Sigma-Aldrich) (i.e. 10 mg ml-1
insulin 5.5 mg ml-1 transferrin, 5 ng ml-1 selenium, 0.5 mg ml-1 bovine serum albumin,
4.7 mg ml-1 linoleic acid), 1.25 mg ml-1 human serum albumin (Bayer, Leverkusen,
Germany), 100 nM dexamethasone (Sigma-Aldrich), 0.1 mM ascorbic acid 2-phosphate
(Sigma-Aldrich), and penicillin/streptomycin/gentamycin (Gibco, Carlsbad, CA)[39].
The scaffolds and cells were cultured for 2 weeks in the ITS+ medium with medium
changes every 3 to 4 days. At 2 weeks, scaffolds were assessed for cell viability and for

cell distribution and morphology by histology and SEM.

3.2.5 Mechanical properties of collagen type I scaffold

The electrospun collagen scaffold mechanical properties were quantified via
tensile testing (n=6 per group) as previously described [20]. The scaffolds were tested
under three different conditions: 1) random and aligned electrospun dry scaffolds; ii)
aligned scaffolds seeded with avascular human meniscus cells and cultured for 1 and 3
weeks; and 1ii) aligned scaffolds without cells and cultured for 1 and 3 weeks. Scaffolds
were cut into dog-bone shaped specimens with a gauge length of 8 mm and gauge width
of 2 mm using a custom-made aluminum template. The thickness of each scaffold was

measured using a digital caliper. For mechanical testing of cultured cell-seeded scaffolds,
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human avascular cells (0.5x10° cells/each sample) were seeded on the dog-bone shaped
aligned collagen scaffold. Scaffolds were cultured as described in the previous section.
The specimens were mounted in the grips of a uniaxial testing machine (Instron®
Universal Testing Machine, 3342 Single Column Model; Norwood, MA) with a 500 N
load cell and tested to failure at a displacement rate of 1 mmsec™. Samples that failed
outside the gauge length were discarded. Young’s modulus was calculated as the slope of
the linear segment of the stress-strain curve. The maximum load before failure was

recorded as the ultimate tensile strength (UTS).

3.2.6 Cell viability assessments
The viability of cells cultured on aligned collagen scaffolds was observed using
Calcein-AM and Ethidium Homodimer-1 (Live/Dead kit, Life Technologies) and a laser

confocal microscope (LSM-510, Zeiss, Jena, Germany) as previously reported[40].

3.2.7 Cellular morphology of meniscus cells on collagen type I scaffolds by SEM

SEM was employed in order to observe high-resolution features of cells grown on
the electrospun collagen scaffolds. After 2 weeks in culture cell-seeded scaffolds were
washed with 1x PBS and fixed with 2.5% w/v glutaraldehyde (Sigma-Aldrich) in 1x PBS
for 1 h. After fixation specimens were washed three times with PBS for 10 min each
wash. Then the specimens were dehydrated in a graded series of ethanol (50%, 70%, and
90%) for 30 min each and left in 100% ethanol for 24 h at temperatures below zero. Next,
the specimens were kept in 100% ethanol until they were completely dried in a critical

point dryer (Autosamdri-815, Series A, Tousimis Inc., Rockvile, MD). The surface of
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dried samples was then metalized by sputter coating with iridium. The morphology of the

scaffolds as well as that of the adherent cells was observed by SEM (Philips XL30).

3.2.8 Measurement of newly deposited collagen type 1

Human meniscus avascular cells were cultured on discs of aligned collagen
scaffolds (6 mm in diameter, 0.125 x 10° cells per disc) in serum free ITS+ medium
(Sigma-Aldrich) supplemented with 10 ng/mL TGFB1 (Peprotech). After 3 weeks in
culture with medium changes every 3 to 4 days. To evaluate newly deposited collagen,
an ELISA was performed ELISA (Human collagen type I ELISA, MD Bioproducts,
Zurich, Switzerland). Briefly, the scaffold and cells were solubilized with pepsin (1-10
mg/ml dissolved in 0.05M Acetic Acid) under acidic conditions and further digested with
pancreatic elastase at neutral pH to convert polymeric collagen to monomeric collagen at
2-8 °C as outlined by the manufacturer’s protocol. The plate was read on a SpectraMax
384 Plate Reader (Molecular Devices, Sunnyvale, CA, USA) at 450 nm (650 nm
reference). Non-specific ELISA readings were controlled by using non-cell seeded

scaffolds cultured under the same conditions and times.

3.2.9 RNA isolation and RT-PCR

Total RNA was isolated using the RNeasy mini kit (Qiagen, Hilden, Germany)
and first strand cDNA was made as reported by the manufacturer's protocol (Applied
Biosystems, Foster City, CA). Quantitative RT-PCR was performed using TagMan®
gene expression reagents. COL1A1, SOX9, COMP, CHAD, aggrecan (AGG) and

GAPDH were detected using Assays-on-Demand™ primer/probe sets (Applied
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Biosystems). Expression levels were normalized to GAPDH using the recommended ACt

method, and fold-change was calculated using the 2 22T formula[42].

3.2.10 Ex-vivo meniscal repair

Avascular bovine meniscal tissue explants were harvested from fresh adult bovine
knees (Figure 3.1) and cultured in medium for 5 days in 6 well plates with DMEM
supplemented with 10% calf serum and 1% Penicillin, Streptomycin, and Gentamycin.
To simulate a longitudinal meniscal tear, a scalpel was used to cut the explant parallel to
the circumferential direction of the collagen bundles. Aligned collagen scaffolds seeded
with avascular meniscus cells were first cultured in serum free ITS+ medium (Sigma-
Aldrich) supplemented with 10 ng/mL TGFB1 (PeproTech) (3 mL/well) for 4 weeks and
then inserted in the meniscal tear with the scaffold fibers aligned parallel to the
circumferential collagen fibers of the host meniscal tissue. The repaired meniscal
explants were maintained in serum free ITS+ medium (Sigma-Aldrich) supplemented
with 10 ng/mL TGFB1 (PeproTech) (8 mL/well) for an additional 3 weeks (with medium
changes every 4-5 days) and processed for histology, MRI, and mechanical testing to

assess filling of meniscal tear with neotissue and scaffold-host integration.

=

Avascular section of meniscus

Figure 3.1 Fabrication of avascular section of meniscus
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3.2.11 Histology, immunohistochemistry (IHC), and histomorphometry

Ex-vivo meniscal explants with meniscal tears repaired with cell-seeded or
acellular electrospun collagen scaffolds were fixed in Z-Fix (ANATECH, Battle Creek,
MI) for 9 days and embedded in paraffin. Sections (5—7 pum thick) were stained with
hematoxylin and eosin (H&E) for the study of morphological details, while Safranin O-
fast green staining was used to assess glycosaminoglycan distribution. For detection of
collagen type I by immunohistochemistry, cut sections were treated with hyaluronidase
for 2 h[35] and incubated overnight at 4°C with a primary antibody against collagen type
I (clone: I-8HS5; MP Biomedicals, Santa Ana, CA) at 10 pg/mL Secondary antibody
staining and detection procedures were followed as previously described [30, 38]. An
isotype control was used to monitor nonspecific staining. To detect cells, sections were
stained with Vectashield mounting medium containing 4',6-diamidino-2-phenylindole
(DAPI) (Vector Laboratories, Burlingame, CA).

