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Electrospun fibrous scaffolds can be produced and optimized for creating models of the fibrous 

connective tissues found in the body. Fibrous tissues, like the meniscus, are made up of highly 

complex and organized collagen fibers which aid their ultimate functionality. However, these 

tissues, and the meniscus in particular, are prone to injury and demonstrate poor regenerative 

outcomes. By optimizing the production of highly aligned electrospun polymer fibers with and 

without small molecules, like non-ionic surfactants, more effective and reproducible in vitro 

models of meniscal tissue may be built. These scaffolds can be used in conjunction with a tensile 

bioreactor to investigate how an altered microenvironment affects mechanically sensitive 

signaling pathways and meniscal cell phenotypes post-injury. In this work we present a detailed 

analysis of the primary driving factors of electrospun fiber alignment in rotating mandrel systems 

and how non-ionic surfactant can alter collection of random or aligned electrospun fibers at a 

macromolecular or macroscopic scale. To demonstrate the utility of surfactant for modifying 

properties, the concentration-based effects on scaffold physical properties and interactions with 
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primary meniscal cells were assessed. Finally, a tensile bioreactor was used in conjunction with 

both unaligned and aligned polymer scaffolds to establish an injury model system. The work 

herein has shown that optimal alignment of micron scale fibers occurs with collection of a large 

diameter mandrel and surfactant has a destabilizing effect on collection of aligned fibers in 

systems with smaller diameter mandrels. These studies indicate that surfactant may be a 

powerful tool for modulating mechanical properties and primary meniscal cell response to 

fibrous scaffolds. Further,  aligned scaffolds can be successfully used as an extracellular matrix-

mimetic material in a meniscal injury tear model in a modified bioreactor system. This work sets 

the stage for reproducibly investigating the response of primary meniscal cells to fibrous 

scaffolds with altered force transmission. 
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Chapter 1: Introduction and Background 

1.1 Meniscus Extracellular Matrix Structure and Regenerative Potential 

The knee menisci are C-shaped wedges of fibrocartilage that absorb and transmit forces in the knee 

joint.  The meniscus primarily functions as a force dispersion mechanism between the femur and 

tibia via a complex, organized network of collagen fibers which comprise the majority of the 

tissue’s extracellular matrix (ECM).[1–4] These structural fibers are both circumferentially and 

radially aligned, creating an intertwined matrix for force distribution as shown in Figure 1.1.[1, 

5–7] Specifically, this structure results in compressive force from walking being converted into 

surface shear[8], vertical compression[8, 9] (inner meniscus), and circumferential “hoop” tensile 

stresses[4, 8, 9] (outer meniscus). The consistent application of force from walking, running, and 

Figure 1.1. Diagram showing meniscus location, macroscopic shape, force distribution, and 

heterogeneity of structural, cell, and biochemical components. (force diagram reproduced with 

permission and originally published by Makris et al., Biomaterials, 2011. 32:7411–7431, and modified 

in BioRender.com by Kyley Burkey). 
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everyday movement on this complex structure provides mechanical cues to the native cells of the 

meniscus which are then transformed into biochemical signals in a process known as 

mechanotransduction.  

The meniscus also contains a variety of cell phenotypes and regional variation in vascularity and 

ECM macromolecules from the outer to inner edge of the tissue,  Figure 1.1. The outer region of 

the meniscus is considered vascular, the middle region semi-vascular, and the inner region nearly 

completely avascular.[10, 11] This gradient of vascularity and thickness of highly organized fibers 

also impacts the diffusion of nutrients and small molecules, with evidence that the diffusion of 

small molecules through the tissue is highly direction dependent.[12]  

When the meniscus initially develops, it is a fully vascularized tissue comprised of immature 

rounded cells.[11] The surrounding circumferential fibers become increasingly packed and aligned 

and radial tie fibers, hallmarks of the fully mature tissue, develop over time.[11, 13] With maturity 

the vascularity becomes more distinctly regional with the outer region maturing into a highly 

vascular area and inner region highly avascular.[11] Mature meniscal tissue cells also become 

increasingly heterogeneous with development. The superficial layer of cells are more fibroblast 

like in phenotype, producing more collagen type 1 (col1), expressing cell adhesion marker cluster 

of differentiation 34 (CD 34) and the proteases matrix metalloproteinase-2 and -3 (MMP-2 and 

MMP-3).[11] Inner meniscal cells demonstrate a more chondrocyte-like phenotype, producing 

more collagen type II (col2) and glycosaminoglycans (GAGs).[11] Primary, human meniscal cells 

are beginning to be examined in greater detail via single cell RNA sequencing to parse out 

transcript level differences in functionality. In the work done by our lab, sequencing primary 

human inner meniscal cells from young donors 6 distinct cell populations have been identified, 

including both a matrix synthetic fibroblast-like phenotype and a matrix synthetic chondrocyte-
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like phenotype.[14] Additional studies have established that the heterogeneity of meniscal cells is 

likely also essential in the tissue’s ability to effectively respond to and distribute force.[15, 16]  

In addition to fibroblast-like and chondrocyte-like cells, the meniscus environment also contains 

both mesenchymal stromal cells (MSCs) and immune cells. These cells originate in the bone 

marrow and migrate to the joint space following acute injury and in response to inflammation. 

Recent studies have also discovered that there are resident mesenchymal progenitors in the 

meniscus, and found that meniscal fibrochondrocytes (meniscal cells) from all regions of the 

meniscus have a multilineage differentiation capacity. [17, 18] This discovery is essential to aid in 

establishing a comprehensive understanding of pro-regenerative pathways in the meniscus as an 

established role of resident mesenchymal progenitor cells in connective tissues is to maintain tissue 

homeostasis and contribute to tissue repair. [17, 19, 20] 

Across the meniscus, the biochemical composition can vary between 72-78% water, 13-23% 

collagen, and 0.4-0.5% GAGs.[2] This compositional difference also results in varying stiffness 

and viscoelasticity with aligned collagen primarily contributing to increased stiffness and GAGs 

primarily contributing to the viscous response of the tissue. The meniscal environment is highly 

dependent on the overlapping impact of many different cellular and biochemical variables, and 

these same factors can present many barriers to tissue regeneration. Specifically, damage to dense 

connective tissues, like the knee meniscus, alters joint biomechanics and contributes to 

degeneration from altered mechanics.[21] The altered force transmission and biomechanics post-

injury often result in the development of post-traumatic osteoarthritis due to wear and tear of the 

articular cartilage in the knee joint and resulting inflammation. [15, 22–32] 
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Meniscal tears are the most common knee injury, regardless of age, affecting over 1 million people 

annually in the U.S.[1, 26] Meniscectomy, surgical removal of damaged tissue, remains the clinical 

standard of care, despite knowledge surrounding the importance of restoring effective structural 

stability of the fibrous extracellular matrix (ECM).[1, 5, 33, 34] Due to the meniscus’ reliance on 

structural integrity of the collagen fiber network that makes up the bulk of its volume, meniscal 

tear geometry and location heavily impact healing potential.[1, 35] Meniscus tears are described 

by their location and morphology, and the most common types of tears can be sorted into six 

classifications. Figure 1.2 shows a normal meniscus alongside each of these tear classifications: 

longitudinal, longitudinal—bucket handle, horizontal, radial, oblique, and degenerative.[1, 36] 

Notably, differing tear orientations and sizes will have different impacts on the biomechanical 

properties of the tissue due to the inherent multi-layered organization of the collagen fibers making 

up the majority of the dry weight of the meniscus. Specifically, radial tears, which primarily occur 

Figure 1.2 . Meniscal injuries: mechanism and classification, Figure reproduced with permission 

and originally published by Wells, M., et al., Sports Med Arthrosc Rev., 2021. 
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in the largely avascular inner region, disrupt circumferential alignment of meniscus ECM fibers 

and the hoop stresses dispersed by those fibers. Patients with radial tears are commonly treated 

with meniscectomy and represent the worst recovery outcomes as these tears both occur in the 

avascular region and represent a disruption of the circumferential fiber network.[1, 33, 36–39]  

Suture techniques have been developed specifically for treatment of meniscal radial tears, 

however, all studies lacked satisfactory clinical results across the low number of treated 

patients.[33] Alternative therapies, like synthetic implants (three currently available[40]) or 

allografts, are available but largely ineffective due to high failure rates and limited graft availability 

and sizing.[2, 6, 7] These treatments are not informed by the loss of ECM alignment post-tear and 

often reported successful meniscal “healing” is due to fibrotic scar tissue formation. Factors that 

promote regeneration vs. scar tissue are poorly understood, however, a likely contributor to non-

regenerative outcomes is modified mechanical signaling due to the dysfunctional force distribution 

post-tear. 

Due to the lack of clinical treatments which offer satisfactory results for radial tears, research 

approaches using different types of models (in vitro biomaterial models[41–48], in vivo animal 

models[49, 50], and tissue explant models[51]) focus on understanding how meniscal cells interact 

with their environment and respond to mechanical cues. While some models have found success 

with recapitulating native meniscal cell behavior or integrating with native tissue, the literature is 

lacking in models that can be used to mimic a fibrous ECM injury and specifically target the 

response of a human primary meniscal cell.   
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1.2 In Vitro Meniscus Models 

Due to their low cost and high reproducibility, in vitro models are important tools for decoupling 

the effects of physical and biochemical stimuli in complex systems. While explant and in vivo 

models are more physically and biochemically accurate, they are unable to discern the effect of 

specific biophysical phenomena.[52] Current animal models also fail to accurately recapitulate 

native human meniscus anatomy and its inherently poor regenerative capacity.[49, 53] However, 

animal models remain extremely common and have been used to successfully investigate the 

fundamental biology of the meniscus, development of osteoarthritis post-meniscal tear, and 

efficacy of varying treatments.[16, 49, 50, 53, 54] 

In vitro models of the meniscus utilize two main approaches. The first implements a 3D substrate 

or explant tissue to mimic basic meniscal properties such as organized fibers, stiffness, or innate 

viscoelasticity [6, 33–35, 37, 51, 55–62]. The second in vitro modelling approach typically 

combines a substrate or tissue explant with a bioreactor that can apply mechanical load [15, 41–

43, 47, 48, 63–67]. Each of these approaches have been used to ask questions about the 

fundamental biology of the meniscus and investigate the potential of incorporating biochemical 

factors or scaffolds to encourage regeneration of functional meniscal tissue. 

In vivo studies have shown that mechanical loading can drive either pro- or anti-inflammatory 

responses in meniscal cells. This response likely worsens patient outcomes post-tear as there are 

abnormal force distributions from matrix structural disruption which can result in upregulation of 

pro-inflammatory signaling.[52, 68] For instance, in tissue explants a 10% strain over 2 hours at 

1Hz (considered a healthy control) suppressed pro-inflammatory signaling while 20% strain 

induced a pathological response.[52]  Despite the importance of ECM-alignment and overall 

structure to effective force distribution, the literature involving in vitro studies with meniscal 
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cells[33, 59, 68, 69] has largely focused on promoting specific cellular signaling or incorporation 

of scaffolds into native tissue. Few studies have investigated altered mechanical signaling 

pathways in primary human meniscal cells seeded on scaffolds which then undergo damage.  

A thorough understanding of the mechanobiological responses of the meniscus will help inform 

therapeutic approaches to prevent degeneration and enhance meniscal repair. As previously 

mentioned, meniscal cells have mechanisms for interpretation of environmental cues that initiate 

downstream signaling pathways (mechanotransduction). However, the actual underlying process 

remains poorly understood despite the clear importance of not only mechanical signaling but 

particular types of load.[7, 8] Compressive loading can cause chondrogenic effects in culture, 

while tensile loading tends to have a fibrinogenic effect, and meniscal cells require both types of 

load for effective function.[15] Inclusion of physical stimuli in in vitro models is key to piecing 

apart these signaling pathways. Current models have been developed to investigate the effect of 

applied tension and its ability to induce anabolic activity in meniscal constructs.[8, 52] Other 

models have shown that in early development mechanical stimulation is required for collagen 

fibers appropriately develop, and without that stimulation the meniscus will fail to mature and 

degenerate.[15, 70, 71] As mechanical cues are necessary for both development and maintenance 

of meniscal tissue health it is likely that mechanical damage creates a significant disruption to the 

fibrous organization of meniscal ECM, resulting in dysfunctional force distributions that may 

predispose the tissue to catabolic activity. Therefore, it is likely that abnormal tissue mechanics 

from a tear may enhance fibrotic signaling effectively inhibiting regeneration and resulting in scar 

tissue formation.[68] There are a number of mechanosensitive factors such as Yes-associated 

protein/transcriptional co-activator with PDZ binding motif (YAP/TAZ) which respond to 

mechanical cues via relocation to the nucleus and trigger downstream signaling cascades which 
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then tune cellular homeostasis.[72–74] In particular it has been shown that a spread cell 

morphology results in YAP/TAZ activation and nuclear accumulation which then promotes cell 

proliferation and inhibits differentiation.[72] 

1.2 Electrospun Scaffolds to Mimic the Meniscus 

Electrospun fibers have previously been used to model the structure of the meniscus ECM [6, 7, 

40, 41, 55, 61, 62, 69, 75–77] and are considered an ideal material for in vitro models that mimic 

the organized ECM in fibrous connective tissues. Fibrous materials provide a large surface area-

to-volume ratio, interconnected porosity, and a wide range of tunable mechanical properties.[78] 

Electrospinning has many advantages over other methods for obtaining fibrous materials such as 

phase separation, template synthesis, physical drawing, self-assembly, and melt blowing. [78, 79] 

These advantages include the wide range of available source materials, relatively simple process, 

and easy creation of scaffolds with small fiber diameter and high porosity.[79] Electrospinning is 

also the only method for large scale production of continuous nanofibers in industry despite a 

continued lack of reliable methods for large scale production using a typical electrospinning 

process.[79]  

A basic electrospinning system consists of three parts: a high voltage power supply, a polymer 

extrusion method, and a collector. In solution electrospinning the solution is extruded and droplets 

form from an induced charge applied by the high voltage power supply.[6, 79] When electrostatic 

force is equivalent to surface tension of the solution the droplet transitions to a cone shape called 

the Taylor cone.[6, 78–80] When the electrostatic force exceeds the surface tension an electrified 

jet forms that is collected on a (typically) grounded collector.[6, 78–80]  
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The high charge density on electrospun jets leads to extensive stretching creating the characteristic 

small fiber diameters generally observed in electrospun scaffolds. This phenomenon is believed to 

be responsible for the whipping (or bending) instability observed during the electrospinning 

process.[6, 79, 81] As the jet of solution extends from the point of extrusion to the collector solvent 

evaporates and the paired motion of the jet and evaporation results in collection of small diameter 

fibers of solid polymer. Surface tension on the outside of the fiber during electrospinning is also a 

factor, and without sufficient voltage to elongate the cylindrical jet and enough polymer 

entanglement to maintain the shape, the polymer jet will form droplets. This is due to surface 

tension, as solutions will conserve energy by defaulting to the most thermodynamically stable, 

spherical shape. This causes either electrospraying droplets towards the electric field or beading 

morphology within the electrospun fibers. As such, manipulating surface tension is a key parameter 

of this system due to its governance over the Taylor cone and resulting fiber morphology.  

A significant drawback of electrospinning is the many parameters which affect the process, many 

of which can be difficult to control. They are typically divided into solution parameters, processing 

parameters, and ambient parameters.[79, 80] Solution parameters include concentration, viscosity, 

polymer molecular weight, conductivity, surface tension, and solvent type.[79] Processing 

parameters include flow rate, applied voltage, and distance from jet device to collection device. 

Finally, the ambient parameters include temperature and humidity.[79, 80] However, many of these 

parameters can also easily be manipulated to obtain specific material and fiber properties which 

can be ideal for a variety of experimental purposes. To simplify the optimization of electrospinning 

systems and the large number of parameters involved researchers are beginning to more commonly 

employ design of experiments (DoE).[82] 
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Electrospinning has been widely used to make nano-to-micron scale fibrous scaffolds conducive 

for cell growth and matrix deposition for regenerative applications. Electrospun scaffolds have 

also been widely used for meniscus tissue engineering [7, 33, 35, 40, 41, 55, 59, 83], and while 

their ability to direct cellular alignment is well established,[5, 61] there is minimal published work 

on utilizing these scaffolds for in vitro injury models of meniscus ECM. Prior work on meniscus 

ECM-mimetic electrospun fibers leveraged these materials as implants for treatments with some 

success in healing meniscal tears in both ex vivo and in vivo models.[37] Studies in similar 

organized fibrous tissues have shown that loss of alignment results in loss of residual strain, leading 

to dysfunctional mechanical signaling that promotes more diseased and fibrotic cell 

phenotypes.[10, 73] However, a systematic understanding of how disruptions to the organized 

ECM fibrous network impacts meniscal cell function and phenotype is missing. Culturing primary 

human meniscal cells on highly aligned electrospun fibers provides an ideal model for 

understanding this impact of disruptions to the organized structure of the meniscus. 

In electrospinning systems, collecting physiologically relevant aligned fibers is achieved via high 

speed rotating mandrels,[69, 78, 84–93] magnetic field,[89, 94] and electrically conductive parallel 

substrates[68, 84–86, 95–97]. The ability to reproducibly create aligned electrospun fibers is 

imperative to creating biologically accurate 3D scaffolds which mimic both the structure and 

complexity of native meniscus ECM. Synthetic polymers, like poly(ε-caprolactone) (PCL), are 

often preferred for these purposes due to their flexibility in electrospinning systems and the wealth 

of foundational characterization studies available. However, a common disadvantage of synthetic 

electrospun fibers for in vitro cell culture models are the hydrophobic properties of the polymers 

and their lack of intrinsic bioactive factors.[5, 98] Consequently, there is a wide variety of 



11 

 

methodological research for increasing hydrophilicity or bioactivity via polymer blends, additives, 

or post-synthesis modifications.[99–104] 

1.4 Electrospinning processes and system modification via non-ionic surfactants 

Molecular surfactants are commonly used to reduce surface and interfacial tension in multiple 

phase systems due to their amphiphilic nature. In the electrospinning system, surfactants reduce 

the surface tension at the needle tip and thus alter the shape of the Taylor cone and resulting fiber 

morphology. Surfactants impact the fundamental force balance the fiber experiences, as well as its 

geometry during electrospinning. In addition to potentially reducing beading morphology in fibers, 

this also affects fiber diameter and other morphological characteristics. They are commonly added 

to electrospinning solutions for a variety of reasons including control over fiber morphology [105–

107], surface topography [108, 109] and hydrophobicity [110–112], diameter [113, 114], internal 

architecture [108, 115], to increase solution conductivity [116, 117], and to stabilize 

emulsions.[109, 114] While surfactants have commonly been used to manipulate the final 

properties of electrospun mesh, there is no universal system used to determine which surfactant 

will provide the final desired characteristics. 

During the electrospinning process, surfactants can relocate to the air:liquid interface at the needle 

tip and therefore are present at the surface of extruded fibers. This can be quantified by either a 

reduction in solution surface tension or collected fiber hydrophobicity via water contact angle on 

collected samples.[108, 111] This relocation and reduction of surface tension can be further 

controlled by increasing surfactant concentration regardless of charge.[110, 112, 114] Further, this 

process is impacted by the solvents used in the polymer solution including water in oil (w/o) 

emulsions.[110, 118] Li et al. showed surfactant (Span 80) relocation at the fiber surface in 

emulsion electrospun fibers containing poly(L-lactide-co-caprolactone) (PLLACL).[111, 119]  
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They also mapped the surface of individual fibers with atomic force microscopy (AFM), 

illustrating that fibers containing surfactant had a more smooth surface compared to fibers without 

surfactant.[111] However, the relative humidity, which is known to play a prominent role in the 

surface topography of fibers, was not mentioned in this work.[120–122] Previous work from our 

laboratory has illustrated a transition from porous to smooth surface topography of 

poly(caprolactone) PCL electrospun fibers with the addition of Span 80 at 50% relative 

humidity.[108] The observed decrease in surface roughness in all of these studies is due to a 

reduction in vapor induced phase separation (VIPS). VIPS causes surface pores on electrospun 

fibers as ambient water droplets interact with the polymer jet, and result in polymer-rich and 

polymer-poor regions in produced fibers.[123] Collectively, these studies highlight the relocation 

and surface enrichment of surfactant to the air/liquid interface at the fiber surface during the 

electrospinning process. 

Molecular ionic or anionic surfactants are often added to electrospun polymer solutions to reduce 

surface tension, reduce beading effects, or control the conductivity of the solution (in the case of 

the ionic surfactants).  Increased concentration of either anionic or cationic surfactants results in 

increased solution conductivity, smaller fibers, and reduced beading morphology.[106, 113, 116] 

Surfactants that increase overall solution conductivity may also lead to an increase in charge and 

potentially more stretching of the fiber and greater resistance to beading morphology.[106] 

Increasing the concentration of both non-ionic and ionic surfactants has been shown to create 

decreased surface tension at the needle tip and decreased fiber diameter in final scaffolds.[113, 

116, 124] Surfactant charge, concentration, and the viscosity of the resulting solution all dictate 

surface tension at the needle tip and thereby the resultant fiber morphology and surface properties 

like roughness and hydrophilicity. Decreases in fiber diameter and surface tension with increasing 
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concentrations of surfactant may support a correlating relationship between decreasing surface 

tension and decreasing fiber diameter. 

While altering solution conductivity occurs with ionic surfactants, this is not a phenomenon that 

happens with non-ionic surfactants, as they lack the charges to carry electrons. This makes them 

preferable tools for manipulating fiber related outcomes or addition of small molecules to the 

system as they will not have charge related impacts during the electrospinning process. Not only 

does this make them a positive candidate for manipulating system-based outcomes for final 

electrospun fiber morphology but it also offers an avenue for single-step manipulation of the 

surface properties of individual fibers. 

1.5 Innovation/Knowledge Gap 

A 2021 review of in vitro meniscus models 

highlighted that only 10 out of 39 total studies 

used human primary meniscal cells, with all 

other sources being animal meniscal cells or 

human mesenchymal stem cells.[69]  

Another review tabulated studies which have 

examined the role of mechanical stimuli on 

meniscal cells over the past ten years and only 3 

out of 22 studies used tension and all 3 focused 

on changes in biochemical signaling regulation 

rather than a response to changed environmental 

stimuli.[8] Further, most meniscus injury 

Figure 1.3. A visual representation of the 

number of studies in a 2020 review 

performed using primary human meniscal 

cells compared to either human MSCs or 

animal meniscal cells. (Wang, X., et al., J 

Biomed Mater Res Part B. 2021). Made 

using BioRender.com. 
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studies utilize exogenous inflammatory signaling rather than re-creating the physical, mechanical 

injury. The work outlined in this dissertation is conceptually innovative through use of primary 

human meniscal cells, use of applied tensile strain as a mechanical stimulus, and induction of 

injury through mechanical stimulus (MechanoCulture J1 system from CellScale) to create a more 

physiologically relevant model of meniscus injury.  

Additionally, the studies outlined in this thesis are technically innovative through the design and 

construction of interchangeable rotating collectors for the existing electrospinning system. We 

have also leveraged non-ionic surfactant to modify surface and overall material properties of 

scaffolds. 

1.6 Approach  

The long-term goal of this work is to investigate how structural interruption of a fibrous network 

in a continually mechanically strained environment, as occurs post-meniscal tear, changes 

meniscal cell morphology and signaling. To address this goal, the objective of this work is to 

modulate electrospun fiber properties including alignment and surface properties for optimal 

scaffold production in developing electrospun fiber-based models of meniscus injuries. The central 

hypothesis of this work is that when radial tears in the meniscus disrupt alignment of the fibrous 

ECM, the resultant dysfunctional force distribution creates aberrant mechanical signaling and 

predisposes cells to fibrous non-regenerative signaling which can be reproducibly modeled via 

electrospun fiber scaffolds in a 3D tensile bioreactor.  

The first section of this work focuses on identifying key driving factors of electrospun fiber 

alignment and optimizing our electrospinning system in order to create scaffolds of synthetic 

electrospun poly-ε-caprolactone (PCL) with highly aligned structures (Chapter 2,4). Next, this 
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work examined the effects of varying non-ionic surfactants on electrospun fibers at multiple length 

scales and in emulsion-based systems to verify a reliable candidate for both system stability and 

modification for either drug encapsulation or better efficacy for in vitro models (Chapter 3). After 

identifying potential candidates for effective modification at multiple scales the concentration-

based effects of a single surfactant in non-emulsion fibers were assessed for its effects on 

electrospun fiber and overall scaffold properties (Chapter 3,4). Finally, a tensile bioreactor was 

modified for effective usage as a component of a multifactorial in vitro injury model and 

preliminary tests were performed to analyze the efficacy of the modified mechanical reactor in 

conjunction with synthetic scaffolds as an injury model of the meniscus (Chapter 5). Overall, this 

work has demonstrated that by developing a thorough understanding of the key driving factors 

behind synthesis of synthetic fibrous scaffolds in combination with a modified reactor it is possible 

to create a multi-level in vitro model of meniscal tears. This model will enable future studies to 

specifically probe at a more basic level how primary meniscal cells respond to structural 

disruptions at early time points. 
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Chapter 2: Mandrel Diameter is a Dominating Parameter for Fiber 

Alignment Control in Rotating Mandrel Electrospinning Systems 

 
Adapted from Publication: 

K. Meinhold, T. Tankersley, R. Darlington, J. Robinson, “Mandrel Diameter is a Dominating 

Parameter for Fiber Alignment Control in Rotating Mandrel Electrospinning Systems” Journal of 

Applied Polymer Science, 2025, 142, 34, e57364 

 

2.1 Introduction 

Fiber-based materials are advantageous for use as 3D in vitro models of fibrous human tissues as 

they afford a large surface area-to-volume ratio, interconnected porosity, and a wide range of 

mechanical properties.[1–3] When considering applications in tissue engineering, fiber alignment 

must also be considered, especially given the prevalence of anisotropy in native tissues with poor 

healing potential, including connective tissues.[4] Many fabrication methods exist to obtain a 

nano-scale, fibrous mesh including phase separation[1,2,5], template synthesis[1,2], physical 

drawing[1,2], self-assembly[1,2,6], melt blowing[2,7], and electrospinning[1,2,8]. Electrospun 

scaffolds in particular are commonly leveraged to modulate cell behaviors and have been shown 

to provide superior metabolic and extracellular matrix (ECM) forming potential[4,9]. A basic 

electrospinning system consists of three parts: a high voltage power supply, a polymer extrusion 

method, and a collector. Compared to other techniques, electrospinning is a relatively easy method 

which offers a high degree of control for creating complex, fibrous scaffolds with mechanical and 

structural properties mimicking native fibrous tissue ECM.[10] The primary challenge associated 

with electrospinning is determining which of the infinite combinations of variable process 

parameters should be utilized to modulate the resultant scaffolds. Many of these variables, 

including polymer solution, processing parameters, and environmental factors, are not well 
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controlled in traditional systems.[2,11] Discernment of controllable variables is further 

complicated by the additional processing parameters required for synthesizing aligned electrospun 

fibers, as modifications are often made by adding further electrostatic steering of the fibers at the 

collector, using mechanical methods such as a rotating collector, or a combination of these 

techniques.[12–14] 

Electrostatic methods include gap electrospinning[13–19], magnetic field application[13,16], and 

near field electrospinning[1,14]. Mechanical methods to modulate alignment include rotating 

collectors[1,13–16,20–26], post-drawing of fibers[1], and centrifugal electrospinning[19]. Each of 

these methods has been used successfully by researchers to obtain aligned fibers, each with specific 

advantages and disadvantages. Gap electrospinning leverages the use of two parallel electrodes 

with a void gap between them to achieve high-fidelity fiber alignment.[17–19] Despite the ease 

with which this system can be added to any lab-built electrospinning setup, its efficacy depends 

on the relatively small size of the gap which results in a limited range of overall surface area and 

sample thickness.[1] Magnetic field electrospinning induces fiber alignment by application of a 

magnetic field at the collector via permanent magnets. Success is dependent on the magnetic 

susceptibility of the polymer, the electrospinning solution, and the strength of the magnetic 

field.[1] Near-field electrospinning is a 3D printer-like technique where the whipping motion of 

the jet is removed by manipulation of processing parameters. This technique is highly effective at 

creating aligned scaffolds however, there are strict limits on flow rates and fiber diameters are 

limited to the micro-scale.[1,27] Rotating collectors, another easy augmentation to existing 

systems, induce alignment via application of a drawing force on the electrospun jet, resulting in 

relatively large surface area of the electrospun product.[12,17] These systems require relatively 

high collection speeds, which may create inconsistent sample morphology due to necking or 
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breakage[1], but this approach remains the preferred method of inducing alignment in most 

electrospinning systems [18,28–31].  

In general, the literature shows that on a rotating mandrel, increased rotational speed leads to 

increased fiber alignment.[13,30,32–37] The minimum collector surface speed must match or 

exceed the rate of fiber production (solution flow rate), and increased linear velocity can also 

provide a drawing force to contribute to fiber alignment. As such, increasing collection speed is 

the main parameter used to modulate fiber alignment.[12,38] However, the higher speeds often 

required for alignment often induce undesirable fiber breakage and necking, and preventing these 

structural malfunctions comes at the cost of limited maximum alignment capacity.[1,39] Other 

approaches to induce alignment include modification of rotational collector type or  collector 

geometry, and at least one study has specifically suggested that the key to consistently obtaining 

highly aligned fibers is to eliminate the characteristic bending instability.[12] Some studies have 

included mandrel diameter as a factor in system optimization; however, these studies have 

concluded that diameter is either of limited importance[12,32] or have not systematically explored 

the impact on fiber alignment[33]. 

Thus, the focus of this study was to provide a systematic investigation of the relationship between 

mandrel diameter and collected fiber alignment at a range of speeds, collection distances, and 

applied voltages for a specifical polymer and solvent system, namely poly-ε-caprolactone (PCL) 

and chloroform (CHCl3). The objective was to demonstrate the key relationship between resultant 

fiber diameter, fiber alignment, and each of the given processing parameters. The impact of 

rotating mandrel diameter, rotational speed, excitation voltage, and distance to collector were 

modulated, and resulting fiber diameter, fiber fraction, and fiber alignment were assessed. These 

relationships can be extrapolated for use in systems with different polymer and solvent components 
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and can provide a guide for designing and fabricating small-scale electrospinning systems to obtain 

highly aligned fibrous scaffolds. 

2.2 Materials and Methods 

Poly(-ε-caprolactone) (PCL, 50,000 MW) was purchased from Perstorp CAPA (lot #120625) and 

chloroform (CHCl3, ≥99.5% purity, lot #SHBP9457) was purchased from Sigma Aldrich. 

Mandrels were built using copper tubing of available diameters. For all studies, 20% w/v PCL was 

dissolved in CHCl3. Sample solution was extruded from a blunted 21-gauge needle at a flow rate 

of 1.0 mL/hr (Harvard Apparatus Syringe Pump) and collected at high relative humidity (65% ± 

10) and ambient temperature (23.5°C ± 1.5) for 15 minutes across all mandrel sizes, collection 

distances, and applied voltages. Mandrel diameters of ¾” (M3/4), 1” (M1), and 2” (M2), collection 

distances of 15 cm and 30 cm, applied voltages 

of 15 kV and 18 kV (Gamma High Voltage 

Research, ES30P-SW), and rotational speeds of 

580±17 RPM, 780±0.01 RPM, and 1010±17 

RPM (DeWalt drill DW235G with Variable 

Transformer model #TDGC-0.5KM) were 

tested.   

After collection, samples were dried in a fume 

hood overnight and then under vacuum for 8 

hours before characterization. At least three 

specimens were fabricated per sample group. 

Figure 2.1 provides a visual overview of the 

physically manipulated study parameters and 

Figure 2.1. Overview of manipulated processing 

parameters. Figure reproduced with permission and 

originally published by Meinhold, K., et al. J. Appl. 

Polym. Sci., 2025. Made using Biorender.com. 
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Figure A2.1 shows a graphical outline of all parameters examined within the study separated into 

groups by mandrel diameter. Table A2.1, in supplementary information, shows the molecular 

structure, solubility, mean molecular weight, and melting point of PCL as reported by the supplier 

and the percent crystallinity of a control PCL thin film as calculated from Differential scanning 

calorimetry (DSC).[40,41] 

Rotational speeds were determined by filming rotating mandrels with a high-speed camera 

(Phantom VEO-E 310L) at a set engine power and determining number of rotations per second at 

each mandrel diameter.  Table 2.1 shows the conversion of rotational speed to linear speed for 

each low, medium, and high speed used with each mandrel diameter. All conversions were 

performed using Equation 2.1 & Equation 2.2, shown below. 

Equation 2.1.     𝑣 = 𝑟 ∗ 𝜔   

Equation 2.2.    𝜔 = (𝑅𝑃𝑀 60 𝑠𝑒𝑐⁄ ) ∗ 2𝜋   

 

 

 

 

 

 

Mesh was analyzed using a Phenom Pro Desktop scanning electron microscope (SEM, 

NanoScience) to capture fiber morphology, surface topography, and diameter. All samples were 

sputter coated with 5nm of gold before imaging. Fiber morphology was assessed for overall 

Table 2.1. Conversion of rotational speed to linear speed for ¾”, 1”, and 

2” mandrel diameters. 
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homogeneity and irregularity in morphologies from wet collection or multiple jets and captured 

using a 10 kV accelerating voltage, backscatter detector, and a magnification of 1000x. For fiber 

diameter and fiber fraction quantification, raster imaging was performed to obtain 5 images per 

mesh and each image was analyzed with ImageJ using the plugin DiameterJ. From the initial 

segmentation binary-colored segmented images produced with the algorithms M3, M5, M7, S2, 

S3, and S7 were used for determining fiber diameter and fiber diameter distribution. In the case of 

the plugin being unable to analyze one of the chosen segmentations, another was chosen from the 

original set and substituted into the folder for analysis. From the same images, fiber fraction was 

calculated based on algorithm value output with fiber fraction being defined as a 2D measure of 

the volume percent of polymer vs. void space in the image. All quantitative outputs for each tested 

condition have been collated for reference in Table A2.2.  

Statistical Analysis 

For each group, five images from 8mm diameter specimens of mesh for 3 specimens per sample 

and 3 samples at each set of parameters were analyzed (n=9 specimens, 45 data points).  

For plotting purposes, the 5 points representing individual punches were averaged to output a total 

of 15 points per group. Post-collection sample quantitative data was re-analyzed with a new ROUT 

outlier analysis (Q=1%) in GraphPad Prism and single point outliers were redacted from each 

subset of data. Additionally, individual punches showing abnormal sample morphology in ≥3 SEM 

images were also removed from data sets (post outlier analysis). Abnormal morphology was 

defined as visually beading, webbing, or general agglomeration or ribbon morphology of fibers 

visible throughout the image, occasional defects resulting from abnormal jet morphology during 

the sample collection. To qualify for removal based on morphological discrepancies,  
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individual images exhibiting ≥ 3 identifiable locations of beading, webbing, necking, ribbon 

morphology, or agglomerated fibers. An example of these morphologies is shown in 

supplementary Figure A2.2. In all data sets for groups with individual punches removed there is a 

marked sample size of n=8 and for un-marked groups a sample size of n=9. 

 All statistical tests and graphing were performed using GraphPad Prism software. Prior to any 

statistical analysis, data sets were tested for normality using a Shapiro-Wilk normality test. For all 

groups which passed the normality test, a Brown-Forsythe one-way ANOVA was used; for all 

groups which did not pass the normality test, a non-parametric Kruskal-Wallis test was used. For 

normally distributed groups analyzed by Brown-Forsythe one-way ANOVA, significance p is 

denoted using #. For groups analyzed by a non-parametric Kruskal-Wallis test, significance p is 

denoted using *.  

2.3 Results and Discussion 

2.3.1 Fiber Alignment  
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All groups were assessed for alignment and fiber properties via image-based analysis of SEM 

micrographs. Figure 2.2 shows representative images of samples for every condition tested. In  

Figure 2.2. Representative SEM micrographs of samples at all conditions tested separated by mandrel 

diameter A) M3/4 (¾” diameter rotating mandrel), B) M1 (1” diameter rotating mandrel), and C) M2 (2” 

diameter rotating mandrel) collection groups, all at 1000x magnification. Figure reproduced with 

permission and originally published by Meinhold, K., et al. J. Appl. Polym. Sci., 2025. 
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Figure 2.3. Mean fiber alignment for all samples, A) Collection distance of 15 cm and applied voltage of 

15 kV, B) Collection distance of 15 cm and applied voltage of 18 kV, C) Collection distance of 30 cm and 

applied voltage of 15 kV, and D) Collection distance of 30 cm and applied voltage of 18 kV. (n=8 for M3/4 

15 cm 15 kV high speed, M3/4 15 cm 18 kV medium speed, and M1 15 cm 15 kV high speed, and n=9 for 

all other groups) #p≤0.0332, ##p≤0.0021, ###p≤0.0002, ####p≤0.0001. *p≤0.0332, **p≤0.0021, 

***p≤0.0002, ****p≤0.0001high speed, M3/4 15 cm 18 kV medium speed, and M1 15 cm 15 kV high 

speed, and n=9 for all other groups). Figure reproduced with permission and originally published by 

Meinhold, K., et al. J. Appl. Polym. Sci., 2025. 
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general, increasing alignment was observed with increasing rotational speed for both the M3/4 

(Figure 2.2A) and M1 (Figure 2.2B) samples. In the case of samples generated using the M2 

mandrel, rotational speed appears to have limited additional effects on sample alignment with 

fibers that appear well aligned at nearly every set of tested parameters (Figure 2.2C). In general, 

visual alignment was high in all M2 samples, whereas in M3/4 and M1 alignment was increased 

only at specific conditions. Micrographs of control groups collected on a stationary grounded plate 

and at identical processing parameter conditions can be seen in Figure S2.3. 