Microphotographs of all histological sections were captured using a microscope
(Olympus BX60; Shinjuku, Tokyo, Japan) mounted with a calibrated charge-coupled
device camera (Macrofire Optronics, Goleta, CA). Histomorphometric analysis was
performed using the image processing software (Image J, National Institutes of Health,
USA). The total length of the interface between the meniscal tissue and the scaffold was
measured and classified as integration, disintegration, and apposition as described by
Pabbruwe et al[41, 42]. Briefly, the presence of a gap between the scaffold and adjacent
host tissue was classified as ‘“disintegration”; apposition of scaffold to adjacent host
tissue with clear demarcation of the interface was classified as “apposition”; and a

continuous interface with absence of a clear boundary between scaffold and adjacent host
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tissue, and presence of cell migration and matrix remodeling, was classified as

“integration”. Each type of interface was expressed as a percentage of the total interface.

3.2.12 MRI for ex-vivo model with coronal defect

Bovine meniscus explants with surgically created tears were implanted with
collagen scaffolds and cultured for 3 weeks as described above. Explants were divided
into three groups: 1) untreated tears, ii) tears repaired with acellular scaffolds, and iii)
tears repaired with cell-seeded scaffolds. Explants were then placed in custom syringe

coils for MRI imaging at 3T.

Figure 3.2 Images of the cell/collagen scaffold implant during the tensile testing process.

3.2.13 Mechanical testing of repair in ex-vivo model

Bovine meniscus explants with tears repaired with cell-seeded or acellular
scaffolds were trimmed as shown in Figure 3.2. Each end of the specimen (with the
longitudinal tear in the center) was mounted in the clumps of an Instron mechanical
testing frame (Instron ® Universal Testing Machine, 3342 Single Column Model;

Norwood, MA). Tensile force was monitored using a 1000 N load cell as samples were
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tested to failure in tension at a constant displacement rate of 1 mm/min. Young’s
modulus was calculated from the slope of the linear segment of the stress-strain curve.

Ultimate tensile strength (UTS) was calculated at the maximum load before failure.

3.2.14 Statistical analysis
Analysis of variance (ANOVA) and post hoc student’s t-tests were used to detect
statistically significant differences in fiber diameter, mechanical properties, and gene

expression levels. P-values less than 0.05 were considered significant.
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3.3 Results

3.3.1 Controlled production of ES collagen fibrous scaffolds

The morphological structure of aligned and random ES collagen fibers is shown
in Figure 3.3. The rotating drum speed (~2400 rpm) and delivery parameters used
produced scaffold structures with a high degree of alignment. The average diameter of
aligned fibers was 496 = 97 nm (range: 340—860 nm) and that for random collagen fibers
was 467 £ 76 nm (range: 250-720 nm). The thickness of GA crosslinked random

scaffolds was 0.25 + 0.04 mm while crosslinked aligned scaffolds were 0.25 + 0.03 mm.

A RWLY,
-

47

Figure 3.3 Scanning electron micrographs (SEM) of electrospun (ES) collagen scaffolds.
(A) SEM of random and (B) aligned ES collagen fibers (Mag. 1250x; scale bar: 10 um).

3.3.2 Scaffold organization influences cell response while maintaining high cell
viability

Meniscus avascular and vascular cells seeded upon randomly oriented ES

collagen scaffolds were flattened and spread-out with multi-directional extensions

(Figures 3.4A, 3.4C, and 3.4E). Cells on aligned collagen scaffolds were elongated in line
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with the direction of the fibers (Figures. 3.4B, 3.4D, and 3,4F). These differences in
morphology and alignment were also seen in the confocal images (Figures 3.4E and

3.4F), which provided evidence of high cell viability in aligned scaffolds.

3.3.3 Mechanical properties of scaffolds influenced by fiber alignment and culture
conditions

Crosslinking with glutaraldehyde increased the average tensile modulus of dry
random scaffolds from 32.48+11.84 (non-crosslinked) to 57.56 + 28.11 MPa (Figures
3.5A and Table 3.1). Crosslinking also increased the average tensile modulus of dry
aligned collagen fibers when tested in tension parallel to or perpendicular to the direction
of aligned fibers (Figures 3.5A and Table 3.1). Aligned scaffolds, when tested in the
direction parallel to the aligned nanofibers generated a significantly greater tensile
modulus compared to random scaffolds regardless of crosslinking (p<0.001). On the
other hand, the tensile modulus perpendicular to the direction of the aligned fibers was
32.18 £ 21.68 MPa after crosslinking, significantly weaker than random scaffolds
(p<0.001). Similar to the tensile modulus, the UTS of crosslinked aligned scaffolds was
significantly (p<0.001) higher: 4.97 £ 2.01 MPa (parallel to direction of alignment)

compared to 1.19 + 0.63 MPa measured in the crosslinked random scaffolds.
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Figure 3.4 Scanning electron micrographs (SEM) of cellular response on electrospun
(ES) collagen scaffolds (A) SEM of vascular human meniscus cells cultivated on random
and (B) aligned electrospun collagen fibers (C) Avascular human meniscus cells seeded
on random and (D) aligned electrospun collagen fibers (Mag. 625x; scale bar: 5 um). (E)
Vascular human meniscus cells cultivated on random scaffolds and (F) avascular human
meniscus cells on aligned scaffolds demonstrating viability (live/dead) and aligned cells
cultivated on collagen scaffolds (Mag. 10x; scale bar: 200 um in confocal images).
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Table 3.1 Ultimate tensile strength and Young’s modulus (MPa) of freshly made and
non-cultured random and aligned ES collagen scaffolds. (NC, noncrosslinked scaffolds;
CL, crosslinked scaffolds)

ES . Tensile Young’s
nanofiber Noncrosslinked [NC] Strength Modulus
link L

[type] /Crosslinked|CL] [MPa] [MPa]

NC 1.16 £0.88 3248 +11.84
Random collagen

CL 1.19+0.63 57.56 +£28.11

NC 420+ 1.81 178.72 +£78.53
Aligned collagen

CL 497 +2.01 214.76 £ 75.41
Perpendicular to NC 1.44+0.91 12.15+8.42
aligned collagen CL 1.5140.97 32.18 +21.68

Mechanical properties of cell-seeded and acellular scaffolds in culture were
significantly (P<0.0001) lower than dry scaffolds (Table 3.2). The stiffness of both
cellular and acellular scaffolds decreased with time in culture. However, cell-seeded
scaffolds were consistently stiffer and reached a higher ultimate tensile stress than
acellular scaffolds (p<0.0001).

To determine whether the increased mechanical property of cell-seeded scaffolds
was due to the deposition of newly formed collagen, we used ELISA to measure newly
synthesized collagen type I (Figure. 3.6A). No collagen was detected in the cell free-
scaffolds since the antibody does not recognize denatured collagen in the scaffold (as
detailed by the manufacturer) and by our immunostains (Figure 3.8L and 3.8M). In
addition, cells seeded on collagen I scaffolds generated greater levels of collagen I than

cells seeded on PLA (Figure 3.6A).
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Table 3.2 Ultimate tensile strength and Young’s modulus (MPa) of random & aligned ES
collagen scaffolds over time in culture with or without cells (1 week and 3 weeks).