Quantitative evaluation of fiber alignment was conducted using the ImageJ DiameterJ plug-in and 

visualized in Figure 2.3 and supplementary Figures S2.4-S2.6. Across all groups, collecting on 

the rotating mandrel resulted in increased fiber alignment compared to stationary controls; 

however, this increase was not always significant. Fiber alignment at every tested parameter is 

highest in samples collected with the M2 mandrel (Figure 2.3A-D, Figure S2.3A-C, Figure 

S2.4A-C).  

In the M3/4 group, an increased rotational speed increased overall alignment (Figure 2.3A-C, 

Figure S2.6A), however, this did not hold true across all tested conditions. M1 sample alignment 

appeared to have a greater dependence on the collection voltage and distance compared to 

rotational speed (Figure S2.6B). Similarly, despite nearly all conditions producing highly aligned 

samples in the M2 group, the 15 cm collection distance and 18 kV applied voltage group resulted 

in highly randomized fiber organization (Figure 2.3C, Figure S2.5). Many of the M3/4 and M1 

samples showed comparable levels of alignment to the unaligned stationary collection control 

samples (Figure S2.4C and Figure S2.5A-C). In general, the sample alignment changed more 

significantly between speeds and collection conditions for the smallest diameter mandrel (Figure 

2.3A, Figure S2.6).  
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While linear velocity was not a controlled variable in this study, there were certain conditions 

which produced either matching or comparable linear velocity. To further emphasize the effects of 

mandrel diameter with a comparable linear speed, average alignment as a function of linear speed 

is shown in supplementary Figure S2.7. This data shows that the combination of an increased 

mandrel diameter and specific processing parameters can achieve comparable or increased levels 

of alignment as compared to solely increased rotational speed. It should be noted that in this study 

increasing from the M3/4 to M1 group appeared to generally create more random samples than 

aligned which does not agree with our suggested trend of increased alignment with increased 

mandrel diameter. However, in each mandrel diameter group simply increasing linear velocity or 

rotational speed generally had a lesser effect on fiber alignment as shown in supplementary Figure 

S2.9. 

 

 

 

 

 



37 

 

2.3.2 Fiber Diameter and Fiber Fraction 

Figure 2.4. Mean fiber diameter for all samples with dotted line representing stationary control values, 

A) M3/4 samples, B) M1 samples, and C) M2 samples. (n=8 for M3/4 15 cm 15 kV high speed, M3/4 

15 cm 18 kV medium speed, and M1 15 cm 15 kV high speed,  n=9 for all other groups) #p≤0.0332, 

##p≤0.0021, ###p≤0.0002, ####p≤0.0001. *p≤0.0332, **p≤0.0021, ***p≤0.0002, ****p≤0.0001. 

Figure reproduced with permission and originally published by Meinhold, K., et al. J. Appl. Polym. Sci., 

2025. 
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In general, the mean fiber diameter of samples decreased with increasing mandrel diameter or 

increased rotational speed regardless of other processing parameters (Figure 2.4). In samples 

which did not demonstrate decreased fiber diameter with increased rotational speed, there were 

not significant differences between groups. In nearly all conditions, collection on a rotating 

mandrel decreased fiber diameter compared to stationary controls and this effect was more 

pronounced at higher collection distances and increased mandrel diameters (Figure 2.4, Figure 

A2.7). Under all conditions, fiber diameter decreased with increasing rotational speed, increasing 

mandrel diameter, and collection on a rotating collector compared to stationary controls (Figure 

2.4, Figure A2.7). However, not all differences were significant, and for all conditions in the study, 

the maximum range of fiber diameters was within ~2μm. Interestingly at a given speed, collection 

distance, and mandrel diameter, an increased voltage had highly variable effects (Figure A2.7A-

B). 

Fiber fraction remained relatively consistent in low and medium speed collection groups regardless 

of collector diameter (Figure A2.8). At a high collection distance, the samples generated on the 

M2 mandrel show significantly increased fiber fraction compared to both the stationary controls 

and smaller diameter mandrels, indicating measurably increased fiber packing only in very highly 

aligned samples.  

2.3.3 Main Effects Summary of Importance 

To demonstrate the importance of each processing parameter modulated in this study, a linear 

regression model was applied to each measured output (fiber diameter, fiber fraction, and fiber 

alignment) using the JMP software. As shown in Figure 2.5, the variable with the largest effect on 

all outcomes is the mandrel diameter. For fiber diameter and fiber fraction, the next most important 

variable was collection distance. For fiber alignment, the second most important variable was the 
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rotational speed of collection. For all outcomes, the applied voltage was assessed as having the 

least impact. Mixed effects are not included in this data analysis, as the secondary mixed effects 

obscure contributions of the main study variables. 

Classically, increasing the rotational speed of a rotating mandrel electrospinning set-up increases 

collected fiber alignment. However, inconsistencies have been noted in this trend throughout the 

literature. This study demonstrates that the diameter of the rotating collector has a significant 

impact on fiber alignment at all speeds tested, counter to what has been previously shown in other 

systematic studies.[12,32,33] This difference in study outcomes can likely be attributed to the 

differing polymer systems, the scale of fiber diameters (nm vs μm), and the variance in parameters 

tested outside of mandrel diameter and rotational speed. Specifically, each of the other relevant 

studies used thermoresponsive poly(N-isopropyl acrylamide) (PNIPAM)[32], poly(ethylene 

oxide) (PEO) and poly(styrene) (PS)[12], and poly(caprolactone), poly(dioxanone), and silk 

fibroin in varying blends[33]. Other authors have noted that a better predictor of fiber alignment 

in samples is the linear velocity rather than rotational speed[31], and the results of this study further 

Figure 2.5. Main effects summary of importance and linear regression effects plot for A) mean 

fiber alignment, B) mean fiber fraction, C) and mean fiber diameter of all analyzed sample groups 

(generated using JMP software). Figure reproduced with permission and originally published by 

Meinhold, K., et al. J. Appl. Polym. Sci., 2025. 

A) B) C) 
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emphasize this point. Our results demonstrate that while linear velocity is an important variable, it 

has a limited efficacy at predicting or impacting fiber alignment. Based on these outcomes, we 

suggest that the variance of mandrel diameter changes dominating forces of final sample 

alignment.  In the case of the M1 group, there appears to be an intermediate force balance which 

is disturbed that creates an increase in randomness rather than organization. Based on this set of 

data, it is likely that the increase from a ¾” diameter to a 1” diameter mandrel is not a large enough 

increase to see a similar outcome of increased alignment as the total distance fibers must align 

across increases circumferentially but linear speed and drawing force remain minimally changed. 

Therefore, without modifying other system parameters a larger rotational speed for this mandrel 

diameter is likely required to achieve highly aligned fibers. Further work is needed to 

mathematically model each of the contributing factors in this system.  

This study also demonstrates that it is possible to decrease the collector speed for aligned scaffolds 

by tuning parameters like collection distance and applied voltage. In the majority of systems, 

higher speeds range from 1000 RPM-8000 RPM[26,30,33–35,42–46] with other noted speeds 

ranging from 10,000-33,000 RPM[32]. In this study, the maximum speed was 1010±17 RPM, 

illustrating the ability to achieve highly aligned fibers with orders of magnitude slower speeds, 

which is much safer for the system operator. Similarly to stationary electrospinning systems, there 

is an optimal set of parameters which can be tuned for different systems with specifically sized 

mandrels and specific outcome needs. Interestingly, even when samples collected using a mandrel 

showed comparable fiber alignment to stationary controls, the fiber diameter of most samples was 

significantly different compared to their stationary controls. This can easily be attributed to the 

added system turbulence from any rotation of a collector, the applied mechanical force, and 

different collector geometry.  
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For a set distance and rotational speed, the impact of voltage on fiber diameter is reduced by an 

increased mandrel diameter, and this effect is enhanced by a larger collection distance. At higher 

collection distances, the overall decreased strength of electrical field increases time to collector[47] 

which allows increased evaporation of solvent before collection[48]. In these samples, with 

increased collection distance on a larger mandrel diameter, fiber diameter is lower compared to 

lower collection distance due to longer duration of instability and additional drawing force applied 

by the rotating mandrel. At lower speed and decreased mandrel diameter, the electrical field 

appears to have greater effects on fiber diameter, and this can be attributed to a change in the 

dominating factors of system physics. In this study, when comparing a set distance and voltage, 

increasing the speed typically decreases fiber diameter, and this effect is enhanced by increased 

mandrel diameter. This demonstrates that an increased mandrel diameter may create difficulty 

achieving a specific fiber diameter or porosity without further optimization.  

Limitations in interdependent variables in this study design are noted. For example, modulating 

rotational speed and mandrel diameter inherently alters linear speed. We chose to treat these as 

separate experimental parameters due to the other factors which may be modified by changes to a 

mandrel diameter, including electrical field distribution and atmospheric turbulence at the mandrel 

surface. Lastly, compositional parameters, including polymer molecular weight, solution viscosity, 

or solution conductivity, were not modulated in this study. It should also be noted that this study 

was run at ambient temperature of 23.5°C ± 1.5 and a high relative humidity of 65% ± 10. A 

variable humidity may affect both alignment and fiber diameter, especially with varying solvent 

systems, as the addition of water droplets can result in variable whipping behavior.[3] At ambient 

room temperature, modifications to final scaffold morphology are not expected based on thermal 

properties of PCL and chloroform.  
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This work has shown that an increased mandrel diameter is a key parameter to achieving increased 

fiber alignment. However, exceeding the 2” maximum diameter used in this study may create space 

issues in electrospinning set-ups and impact expected outcomes. There is likely a maximum 

threshold at which the mandrel size is no longer the dominating force in the system and disrupts 

the electric field. In this case, other parameters such as rotational speed or applied voltage would 

likely drive fiber alignment. For instance, Kiselev et al. showed that a mandrel size of 7 cm (2.8”) 

collected less aligned electrospun fibers compared to smaller mandrel diameters.[12] However, 

this study only modulated mandrel diameter, rotational speed, and collection distance and was 

performed with different polymer and solvent systems. Future work will focus on characterizing 

the mechanical effects of increased alignment of fibers through differential scanning calorimetry, 

uniaxial mechanical testing, and x-ray diffraction to further elucidate changing crystallinity (i.e. 

polymer chain alignment) at a variety of length scales. 

2.4 Conclusion 

This study successfully demonstrates the key parameters needed to induce a high level of 

alignment using a rotating mandrel system and impacts on fiber alignment and fiber fraction. In a 

single mandrel system, increased speed generally increases fiber alignment. However, this study 

has shown that an increased mandrel diameter is significantly more effective at increasing fiber 

alignment for low micron-scale electrospun fibers compared to rotational speed for all tested 

groups. Further, the increase in alignment in the largest diameter mandrel was negligible between 

nearly all groups examined, a novel phenomenon. This study also uses rotational speeds that are 

relatively low compared to commonly used speeds, suggesting that it is possible to obtain well-

aligned fibers at these lower and safer operational speeds. This is important to note, as other studies 

have shown that high collection speeds do not always increase alignment and can lead to breakage 
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and inconsistent fiber diameter in scaffolds.[49] Results from this study can be translated for other 

polymer-solvent systems and are applicable for any studies attempting to produce highly aligned 

electrospun fibers. These experiments offer a set of guiding principles, beyond increasing 

rotational speed, for collection of highly aligned fibers with a rotating collector for use as scaffolds 

for tissue engineering. Future work will focus on applying these system parameters to production 

of aligned nanofibers to elucidate whether the same governing principles dominate at a different 

length scale. 
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2.6 Appendix  

 

Table A2.1. The molecular structure, solubility, mean molecular weight, and melting point of 

PCL as reported by the supplier and the percent crystallinity of a control PCL thin film as 

calculated from Differential scanning calorimetry. Reproduced with permission and originally 

published by Meinhold, K., et al. J. Appl. Polym. Sci., 2025 

 

PCL 

Structure Solubility 

[cal/cm3] 

Mean Molecular 

Weight [g/mol] 

Melting Point 

[°C] 

Percent 

Crystallinity 

[%] 

 

9.34-9.43  50,000 58-60 50% ± 2 

 Figure A2.1. Experimental parameter overview separated by mandrel diameter (made using 

Biorender.com). Figure reproduced with permission and originally published by Meinhold, K., et al. 

J. Appl. Polym. Sci., 2025. 
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Methods: Differential scanning calorimetry (DSC) was used to assess percent crystallinity of the 

PCL lot. Thin films were made by dissolving 20% w/v PCL in CHCl3 and allowing the CHCl3 to 

evaporate at ambient conditions, ~3 mg samples were taken from each thin film and heated at a 

constant rate of 2°C/minute up to 80°C using a TA Instruments DSC with a ramp program. Percent 

crystallinity was calculated using the below equation for degree of crystallinity.[40]  

Equation A2.1.     𝝌𝒄 =  
𝚫𝑯𝒇∗𝑻𝒎

𝚫𝑯𝒇
° ∗𝑻𝒎

°  

The enthalpy of fusion and melting temperature of samples were calculated from DSC raw data 

by taking the area under the curve of normalized heat flow (w/g) vs. temperature (°C) and 

identifying the temperature value at the minimum point of heat flow respectively. Enthalpy of 

fusion of purely crystalline PCL were referenced from literature as 135 J/g [41] and equilibrium 

melting temperature taken as the maximum melting temperature provided by the supplier, 60°C.  

 

Table A2.2. Mean fiber diameter, fiber fraction, and fiber alignment for all collected sample 

groups. . Reproduced with permission and originally published by Meinhold, K., et al. J. Appl. 

Polym. Sci., 2025 

Mandrel 

Diameter 

[in] 

Collection 

Speed 

[RPM] 

Collection 

Distance [cm] 

Applied 

Voltage 

[kV] 

Mean Fiber 

Diameter [μm] 

Mean Fiber 

Fraction 

[/] 

Mean Fiber 

Alignment 

[%] 

0 0 15 15 5.7±0.12 

 

0.47±0.0 26±7 

0 0 15 18 5.5±0.15 0.48±0.0 

 

20±5 

0 0 30 15 6.9±0.38 

 

0.45±0.0 

 

16±6 

0 0 30 18 7.0±0.32 

 

0.46±0.0 

 

20±6 

0.75 580±17 15 15 6.1±0.10 

 

0.46±0.0 30±7 
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0.75 780±0.01 15 15 5.1±0.66 

 

0.48±0.0 43±17 

0.75 1010±17 

 

15 15 6.3±0.27 

 

0.47±0.0 

 

56±8 

0.75 580±17 15 18 5.4±0.35 

 

0.48±0.0 

 

38±8 

0.75 780±0.01 15 18 6.1±0.24 

 

0.49±0.0 21±8 

0.75 1010±17 

 

15 18 5.6±0.20 

 

0.47±0.0 45±9 

0.75 580±17 30 15 6.2±0.09 

 

0.44±0.0 

 

23±4 

0.75 780±0.01 30 15 6.4±0.43 

 

0.43±0.0 42±10 

0.75 1010±17 

 

30 15 6.5±0.32 

 

0.44±0.0 

 

66±8 

0.75 580±17 30 18 5.7±0.19 

 

0.45±0.0 

 

66±8 

0.75 780±0.01 30 18 6.2±0.22 

 

0.45±0.0 

 

25±7 

0.75 1010±17 

 

30 18 6.3±0.10 0.44±0.0 33±5 

1 580±17 15 15 5.2±0.14 

 

0.47±0.0 

 

29±5 

1 780±0.01 15 15 5.7±0.06 

 

0.47±0.0 

 

27±6 

1 1010±17 

 

15 15 5.3±0.26 

 

0.46±0.0 

 

35±11 

1 580±17 15 18 5.9±0.08 

 

0.47±0.0 

 

24±4 

1 780±0.01 15 18 5.4±0.11 

 

0.48±0.0 

 

25±7 

1 1010±17 

 

15 18 4.7±0.57 

 

0.47±0.0 

 

27±6 

1 580±17 30 15 6.9±0.29 

 

0.45±0.0 

 

25±5 

1 780±0.01 30 15 5.6±0.05 

 

0.44±0.0 

 

25±5 

1 1010±17 

 

30 15 4.7±0.17 

 

0.47±0.0 

 

63±6 

1 580±17 30 18 5.5±0.10 

 

0.45±0.0 

 

24±4 

1 780±0.01 30 18 5.8±0.17 

 

0.46±0.0 36±7 

1 1010±17 

 

30 18 5.3±0.17 0.47±0.0 

 

80±5 

2 580±17 15 15 5.5±0.09 0.48±0.0 

 

79±7 

2 780±0.01 15 15 5.0±0.34 0.49±0.0 

 

94±2 
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2 1010±17 

 

15 15 4.5±0.35 

 

0.50±0.0 

 

94±4 

2 580±17 15 18 4.8±0.21 

 

0.48±0.0 

 

27±5 

2 780±0.01 15 18 5.0±0.06 

 

0.46±0.0 

 

45±8 

2 1010±17 

 

15 18 4.3±0.27 

 

0.50±0.0 

 

94±1 

2 580±17 30 15 5.2±0.34 

 

0.47±0.0 

 

90±4 

2 780±0.01 30 15 4.2±0.28 

 

0.50±0.0 

 

96±1 

2 1010±17 

 

30 15 4.2±0.28 

 

0.51±0.0 

 

97±1 

2 580±17 30 18 5.7±0.18 

 

0.46±0.0 

 

78±6 

2 780±0.01 30 18 4.4±0.37 

 

0.50±0.0 

 

95±3 

2 1010±17 

 

30 18 4.3±0.43 

 

0.50±0.0 

 

98±1 

 

 

 

 

 

Figure A2.2. Representative SEM micrographs with morphology qualifying for removal from data 

sets. Figure reproduced with permission and originally published by Meinhold, K., et al. J. Appl. 

Polym. Sci., 2025. 
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Figure A2.3. Representative SEM micrographs of all control samples collected on a flat, stationary 

copper plate. Figure reproduced with permission and originally published by Meinhold, K., et al. J. 

Appl. Polym. Sci., 2025. 

 

 
Figure A2.4. Heat maps of the mean fiber alignment for all groups analyzed A) M3/4 samples, B) 

M1 samples, and C) M2 samples. Figure reproduced with permission and originally published by 

Meinhold, K., et al. J. Appl. Polym. Sci., 2025. 
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Figure A2.5. Heat maps of the mean fiber alignment for all groups analyzed A) Low speed 

samples, B) Medium speed samples, and C) High speed samples. Figure reproduced with 

permission and originally published by Meinhold, K., et al. J. Appl. Polym. Sci., 2025. 
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Figure A2.6. Mean fiber alignment for all samples A) M3/4 samples, B) M1 samples, and C) M2 

samples. (n=8 for M3/4 15cm15kV high speed, M3/4 15cm18kV medium speed, and M1 15cm15kV 

high speed, and n=9 for all other groups) #p≤0.0332, ##p≤0.0021, ###p≤0.0002, ####p≤0.0001. 

*p≤0.0332, **p≤0.0021, ***p≤0.0002, ****p≤0.0001. Figure reproduced with permission and 

originally published by Meinhold, K., et al. J. Appl. Polym. Sci., 2025. 
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Figure A2.7. Mean fiber diameter for all samples with dotted line representing stationary 

control values, A) 15cm collection distance and B) 30cm collection distance. (n=8 for M3/4 

15cm15kV high speed, M3/4 15cm18kV medium speed, and M1 15cm15kV high speed, n=9 

for all other groups) #p≤0.0332, ##p≤0.0021, ###p≤0.0002, ####p≤0.0001. *p≤0.0332, 

**p≤0.0021, ***p≤0.0002, ****p≤0.0001. Figure reproduced with permission and originally 

published by Meinhold, K., et al. J. Appl. Polym. Sci., 2025. 
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Figure A2.8. Mean fiber fraction for all samples, A) 15cm collection distance and B) 30cm 

collection distance (n=8 for M3/4 15cm15kV high speed, M3/4 15cm18kV medium speed, and M1 

15cm15kV high speed, and n=9 for all other groups) #p≤0.0332, ##p≤0.0021, ###p≤0.0002, 

####p≤0.0001. *p≤0.0332, **p≤0.0021, ***p≤0.0002, ****p≤0.0001. Figure reproduced with 

permission and originally published by Meinhold, K., et al. J. Appl. Polym. Sci., 2025. 
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Figure A2.9. All collected sample conditions plotted as linear speed 

vs. mean alignment of all samples at a given collection distance, 

voltage, mandrel diameter, and calculated linear speed in m/s A) All 

study groups and B) Study groups with approximately matched 

linear speed conditions (M3/4 and M1 low speed, M3/4 high speed 

and M1 medium speed, and M1 high speed and M2 low speed). 

Figure reproduced with permission and originally published by 

Meinhold, K., et al. J. Appl. Polym. Sci., 2025. 
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Chapter 3: Investigating the molecular level impacts of non-ionic 

surfactants in emulsion and non-emulsion electrospun fiber systems 
 

Adapted from Publication: 

P. Johnson*, K. Meinhold*, N. Ohl, J. Lehtinen, J. Robinson, “Surfactant Chemistry Controls 

Surface Tension and Dictates Resulting Electrospun Fiber Properties and Wettability,” 

Macromolecules, 2022, 55, 20, 9186-9195 

 

*co-first authors 

 
3.1 Introduction 

Molecular surfactants are commonly used to reduce surface and interfacial tension in multiple 

phase systems due to their amphiphilic nature. Surfactants are added to electrospinning solutions 

for a variety of reasons including to control fiber morphology[1–3], surface topography[4, 5] and 

hydrophobicity[6–8], diameter[9, 10], internal architecture[5, 11], increase solution 

conductivity[12, 13], and to stabilize emulsions.[4, 9] In the electrospinning system, surfactants 

reduce the surface tension at the needle tip thereby altering the Taylor cone shape and the resulting 

morphology of collected fibers.[14] Surfactants impact the fundamental balance of electrostatic 

repulsion and surface tension forces acting on the evaporating polymer solution during 

electrospinning. Therefore, surfactants can be used as a tool to control and reduce beading 

morphology in fibers and other morphological characteristics such as fiber diameter, surface 

topography, and individual fiber porosity.[5, 15] These effects can be understood based on general 

principles of the addition of surfactant decreases the droplet surface tension, Coulomb’s Law, and 

Newton’s second law relating to changes in the acceleration of the charged jet.[12, 16] Reduced 

surface tension at the needle tip during electrospinning generally results in the formation of smaller 

fibers.  
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The relationship between surfactants and the key electrostatic and pressure factors which result in 

the creation of a Taylor cone and thus the ability to electrospin a solution are shown in Figure 3.1. 

This force balance determines whether the application of a voltage to an extruded solution will 

result in an electrospinning jet. The solution being extruded at the needle tip has a specific capillary 

pressure (Equation 2 in Figure 3.1) and in turn there is also an electrostatic pressure from the 

applied voltage (Equation 1 Figure 3.1). It is generally understood that when the electrostatic 

pressure exceeds the capillary pressure it results in the formation of the Taylor cone i.e. a transition 

from a single droplet into an extruded jet of polymer solution which then has its own set of 

governing forces that can be used to describe the whipping behavior that results in the final 

collection of electrospun fibers. This relationship is also described in Figure 3.1 and surfactants 

inherently work to decrease capillary pressure in systems due to their stabilizing force at 

air:solution interfaces. Surfactants have commonly been used to manipulate the final properties of 

electrospun mesh or enable the electrospinning of high molecular weight polymers. However, the 

role of molecular interactions and dynamics at the Taylor cone and resultant fiber production has 

not been fully elucidated and was minimally explored prior to our publications on the matter.  

Figure 3.1. The relationship between electrostatic pressure and capillary pressure that results 

in the formation of a Taylor Cone and the role that surfactant plays in modifying the force 

balance required for Taylor Cone formation. 

Equation 1. Equation 2. 
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Traditionally, surfactants have been classified by their hydrophobic-lipophilic balance (HLB), first 

described by William Griffin.[17, 18] The HLB for an individual surfactant is calculated by the 

strength and molecular weight of chemical species within a surfactant molecule. The HLB value 

ranges from 0-30, with molecules containing more hydrophilic species translating to higher HLB 

numbers. Griffin and Davies categorized surfactants with HLB ranges 3.5-6 as w/o emulsifiers, 7-

9 as wetting agents, 8-18 as o/w emulsifiers, 13-15 as detergents, and 15-18 as solubilizers.[19, 

20] HLB is a good preliminary indicator for non-ionic surfactant behavior and has been positively 

correlated with emulsification.[20–22] Other work has illustrated the limitations of HLB as a sole 

characteristic and suggested including other molecular determinants including the logP partition 

coefficient, hydrophobic surface area, and energy of dispersion, steric hindrance, and 

intermolecular forces between molecules.[17, 23] Controlling emulsion stability during the 

electrospinning process using surfactants is critical for modulation of Taylor cone morphology, 

solution extrusion properties, and resulting properties of the collected fibers. Thus, it is imperative 

to investigate the role of surfactant chemistry and intermolecular interactions with emulsion 

components to rationally design and control resulting electrospun fiber properties.  

During the electrospinning process, surfactants can relocate to the air:solution interface at the 

needle tip and the extruded fiber as measured by either a reduction in solution surface tension or 

collected fiber hydrophobicity via water contact angle, respectively.[5, 7] This relocation and 

reduction of surface tension can be further controlled by increasing surfactant concentration 

regardless of charge.[8, 9, 24] Further, this process is impacted by the solvents used in the polymer 

solution including water in oil (w/o) emulsions.[24, 25] Li et al. showed surfactant (Span 80) 

relocation at the fiber surface in emulsion electrospun fibers containing poly(L-lactide-co-

caprolactone) (PLLACL).[7, 26]  This study also mapped the surface of individual fibers with 
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atomic force microscopy (AFM), illustrating that fibers containing surfactant had a more smooth 

surface compared to fibers without surfactant.[7] However, the relative humidity, which is known 

to play a prominent role in the surface topography of fibers, was not mentioned in this work.[27–

29] Vasita et al. illustrated surface enrichment of Pluronic F108 in PLGA fibers, a phenomenon 

confirmed by decreased contact angle and XPS atomic analysis.[8] Yazgan et al. investigated the 

shift in surface topography of polystyrene emulsion electrospun fibers with increasing surfactant 

concentration.[11] This study showed that at 60% relative humidity, with non-ionic surfactant Span 

80, a transition from porous to smooth surface topography with increasing surfactant concentration 

was observed. Previous work from our laboratory has illustrated a transition from porous to smooth 

surface topography of poly(caprolactone) PCL electrospun fibers with the addition of Span 80 at 

50% relative humidity.[5] The observed decrease in surface roughness in all of these studies is due 

to a reduction in vapor induced phase separation (VIPS) which results in surface pores on 

electrospun fibers as the interaction of ambient water droplets with the polymer jet creates 

polymer-rich and polymer-poor regions.[22] Collectively, these studies highlight the relocation 

and surface enrichment of surfactant to the air:liquid interface at the fiber surface during the 

electrospinning process. 

One study comparing the efficacy of ionic (SDS) vs. non-ionic surfactant on encapsulation 

efficiency for drug delivery showed that the samples generated with the non-ionic (Tween80) 

surfactant had a better loading efficiency and lower wettability with no burst release.[30] This 

suggests that not only do non-ionic vs ionic surfactant reorganize differently in emulsion 

electrospinning but they also result in a different internal morphology of emulsion based fibers and 

this is attributed to the greater ability of surfactants with specific HLB values to form a continuous 

core structure in emulsion fibers.[30] This study did not examine the possible effects of this 
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disparate organization of surfactants innate to the produced fibers on the fiber at a macromolecular 

scale and this is a difficult task. However, to fully characterize driving factors in relocation of 

surfactant and its stability in an emulsion or non-emulsion system it is important to understand 

whether the surfactant is remaining anchored in the produced electrospun fibers both internally 

and at their surface or becomes released from the system over time. Nanostructures of electrospun 

fibers can be observed and quantified via small-angle x-ray scattering or wide-angle x-ray 

scattering (SAXS and WAXS respectively). Both WAXS and SAXS have been successfully used 

as analytical tools to determine differences in lamellar spacing of produced fibers as well as 

identification of the β-phase of PVDF-HFP and to study the presence of microvoids.[31, 32] 

While previous studies focus heavily on ionic surfactant addition to control fiber morphology and 

reduce beading by modulating conductivity and surface tension[2, 10, 12, 33], the role of non-

ionic surfactant chemistry on fiber properties of electrospun water-in-oil (w/o) emulsions has not 

been fully explored. The goal of this work is to optimize surfactant chemistry to control 

intermolecular interactions and surfactant relocation to tune the surface tension at the needle tip 

and dictate fiber properties of the collected mesh. The work performed which preceded many of 

these studies evaluated how changes in non-ionic surfactant chemistry, as characterized by HLB, 

logP, and molecular weight, affect monolithic and emulsion electrospun fiber properties. This was 

performed in emulsion-based systems in order to select non-ionic surfactants which would be 

advantageous for use in both emulsion and non-emulsion systems. 

PCL based w/o emulsions stabilized with non-ionic surfactants with a range of HLB values were 

assessed for emulsion stability via bulk analysis for visual separation of water and oil components 

and to ensure emulsion stability during the electrospinning process. Further, a microscopic 

assessment of the emulsion droplet sizes at multiple time points were assessed to further examine 
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emulsion stability in the first three hours post-mixing. PCL, a polyester that has been FDA 

approved for many indications, was chosen for this study as we previously determined the ability 

to control emulsion formation and phase dynamics compared to other polyesters and the large 

reservoir of research available in drug delivery and tissue engineering fields.[15, 27] The effect of 

non-ionic surfactant chemistry on fiber diameter and fiber fraction was determined in the preceding 

work. Water contact angle was measured to provide information about relative changes in 

hydrophobicity of each mesh composition as a surrogate measure of surfactant enrichment at the 

fiber surface. High speed imaging was performed to assess any significant visual modifications to 

the Taylor cone formation in non-emulsion solutions containing each surfactant. To assess the 

potential effects of surfactant relocation on macromolecular organization of polymer chains in the 

final electrospun fibers small-angle x-ray scattering (SAXS) was performed. Finally, several 

preliminary studies were performed in order to obtain aligned electrospun fibers with one non-

ionic surfactant determined to be most impactful for future use. Mechanistically controlling non-

ionic surfactants in both emulsion and non-emulsion systems is key to controlling specific fiber 

properties that are critical for performance in drug delivery and tissue engineering applications. 

 

3.2 Materials and Methods 

3.2.1 Materials 

PCL (50,000 Mw) was purchased from CAPA lot # 120625. Sorbitan monooleate (Span 80, 

catalogue # S6760-250ML, lot # MKCF4138), Pluronic-F108 (catalogue # 542342-250G, lot # 

MKBV1257V), Sorbitan trioleate (Span 85, catalogue # S7135-250ML, lot # MKCF1009), and 

chloroform with ≥ 99.5% purity (lot # SHBL1580) were purchased from Sigma Aldrich. Sorbitan 

monopalmitate (Span 40, catalogue # 26266-57-9, lot # FJTHK-IQ) was purchased from TCI 



67 

 

Chemicals lot # FJTHK-IQ. Polyglycerol polyricinoleate 4125 (PGPR) was donated from 

Palsgaard batch # 31076104. Blue food coloring from McCormick was used for bulk emulsion 

stability studies. All surfactants selected were non-ionic and exhibited a range of HLB and logP 

values as determined by chemical structure. Span 85 (HLB 1.8), Span 80 (HLB 4.3), PGPR (HLB 

4.7), Span 40 (HLB 6.7), and Pluronic F108 (HLB 24) were used, and their chemical structures 

can be seen in Table 3.1. HLB values were identified from Sigma Aldrich, all other values were 

from Pubchem.  

Table 3.1: Summary of non-ionic surfactant structure, HLB, LogP, and hydrogen bonding. 

Structures generated using ChemDraw. Reproduced with permission and originally published by 

Johnson, P., and Meinhold, K., et al., Macromolecules, 2022. 
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3.2.2 Polymer Solution and Emulsion Fabrication  

For all studies, 20% w/v PCL was dissolved in CHCl3 with no surfactant as a control and 30% w/w 

of the surfactants Span 85, Span 80, PGPR, Span 40, and Pluronic F108 for experimental groups. 

For emulsions, 8% v/v of aqueous internal phase was added in increments of 20 µL and emulsified 

with a FlackTek Speed Mixer DAC 150.1FVZ-K for 30 seconds at a speed of 2500 RPM. 

3.2.3 HLB Emulsion Stability Studies 

Visual analysis of bulk stability was conducted by assessing visual separation of water and oil by 

capturing digital images of the emulsions at time points of 0 min, 10 min, 20 min, 30 min, 40 min, 

50 min, 1 h, 2 h, 3 h, and 24 h. The aqueous internal phase was dyed with blue food coloring for 

clear visualization. 

3.2.4 Emulsion Stability Visual Assessment 

Emulsions were imaged with a Nikon Microscope at 40x magnification from 0 to 3 hours. All 

studies were performed in triplicate and conducted with no surfactant as a control and with 

surfactants Span 85, Span 80, PGPR, Span 40, and Pluronic F-108. All images were processed for 

Ferret Diameter in ImageJ with 6 images per sample and 6 droplets measured for each image for 

a total sample size of n=108.  

3.2.5 Electrospun Scaffold Fabrication 

Electrospinning parameters were held constant in all fabrications for all compared emulsion and 

non-emulsion electrospun fiber samples. Specifically, a flow rate of 1.8 mL/h, a distance from 

needle tip to collection plate of 33 cm, an applied voltage of 18 kV (Gamma High Voltage 

Research, ES30P-SW), a blunted 21-gauge needle, and collection time of 20 min were used. 

Samples were electrospun at lower relative humidity of 25% ± 5% to minimize the effect of vapor 

induced phase separation and resulting roughness at the fiber surface. Samples were dried in a 
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chemical fume hood overnight after collection. At least three specimens were fabricated per sample 

group. 

For electrospun samples optimized for fiber alignment samples were spun with a flow rate of 1.0 

mL/hr, collection distance of either 15 cm or 30 cm, and applied voltage of 12 kV, 15 kV, or 18 

kV. Finally, two rotational speeds were tested on three different diameter rotating mandrels (3/4”, 

1”, and 2”). Samples were also collected at either a low relative humidity (25% ±10%) or a high 

relative humidity (80% ± 10%). 

3.2.6 Fiber Characterization 

Mesh was analyzed using a Phenom Pro Desktop scanning electron microscope (SEM) to capture 

fiber morphology, surface topography, and diameter. All samples were sputter coated with 8 nm of 

iridium before imaging. Fiber morphology was assessed for overall homogeneity and appearance 

of wet fibers. Fiber topography was determined through visual assessment and captured using 10 

kV accelerating voltage, a backscatter detector, and at a magnification of 25,000×. For fiber 

diameter and fiber fraction quantification, raster imaging was done to obtain 5 images per mesh. 

Each image was then analyzed with ImageJ using the plugin DiameterJ. From this initial 

segmentation, binary-colored segmented images produced with the algorithms M3, M5, M7, S2, 

S3, and S7 were used to determine fiber diameter and fiber diameter distribution. The average fiber 

diameter for each algorithm was then used to determine the average fiber diameter per SEM image.  

3.2.7 Contact Angle Analysis 

Water contact angle analysis was conducted on all groups to assess the effect of surfactant 

chemistry and resulting relocation to the fiber surface on mesh wettability. After mesh samples 

were electrospun and dried, an 8 mm biopsy punch was used to punch three specimens per mesh 

sample prepared (a total of 9 specimens per mesh composition). Specimens were mounted on glass 



70 

 

microscope slides using double-sided tape and placed in a vacuum oven for at least 12 h until time 

of analysis. To avoid any potential compression of the mesh specimens that could affect surface 

wettability, forceps were used to mount the specimens and care was taken to avoid touching inner 

areas of the mesh that would be used for testing. Meshes that could not be separated from the foil 

used for collection due to the potential for delamination or damage were left on the foil for all 

processing and measurements. A Biolin Scientific Theta Lite 101 Optical Tensiometer was used to 

measure the contact angle of an Ultrapure water droplet placed on the surface of the mesh over a 

5 min period at 30 frames per second. The droplet was placed on the mesh using a sessile drop 

technique and a glass syringe with a 22-gauge blunted needle tip. The contact angle was then 

analyzed using OneAttension software. For each run, time zero was determined at the time when 

the water droplet was released from the needle tip. Contact angle data across a minimum of nine 

trials per sample parameter were pruned by averaging groups of 30 measurements, equating to 1.0 

s of collection time. 