Time Tensile Young’s
In Cells & Fiber Type Strength Modulus
Culture [MPa] [MPa]

No cells and Aligned 0.48 +£0.27 0.78 £0.48
1 week )

Cells and Aligned 0.63 £0.53 1.51+0.90

No cells and Aligned 0.024 + 0.029 0.26 £0.10

3 week

Cells and Aligned 0.41 £0.67 0.90 £0.62
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Figure 3.5 Mechanical testing of random and aligned ES collagen scaffolds. (A) Young’s
modulus (MPa) for random, aligned (along fiber orientation), and perpendicular to fiber
orientation with and without crosslinking. (B) Young’s modulus (MPa) of aligned
electrospun collagen scaffolds over time in culture with or without cells (0 day after
soaking in 1x PBS for 1 hour, one week, and three weeks). (C) Stress/strain curve for
each condition (NC: noncrosslinked, CL: crosslinked). (D) Dotted outlined area of
stress/strain curve in (C). (E) Ultimate stress readings (MPa) for each condition either
crosslinked or noncrosslinked. (F) Ultimate stress (MPa) for aligned electrospun collagen
scaffolds over time in culture with or without cells (0 day after soaking in PBS for 1 hour,
one week, and three weeks).
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Figure 3.6 ELISA quantification for collagen type I and gene expression levels of human
vascular and avascular meniscus cells cultivated on either random or aligned collagen
electrospun scaffolds. (A) ELISA quantification of Collagen type I for cell and non-cell
seeded aligned collagen and PLA scaffolds. (B) COL1A1 gene expression. (C) SOX9
gene expression. (D) COMP gene expression. (E) CHAD gene expression (F) Aggrecan
gene expression (n = 3 donors) relative to monolayer controls. Expression levels are
relative to monolayer controls (dotted line).
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3.3.4 A meniscus-like phenotype supported by scaffold and specific gene responses
differed between cell source and scaffold organization

In comparison to meniscal cells in monolayer culture (baseline gene expression le
vels indicated by dotted line in Figures 3.6B to 3.6F), cells that were derived from either
vascular or avascular regions cultivated on both random and aligned collagen scaffolds ex
pressed (p<0.05) higher levels of COL1A1, SOX9, COMP, CHAD, and aggrecan mRNA
expression relative monolayer cultured cells. Although COL1A1 and aggrecan mRNA ex
pression levels were higher for both meniscus cell sources on aligned scaffolds relative to
random oriented scaffolds (p<0.05) (Figures 3.6B and 3.6F), no significant differences in

gene expression levels were found between vascular and avascular cells.
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Figure 3.7 Mechanical strength of bovine meniscus ex-vivo repair model. Collagen
membranes were seeded with human meniscus avascular cells to create a human
meniscus avascular cells/electrospun collagen scaffold implant, as described under
material and methods. (A) Young’s modulus and (B) ultimate tensile strength of meniscal
repair model using only defect without any membrane and cells as control, a membrane
only control (i.e. no implanted cells), and the cells/collagen scaffold implant.
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3.3.5 Integration and neotissue formation of ES cell seeded scaffolds in an ex vivo
meniscus defect model.

Human meniscus cells seeded on collagen aligned scaffolds and pre-cultured for 4
weeks were implanted in surgically created longitudinal tears in bovine meniscus tissue e
xplants. After 3 weeks of post-repair culture in 6-well plates histological analysis reveale
d the generation of newly formed tissue within the tear with elongated cellular morpholog
y and collagen type I immunohistochemistry, between the implanted scaffolds and the nat
ive tissue, and with integration of neotissue for improving defects (Figure 3.8). Also, on h
istomorphometry, collagen electrospun scaffolds seeded with human meniscus avascular
cells resulted in 90% integration with host meniscus tissue, significantly greater than acel
lular collagen scaffolds (Figure 3.9). MRI of the ex vivo repair (Figure 3.10) revealed per
sistence of the surgical tear in the unrepaired group, apposition without integration of the
interface in the acellular scaffold group, and integration of the scaffold into host tissue in
the cell-seeded scaffold group. On mechanical testing of the repaired defects, cell-seeded
scaffolds tended towards a greater tensile strength than either unrepaired defects or defect

s repaired with acellular scaffolds (though not reaching statistical significance).
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y \’

Figure 3.8 Overview of defect formation, histology and immunohistochemistry of bovine
meniscus ex-vivo repair model (A) Coronal defects were surgically produced in bovine
meniscus white zone tissue 1) only defect without both cells and scaffolds, ii) only
collagen scaffolds without cells, iii) cell-laden scaffolds. (B—C) H&E stain of only defect
in meniscus. (D-E) H&E stain of only collagen implant. (F-G) H&E stain of the
cells/aligned collagen scaffold implant within the defect of meniscus. (H-I) DAPI stain of
the cells/aligned collagen scaffold implant. (J-K) Safranin O/fast-green stain of the
cells/aligned collagen scaffold implant. (L-M) Collagen type I immunostain of the
cells/aligned collagen scaffold implant. (Mag. B, D, F, H, J, and L = 10x, scale bar: 200
um ; Mag. C, E, G, I, K, and M = 40x, scale bar: 100 um).
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Figure 3.9 Histomorphometric analysis of integration was significantly different between
acellular and cell-seeded scaffolds (A) the % disintegration (p<0.0001), (B) the %
apposition (p<0.5), and (C) the % integration (p<<0.0001). Histologic images are show as
representative of each morphometric feature (scale bar: 50 pm). The % of disintegration,
apposition, or integration was calculated as reported by Pabbruwe et al.



74

Figure 3.10 MRI images of bovine meniscus ex-vivo repair model. Collagen membranes
were seeded with human meniscus avascular cells to create a human meniscus avascular
cells/electrospun collagen scaffold implant, as described under material and methods. The
scaffolds were inserted into incisions made in a bovine meniscus avascular section and
cultured for 3 weeks. Imaging of meniscal specimens using a spin echo (SE) sequence
with Tes of 9.8 ms and multi-slice, in the coronal plane to the meniscus with (A) empty
defect, (B) acellular electrospun scaffold, and (C) cell-seeded electrospun scaffold.
Imaging of a meniscus specimens using gradient echoes (GRE) in the axial plane to the
meniscus with (D) empty defect, (E) acellular electrospun scaffold, and (F) cell-seeded
electrospun scaffold.
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3.4 Discussion

A meniscal tear is the most frequently recorded diagnosis of all orthopaedic
diagnoses, and partial or total meniscectomy remain the most common of all orthopaedic
procedures[43]. Electrospinning is an attractive tissue fabrication process to generate
nano-fibrous scaffolds that emulate the structure of native meniscal tissue. We have
shown that collagen electrospun scaffolds produced in this study support the viability of
human meniscus cells, induce an organized cellular alignment reflecting the scaffold
microstructure, and promote the formation of meniscus-like tissues. Prefabrication of
organized collagen scaffolds with an architecture mimicking the meniscus collagen
bundle organization shows promise for the repair of meniscal tears, as demonstrated by
the formation and integration of new tissue in the ex-vivo meniscus defect model.

Fabrication of scaffolds for meniscus tissue engineering via electrospinning has
been accomplished with numerous synthetic as well as natural biopolymers[44]. We have
also previously shown proof of concept of engineering meniscogenic tissue by
electrospinning PLA[30]. Despite the biocompatibility and mechanical properties of
electrospun PLA, there is some concern about the reduction in pH induced by
biodegradation products (lactic acid) within the knee joint as noted by others using this
material [32]. In this study we selected collagen type I to more closely mimic the
dominant structural protein in native meniscal tissue. Using collagen type I scaffolds also
appeared to be advantageous for tissue engineering since it leads to a higher production
of collagen type I compared to PLA scaffolds. Similar to our previous report on PLA

scaffolds[30], we also observed that the aligned ES collagen scaffolds possessed greater
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mechanical properties relative to randomly electrospun scaffolds and generated a higher
quality of neo-tissue (based on gene expression) as well.

The neo tissue produced on the collagen scaffolds appeared meniscus-like with a
characteristic deposition of collagen type I, high expression of SOX9, COMP, CHAD
and low GAG content as reported elsewhere for native[45-47] and engineered
meniscus[30, 48-50]. Although scaffolds were composed of collagen type I, we
confirmed that the antibody for immunostaining and ELISA was specific to newly
synthesized collagen type I by comparing results to acellular scaffolds. In addition,
meniscal cells seeded on collagen I electrospun scaffolds generated greater levels of
collagen I than cells seeded on PLA, supporting our rationale for selecting a naturally
occurring polymer.

Electrospinning is a convenient manufacturing technique for tuning the anisotropy
of tissue engineering scaffolds and mechanical properties. Dry extruded collagen fibers
have a wide range of reported tensile moduli: from 2 — 46 MPa[51] to 1.7 — 3.3 GPa[52].
Dry electrospun collagen scaffolds had a reported tensile modulus of 52 MPa in the
dominant direction of fiber alignment and 26 MPa in the direction perpendicular to fiber
alignment[53]. The moduli of our dry electrospun mats, even before crosslinking, were
substantially greater. Single electrospun collagen fibers have a reported bending modulus
of 1.3 — 7.8 GPa. However, the bending modulus decreased dramatically after hydration
in PBS buffer (to 0.07 — 0.26 MPa)[54]. Cross-linking with glutaraldehyde almost
doubled the shear modulus of single electrospun collagen fibers and rendered the fibers
insoluble[54]. Glutaraldehyde has also been shown to effectively increase the tensile

strength of extruded collagen threads[55]. In our study, crosslinking with glutaraldehyde
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doubled the stiffness of randomly aligned collagen and increased the stiffness of aligned
collagen by 120 %.

Upon hydration non-crosslinked scaffolds quickly lost most of their structural
integrity, while glutaraldehyde crosslinked scaffolds remained intact. However, the
mechanical properties of hydrated scaffolds were significantly reduced (Figure 3.5).
Furthermore, the stiffness continued to decrease with time in culture. Nevertheless, cell-
seeded scaffolds consistently generated higher stiffness than acellular scaffolds and
reached a high ultimate tensile stress. In addition, this difference between the mechanical
properties of cell-seeded (Young’s modulus are 1.51 £ 0.90 at 1 week and 0.90 £+ 0.62
MPa at 3 weeks) and acellular scaffolds (Young’s modulus are 0.78 + 0.48 at 1 week and
0.26 £ 0.10 MPa at 3 weeks) increased over time. This relative increase in mechanical
properties can be attributed to the collagen synthesis measured in the cell-seeded
scaffolds via ELISA. Furthermore, these cell-laden collagen aligned ES scaffolds had a
much higher tensile mechanical property than other reported studies using protein
polymer scaffolds with cells. For example, Grogan et al.[50] reported that methacrylated
gelatin scaffolds patterned via projection stereolithography possessed a Young’s modulus
of about 0.01 MPa. Kai et al.[56] measured tensile properties of a blend of coaxial
PCL/gelatin ES nanofibers. After soaking in PBS for 3 h, the Young’s modulus was only
0.13 = 0.04 MPa and 0.56 = 0.09 MPa. Grover et al.[57] varied the ratio of collagen to
gelatin in their scaffolds to tailor their mechanical and degradation properties. Pure
collagen, pure gelatin, and mixed collagen-gelatin 1:1 scaffolds had a Young’s modulus
of 81 £ 8 kPa, 4.6 = 0.1 kPa, and 19 + 3 kPa, respectively. The Young’s modulus of pure

collagen scaffolds was the highest measured among seven different scaffolds tested on
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that study. The tensile moduli of our cell-seeded collagen scaffolds were consistently
higher than that previously reported for scaffolds of collagen origin.

Cell-seeded scaffolds can generate additional ECM after implantation and
therefore tend to integrate better into host tissue[58]. Kobayashi et al reported that
meniscal grafts from the vascular region had a better repair capacity than grafts from the
avascular region, suggesting an intrinsic repair capacity independent of blood supply[59].
On the other hand, Hennerbichler et al did not find any significant difference in the repair
capacity between vascular and avascular zones[60]. In our experiments, we also did not
find significant differences in gene expression between meniscal cells harvested from
vascular and avascular regions. We therefore chose to only study avascular cells in the ex
vivo repair model.

The ex-vivo model developed in this study with electrospun collagen scaffold
supports the potential for cell-seeded collagen scaffolds to integrate with native tissues.
Others have reported on ex vivo repair of meniscal tears. Pabbruwe et al seeded
commercial sources of collagen membranes or sponges with bone marrow derived MSC
with promising results[42]. More recently, Shimomura et al, reported on repair of radial
meniscal tears using electrospun PCL scaffolds made porous by sacrificial PEO and
seeded with bovine meniscal fibrochondrocytes[61]. In that study, however, the meniscal
explants were wrapped by the scaffolds at the site of the tear. Comparison of mechanical
properties of the repair among different studies is difficult because of the differences in
the creation of tears or meniscal defects, the repair procedure, and the methods of testing.

However, we found a trend towards increased mechanical strength (not statistically
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significant) when the tear was repaired with cell-seeded scaffolds relative to untreated
tears or tears repaired with acellular scaffolds.

Despite the positive interaction of human meniscus cells with the collagen
scaffolds, the low toxicity, and encouraging new tissue formation, several issues remain
to be addressed. The mechanical properties of cultured electrospun collagen mats may
not be sufficient to survive implantation in the loaded environment of the knee as
required for a meniscal tissue replacement. We therefore chose to assess potential
application for enhancement of meniscal tissue repair. We are continuing to enhance the
biomechanical function by optimizing electrospinning and crosslinking conditions,
enhancing cell culture, and combining collagen with other biomaterials. While
fibrochondrocytes have been extensively tested with some success, we are also exploring
other cell sources, such as bone marrow derived mesenchymal stem cells that are more

attractive because the source of meniscal fibrochondrocytes is limited[42].
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3.5 Conclusion

In summary, we electrospun collagen scaffolds to induce a cellular alignment with
scaffold microstructure and to stimulate meniscogenic neo-tissue generation. Collagen
scaffolds mimicking the collagen bundle organization of the native meniscus have
promise for the repair of meniscal tears, as indicated by the generation and integration of

new tissue in ex-vivo meniscal tears in the avascular region.
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CHAPTER 4: MENISCAL TISSUE ENGINEERING USING
ELECTROSPUN NATURAL/COLLAGEN: COMPARISON OF

DIFFERENT CELL SOURCES.

“Attitude is a little thing that makes a big difference.”

—Winston Churchill

4.1 Introduction

Meniscus tears are the most frequently recorded orthopaedic diagnosis and a
common cause of knee impairment and dysfunction [1-4]. Traumatic or degenerative
meniscal lesions and tears that occur in the inner avascular region of meniscus are
commonly more extensive, are more complex and due to the lack of vascularity possess
limited self-healing properties [5]. Such lesions and tears disrupt the fibrous architecture
of the meniscus which impairs normal load transmission within the join [6] and results in
osteoarthritis [7]. Hence, partial or total meniscectomy is a common procedure in
symptomatic patients[8].