3.2.8 Taylor Cone Imaging 

Taylor cones were imaged for all non-emulsion surfactant solutions and the PCL control at 11 kV 

with all other conditions consistent with formation of electrospun samples. Images were taken at 

3500 FPS using a Phantom VEO-E310L from Vision Research, Ametek. 

3.2.9 Small Angle X-Ray Scattering 

Samples of non-emulsion random fibers made using S80, PGPR, and no surfactant control and 

preliminary aligned non-emulsion fibers made with no surfactant and with S80 were provided for 

small and wide angle x-ray scattering to Dr. Kyungtae Kim at the Center for Integrated 

Nanotechnologies at the Los Alamos National lab. Samples were run on the Xeuss 3.0 and 

preliminary analysis of results performed by Dr. Kim. 
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3.2.10 Statistical Analysis 

Fiber fraction per SEM image was determined with DiameterJ; five images from each of three 

meshes fabricated with the same parameters were analyzed to give a total of 15 data points per 

sample parameter. One-way ANOVA with Brown-Forsythe and Welch tests was performed on each 

set of parameters. The internal phase droplet diameter was determined using ImageJ, and all 

emulsions were fabricated in triplicate with 8% w/o emulsion, 20% w/v PCL, and 30% w/w 

surfactant in CHCl3. During analysis a 50-point grid was overlaid on each image and up to 15 

droplets were selected randomly and traced. Next, the droplets were converted to a mask overlay 

and analyzed for the ferret diameter. For each emulsion 6 images were recorded and a maximum 

of 15 droplets per image were measured and averaged (n = 18 per parameter). All droplet 

measurements for each set of parameters at 0 and 3 h were compared using a two-way ANOVA 

with a main effects model, multiple comparisons, and Bonferroni posthoc analysis. A one-way 

ANOVA with Brown-Forsythe and Welch tests was also performed to compare droplet size at 0 

and 3 h for each surfactant. The fiber diameter per SEM image was also determined in DiameterJ, 

in the same way that the fiber volume fraction was determined. A one-way ANOVA with Brown-

Forsythe and Welch tests was performed. Pairwise comparisons between fiber diameters of 

surfactant loaded emulsion and non-emulsion samples were also conducted. These comparisons 

used Welch’s t tests to determine statistical differences between no emulsion and emulsion 

samples. All statistical tests and graphing were performed using Prism GraphPad software. 
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3.3 Results 

3.3.1 Emulsion Stability Assessments 

The effect of non-ionic surfactant chemistry on emulsion stability was determined visually via 

phase separation. After emulsification, the samples were left undisturbed for 48 h, with digital 

images taken at various time points throughout as seen in Figure 3.2. In these studies, the no 

surfactant group separated first followed by Pluronic F108 and Span 85 at the 2hr and 3hr marks 

respectively. The emulsions containing Span 80 and Span 40 both began to separate at the 24hr 

points and PGPR remained stable for the duration of times shown. 

To quantify early stability of emulsions solutions were imaged at 0hr and 3hr and droplet diameters 

of the emulsion analyzed and this data is shown, along with representative images in Figure 3.3. 

At 0 hours the average droplet sizes were 25.77 ± 7.06, 6.85 ± 1.50, 8.30 ± 3.02, 13.37 ± 3.79, 

Figure 3.2. Images of 30% w/w surfactant in a CHCl3 PCL solution with no surfactant as control 

and Span 85, Span 80, PGPR, Span 40, and Pluronic F108 mixed with 8% w/o water dyed blue. 

Images were captured at time points of 0 min, 1, 2, 3, and 24 h. Pictures highlighted with a black 

border indicate that phase separation has occurred. Figure reproduced with permission and 

originally published by Johnson, P., and Meinhold, K., et al., Macromolecules, 2022. 

 

No 

Surfactant 

(E.PCL) 

E. Span 85 E. Span 80 E.PGPR E.Span 40 E.PF108 
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8.75 ± 2.12 and 4.30 ± 0.74 µm for the control sample, Span 85, Span 80, PGPR, Span 40, and 

Pluronic F108, respectively. At 3 hours, average droplet sizes were 25.29 ± 9.64, 10.54 ± 1.87, 

11.62 ± 4.00, 15.04 ± 2.14, 11.61 ± 2.39, and 5.58 ± 1.20 µm for the control sample, Span 85, Span 

80, PGPR, Span 40, and Pluronic F108, respectively. The presence of any surfactant at each time 

point decreased droplet diameter significantly and Pluronic F108 maintained the lower droplet 

diameter measured at each time point. Taken together the visual emulsion separation data and 

droplet diameters measured indicate that both stability and consistency of emulsification are highly 

dependent on surfactant type. 

Figure 3.3. A) Droplet diameters of emulsions with no surfactant, Span 85, Span 80, PGPR, 

and Pluronic F108 at 0 hours after mixing on knife coated glass slide, B) Droplet diameters 

emulsions with no surfactant, Span 85, Span 80, PGPR, and Pluronic F108 at 3 hours after 

mixing on knife coated glass slide, and C) Representative micrographs at 0 and 3 hours 

after mixing; *p≤ 0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001. Figure reproduced with 

permission and originally published by Johnson, P., and Meinhold, K., et al., 

Macromolecules, 2022. 
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Representative micrographs of each mesh and their average fiber diameters are shown in Johnson 

and Meinhold et al. All emulsion electrospun fibers had a smaller fiber diameter than their non-

emulsion counterparts and the presence of any surfactant apart from PGPR significantly decreased 

fiber diameter. The non-emulsion fiber diameters were smallest with the incorporation of Pluronic 

F108 followed by Span 85, Span 80, and PGPR which had a larger fiber diameter than the PCL 

only control. Span 40 is left out of this assessment as it did not form effective fibers in the non-

emulsion group. Interestingly, in the emulsion containing Pluronic F108 the fiber diameters were 

largest followed by both Span 40 and PGPR, Span 80, and then Span 85. Representative images 

of electrospun fiber topography for all produced fibers, emulsion and non-emulsion are shown in 

Johnson and Meinhold et al.  
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Figure 3.4. A) Images showing contact angle of water droplet placed on the surface of 

electrospun mesh from solutions with no emulsion, no surfactant, PF108, PGPR, S80, and S85 

at 0, 1, 10, and 30 s. B) Plots showing contact angle of water droplet placed on the surface of 

electrospun mesh from solutions with emulsion phase, PF108, PGPR, S80, and S85 at 0, 1, 10, 

and 30 s. C) Plots showing contact angle of water droplet placed on the surface of electrospun 

mesh from solutions with no emulsion, no surfactant, PF108, PGPR, S80, and S85. D) Plots 

showing contact angle of water droplet placed on the surface of electrospun mesh from 

solutions with emulsion phase, PF108, PGPR, S80, and S85. E–G) Plots showing the contact 

angle of water droplets placed on the surface of electrospun mesh with and without emulsion 

phase for PGPR, S85, and S80. Figure reproduced with permission and originally published by 

Johnson, P., and Meinhold, K., et al., Macromolecules, 2022. 

 

C) D) 

E) F) G) 

A) B) 
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Figure 3.4 shows the contact angle for all groups generated with the exclusion of Span40 in both 

the non-emulsion and emulsion groups. In the non-emulsion groups, any surfactant increased 

hydrophilicity compared to the PCL control with the largest increase seen in Pluronic F108 and 

Span80 followed by Span85 and then PGPR. A similar but ameliorated trend was seen in the 

emulsion groups with the greatest increase in wettability in the Pluronic F108 group, then Span80, 

then Span85, and finally PGPR. When comparing directly between the no emulsion and emulsion 

groups fibers made with PGPR, Span85, and Span80 the emulsion groups were all slightly or 

markedly more hydrophobic than their non-emulsion counterparts. 

To further investigate the influence of different molecular surfactants on the electrospinning 

behavior of a PCL, CHCl3 and no emulsion system a high-speed camera was used to take images 

of the Taylor cone formation for all surfactant groups. These images can be seen in Figure 3.5.  

The Taylor cone formation for Span85 and Pluronic F108 is comparable in its elongated 

morphology. In contrast both Span80 and PGPR appear to form a stable Taylor cone without 

elongated morphology. Span40 has a small Taylor cone that appears to slightly recede into the tip 

of the needle and PCL only has a smaller Taylor cone and more distinct droplet/rounded 

Figure 3.5. Taylor cone formation for A) no emulsion and no surfactant PCL and CHCl3, B) 

no emulsion PCL, CHCl3, and Span85, C) no emulsion PCL, CHCl3, and Span80, D) no 

emulsion PCL, CHCl3, and PGPR, E) no emulsion PCL, CHCl3, and Span40, and F) no 

emulsion PCL, CHCl3, and Pluronic F108. 

A) B) C) D) E) F) 
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morphology of the extruded solution overall compared to all groups with any surfactant. It should 

be noted that Taylor cones were imaged with a smaller applied voltage (11 kV) compared to the 

actual applied voltage utilized to generate samples for these studies (18 kV). Due to the limitations 

involved in imaging, in particular difficulty obtaining viable images with smaller Taylor cones, 

applied voltage was slowly increased until the first formation of a Taylor cone with at least three 

surfactants and this applied voltage was chosen as the point at which to compare the produced 

morphologies. 

Based on the preliminary results from other test methods two surfactants were chosen for SAXS 

analysis to determine further effects on the molecular organization of the surfactants in the 

electrospun fibers at the polymer chain level. Further, electrospun samples with and without S80 

produced with conditions which were expected to induce electrospun fiber alignment were also 

analyzed. Representative SEM micrographs of samples made of PCL only, PCL+ 30ww PGPR, 

and PCL + 30ww S80 are shown in Figure 3.6A. The associated SAXS profile and fiber diameter 

of the analyzed samples are shown in Figure 3.6B. Similarly representative images and the 

associated electrospun fiber diameters and SAXS profiles for “aligned” PCL only and PCL + 30 

ww Span80 are shown in Figure 3.6C-D. The SAXS profiles for both the unaligned and “aligned” 

scaffolds show comparable results until the occurrence of a peak in samples, at a q of 1.92 nm-1, 

containing Span80. This peak is likely a structural feature with a length scale of ~3.3 nm and 

indicates some variable response in the macromolecular structure of samples containing Span80 

compared to both PCL along and PCL + 30 ww PGPR. Preliminarily this response was diminished 
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in an “aligned” sample, however, the peak still occurred. In all samples analyzed some preliminary 

WAXS analysis was performed. This data showed no change in the crystalline peaks in samples 

which indicated there was no fundamental modulation of how the polymer repeat units were 

organizing when resolidifying after the electrospinning process. 

As in Chapter 2, though more limited in groups and replicates, an optimization study was 

conducted in order to determine whether the addition of surfactant at a controlled concentration in 

a non-emulsion solution would negatively impact the ability to collect aligned electrospun fibers 

Figure 3.6. A) Representative SEM micrographs of unaligned fibers of PCL, PCL + 30ww 

PGPR, and PCL + 30ww S80, B) SAXS profile and Fiber Diameter for PCL, PCL + 30ww 

PGPR, and PCL + 30ww S80, C) Representative SEM micrographs of aligned fibers of PCL 

and PCL + S80 30ww generated at the same rotational conditions, and D) SAXS profile and 

fiber diameter of aligned fiber samples. 
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and whether this would impact tensile properties of produced scaffolds. A summary of the initial 

parameters tested for production of aligned electrospun fibers are shown in Figure 3.7.  

Figure 3.7. Representative SEM micrographs of fibers with 30ww Span80 collected 

at an intermediate and high speed, high relative humidity, and using a ¾” diameter 

mandrel. 

Figure 3.8. Representative SEM micrographs of fibers with 30ww Span80 collected at A) Low 

relative humidity, an intermediate and high speed, and low to high applied voltages, and B) high 

relative humidity and the lower two applied voltages, all collected using a 1” diameter mandrel. 

A) B) 
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The SEM micrographs shown in Figure 3.7 

showed no effect of increased speed on the 

alignment of fibers with Span80 which was not 

expected based on the role of surfactant in non-

emulsion systems. Therefore, in the next round 

of testing with the intermediate size rotating 

mandrel additional tests were run with a lower 

applied voltage and a low relative humidity and 

only at the 30cm collection distance. 

Representative SEM micrographs are shown in 

Figure 3.8. At the intermediate mandrel size 

there appeared to be some visible increase in electrospun fiber alignment in low relative humidity 

groups with high speed and lower applied voltage. 

For the final round of testing with the 2” diameter mandrel, the same voltages and speeds were 

tested at low relative humidity only and representative SEM micrographs are shown in Figure 

3.9.. Aligned fibers were obtained for groups collected at ~1000 RPM using the 2” diameter 

mandrel and voltages of 12 kV or 15 kV. 

3.4 Discussion 

The control sample without any surfactant began showing clear signs of phase separation after 20 

min. All samples with surfactant remained emulsified for at least 1 hr, indicating that regardless of 

HLB value or other factors all surfactants reduced interfacial tension and stabilized the emulsion 

as expected from prior studies and literature. The surfactant with the lowest HLB value, Span 85, 

maintained emulsion stability for 2 hr, while the surfactant with the highest HLB value, Pluronic 

Figure 3.9. Representative SEM micrographs of 

fibers with 30ww Span80 collected at an 

intermediate and high speed and varying applied 

voltages at a low relative humidity. 
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F108, only maintained the emulsion for 1 h. Phase separation occurred in these samples first, likely 

because they fall outside of the optimal range of water-in-oil (w/o) emulsions, which is 

approximately 3.5–6. [16, 17] Surfactants with HLB values known to stabilize w/o emulsions, 

namely Span 80, PGPR, and Span 40, all maintained the emulsions for at least 3 h. PGPR stabilized 

the emulsion the longest with no visible phase separation after 48 h (Figure 3.2). PGPR has an 

ideal structure to stabilize a water-in-oil emulsion with an HLB value of 4.7 and the lowest 

octanol/water partition coefficient (logP = 3.2). In addition to this, because PGPR is polydisperse 

and has several isomers, several different species could be present at the air/fiber interface, at the 

liquid/liquid interface of the dispersed droplets, or in the bulk and this heterogeneity in structure 

may favor enhanced emulsion stability. Further, droplet sizes were quantified from micrographs 

acquired from samples on glass sides loaded using shear forces from a knife coat application 

(Figure 3.3). For all emulsions, surfactants reduced the droplet size compared to the control 

without surfactant over the course of 3 h (e.g., electrospinning time) indicating a reduction in 

interfacial tension between the water and organic phases. 

In the no emulsion samples, the addition of surfactant significantly decreased the fiber diameter 

except for the samples with PGPR. This was likely due to surfactant lowering the surface tension 

and increasing acceleration of the jet, reducing the fiber diameter consistent with Newton’s second 

law, suggesting less PGPR movement to the fiber surface compared to the other surfactants 

assessed. [12] Also, the increased acceleration and presence of surfactant at the surface of the jet 

may have reduced the amount of solvent evaporation, causing samples with Span 85, Span 80, and 

PGPR to have a wet collection of fibers with adherence between overlapping fibers. Pluronic F108 

had much smaller fibers than all other samples and contained a second even smaller diameter 

which indicated that branching or multiple jets may have formed in this sample. Branching may 
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have occurred because Pluronic F108 is classified as an oil-in-water surfactant and may have 

helped facilitate phase separation with smaller amounts of ambient water. 

Water contact angle measurements were used as an indirect method to assess surface wettability 

after surfactant relocation during the electrospinning process. It is recognized that both fiber 

surface roughness and mesh overall porosity can alter water contact angle in addition to surface 

chemistry changes.[2, 27, 34] To address this point, a small visible difference in surface 

topography or roughness and statistically insignificant differences in fiber fraction values were 

observed for groups tested (Johnson and Meinhold et al. Figure 4). Therefore, differences in 

contact angle can predominately be attributed to changes in fiber surface chemistry in our studies. 

Data for Span 40 was not included as the non-emulsion compositions resulted in electrosprayed 

morphology and the contact angle results resembled pure aluminum foil suggesting the data 

readout was dominated by the foil. An overview of the collected contact angle data for emulsion 

and non-emulsion systems is shown in Figure 3.4. 

The surfactant that displayed the highest surface wettability was Pluronic F108 followed by 

Span80, Span85, and PGPR. Overall, the data indicate that hydrophilicity of the electrospun mesh 

increased with the HLB of the surfactant, an effect observed previously.[37] However, the trend is 

not always consistent, as PGPR has a higher HLB but the emulsion fiber with PGPR is more 

hydrophobic than the other samples. This indicates the need to account for additional factors like 

logP and differing molecular structures which can change the distribution of surfactant throughout 

the polymer solution, especially with a dispersed aqueous phase. In the emulsion fibers, surfactant 

location is dictated by phase dynamic equilibrium that governs location at the fiber/air interface, 

liquid/liquid interphase, and/or in the bulk with morphology dependent on the critical 

concentration in solution. The differences in surfactant chemical structure likely indicate different 
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surfactant location distribution in the emulsions. When comparing the emulsion to non-emulsion 

meshes, samples created using emulsions overall demonstrate greater hydrophobicity. This was 

expected and indicates that, as previous studies have shown, a lower concentration of surfactant is 

relocating from the liquid–liquid interface where it is stabilizing the w/o emulsion to the air–liquid 

interface during the electrospinning process.[2, 8] Previous findings have shown that ionic 

surfactants in electrospun fiber systems also increase surface wettability; however, relocation 

behavior in ionic surfactants is likely to differ from non-ionic depending on specific characteristics 

like charge and molecular structure.[9] This work aims to elucidate the specific behavior of 

nonionic surfactants as a more simplistic case that lacks the additional consideration of molecular 

charge in a high voltage system. 

The order of hydrophilicity between different surfactants did not follow the hypothesis that 

increasing HLB within the w/o emulsifier range would increase hydrophilicity on the fiber surface. 

Of all the samples PGPR is most inconsistent with both expected and demonstrated trends. The 

suggested behavior of PGPR in the emulsion electrospinning system is shown in Figure 3.10. 

The results of these data suggest PGPR in the PCL CHCl3 systems exists in some equilibrium 

between the surface, bulk, and aggregations (e.g., micelles, lipid rafts, etc.). Thus, defining a 

A) B) 

Figure 3.10. A) Varying interfaces where surfactant may relocate in a no emulsion surfactant or 

emulsion surfactant solution and B) the preferential relocation of PGPR as compared to surfactants 

with similar HLB values (figure made in BioRender). Figure reproduced with permission and 

originally published by Johnson, P., and Meinhold, K., et al., Macromolecules, 2022. 
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critical micelle concentration (CMC) is difficult in this system and cannot be used to provide 

information about PGPR conformation and location. This also explains the nearly linear change in 

contact angle as the surfactant is likely the most well distributed throughout the fibers which should 

encourage not only surface hydrophilicity but also bulk penetration of water droplets. Overall, the 

results of these data provide needed information about the behavior of surfactant molecules during 

electrospinning that can be used to tune specific properties of the final material. This is especially 

important in drug delivery applications as the usage of surfactants can play a protective effect 

against burst release especially in cases with polymer–solvent and drug incompatibility. [1, 15, 23, 

26]  

Interestingly, the high speed images obtained of formed Taylor cones for all non-emulsion systems 

were somewhat similar in morphology for all the non-ionic surfactants tested in these studies 

(Figure 3.5). However, the elongated morphology of the Taylor cone for solutions containing 

PGPR, Pluronic F108, and Span85 compared to the smaller Taylor cones of the PCL only and PCL 

+ Span80 and Span40 further emphasizes that while any surfactant may decrease solution surface 

tension the individual molecular properties can still impact fundamental processes like the 

morphology of the Taylor cone. 

Based on this data it was thought that the surfactants with the “best” properties for future use in 

both drug delivery and in vitro models were PGPR and Span80. Therefore, more samples were 

generated and SAXS performed on the random samples to examine the effects of varying 

surfactants at the molecular scale (Figure 3.6). The SEM micrographs shown in Figure 3.6A show 

that PGPR appears to have a less significant impact on electrospun fiber morphology at these 

conditions, and this is emphasized by the measured fiber diameter. Further, electrospun fibers 

electrospun with S80 have a different SAXS profile when compared to both fibers with PGPR and 
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fibers of PCL only (Figure 3.6B, D). This indicates that not only do the different surfactants 

relocate differently but that S80 may be creating a different effect on the lamellar packing of the 

PCL polymer chains. This effect remained in Span80 samples collected with a rotating collector. 