To overcome the need for partial or total meniscectomy following development of
a tear in the avascular region, alternative means to restore native tissue function may be
achieved by improving surgical repair techniques (sutures and implants) and by

encouraging cell growth and new reparative tissue formation. However, tears located in

88
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the avascular region or spanning vascular and avascular regions still pose a significant
challenge. Tissue-engineered acellular collagen constructs, such as collagen meniscus
implant (CMI)[9], have been implanted in four human patients with various results[10, 11]
despite the absence of cells or growth factor. A number of cell-based strategies have been
tested in order to improve the bonding of a torn meniscus using cultured meniscus cells
or stem cells. Collagen scaffolds combined with human bone marrow-derived stem cells
(hMSC) were used to sandwich constructs of two white zone ovine meniscus discs[12]. A
swine chondrocyte-fibrin glue suspension was utilized as a biological glue to improve
bonding between two meniscal slices obtained from swine menisci[13]. Vicryl mesh
scaffold seeded with chondrocytes from different sources (articular, auricular, and costal)
were implanted into a porcine bucket handle lesion model to produce mainly scar-like
tissue [14, 15]. Ibarra et al. used bovine meniscus fibrochondrocytes seeded on
polyglycolic acid scaffolds which were implanted in nude mice to investigate the use of
allografts in meniscus transplantation. These studies illustrate the potential of cell-based
meniscus alternatives to improve meniscus repair.

Several cell sources have been tested for meniscus healing, along with meniscus
fibrochondrocytes[16-18], chondrocytes[19-21], bone marrow-derived mesenchymal
progenitor cells (BM-MSC)[22, 23], synovium derived stem cells[24], infra patellar fat
pad progenitors (IPFP)[24], and adipose derived stem cells (ADSC)[25, 26]. However
identification of the ideal cell type for meniscus repair has not yet been established.

Hydrogels and electrospun scaffolds materials can be tuned to structurally and
mechanically resemble native ECM by altering either electrospun fiber or hydrogel

properties. Hydrogel-based biomaterial systems have shown potential for tissue
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engineering approaches. Hydrogels[27] are biocompatible crosslinkable hydrophilic
polymers, with a high water content and a low mechanical modulus making them
attractive as soft tissue engineering constructs[28]. Wu et al. studied tissue-derived ECM
hydrogels for meniscus regeneration to treat meniscus injuries and disease[29]. For the
creation of nano-fibrous scaffolds to emulate the structure of native tissue architectures
like meniscus, application of electrospinning is an attractive and efficient method [30].
Electrospun fibers are produced by applying a voltage to charged polymer solutions by
electrospinning [31, 32], which has attracted interest as tissue engineered scaffolds due to
their fibrous structure, which mimics components of the extracellular matrix (ECM) (e.g.,
nm-um fiber diameters)[33, 34], and possesses a high surface area-to-volume ratio to
increase cell contact area. Similarly, these materials can be tuned to structurally and
mechanically resemble native ECM by altering either electrospun fiber or hydrogel
properties; both can support cell attachment and proliferation[33, 35]. We previously
demonstrated that polylactic acid (PLA) electrospun scaffolds can be specifically made to
have either random or aligned electrospun fibers, which indicated potential suitability for
meniscus tissue engineering[36].

To move towards production of meniscus like tissue with natural ECM materials,
in this study we utilize the electrospinning process to produce scaffolds comprised of
collagen type I with a fiber arrangement that emulates circumferential meniscus fiber
structures. Scaffold compatibility was assessed by examining cell viability and whether
these scaffolds permitted the development of meniscus like tissues when seeded with
either human meniscus cells (derived from vascular and avascular regions), bone-marrow

mesenchymal stem cells (hMSC), synovial cells, or infrapatellar fat pad (IPFP), to
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produce (histological and gene expression based assessments). Finally, in order to
produce tissues at a clinically relevant scale, we created layered constructs composed of
ES scaffolds stacked with each of the aforementioned human calls embedded in an ECM

hydrogel.
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4.2 Materials and Methods

4.2.1 Fabrication of electrospun collagen type I scaffolds

Bovine Collagen type I (Semed S, acid-soluble, DSM, NL) at 16% (w/v) was
dissolved in 20x phosphate buffered Saline (PBS) in ethanol at a ratio of 1:1 v/v as
described previously[37]. The collagen solution was placed in a syringe controlled by a
syringe pump (KDS200, KD Scientific Inc., USA) at a feeding rate of 0.1 mL/h. A Teflon
tube was used to connect the syringe and a 21-gauge needle. All collector surfaces were
covered by an aluminum foil. For spin random fibers, the tip-to-collector distance (TCD)
was set to 16 cm on a flat plate as a collector. To spin aligned fibers, a rotating drum
(~2400 rpm) was placed at 12 cm from the tangent of the drum to the needle tip. The
applied voltage was varied from 15 to 20 kV using a voltage regulated DC power supply
(NNC-30kV-2mA portable type, NanoNC, South Korea) to generate the polymer jet.
Electrospun collagen scaffolds were crosslinked by soaking the mats in 0.25%
glutaraldehyde (Sigma-Aldrich) in 1x PBS for 1 hour. After fixation scaffolds were

washed three times with ethanol for 10 min each wash and stored at 4°C.

4.2.2 Tissues and cell isolation

Normal human meniscus (medial and lateral) was obtained from tissue banks
(approved by Scripps institutional review board), from three donors (mean age: 34.6 +
3.21; age range: 31-37 years; two males and one female). A macroscopic and histologic
grading system[38] was used to select normal menisci. The outer 1/3 (avascular) portion

of the meniscus and inner2/3 was separated (using a surgical scalpel) and enzymatically
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digested using collagenase (2mg/mL; C5138, Sigma-Aldrich, St. Louis, MO) in DMEM
(Mediatech Inc, Manassas, VA) and 1% Penicillin-Streptomycin-Fungizone (Life
Technologies, Carlsbad, CA) for 5-6 hours. Digested tissues were filtered through 100
um cell strainers (BD Biosciences, San Jose, CA) and seeded in monolayer culture in
DMEM (Mediatech) supplemented with 10% calf serum (Omega Scientific Inc. Tarzana,
CA) and 1% Penicillin/Streptomycin/Gentamycin (Life Technologies). Meniscus cells
were cultured for one passage before use in scaffold seeding experiments.

Human MSC were purchased from Lonza (Alpharetta, GA) or from Texas A&M
(Texas A&M Health Science Center College of Medicine Institute for Regenerative
Medicine at Scott & White). MSC were cultured in Lonza MSC medium (Lonza, Basel
Switzerland), and used at passage 4.

Human infrapatellar fat pad (IPFP) and synovium cells (from the suprapatellar
pouch of the knee) were harvested and isolated from tissue banks or human knees (IPFP
donor- mean age: 41 + 11.53; age range: 29-52 years; two males and one female,
synovial donor- mean age: 40.66 = 29.77; age range: 22—75 years; two males and one
female) within 22-72 h after death. IPFP and synovial tissues were rinsed with
phosphate-buffered saline (PBS), and placed for overnight digestion under constant
rotation at 37 °C with collagenase (2mg/mL; C5138, Sigma-Aldrich) in DMEM

(Mediatech) and 1% Penicillin-Streptomycin-Fungizone (Life Technologies). The
digested tissues were filtered through cell strainer with pore size of 100um (BD
Biosciences) and the cells were isolated by centrifugation (1500 rpm for 5 minutes, 3

times). The isolated synovial and IPFP cells were suspended in expansion medium,
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DMEM (Mediatech) supplemented with 10% calf serum (Omega Scientific Inc.) and 1%
Penicillin/Streptomycin/Gentamycin(Life Technologies). Cells were expanded for two

passages before initiation of experiments.