To effectively fit the SAXS profile to a model equations needed to be adapted from Penttila et al. 

by removing a gaussian term, adding a gamma distribution for R rather than a normal distribution, 

and finally adding a “fuzziness” term from Stieger et al.[40, 41] Interestingly while the model fits 

both the PCL and PCL+ 30ww PGPR raw data it does not include the full profile observed in the 

samples with S80. 

This trend continued in the profile observed in a PCL+30 ww Span80 sample collected on a 

rotating mandrel, however, as shown in Figure 3.7 the produced fibers with S80 did not have the 

expected increase in alignment. Collectively, despite data showing that PCL only solutions can be 

aligned when collected on small diameter mandrels the groups containing Span80 only became 

aligned with a low relative humidity, large diameter rotating mandrel, and relatively low voltages 

(Figure 3.9). The increased collection of aligned fibers at lower voltages was initially 

hypothesized, however, it was also hypothesized that a lower rotational speed would also result in 

aligned fibers and this was not the case. This data emphasizes that not only do surfactants impact 

underlying solution chemistry but must functionally relocate in varying degrees to different 

interfaces in both emulsion and non-emulsion solutions. This is especially clear in the produced 

fiber morphology with the presence of Span80 which tends to have a “wet” morphology that 

indicates a slower evaporation rate of solvent which allows the electrospun fibers to remain in 

solution longer. The successful collection of aligned fibers with surfactant provides an avenue for 

both understanding the driving factors behind systemic ability to collect aligned fibers with a small 

molecule modifying the system behavior and for potential incorporation of other small molecules 
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for drug release in aligned fiber systems with and without surfactant which may be used to 

attenuate or control release profiles. Comprehensively this data shows that in non-emulsion 

samples S80 has a stronger effect on surface wettability and macromolecular organization 

compared to PGPR indicating that it may be a more effective tool in these systems for manipulating 

electrospun fiber properties for in vitro modeling purposes. This implies that there is an equilibrium 

effect where surfactant may remain in the bulk of electrospun fibers and change the organization 

of polymer chains at the macromolecular level.  

3.5 Conclusion 

In this study, the effect of nonionic surfactant chemistries on emulsion stability, fiber morphology, 

and mesh wettability of electrospun emulsions was assessed. Emulsion stability increased with 

lower HLB values with PGPR stabilizing the emulsion for the longest compared to the other 

surfactants tested. All nonionic surfactants maintained or decreased the fiber diameter compared 

to the control, and for both emulsion and non-emulsion systems, the fiber diameter increased with 

increasing HLB values. Contact angle experiments showed that overall use of surfactant increased 

mesh wettability, and this could be modulated further in the emulsions and varying HLB values. 

Overall, PGPR was the best stabilizer and fibers had an increased fiber diameter and contact angle 

suggesting less surface enrichment and more surfactant at the water/organic solvent interface. The 

effect of surfactants on Taylor cone formation did vary across surfactants despite a comparable 

concentration and status as non-ionic and Span80 showed a different macromolecular response to 

SAXS in unaligned and semi-aligned groups compared to PCL along or unaligned PCL + 30 ww 

PGPR. Interestingly, in order to collect aligned fibers in the presence of surfactant collection 

conditions needed to be optimized in a very different manner compared to the optimization for 

PCL only fibers shown in Chapter 2. These results demonstrate non-ionic surfactant chemistry and 
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molecular properties as a tool to modulate both surface tension and emulsion stability in emulsion 

electrospinning systems. Current studies are focused on analytical techniques to determine atomic 

and functional group changes at the surface of the fiber to further understand surfactant location. 

Biomedical applications of this work include the ability to modulate the surface tension and 

emulsion stability to control resulting fiber diameter and wettability to control protein adsorption 

based on surface hydrophobicity for cell–material interactions and to control the rate of drug 

release based on surfactant–drug interactions. 
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Chapter 4: Non-Ionic Surfactant as a Tool to Modify Electrospun 

Fiber Properties for In Vitro Fibrous Connective Tissue Models 
 

Adapted from Publication: 

K. Meinhold*, J. Robinson, “Nonionic Surfactant as a Tool to Modify Electrospun Fiber 

Properties for In vitro Fibrous Connective Tissue Models,” Journal of Biomedical Materials 

Research Part A, 2026, 114, 1, e70029 

 

4.1 Introduction 

Meniscal tears are the most common knee injury regardless of age, affecting 1 million people 

annually in the U.S.[1,2] Damage to dense, fibrous connective tissues, including the knee menisci, 

alters joint biomechanics and contributes to degeneration of the native tissue and surrounding joint 

space.[3] Further, tears to the meniscus exhibit poor regenerative potential predominantly 

attributable to the inherent low cell density and vascularity which creates challenges in reproducing 

the complex, hierarchical structure of a healthy knee meniscus during the healing process. Due to 

the limited regenerative potential of the meniscus, the most common surgical approach has become 

preservation of tissue via a suture repair. However, for more complex tears, the standard of care 

remains removal of any damaged tissue, termed a meniscectomy.[4,5] Currently clinical treatments 

that encourage endogenous cell migration to the site of injury to promote remodeling and 

regeneration are lacking, highlighting the need to understand the importance of injured tissue 

microenvironmental cues on meniscal cell regenerative phenotype. 

The menisci are C-shaped wedges of fibrocartilage that absorb shock and transmit forces in the 

knee joint. This functionality is possible due to the complex, organized network of collagen fibers 

comprising the majority of the meniscus extracellular matrix (ECM).[1,5–7] These structural fibers 

are both circumferentially and radially aligned[1,8,9], creating a highly anisotropic, intertwined 
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matrix which converts compressive force from walking or running, into surface shear[10], vertical 

compression (inner meniscus)[10,11], and circumferential “hoop” tensile stresses (outer 

meniscus)[7,10,11]. This underlying structure of organized collagen fibers is one of the driving 

forces behind effective function and health of the meniscus. In fact, in similar tissues, significant 

disruptions of aligned collagen networks that reduce the residual strain sensed by local cells has 

been shown to result in aberrant cell behavior including fibrotic cell phenotypes and 

apoptosis.[4,12] It is well known that cell- ECM crosstalk provides both biochemical and 

mechanotransducive signaling that impacts cell behavior.[12,13] Therefore, engineered ECM-

mimetic systems that mimic the anisotropic structure of native tissue are vital to investigate the 

impact of the fiber based-load transmission, and loss post-injury, on meniscal cell phenotype.  

Electrospinning is a well-established system for creating nano- to micron sized fibers for in vitro 

fibrous models of native ECM including for bone [14–17], tendon [18–21], and meniscus tissue 

[8,9,22–27].  Electrospun fibers have been preferentially used to model the structure of the 

meniscus ECM [8,9,18,24–26,28–33] due to the high degree of control for creating complex, 

fibrous scaffolds with mechanical and structural properties mimicking native fibrous tissue 

ECM.[34] The ability of electrospun fibers to function as tunable models of meniscal tissue and 

provide avenues for support in meniscal repair strategies has motivated detailed optimization of 

electrospun fiber diameter, surface morphologies, and properties through key compositional and 

processing parameters.[31] In electrospinning, poly-ε-caprolactone (PCL) is a very commonly 

used biodegradable polyester due to its well characterized hydrolytic degradation rates, mechanical 

strength, and the depth of methods known to modulate fiber collection and properties.[31,35–37] 

Further, PCL is one of the most commonly used synthetic polymers for meniscus tissue 

engineering and repair applications [31] and offers a flexible base material that is well 
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characterized both by our lab and others in its ability to be collected as aligned fibers, unaligned 

fibers, and manipulated for varying fiber diameters and surface properties. [13,38] However, the 

utility of un-modified PCL fibers is limited based on the inherent hydrophobicity of the surface, 

resulting in significant challenges in processing the meshes for in vitro and in vivo evaluation due 

to poor wettability.  

Therefore, there is a large pool of research which has focused on methods for improving the surface 

hydrophilicity of electrospun PCL fibers through methods such as blend-electrospinning with 

multiple polymers or surface modification treatments post-electrospinning. [13] PCL is often 

electrospun with other natural or synthetic polymers (e.g. gelatin, collagen, poly-vinyl alcohol, and 

poly-lactic-co-glycolic acid) to manipulate both hydrophilicity and improve cell adherence.[13] 

However, this requires thorough optimization studies examining how the blended solutions at 

varying concentrations respond to different solvent systems, applied voltages, and other processing 

parameters. Incorporation of natural polymers requires polymer:solvent solubility optimization 

which can negatively impact resultant fiber morphology and often decreases the system 

mechanical properties. Common surface modification treatments include aminolysis reactions to 

introduce amino groups and plasma polymerization for increased hydrophilicity and cell binding 

sites are also used.[13,39] While these techniques are effective in the long term, they require 

optimization for the multi-step processes introducing more processing time and potential for error. 

Approaches that rely on post-processing treatments can also have significant barriers to use due to 

modified physical properties of the underlying scaffold.[40] Therefore, finding methodologies 

which allow modification of final surface properties without requiring multi-step treatments is 

beneficial for any hydrophobic synthetic polymer system. Beyond chemical modifications these 

fibrous scaffolds may also be coated with biopolymers like collagen or fibronectin to provide 
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adhesion sites for enhanced cell interactions .[40] The two greatest limitations of this approach are 

the impermanence of a physical coating which may easily be washed away and the possibility that  

more viscous hydrogel-like coatings may obscure the underlying fiber morphology. Therefore, for 

greatest efficacy, these physical coatings are generally recommended to be used in combination 

with an underlying chemical modification system which also requires increased processing time 

and are not an ideal method to rely on.[40] 

Surfactants are commonly used in electrospinning to control surface topography, surface 

hydrophilicity and fiber morphology.[41] In the electrospinning process, these amphiphilic 

molecules reduce surface tension at the needle tip, thereby altering the Taylor cone shape and 

resulting fiber morphology.[42] Further, the decreased droplet surface tension results in greater 

acceleration of the charged jet.[43,44] Taken together, these effects typically result in smaller 

electrospun fibers compared to control solutions without surfactant, an increase in hydrophilicity 

due to increased presence of surfactant at fiber surfaces, and have utility to improve fiber 

morphology.[41] Prior work has shown the beneficial effects of using non-ionic surfactants as a 

tool to modify electrospun fiber morphology[45–47], surface properties[47], and drug 

release[41,48,49]. This work also suggested that the mechanism of surfactant relocation and 

stability during the electrospinning process is dependent on either the presence of an internal phase, 

in emulsion electrospinning, or an external stimulus including high ambient humidity, applied 

shear, and molecular properties of surfactants themselves, in non-emulsion systems. [41,50–53] 

Surfactant relocation to the air/liquid interface during the electrospinning process has been 

characterized within a variety of systems - surfactants remain  at the surface of collected fibers and 

result in changes to properties including crystallinity.[54,55]  
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However, minimal studies systematically investigate surfactant as a tool to modify the surface 

properties of electrospun fibers for resultant use in in vitro cell culture models [47]; instead, more 

focus has been on manipulation of small molecule encapsulation, modification of surface 

hydrophilicity, and general improvement of reproducible electrospun fiber collection. 

[53,54,56,57] While it has been shown that non-ionic surfactants in solution negatively impact cell 

viability, [58] prior work in electrospun fiber systems demonstrated minimal impact on the 

morphology of cells interacting with surfactant at the electrospun fiber surface. [41,48,53] This 

indicates that incorporating surfactant into electrospun fibers for in vitro culture purposes may 

present a viable method for manipulating specific fiber properties without additional post-

processing steps while still maintaining cell viability. 

We have previously illustrated the efficacy of sorbitan monooleate (Span80, S80) to improve fiber 

morphology and modulate drug release in PCL-based water-in-oil emulsion electrospun fiber 

systems. [41,48] Building off this prior work, the objective of this study was to further capitalize 

on the S80 impacts to fabricate ECM-like synthetic scaffolds with more favorable surface and 

mechanical properties for meniscus tissue in vitro models. This study investigated the effects of 

increasing S80 in aligned and unaligned electrospun PCL fibers on fibrous mesh morphology 

(diameter, percent alignment), tensile properties, surface properties (water contact angle, serum 

protein adsorption), and primary meniscal cell adhesion and fibronectin production. Overall, the 

results demonstrate the utility of S80 as a modifier of scaffold surface properties and mechanics 

while maintaining a fiber diameter in the range of the human meniscus collagen fibers. Further, 

the S80 modified electrospun fibers promote adhesion and new ECM protein production 

illustrating adequacy for culture models, reproducible collection of aligned electrospun fibers, and 

a one-step fabrication process to modify surface wettability with minimal effects on key material 
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properties. Understanding the holistic effects of surfactant within electrospun scaffolds will enable 

appropriate use of S80 and other surfactants as a tool that can enhance the complexity of fibrous 

connective tissue in vitro models. 

4.2 Materials and Methods 

4.2.1 Materials 

Poly-ε-caprolactone (PCL, 50,000 MW) was purchased from CAPA (lot #120625). Chloroform 

(CHCl3, ≥99.5% purity, lot #SHBP9457), and sorbitan monooleate (Span80, S80; S6760-250ML, 

CAS-No: 1338-43-8) were purchased from Sigma Aldrich. Chemical structures of PCL and Span 

80 are shown in Figure 1A and 1B, respectively. A prefabricated 2” diameter copper mandrel was 

used as a rotating collector.  

A total of six electrospun fiber groups were fabricated including three formulations, PCL, PCL + 

10% Span80, and PCL + 30% Span80, in two different collection morphologies, unaligned and 

aligned (UA PCL, UA 10% S80, UA, 30% S80, A PCL, A 10% S80, and A 30% S80, Table 1). 

For all groups, 20% w/v PCL was dissolved in CHCl3. For groups with S80, 10% w/w S80 (to 

Figure 4.1. Chemical structures of A) PCL and B) S80 (generated using MolView). Figure 

reproduced with permission and originally published by Meinhold, K., et al.,  J. Biomed. 

Mater. Res. A, 2026 
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weight of PCL) or 30% w/w S80 and 20% w/v PCL were dissolved in CHCl3. All samples were 

mixed at 250 RPM with a stir bar and magnetic stir plate for a minimum of 40 minutes 

4.2.2 Electrospinning Conditions and Morphology Assessment 

Sample solutions were extruded from a blunted 21-gauge needle at a flow rate of 1.0 mL/hr 

(Harvard Apparatus Syringe Pump) and collected at low relative humidity (20%± 5) for 40 

minutes, at a collection distance of 30 cm, applied voltage of 15 kV (Gamma High Voltage 

Research, ES30P-SW) and rotational speed of 100 or 1000 RPM (Teknic, Inc.; ClearPath-MC 

model, NEMA23/24) to collect unaligned (UA) or aligned samples (A), respectively. After 

collection, samples were dried in a fume hood overnight and then placed under vacuum for 8 hours 

before characterization. At least four specimens were fabricated per sample group.  

Collected electrospun mesh were analyzed using a Phenom Pro Desktop scanning electron 

microscope (SEM, NanoScience) to capture fiber morphology, surface topography, and diameter. 

All samples were sputter coated with 5nm of gold before imaging. Fiber morphology was assessed 

for overall homogeneity and irregularity in morphologies and captured using a 10 kV accelerating 

voltage, backscatter detector, and 1000x magnification.  

For fiber diameter quantification, raster imaging was performed to obtain 5 images per mesh and 

each image was analyzed with ImageJ using the plugin DiameterJ. From the initial segmentation, 

binary-colored segmented images produced with the algorithms M3, M5, M7, S2, S3, and S7 were 

used for determining fiber diameter. In the case of the plugin being unable to analyze one of the 

chosen segmentations, another was chosen from the original set and substituted in for analysis. All 

Table 4.1. All groups fabricated for this study. 
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quantitative outputs for each tested condition have been collated for reference in Table S4.1 and 

S4.2. To assess the alignment of electrospun fibers each image was analyzed with ImageJ using 

the plugin OrientationJ Coherency which provides a representative fraction of pixels per image 

oriented in a given direction which can be interpreted as the “percent alignment” of imaged 

electrospun fibers. 

For sample fiber diameter and morphology analysis, three specimens (8 mm biopsy punches) were 

analyzed from each of four samples (n = 12) for all groups. 

4.2.3 Contact Angle Testing 

To assess the impact of S80 on surface hydrophilicity, water contact angle testing via tensiometry 

was conducted. Two 6 mm biopsy punches were cut from three distinct electrospun mesh samples 

of each group. For all aligned samples, four punches were removed from each sample to measure 

the contact angle parallel and perpendicular to the direction of electrospun fiber alignment. 

Samples were placed on glass slides using double sided tape and left under vacuum for a minimum 

of 8 hours before testing. Contact angle was measured using a PG2 Pocket Goniometer. For each 

specimen, a 10 µL water droplet was placed on the surface and the contact angle measured over 

120 seconds. 

For contact angle testing, two specimens (6 mm biopsy punches) were analyzed from three samples 

(n = 6) for all groups. 

4.2.4 Mechanical Testing 

To assess  the impact of S80 incorporation on tensile properties of electrospun mesh, strain to 

failure under tension was performed. Three 5 mm x 40 mm rectangles were cut from two samples 

from each group. Samples were strained to failure using an Instron 5585H, 50 N load cell at a 
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constant strain rate of 0.5 mm/second. Unaligned samples were pre-loaded to 0.1 N and aligned 

samples were pre-loaded to 0.5 N. Pre-loads were specified based on the minimum load required 

to remove all slack from each sample type. All parameters were modified from the tensile testing 

standard for thin plastics (ASTM D882-18). This standard was used as a template for testing due 

to the minimal thickness of electrospun samples and was modified based on the limited amount of 

sample materials which could be reserved for mechanical testing. Because the anisotropy of 

aligned samples is readily apparent and to preserve sample material for other experimental 

analysis, strain to failure was only conducted in parallel with the direction of fiber alignment. 

Data was processed using GraphPad Prism and all material properties were calculated based on 

set standards. Elastic modulus (E) was calculated by taking the slope of the linear region (0-5% 

strain) of all generated tensile curves for each individual test run. Yield stress (σy) was calculated 

by plotting the .2% offset line of each generated stress strain plot for each test run and taking the 

stress value at the intercept. Toughness was calculated by taking the area under the curve until 

failure of all generated tensile curves. Ultimate tensile strength of samples was calculated by 

finding the largest stress value reached for each generated tensile curve. Ductility was assessed by 

taking the strain value at the first point of critical failure for unaligned samples while for aligned 

samples critical failure was taken to be the final collected data point as a critical failure did not 

occur under the tested conditions. 

For tensile testing, three specimens (5 mm x 40 mm rectangles) were cut from two samples to be 

tested (n = 6) for all groups.  

4.2.5 Protein Adsorption Assessment 
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To assess the impact of altered surface wettability on protein adsorption, two 8 mm biopsy punches 

each from of two electrospun fiber meshes of each group were used. Because these studies 

occurred on specimens in tissue culture polystyrene (TCPS) wells, empty TCPS wells were used 

as negative controls to account for any protein adsorption in the underlying well. Samples were 

sterilized by treatment with 70% ethanol (EtOH). Post-sterilization, punched specimens were 

treated with a solution of 12 v/v% fetal bovine serum (FBS) in Dulbecco’s Modified Eagle Medium 

(DMEM) and incubated in a shaking incubator for 24 hours at 37°C and 100 RPM. Solutions of 

12% FBS were used to maximize possible adsorption of proteins from solution while also 

minimizing the necessary dilution factors for accurate assessment of the protein concentration. 

After 24 hours, the solution was removed from each well and frozen at -20°C in microcentrifuge 

tubes so that all samples could be assayed at the same time. To calculate the amount of adsorbed 

protein on each fiber mesh, the concentration of remaining protein in solution, post-adsorption, to 

the mesh, was assessed using a 660nm assay (Pierce 660nm Protein Assay, ref: 1861426, lot: 

YK381892). Before testing samples were thawed and diluted 1:9 with PBS and then the 660nm 

assay was run according to kit instructions. All solutions were run twice in triplicate to account for 

variability. 

For protein adsorption testing, two specimens (8 mm biopsy punches) from two samples from each 

group were treated and solutions were tested in triplicate per plate over two plates (n = 12).  

4.2.6 Primary Meniscal Cell Viability Assessment 

To assess any impact of extruded surfactant on cell viability, a live dead study was run. For these 

studies, two 8 mm biopsy punches of electrospun fibers were used from 3 UA PCL samples and 3 

UA PCL + 30% w/w S80 samples. Cells in control wells with growth media alone or addition of 

70% EtOH for 5 minutes prior to performance of the assay were used as positive  controls for live 
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(calcein) and dead (ethidium homodimer-1) staining, respectively. Only the unaligned groups were 

selected for analysis in this assay as it was assumed fiber alignment would not result in significant 

differences in cell viability. Each electrospun mesh sample or TCPS well was treated with 40% 

FBS in DMEM for 24 hours to provide surface proteins on samples to maximize potential binding 

sites for cells. After 24 hours the pre-treatment solution was removed, and primary meniscal cells 

harvested from partially meniscectomized tissue following our published protocols [59] (UW IRB 

#STUDY00022490) were seeded at ~100,000 cells/cm2 (donor = 63yo, male, passage 1 and 2). 

After 48 hours of culture, all specimens were rinsed and then treated with 200µL of calcein 

(concentration: .004mM) and ethidium homodimer-1 (concentration: .004mM) in PBS for 30 

minutes. After incubation, samples were imaged (5 images per sample raster imaging pattern) 

using the Echo Revolve R4. Post-imaging, the live dead samples were fixed using 4% 

paraformaldehyde (PFA) incubated at room temperature for 15 minutes. Samples were then 

immunostained for cell nuclei and actin morphology using DAPI and Phalloidin, respectively. 

Samples were imaged (5 images per sample, raster imaging pattern) using the Echo Revolve R4. 

Images were analyzed using ImageJ software to highlight all visible cells in each image and a total 

count of live and dead cells were summed and used to calculate percent viability. For cell viability 

testing, two specimens (8 mm biopsy punches) from three samples from the UA PCL and UA 30% 

w/w S80 groups were used, and the assay was performed twice (n = 12). 

4.2.7 Meniscal Cell-Fiber Interactions 

For primary cell morphology and assessment of cell-fiber interaction, three 8 mm biopsy punches 

of electrospun fibers were prepared from 2 samples of all study groups. Each punch or TCPS well 

was treated with 40% FBS in DMEM for 24 hours. After 24 hours the pre-treatment solution was 

removed, and primary human meniscal cells (donor = 63yo, male, P2) were seeded at ~50,000 
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cells/cm2. After 72 hours in culture, all media was removed, and samples were fixed using 4% PFA 

incubated at room temperature for 15 minutes. Post-fixing samples were immunostained using 

DAPI, Phalloidin, Fibronectin, and Integrin- β1 (Iβ1) (CD29) antibodies (100x: Invitrogen 

(Thermo) #62248, 400x: Invitrogen (Thermo) #A12379, #2486570, 500x: Invitrogen (Thermo) 

#PA1-23693, #YJ4098134D, 300x: Invitrogen #14-0299-82, #2892890).  

Samples were imaged for representative images of cell density and spreading using the Echo 

Revolve R4 (3 images per sample, raster imaging pattern). Post-imaging, samples were placed on 

cover slips in Prolong Gold antifade reagent and imaged on a Nikon AR1 confocal microscope. 

For each sample 5 images were taken, using a raster imaging pattern. Three additional images were 

taken on every sample at a 3x area scanning zoom for representative cell morphology. 

All confocal images were processed using a standardized ImageJ macro to open all images, 

threshold signal, and use the thresholded image to provide am automated nuclei count, surface area 

of fluorescence for fibronectin, and surface area of fluorescence for Iβ1. For cell morphology 

assessment, three specimens (8 mm biopsy punches) from two samples of all study groups were 

seeded with cells and analyzed via fluorescent imaging (n=6). 

4.2.8 Statistical Analysis 

All statistical tests and graphing were performed using GraphPad Prism software. Prior to any 

statistical analysis, all data sets were tested for normality using a Kruskal-Wallis normality test. 

For all groups which passed the normality test, a Brown Forsythe one-way ANOVA with a Dunnett 

T3 multiple comparisons test correction was run. Groups which did not pass the normality test 

were analyzed using a non-parametric Kruskal-Wallis test. For all groups significance p is denoted 

using *p ≤ 0.05, **p ≤ 0.01, *** ≤ 0.001, **** ≤ 0.0001. 



105 

 

4.3 Results  

4.3.1 Electrospun Fiber Morphology, Diameter, and Coherency 

The impact of increasing S80 concentration on electrospun fiber morphology, fiber diameter, and 

fiber alignment was assessed for all groups via SEM and image processing for quantification. 

Representative images for all groups are shown in Figure 4.2 A-B, with image quantification 

shown in Figure 4.2 C-D. Increasing S80 concentration to 30% significantly decreased fiber 

diameter in unaligned samples when compared to PCL controls. However, in all groups average 

fiber diameters remained within a range of 6-7 µm (PCL: 7.0 ± 0.6 µm, 10% S80: 6.6 ± 0.4 µm, 

Figure 4.2: A) Representative SEM micrographs of unaligned samples of PCL, 10% S80, and 30% S80 (1000x 

magnification), B) Representative SEM micrographs of aligned samples of PCL, 10% S80, and 30% S80 (1000x 

magnification), C) Morphology quantification for unaligned samples (fiber diameter and fiber coherency) of 

PCL, 10% S80, and 30% S80 (n=12), and D) Morphology quantification for aligned samples (fiber diameter 

and fiber coherency) of PCL, 10% S80, and 30% S80 (n=12) *p ≤ 0.05, **p ≤ 0.01. Figure reproduced with 

permission and originally published by Meinhold, K., et al.,  J. Biomed. Mater. Res. A, 2026 
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and 30% S80: 6.2 ± 0.1 µm) (Figure 4.2 C). No significant differences in fiber diameter with the 

addition of S80 were observed in the aligned fiber samples (PCL: 4.8 ± 0.4 µm, 10% S80: 5.2 ± 

0.5 µm, and 30% S80: 5.1 ± 0.7 µm). As expected, fiber diameter for all groups decreased with 

fiber alignment; however, across all groups fabricated the fiber diameters remained within a range 

of 3.2 µm (4.8 ± 0.4 µm – 7.0 ± 0.6 µm, Supplemental Table 4.1).  

Notably, the 30 wt% S80 groups exhibit a “wet” collection in both unaligned and aligned groups 

with unaligned fibers having increased points of connection and aligned fibers forming bundles 

rather than individual fiber groups. This fiber morphology is consistent with non-emulsion 

electrospun fibers collected using the same concentration of S80 in prior work.[41] As expected, 

the addition of surfactant did not significantly impact fiber alignment as assessed by coherency 

(Figure 4.2 C-D) and all unaligned samples showed significantly lower coherency values 

compared to their aligned counterparts (Supplemental Table 4.2).  
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4.3.2 Mechanical Characterization 

Strain to failure was assessed for each group to determine the impact of surfactant on underlying 

tensile properties and thereby mechanisms of sample failure in both unaligned and aligned 

samples. The native collagen fibers in the meniscus are dominated by tensile forces in the 

Figure 4.3: A) Representative tensile curves of strain to failure for all unaligned groups and B) Representative 

tensile curves of strain to failure for all aligned groups (tested in parallel with the direction of the fiber 

alignment). Figure reproduced with permission and originally published by Meinhold, K., et al.,  J. Biomed. 

Mater. Res. A, 2026 
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circumferential direction, motivating the focus in determining tensile properties in this study. 

Representative stress strain curves are shown in Figure 4.3. All unaligned samples exhibited a 

typical polymer response curve with an elongated area of plastic deformation and failure around 

Figure 4.4: A) Summary of calculated yield strength for all samples, B) Summary of calculated ultimate 

tensile strength for all samples, C) Summary of calculated elastic modulus for all samples, D) Summary of 

calculated ductility for all samples, and D) Summary of calculated toughness for all samples *p ≤ 0.05. Figure 

reproduced with permission and originally published by Meinhold, K., et al.,  J. Biomed. Mater. Res. A, 2026 
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100% strain (Figure 4.3A). The aligned PCL and 10% S80 fibrous meshes exhibited strain 

hardening (Figure 4.3B), a profile  similar to that of native connective tissues when strained to 

failure.[60,61] In these meshes, plastic failure occurred around 600% strain. The aligned 30% S80 

group, similar to unaligned samples, exhibited a small increase in stress prior to failure but lasting 

for a smaller period of applied strain, with failure occurring around 500%, earlier than the other 

aligned groups.  

To further characterize the tensile properties of all fabricated meshes, yield strength, ultimate 

tensile strength, elastic modulus, ductility, and toughness were obtained from the stress-strain 

curves (Figure 4.4).  In unaligned samples, addition of surfactant at low concentration does not 

significantly impact any of the calculated tensile properties (Figure 4.4A, left) On the other hand, 

increasing surfactant does significantly impact tensile properties in the unaligned samples. 

Specifically, a significant decrease in ultimate tensile strength, ductility, and toughness was 

observed when comparing PCL to 30% S80 groups (Figure 4.4 B, D, and E, right) with 

decreasing trends for yield strength and elastic modulus (Figure 4.4 A and C, right).  

When comparing unaligned samples to their aligned counterparts, a significant increase in all 

assessed tensile properties with alignment was observed in all formulations apart from the elastic 

modulus of UA 30% S80 compared to its aligned counterpart. 
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4.3.3 Surface Wettability 

The contact angle of all samples was assessed to examine the effects of increasing surfactant on 

surface wettability (Figure 4.5). In both unaligned and aligned samples, hydrophilicity, as assessed 

by a decrease in water contact angle, increased with increasing concentration of surfactant (Figure 

Figure 4.5: A) Representative images of water droplets on all tested samples at 0 seconds and 35 

seconds (PCL, 10% S80, and 30% S80) for unaligned and aligned samples (parallel to direction of 

fiber alignment) and B) Measured contact angle data for all groups (PCL, 10% S80, and 30% S80) 

unaligned and aligned (parallel to direction of fiber alignment). Figure reproduced with permission 

and originally published by Meinhold, K., et al.,  J. Biomed. Mater. Res. A, 2026. 
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4.5B). In unaligned samples, the impact of surfactant on contact angle is concentration dependent 

as shown in Figure 4.5B, left. However, in aligned samples, the surface wettability is comparable 

between surfactant concentrations (Figure 4.5B, right) indicating that the anisotropic structure of 

aligned fiber groups is also contributing to increased surface wettability. It should be noted this 

trend was also evident in the contact angle of droplets imaged perpendicular to the fiber alignment 

(Figure S4.1).  

4.3.4 Protein Adsorption 

Serum protein adsorption was assessed in response to changing surface hydrophilicity to provide 

information about the interface where cells interact and bind. To quantify the protein adsorbing 

capacity of samples with increasing surfactant, unaligned samples from each group were soaked 

in 12% FBS for 24 hours. Control TCPS wells without any mesh samples were included to 

determine a maximum value of adsorption. All supernatant was collected for colorimetric assay 

analysis (Figure 4.6A). By comparing the concentrations of protein in experimental sample  

Figure 4.6: A) Amount of FBS left in solution after incubation with unaligned fiber samples from PCL 

(made using BioRender.com), 10% S80, and 30% S80 groups, B) predicted amount of adsorbed protein on 

samples, and C) experimental schematic *p ≤ 0.05. Figure reproduced with permission and originally 

published by Meinhold, K., et al.,  J. Biomed. Mater. Res. A, 2026 
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Figure 4.7: A) Representative images of primary meniscal cells on 

scaffolds from each group and B) quantification of nuclei count, Iβ1 surface 

area per cell, and fibronectin surface area per cell *p ≤ 0.05, **p ≤ 0.01, 

*** ≤ 0.001, **** ≤ 0.0001. Figure reproduced with permission and 

originally published by Meinhold, K., et al.,  J. Biomed. Mater. Res. A, 

2026. 
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groups to the TCPS control, any decrease in protein in solution is therefore attributable to 

adsorption of protein on the surface of the mesh specimens. As expected, the amount of protein 

left in solution after incubation, and thus not adsorbed on the meshes, increased with increasing 

concentration of surfactant in unaligned samples (Figure 4.6B). This trend was only statistically 

significant when comparing the TCPS control solution to UA PCL samples, (Figure 4.6B). An 

inferred quantification of average mass of protein adsorbed per specimen was calculated by 

multiplying average concentrations by solution volume and subtracting the resultant average TCPS 

control protein mass from each group’s average protein mass. An overall trend of decreased protein 

with increasing surfactant concentration was observed with a significant difference in amount of 

protein adsorbed to samples between PCL and 30% S80 (Figure 4.6C). 

4.3.5 Primary Meniscal Cell-Fiber Interactions 

Primary human meniscal cell morphology, integrin beta 1 (Iβ1)-supported adhesion, and 

fibronectin production was evaluated via immunofluorescent antibody staining and imaging after 

72 hours in culture on all electrospun fiber samples as shown in Figure 4.7 A and C. Individual 

fluorescent channels are shown in Figure S4.2 and Figure S4.3. Specifically, all images were also 

analyzed for an overall cell count per specimen, and surface area of Iβ1  and fibronectin. This 

semi-quantification of confocal micrographs for all electrospun fiber groups is shown in Figure 

4.7 B and D.  

In unaligned samples, a trend of increasing average cell count with increased surfactant was 

observed (Figure 4.7B), indicating that, at 72 hours, surfactant does not affect the primary 

meniscal cells’ ability to adhere and proliferate on the fibers. Further, viability studies (Figure 

S4.4) showed no significant difference in viability of meniscal cells cultured on unaligned PCL 

compared to unaligned 30% S80 groups. In aligned samples, the cell count decreased significantly 
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with increasing surfactant only when comparing PCL and 10% S80 to the 30% S80 group (Figure 

4.7D, left). This indicated potential adhesion or proliferation interference on aligned samples with 

a high concentration of surfactant.  

In unaligned samples, integrin β1 (Iβ1) surface area increased significantly with 10% S80 

compared to both PCL and 30% S80 (Figure 4.7B, middle). In aligned samples, Iβ1 significantly 

increased with increasing surfactant, with the highest surface area represented by the 30% S80 

group (Figure 4.7D, middle). 

In both unaligned and aligned samples, fibronectin surface area was significantly higher for the 

10% S80 groups compared to both PCL and 30% S80 (Figure 4.7B and D, right). 

4.4 Discussion 

Overall, results from this study highlight the ability to use S80 of varying concentrations to 

modulate PCL electrospun fibrous mesh tensile properties and hydrophilicity while supporting cell 

viability, adhesion, and fibronectin production. This information will be vital in the future 

development of these fibrous based systems for meniscus tissue mimetic in vitro models.  

Increased appearance of a “wet” fiber morphology with increasing concentration of surfactant can 

likely be attributed to an increased rate of acceleration of the electrospun jet with decreased rate 

of solvent evaporation over time (Figure 4.8).[41] This phenomenon results in the trapping of 

CHCl3 upon collection and the subsequent “wet” morphology with increased contact between 

produced fibers. 
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A decrease in measured fiber diameter with increasing surfactant across all groups suggests that, 

regardless of external forces applied including from a high-speed rotating mandrel, the decreased 

surface tension of solution modifies the whipping behavior enough to impact the collected fiber 

diameters. For the purposes of modeling meniscus collagen fibers, this is considered a negligible 

difference, as previous work indicates that changes to cell-based outcomes, such as proliferation 

and cell phenotype, largely occur when transitioning from micron-scale to nano-scale fibers.[62] 

Small variations in resultant fiber diameter mimics the natural variability of collagen fibers in the 

native tissue (5-10µm)[63], supporting the utility of these electrospun fiber systems for in vitro 

culture models of meniscus ECM. 

Addition of any small molecule in a high enough concentration to an electrospinning solution will 

modify resultant mechanical properties of electrospun fibers, namely due to reorientation of 

polymer chains which can occur during the electrospinning process and the contribution of a new 

molecule to the overall sample identity. Therefore, it is critical to assess any changes in key 

mechanical properties at the concentrations tested to determine whether these effects occur, 

Figure 4.8: Diagram showing the effects of increased surfactant on electrospun jet and final collection 

(made using BioRender.com). Figure reproduced with permission and originally published by 

Meinhold, K., et al.,  J. Biomed. Mater. Res. A, 2026 

 



116 

 

whether they are concentration dependent, and whether this can be leveraged for a specific 

outcome in future studies.  

In unaligned samples with increased concentration of S80, across all tensile properties assessed, 

no statistically significant changes were observed. However, there was a notable trend of decreased 

ductility and toughness for the 30% S80 groups compared to both PCL and 10% S80. These 

findings, paired with the slightly increased yield strength and “wet” morphology observed in SEM 

micrographs indicates that the surfactant molecules are likely decreasing the evaporation rate of 

solvent from the polymer jet. The decreased evaporation rate results in trapped solvent and thus an 

increased number of connections between formed fibers. This increase in points of contact between 

fibers appears to have imparted a minor increase in the stiffness of the overall material.[64] 

In the aligned groups, there were repeated trends of comparable quantified properties between PCL 

and the 10% S80 group with more noticeable, and with significant differences appearing at the 

30% concentration. Specifically, all measured mechanical properties decreased with 30% S80 

compared to PCL with statistically significant decreases occurring in the ultimate tensile strength 

and ductility. For aligned samples, the polymer chain organization and whipping motion of the 

polymer jet are both affected by the rotational force applied from the high-speed rotating collector. 