4.2.3 Single layer scaffold cell culturing

Isolated human meniscus cells derived from the vascular and avascular regions,
MSCs, synovial cells, and IPFP were seeded onto 1 cm x 0.5 cm rectangular aligned
collagen scaffolds at a density of 0.25 x 106 per scaffold and maintained in 3 mL of
monolayer culture medium for 3 days to allow cell attachment and scaffold colonization.
The medium was changed to serum free ITS+ medium (Sigma) supplemented with 10
ng/mL TGFB1 (Peprotech, Rocky Hill, NJ). After 1 week in culture with medium
changes every 3-4 days, the cells on the scaffolds were assessed for cell viability
(live/dead assay via confocal microscopy). After 2 weeks cell morphology was assessed

by SEM.

4.2.4 Multi-layer construct formation

We used two approaches to produce multi-layer cell-seeded scaffolds: i) cells
encapsulated in a hydrogel or ii) cell seeded directly on the scaffolds. For the former,
cells were encapsulated in ECM molecules including collagen type II, chondroitin sulfate
and hyaluronan (1 mg each). Isolated human vascular and avascular meniscus cells,
MSCs, synovial cells, and IPFP were encapsulated in the ECM hydrogel at 6.25 x 106
cells per ml. Aligned collagen scaffolds were cut into discs (5 mm in diameter). Cells

were seeded onto each disc and three discs were layered and encapsulated with 2%
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alginate (PRONOVA UP LVG; Novamatrix, Sandvika, Norway) crosslinked in calcium
chloride (120 mM; Sigma) for 20 minutes [36].

To seed cells directly onto aligned collagen scaffolds, two cell-laden scaffold
layers were stacke and covered by a layer of 2 % alginate (PRONOVA UP LVG;
Novamatrix) and soaked in calcium chloride (120mM; Sigma) in order to crosslink for 20
minutes. Constructs seeded with each cell type were cultured in 3 mL of monolayer
culture medium, DMEM (Mediatech) supplemented with 10% calf serum (Omega
Scientific Inc.) and 1% Penicillin/Streptomycin/Gentamycin(Life Technologies) for 3
days to permit cell attachment and scaffold colonization. The medium was changed every
3-4 days for 1 week to serum free ITS+ medium (Sigma) supplemented with 10 ng/mL

TGFB1 (Peprotech), TGFB3 (Peprotech), or no growth factor (controls).

4.2.5 Cell viability assessments

Viability assessments were made single layer constructs after 7 days. Cells
cultured in multilayered constructs (with and without the ECM hydrogel) were assessed
for viability after 14 days of culture. The live/dead kit consisting of Calcein-AM and
Ethidium Homodimer-1 (Life Technologies) was used for viability assessments using a

laser confocal microscope (LSM-510, Zeiss, Jena, Germany)[36].

4.2.6 Cellular morphology of avascular meniscus cells on collagen type I scaffolds by
SEM
SEM was employed to observe high-resolution features of different cells grown

on a single layer of an electrospun collagen scaffold. After a culture time of 14 day the
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cell-seeded substrates were washed with 1x PBS and fixed with 2.5% w/v glutaraldehyde
(Sigma-Aldrich) in 1x PBS for 1 h. After fixation the samples were washed three times
with PBS for 10 min each wash. Following dehydration in a graded series of ethanol
(50%, 70%, and 90%) for 30 min each, the samples were maintained in 100% ethanol for
24 h at 4 °C. While in 100% ethanol, the samples were completely dried in a critical point
dryer (Autosamdri-815, Series A, Tousimis Inc., Rockvile, MD). The surface of the dried
samples were metalized by sputter coating with iridium for SEM examination. The
morphology of the samples as well as that of the adherent cells was observed by SEM

(Philips XL30, FEI Co., Andover, MA)

4.2.7 Histology

Multilayered constructs seeded were fixed in Z-Fix (ANATECH, Battle Creek,
MI) and embedded in paraffin. Sections (5—7um thick) were stained with hematoxylin
and eosin (H&E) to assess neotissue formation or with Safranin O-fast green to assess

glycosaminoglycan distribution.

4.2.8 RNA isolation and RT-PCR

Total RNA was isolated from multilayered constructs with human meniscus cells,
MSCs, synovial cells, and IPFP, using the RNeasy mini kit (Qiagen, Hilden, Germany).
First strand ¢cDNA was made according to the manufacturer's protocol (Applied
Biosystems, Foster City, CA). Quantitative RT-PCR was performed using TagMan®

gene expression reagents. COL1A1, SOX9, COMP, CHAD, AGG, THY-1 and GAPDH
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were detected using Assays-on-Demand™ primer/probe sets (Applied Biosystems). Gene

expression was normalized relative to GAPDH expression using the ACt method[41].

4.2.9 Mechanical properties of multilayered constructs

The mechanical properties of multilayered construct were measured via tensile
testing (n=6 per group) under 4 conditions: 1) freshly constructed multilayered constructs
without hydrogel; ii) acellular multilayered construct with hydrogel; iii) human avascular
meniscus cells encapsulated in hydrogel (avascular meniscal cells-laden multilayered
constructs); iv) human IPFP cell layers (IPFP cells-laden multilayered constructs).
Electrospun scaffolds were cut into dog-bone shaped specimens with a gauge length of 8
mm and width of 2 mm as previously described[36]. The thickness of each construct was
measured using a digital caliper. The specimens were mounted in the grips of a uniaxial
testing machine (Instron® Universal Testing Machine, 3342 Single Column Model;
Norwood, MA) with a 500 N load cell and tested to failure at a crosshead speed of 1mm
min-1. Young’s modulus was calculated from the slope of the linear segment of the
stress-strain curve. Ultimate tensile strength (UTS) was calculated at the maximum load

before failure. Values were presented as mean + SD.

4.2.10 Statistical analysis
Analysis of variance (ANOVA) and post hoc student’s t-tests were used to assess
statistically significance of differences in fiber diameter, mechanical properties, and gene

expression levels. P-values less than 0.05 were considered significant.
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MSCs

Synovial Cells

IPFP Cells

Figure 4.1 Scanning electron micrographs (SEM) of cellular response to aligned collagen
fibrous scaffolds. SEM of (A) vascular, (B) avascular human meniscus cells, (C) MSCs,
(D) synovial, and (E) IPFP cells cultivated on aligned electrospun collagen fibers (Mag.
625x; scale bar: 5 um). (F) vascular, (G) avascular human meniscus cells, (H) MSCs, (I)
synovial, and (J) IPFP cells on aligned scaffolds demonstrating viability (live/dead) and
aligned cells cultivated on collagen scaffolds (Mag. 10x; scale bar: 200 um in confocal
images).
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4.3 Results

4.3.1 Cell morphology and organization on a single layer of scaffold

Human meniscus cells, MSCs, synovial cells, and IPFP were seeded on aligned
scaffolds of collagen type I collagen fibers. The cells were elongated and aligned parallel
to the direction of the fibers as shown by SEM images on 14 day (Figures 4.1A, 4.1C,
4.1E, 4.1G, and 4.11) or when assessed by confocal microscopy (after 7 days) using the

live/dead assay (Figure 4.1B, 4.1D, 4.1F, 4.1H, and 4.1J).

SREEREEEE

Figure 4.2 Three —dimensional cultures of human meniscus and BM-MSC on
electrospun collagen scaffolds embedded in the tricomponent hydrogel As a screening
tool, hBM-MSC were seeded upon electrospun collagen scaffold sheets I the hydrogel.
(A) Macro top-view showing half a disc (scale in millimeters) (B) Macro side-view of
half a disc

4.3.2 Multi-layer collagen scaffolds encapsulated cells with or without hydrogel

To create thicker meniscus-like graft tissues, multilayer constructs consisting of
aligned ES collagen scaffolds, an ECM hydrogel and each of the human cells examined
in this study were created. For each cell type, two conditions were examined. In one
condition, the cells were either encapsulated with an ECM hydrogel and seeded onto the

aligned ES scaffolds in layers, all held together within 2% alginate, crosslinked with
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sodium citrate (Figure 4.3A). To assess the effect of the hydrogel, the second condition
consisted on directly seeding the appropriate cell type on the scaffold (no ECM hydrogel)
and two cell-laden collagen scaffolds were stacked, followed by an upper third collagen
scaffold without cells and a covering layer of 2% alginate (Figure 4.4A). Cell viability of
both multilayered constructs with or without the ECM hydrogel including human
meniscus cells was captured via confocal images showing high viability between each

scaffold (Figure 4.3B-C and 4.4B-C).
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Figure 4.3 Layers of scaffold (square or disc shaped) and cells within hydrogel were
constructed The constructs were maintained in serum-free medium with either TGFp1,
TGFB3(10 ng/ml) or without growth factors (control) for 14 days. (A) Schematic
representation of the three-layered constructs of collagen aligned fibrous scaffolds with
cells encapsulated within the tricomponent hydrogel. Meniscus cells were seeded onto
one disc-shaped aligned collagen scaffold, followed by layering another scaffold sheet on
top. Another cell layer was applied, followed by a final third scaffold on the top. To
stabilize the layers, a layer of 2% alginate dispensed over the construct. (B) Meniscus
cells between aligned collagen fibrous scaffolds demonstrating viability (live/dead)
aligned cells encapsulated with hydrogel within multilayered constructs (Mag. 10x; scale
bar: 200 um in confocal images). (C) 3x3 of (B)
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Figure 4.4 Layers of scaffold (square or disc shaped) and cells without hydrogel were
constructed The constructs were maintained in serum-free medium with either TGFf1,
TGFB3(10 ng/ml) or without growth factors (control) for 14 days. (A) Schematic
representation of the three-layered constructs of collagen aligned fibrous scaffolds with
cells. Meniscus cell was seeded on aligned collagen scaffolds. After one day, two cell-
laden scaffold layers were stacked up with organized parallel to fibrous alignment of
scaffold and covered with acellular scaffold layer. The layer of 2% alginate covered over
the construct to hold the layers. (B) Meniscus cells between aligned collagen fibrous
scaffolds demonstrating viability (live/dead) aligned cells without the hydrogel cultured
within multilayered constructs (Mag. 10x; scale bar: 200 um in confocal images). (C) 3x3
of (B)
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4.3.3 Multilayered collagen construct support meniscus-like neotissue formation
Histological analysis using Safranin O and H&E staining indicated that the

multilayered constructs, with and without ECM hydrogels, formed new tissue between

the layers consisting of extracellular matrix that was Safranin O negative and of cells that

were aligned within the new tissue (Figure 4.5 and 4.6).
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Multilayered collagen construct with hydrogel

Vascular Cells Avascular Cells Synovial Cells

Figure 4.5 Histological analysis of three-dimensional cultures of human meniscus, BM-
MSCs, Synovial, and IPFP cells on electrospun collagen scaffolds embedded in the
tricomponent hydrogel. H&E stain of (A) human meniscus vascular, (B) avascular, (C)
MSCs, (D) synovial, and (E) IPFP cells encapsulated within hydrogel for multilayered
constructs. All different types of cell-laden aligned collagen scaffolds stacked without
hydrogel for multilayered constructs. H&E stain of (F) human meniscus vascular, (G)
avascular, (H) MSCs, (I) synovial, and (J) IPFP cells cultured between multilayered
constructs.
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Multilayered collagen construct with hydrogel

Vascular Cells Avascular Cells MSCs Synovial Cells IPFP

Multilayered collagen construct without hydrogel

Vascular Cells Avascular Cells MSCs Synovial Cells

Figure 4.6 Histological analysis of three-dimensional cultures of human meniscus, BM-
MSCs, Synovial, and IPFP cells on electrospun collagen scaffolds embedded in the
tricomponent hydrogel. Safranin o fast green stain of (A) human meniscus vascular, (B)
avascular, (C) MSCs, (D) synovial, and (E) IPFP cells encapsulated within hydrogel for
multilayered constructs. All different types of cell-laden aligned collagen scaffolds
stacked without hydrogel for multilayered constructs. Safranin O fast green stain of (F)
human meniscus vascular, (G) avascular, (H) MSCs, (I) synovial, and (J) IPFP cells
cultured between multilayered constructs.
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4.3.4 A meniscus-like phenotype supported by scaffold and specific gene responses
differed between cell source and scaffold organization.

Relative gene expression levels of neo-tissues formed under either TGFB1 or
TGFB3 stimulation of cells relative to baseline control gene expression levels are shown
in Figures 4.7 and 4.8. High expression of meniscus like-genes, especially collagen type I
and COMP genes was induced by TGFB1 stimulation of vascular and avascular meniscus
cells, and MSC cells in multilayered constructs. However, synovial and IPFP cells
produced high expression of meniscus like-genes when exposed to TGFB3. Synovial cells
without hydrogel expressed higher meniscus like-genes compared to multilayered
construct with hydrogel. We could not detect any collagen type II expression in any cell

type examined in this study.
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Figure 4.7 Relative fold change in COLIA1 gene expression of human vascular and
avascular meniscus cells, MSCs, synovial, and IPFP cells of multilayered collagen
constructs. (A) Gene expression of human meniscus vascular, avascular, MSCs, synovial,
and IPFP cells encapsulated within hydrogel for multilayered constructs (n = 3 donors)
relative to monolayer controls. And (B) gene expression of human meniscus vascular,
avascular, MSCs, synovial, and IPFP cells cultured within multilayered constructs except
for hydrogel (n = 3 donors) relative to monolayer controls. Expression levels are relative
to monolayer controls (dotted line).
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Figure 4.8 Relative fold change in COMP gene expression of human vascular and
avascular meniscus cells, MSCs, synovial, and IPFP cells of multilayered collagen
constructs. (A) Gene expression of human meniscus vascular, avascular, MSCs, synovial,
and IPFP cells encapsulated within hydrogel for multilayered constructs (n = 3 donors)
relative to monolayer controls. And (B) gene expression of human meniscus vascular,
avascular, MSCs, synovial, and IPFP cells cultured within multilayered constructs except
for hydrogel (n = 3 donors) relative to monolayer controls. Expression levels are relative
to monolayer controls (dotted line).
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4.3.5 Tensile mechanical property of multilayered construct dependent on existing cells
or cell types

We compared the tensile modulus and ultimate tensile strength of the different

multilayered constructs in Figure 4.9. Mechanical properties of human meniscus

avascular and IPFP cell-seeded and acellular scaffolds were assessed after 1 week in

culture. All constructs decreased in stiffness over time in culture, however, IPFP cell-

seeded constructs generated higher stiffness and reached a higher ultimate tensile stress

relative to scaffolds seeded with human meniscus avascular cells (p<0.05).
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Young's modulus [MPa]

Fresh wet, 0 day w/o cells, 1 week w/ Avas, 1 week w/ IPFP, 1 week
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Fresh wet, 0 day  w/o cells, 1 week w/ Avas, 1 week w/ IPFP, 1 week

Figure 4.9 The mechanical properties of multilayered construct were quantified via
tensile testing (n = 9 per group). (A) Young’s modulus (p<0.05) and (B) ultimate tensile
strength of three-dimensional constructs (no significant difference)



111

4.4 Discussion

This study explored the potential for electrospun collagen scaffolds seeded with
human cells of different sources to generate tissue capable of repairing or regenerating
meniscal tears or degeneration. Since meniscal cells are difficult to obtain for tissue
engineering we studied the meniscogenic potential of mesenchymal, cells from
infrapatellar fat pad, and synovial cells. We demonstrated that layers of electrospun
scaffolds could be combined with hydrogels to produce meniscus-like tissue constructs
that structurally mimic native ECM of meniscus

Tissue obtained during meniscectomy can be a source of meniscal cells[42].
Previously, we have shown the potential for tissue engineering using meniscus cells
isolated from meniscus tissue seeded in biodegradable electrospun scaffolds[36]. Baker et
al.[43] also demonstrated that expansion and seeding of meniscal debris-derived cells
onto nanofibrous biodegradable scaffolds results in engineered constructs with
mechanical properties approaching native tissue levels. However, due to the limited
source of meniscal cells, it is critical that alternate cell sources be investigated for
meniscogenic potential[42]. In this present study, we investigated several cell types
assess their capacity for meniscus tissue formation. We demonstrated high cell
compatibility with electrospun collagen scaffolds and ECM hydrogel.

An ideal engineered meniscus construct will eventually be replaced in its entirety
by newly deposited ECM produced by cells implanted along with the scaffold, or by cells
that invade the scaffold in situ. In the present study, a single collagen ES layer was too

thin to emulate the tissue thickness desired for a meniscus graft. Therefore, thicker
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constructs were fabricated by layering up to 3 aligned collagen scaffolds for proof-of-
concept in engineering fiber-reinforced meniscal tissues. Reinforcement with nanofibers
are an attractive approach for improving the poor mechanical properties of hydrogels. For
example, Kai et al.[44] fabricated nanofiber reinforced composite hydrogels by combined
electrospun poly(e-caprolactone) (PCL)/gelatin ‘blend’ or ‘coaxial’ nanofibers into
gelatin hydrogels. The Young’s modulus of the composite hydrogels increased from 3.29
+ 1.02 kPa to 20.30 + 1.79 kPa by increasing the amount of nanofibers incorporated into
the hydrogel.

All the cells in our study developed an elongated morphology and followed the
alignment of the ES fibers. As evidence of ECM production we observed high COL1A1
and COMP mRNA levels, and collagen type I deposition between the electrospun
collagen fibers and throughout the multiple electrospun collagen layers within 14 days of
culture. Overall, multilayer constructs with the ECM hydrogel produced tissue with
higher COMP and COL1A1 gene expression levels compared to multi-layered constructs
without the ECM hydrogel. In terms of cell source, the IPFP cells revealed much higher
meniscus—like neotissue formation in terms of COL1A1 and COMP gene expression, and
were equally responsive to both TGFB1 and TGFB3 in comparison to other cell types
tested, which only responded to TGFp1.

Electrospinning is a suitable manufacturing technique for adjusting the
mechanical properties and anisotropy of tissue engineering scaffolds. We showed that
such scaffolds could be formed with a range of anisotropic behavior of collagen fibrous
scaffolds using a rotating drum cylinder as an electrospun fiber collecting plate. The

mechanical response of multilayered constructs also differed markedly between human
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meniscus avascular and IPFP cells encapsulated between collagen scaffolds. Interestingly,
IPFP cell-encapsulated multilayered constructs had higher mechanical property than any
other cell type within 7 days of culture. The higher mechanical property in construct
correlated with the amount of neo-tissue generated by the cells according to gene
expression data and histology.

These cell-laden multilayered constructs also had a much higher tensile
mechanical property compared to 3D constructs reported in other studies. Kai et al.[44]
studied mechanical properties of nanofiber-hydrogel composite blending of two different
materials or co-axial electrospinning methods. Tensile properties of their blend and
coaxial polycaprolactone (PCL)/gelatin nanofibers after soaking in PBS for 3 hour was
0.13 £ 0.04 and 0.56 £+ 0.09 MPa respectively, which were lower than our wet fresh 0 day
specimen’s mechanical property (Young’s modulus:1.79 + 0.63 MPa). Also, Grogan et al.
[45] analyzed the tensile strength of three-dimensional methacrylated gelatin (GelMA)
constructs fabricated via projection stereolithography and cultured with human meniscus
cells and reported a Young’s modulus about 10.5 kPa. Xu et al.[46] investigated the
multilayered construction of a hybrid inkjet printing/PCL electrospinning system for
cartilage tissue engineering applications and reported a tensile modulus of 1.76 MPa for
their printed hybrid constructs. This value is similar to ours; however, we used natural
protein polymers and hydrogel to mimic the environment of native human meniscus
avascular zone for a more meniscus-like tissue formation.

We generated promising results from five different cell types: meniscus cells
derived from vascular and avascular sections, MSCs, synovial, and IPFP cells; and

showed potential for tissue engineering by layering multiple collagen scaffolds. However,
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several issues remain to be addressed to translate our approach to clinical application.
Layers tend to delaminate under shear and therefore shear testing has to be conducted.
The mechanical properties of the collagen scaffolds, while encouraging, were still lower
than the optimal levels required to survive loading in vivo in the knee. Hence, research is
ongoing to develop methods to improve structural and mechanical properties of the
construct. One such approach is co-axial core/shell electrospinning with a synthetic
biodegradable polymer as the core to enhance structural and mechanical property and

protein polymer as the shell to improve cell compatibility.
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4.5 Conclusion

In summary, this study demonstrates the potential of combination of cells and
scaffolds with hydrogel to create meniscus-like neo-tissue. Future studies to enhance
mechanical properties of these constructs are required before translation to the repair of

meniscal defects.
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CHAPTER 5: CONCLUSIONS

In this work, electrospun materials alone or in combination with an ECM
hydrogel was capable of supporting the development of meniscus-like neotissue, which
show potential for use in cell-based meniscus regeneration strategies.

Firstly, we electrospun PLA to generate biodegradable and biomimetic
nanofibrous scaffolds. Aligned electrospun PLA fibers developed an anisotropic tensile
modulus that better approximated the properties of meniscal tissue than random
electrospun PLA fibers. Cells from avascular and vascular regions of human menisci
survived, attached, and infiltrated the PLA nanofibrous scaffold, and secreted the major
proteins found in native meniscal matrix. We were also able to demonstrate feasibility of
a novel approach of combining nanofibrous scaffolds with human meniscus cells in an
ECM hydrogel to fabricate thicker multilayered constructs with the dimensions necessary
for partial meniscus replacement.

Secondly, we used electrospun collagen scaffolds to induce a cellular alignment
with scaffold microstructure and to stimulate meniscogenic neo-tissue. Collagen scaffolds
mimicking the organization of collagen bundles in the native meniscus have promise for
the repair of meniscal tears, as indicated by the generation and integration of new tissue
in ex-vivo meniscal tears in the avascular region. Such cell-based scaffolds may be
translated to enhance surgical treatments to heal meniscal tears in the avascular zone.

Lastly, the results of this study demonstrated the potential of different human cell
types in combination with collagen scaffolds to create meniscus like neotissues

resembling native tissue. Because it is difficult to obtain human meniscal cells, other cells
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that are more readily available clinically were investigated. Cells harvested from
infrapatellar fat pad had the most meniscogenic potential compared to mesenchymal cells
harvested from bone marrow or cells harvested from the synovial membrane. With
optimization of scaffold and cell function to enhance tissue properties, such constructs
may have promise in the repair and replacement of meniscal defects.

Overall, electrospun materials that can support neotisuse formation show potential
for use in cell-based meniscus regeneration strategies. When combined with biomimetic
materials to support the production of meniscus-like phenotype, cells harvested from

infrapatellar fat pad have greater potential compared to other cell types.