This additional force and modified jet behavior are likely creating alignment in the polymer chains 

of PCL samples, a phenomenon which is obstructed by surfactant molecules. Combined with the 

drawing force of the high-speed mandrel, surface-located surfactant groups disrupt polymer chain 

re-organization during the electrospinning process and result in the differential mechanical 

properties observed between groups with increasing surfactant.[65] Further across all sample 

groups, the surfactant in low concentrations likely acts as a plasticizing agent at ambient 

temperature, introducing a greater capacity for deformation of scaffolds prior to failure, but at 
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higher concentrations acts as an antiplasticizer.[66] At lower surfactant concentrations this appears 

to create a small increase in ductility, as measured by the ultimate percent elongation, while a 

higher concentration decreases ductility.  

Overall, at a uniform strain rate, the profiles of the tensile curves and the material properties 

assessed from this data are similar to that of relatively acellular tissues with aligned collagen, such 

as tendon and ligament.[61] Particularly, the strain hardening phenomenon, which was observed 

at high applied strains in both the aligned PCL and 10% S80 groups demonstrates the ability to 

induce a mechanical profile similar to native tissue in these synthetic fibrous scaffolds. Further, 

the range of our measured elastic moduli for all aligned scaffolds falls within measured elastic 

moduli for the meniscus in the circumferential, longitudinally-aligned direction (~26-295 MPa). 

[67] Therefore, these electrospun fiber systems are appropriate as synthetic tissue mimics for in 

vitro modeling of anisotropic, fibrous tissue, like the meniscus. 

A major goal of this study was to determine the utility of the non-ionic surfactant S80, and its 

preferential rearrangement to the fiber surface,[41,48] to increase hydrophilicity of the fibers for 

in vitro and in vivo studies while maintaining characteristic cell responses. PCL fibers, as synthetic 

polymer products, do not contain any cell binding moieties. Thus, protein adsorption is required 

for cell binding and downstream morphology and phenotypic response. Intermediate hydrophilic 

surfaces have been shown to be more supportive of cell attachment compared to both hydrophobic 

and extremely hydrophilic surfaces.[68,69] Therefore, it is critical to assess the varied impact of 

surfactant concentration in both the electrospinning process and in final fibrous scaffold properties, 

namely surface wettability, protein adsorption, and cell adhesion and behavior. Reorientation of 

the surfactant’s polar heads to the surface of electrospun fibers (Table 4.1 and Figure 4.8.) is 

expected to modify the surface wettability of the PCL scaffolds and expose new functional groups 



118 

 

that may result in distinct protein adsorption mechanisms. Work examining the effect of surface 

functional group on albumin adsorption has shown preferential adsorption on surfaces with -

COOH and -CH3 groups with a similar trend in adsorption of fibronectin to these surfaces from a 

bovine serum solution.[68] Keselowsky et al. illustrate that fibronectin adsorption was preferential 

to surfaces with -OH and -COOH functional groups. Further, the functional group presentation 

changed the conformation of fibronectin upon adsorption which effectively modified integrin 

binding conformation and cell behavior.[70] Therefore, the incorporation of surfactant may modify 

meniscal cell adhesion pathways by changing the conformation of adsorbed proteins, creating a 

tool that can be leveraged to investigate cell response to electrospun fibers with varied surface 

chemistry and binding site availability across populations of adsorbed protein. 

We have shown that the addition of up to 30% S80 affords control of hydrophilicity whereby 

wettability was directly dictated by increasing concentration of surfactant in the unaligned fibers. 

In aligned scaffolds the alignment appeared to show some additive effect on wettability which 

indicates that the macroscopic surface morphology of fibrous scaffolds can also play a role in 

enhancing wettability. This may be indicative of a deviation from the Cassie-Baxter effect in 

unaligned samples, where air trapping in the void spaces between packed fibers prevents water 

from distributing in those spaces. In aligned samples, there is a macroscopic structure that creates 

a Wenzel state of wetting, where water fills the spaces between “clumps” of aligned fibers.[71] It 

should also be noted that the wetting of anisotropic scaffolds can be denoted differently depending 

on the directionality of how a water droplet is placed on the sample surface, either perpendicular 

or parallel to the fiber alignment. In our work, contact angle was measured both parallel and 

perpendicular to the fiber alignment, with parallel measurements being most relevant for cell 

culture applications. The most notable distinction in our study was the difficulty of measuring 
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parallel droplet contact angle within the first 20 seconds of the assay, likely due to differences in 

droplet spreading mechanisms with the directionality of fibers.  

Despite the decreased protein adsorption with increased surfactant concentration, there was no 

significant impact on cell density in unaligned samples at 72 hours. There was a trend of decreased 

cell density in aligned samples with increased concentration of S80. A viability assay demonstrated 

no negative impact of increased surfactant in unaligned samples, therefore the difference in cell 

density has been attributed to increased packing of fibers resulting in decreased initial cell 

spreading and proliferation.  

To determine the effects of increased surfactant and alignment on meniscal cell adhesion and 

fibronectin production, Iβ1 and fibronectin surface area was assessed via immunofluorescent 

imaging. In unaligned samples, Iβ1 increased with a 10% S80 compared to PCL controls. 

Interestingly, 30% S80 did not alter Iβ1 surface area compared to PCL. Fibronectin production 

followed this same trend. As previously noted, the rearrangement of S80 at the fiber surface results 

in the functional groups of the polar head available for protein adsorption and subsequent 

differences in integrin binding. It is known that surface chemistry can modulate focal adhesion 

assembly and site-specific focal adhesion kinase phosphorylation.[72] This is of particular interest 

as integrin binding and aggregation initiates focal adhesion formation and differential integrin 

binding is known to impact cell phenotypes.[72,73] Therefore, a specific organization of surfactant 

functional groups at the surface of electrospun fibers has potential as a lever to specify the primary 

type of integrin binding, impacting focal adhesion complex formation, and downstream cell 

phenotype. Additionally, literature has shown that OH- and -NH2 terminated surfaces up-regulated 

osteoblast-specific gene expression, ALP enzymatic activity, and matrix mineralization compared 

to surfaces with -COOH and -CH3 groups.[72] The difference in expression of Iβ1 surface area 
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trends between aligned and unaligned groups may be indicative of different packing configurations 

of surfactant molecules at the surface of electrospun fibers which in turn alters conformations of 

adsorbed proteins and likely expression of specific integrins. [69] 

Taken together there is likely a combinatorial effect of increased surfactant concentration and fiber 

alignment on expression of both Iβ1 and fibronectin. However, the results suggest that the 

surfactant concentration is the real driver of this difference in expression. This warrants future 

studies to investigate the conformation changes upon adsorption of proteins, including synovial 

fluid proteins which interact with menisci in the knee intraarticular cavity. It’s possible that 

unaligned samples hosted an ideal presentation of polar groups for both hydrophobic-hydrophobic 

protein adsorption and preferential gathering of specific proteins from the milieu present in FBS 

and this drives adhesion through integrin binding, thereby increasing Iβ1 expression. In aligned 

fibers, it is possible that the polar groups present at the surface, while potentially denser in the 30% 

S80 groups due to increased surfactant, also have a different spacing between them that mimics 

the ideal presentation of groups observed in the unaligned 10 wt% S80 samples. While Iβ1 has a 

differential expression in unaligned vs. aligned groups the fibronectin surface area shows an 

increase in expression only in the 10% S80 group for both unaligned and aligned groups. This 

suggests that there is some driver of fibronectin expression that is directly impacted by a moderate 

amount of surfactant in the electrospun fibers. Overall, primary meniscal cells showed no negative 

impacts from culture on scaffolds with increasing surfactant. Immunofluorescent imaging 

demonstrated that, with further study, the incorporation of surfactant in electrospun fibers may 

offer a tool to manipulate both protein adsorption and expression of key focal adhesion proteins 

without requiring post-processing of samples. Further, knowledge from this study lays the essential 
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groundwork for using amphiphilic molecules and/or compounds, such as proteins, to preferentially 

reorient at the fiber surface and provide cell instructive cues to enhance and dictate cell interaction. 

It should be noted that there are several key limitations to the studies performed, namely 1) the 

inability to specifically deduce what populations of proteins are adhering to all samples produced, 

and 2) dry tensile testing conditions, rather than hydrated to mimic physiological conditions, and 

3) a lack of individual fiber level data. Further, while our electrospun scaffolds directly mimic the 

underlying ECM of meniscus tissue, these models lack the constant application of strain which 

contributed significantly to the dynamic native microenvironment. Future work aims to utilize 

these scaffolds in a tensile bioreactor to demonstrate mechanistic changes to meniscal cell 

phenotype with induced damage to underlying fibrous structures in environments with static and 

cyclic applied strain.  

4.5 Conclusion 

Overall, results from this study highlight that the non-ionic surfactant Span 80, in a concentration-

dependent manner, can be used as an additive to modify electrospun fiber morphology, surface 

wettability, and mesh tensile mechanics without significantly altering cell response in both 

unaligned and aligned groups to mimic the anisotropy of fibrous connective tissues including the 

menisci. Increasing concentrations of S80 did alter Iβ1 and fibronectin surface area, likely due to 

altered protein conformation on adsorption to fiber surfaces. Of particular interest, these fibrous 

scaffolds recapitulate the tensile properties of native meniscal tissue and promote adhesion and 

proliferation of primary meniscal cells, illustrating their utility for in vitro models. The ability to 

modify electrospun fiber properties using a common electrospinning additive provides an 

additional tool for creating and manipulating synthetic fibrous models to understand cell behavior 

required for connective tissue regeneration.  
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4.6 Appendix  

Supplemental Table 4.1. Average fiber diameter of all analyzed images. 

Fiber Diameter (µm) 

Sample  Unaligned Aligned 

PCL 7.0 ± 0.6 4.8 ± 0.4 

10% S80 6.6 ± 0.4 5.2 ± 0.5 

30% S80 6.2 ± 0.1 5.1 ± 0.7 

 

Supplemental Table 4.2. Average assessed fiber coherency of all analyzed images. 

Fiber Coherency (%) 

Sample Unaligned Aligned 

PCL 14 ± 8 95 ± 6 

10% S80 13 ± 7 95 ± 3 

30% S80 8 ± 4 91 ± 5 
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Figure S4.1: A) Measured contact angle perpendicular to direction of fiber alignment for all 

groups (PCL, 10% S80, and 30% S80) and B) Measured contact angle parallel to direction of fiber 

alignment for all groups (PCL, 10% S80, and 30% S80). All tests were run for 120 seconds. Figure 

reproduced with permission and originally published by Meinhold, K., et al.,  J. Biomed. Mater. 

Res. A, 2026 
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Supplemental Table 4.3. Average elastic modulus for all analyzed samples.  

Elastic Modulus (MPa) 

Unaligned Aligned 

PCL 10% S80 30% S80 PCL 10% S80 30% S80 

11.9 ± 3.5 16.2 ± 3.7 16.9 ± 2.1 87.9 ± 98.8 ± 36.1 46.4 ± 18.5 

 

Supplemental Table 4.4. Average yield strength for all analyzed samples. 

Yield Strength (MPa) 

Unaligned Aligned 

PCL 10% S80 30% S80 PCL 10% S80 30% S80 

1.3 ± 0.2 1.3 ± 0.2 1.5 ± 0.2 8.1 ± 2.1 5.5 ± 2.1 5.0 ± 1.2 
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Supplemental Table 4.5. Average ultimate tensile strength for all analyzed samples. 

Ultimate Tensile Strength (MPa) 

Unaligned Aligned 

PCL 10% S80 30% S80 PCL 10% S80 30% S80 

1.8 ± 0.4 1.8 ± 0.3 2.0 ± 0.3 21.8 ± 7.5 15.0 ± 5.3  7.2 ± 2.0 

 

 

Supplemental Table 4.6. Average toughness for all analyzed samples. 

Toughness (Area Under Curve) 

Unaligned Aligned 

PCL 10% S80 30% S80 PCL 10% S80 30% S80 

206 ± 128 238 ± 77 163 ± 66 8630 ± 2663 6001 ± 2076 3100 ± 815 
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Supplemental Table 4.7. Average ductility for all analyzed samples. 

Ductility (% strain at failure) 

Unaligned Aligned 

PCL 10% S80 30% S80 PCL 10% S80 30% S80 

124 ± 64 141 ± 43 90 ± 32 691 ± 82 653 ± 82 556 ± 56 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4.2: Representative fluorescent micrographs of all channels and 

individual fluorescence channels for unaligned A) PCL, B) 10% S80, and C) 

30% S80. Figure reproduced with permission and originally published by 

Meinhold, K., et al.,  J. Biomed. Mater. Res. A, 2026 
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Figure S4.3: Representative fluorescent micrographs of all channels and 

individual fluorescence channels for aligned A) PCL, B) 10% S80, and C) 30% 

S80. Figure reproduced with permission and originally published by Meinhold, 

K., et al.,  J. Biomed. Mater. Res. A, 2026 
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Figure S4.4: A) Representative fluorescent micrographs of primary human meniscal cells 

stained with calcein and ethidium homodimer for live and dead cells, respectively. B) Quantified 

cell viability for all groups tested. C) Representative fluorescent micrographs of primary 

meniscal cell morphology after 48 hours in all unaligned groups samples *p ≤ 0.05, **p ≤ 0.01, 

*** ≤ 0.001, **** ≤ 0.0001. Figure reproduced with permission and originally published by 

Meinhold, K., et al.,  J. Biomed. Mater. Res. A, 2026. 
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Chapter 5: Leveraging a mechanical bioreactor system to create a 

3D meniscus injury model  

5.1 Introduction 

The meniscus is a highly complex and commonly injured tissue, and current treatment options are 

relatively limited in availability and success. Suture repairs, the gold standard of treatment, are 

increasingly used to preserve the native tissue compared to remove of the tissue in partial or full 

meniscectomy. However, tissue preserving treatments are not always a viable treatment based on 

tear location, geometry, and patient comorbidities.[1] Notably, meniscal repairs also have a higher 

reoperation rate compared to partial meniscectomies, despite the fact that a repair is associated 

with better outcomes long-term.[2] Taken together these outcomes emphasize that current 

treatments are not based in a thorough understanding of how meniscus injuries change underlying 

tissue functionality. Specifically, it is not understood how this damaged ECM disrupts mechanisms 

of force transmission and is likely causing aberrant mechanotransduction. Therefore, it is 

imperative that we further develop our basic understanding of how the meniscus functions after 

damage to its highly organized ECM. Establishing a mechanistic understanding of tissue response 

post-injury, such as identifying the microenvironmental drivers of dysregulated signaling, can 

inform targets for clinical interventions to improve patient outcomes. The investigation of these 

signaling pathways is important as some studies have shown that controlled loading through 

physical therapy can have outcomes comparable to surgical interventions for meniscal tears.[3–6] 

Despite this, two studies also noted that some patients receiving exercise-only treatment still 

required surgical interventions due to worsening symptoms. These studies demonstrate that 

systemic physical activity and mechanical signaling are both important but without restoration of 

the physical properties of the tissue microenvironment an otherwise “healthy” mechanical stimuli 

is unlikely to promote healing. 
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The mechanisms driving homeostatic force transmission in the meniscus become dramatically 

altered post-tear and have not yet been explored via in vitro models. Studies which examine the 

meniscus and tears to the meniscus typically pursue one of two avenues. The first question pursued 

in many in vitro models is to understand the basic biology of the meniscus. These studies examine 

the basic structure and development of the tissue, and tissue response to a variety of stimulation 

including the occurrence of an injury.[7–16] These studies are commonly performed in animal 

models[2, 17, 18] with some limited studies using in vitro biomaterial models or explant tissue 

(human or animal [7, 19]). Notably, over the past 4 years, there were 56 studies examining 

meniscus development, function, and repair which all employed animal models namely 34% 

mouse, 21% rabbit, 18% pigs, 14% rats, 9% dogs, 2% goats, and 2% frogs.[20] It is extremely 

uncommon for in vitro models of the meniscus to use primary human meniscal cells. The second 

avenue of research most often investigated in in vitro models of the meniscus is the application of 

a biomaterial-based model engineered to mimic native meniscus ECM and cultured with MSCs 

and/or specific biochemical factors which may be used as a treatment to induce a regenerative 

response.[9, 21–32] Often these studies utilize a scaffold in conjunction with a tissue explant 

(human or animal[23, 33]). These systems very commonly leverage electrospun fibers because of 

their ability to mimic the size and anisotropy of the collagen fibers of the meniscus. Very few in 

vitro models use the reproducibility of a synthetic scaffold in conjunction with a dynamic tensile 

load to investigate how modifications to a fibrous structure may change the morphology or 

phenotype of primary human meniscal cells. There are clear advantages to the use of an animal or 

explant model offered by their innate ability to mimic the full complexity of the native tissue and 

environment containing both mechanical and biochemical signaling components. However, the 

greatest disadvantages of animal and explant models are the inability to discern what systems are 
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primarily contributing to a pro- or non-regenerative response. In vitro models built out of 

individual components that can all be adjusted individually or maintained in an identical manner 

across experiments allow for specific analysis and understanding of how manipulating a single 

factor can affect outcomes. Then these results can be applied in more complex systems to 

demonstrate the overall significance of their outcomes in a more complex and variable 

environment.  

The response of primary cells of inherently organized and mechanically sensitive tissues to 

structural damage has been explored in both intervertebral disc tissue and tendon, similar in 

structure and composition to meniscal fibrocartilage.[34, 35] In the annulus fibrosus, the exterior 

portion of intervertebral disc tissue, it has been shown that a sudden decrease in applied strain 

results in increased expression of active caspase-3, a common apoptosis marker, which could be 

attenuated by blocking the RhoA pathway.[34] RhoA is associated with cell contractility and it was 

suggested in this study that the sudden acute change to the typical homeostatic strain resulted 

increased contractility. Results showed that when the cell capacity for mechano-adaptation was 

exceeded they began to undergo apoptosis.[34] In a mouse tendon model, it has been shown that 

physical forces are key to the release of active TGF-β; a sudden interruption due to destabilized 

ECM post-injury leads to excessive release of this cytokine and massive tenocyte death.[36] In 

both tendon cells and annulus fibrosis cells, a sudden disruption to the aligned fibers making up 

the tissue’s ECM causes upregulation of a fibrotic phenotype and apoptosis.[1, 34, 35] Further, 

because meniscal cells have varying phenotypes throughout the different regions of the meniscus 

each cell population will respond uniquely to damage to the ECM structure.[7, 14, 37, 38]  

What is lacking from the literature investigating injuries to the meniscus and the response of 

primary cells to that environmental modification is a multi-factorial in vitro system that can be 
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used to model native cell responses to induced environmental changes both structurally and 

chemically. These studies achieve this goal by demonstrating the utility of an optimized tensile 

bioreactor in conjunction with primary cells cultured on synthetic fibrous scaffolds mimicking 

native tissue hallmarks. Our approach is to utilize a commercially available bioreactor that could 

be adapted as necessary in order to create a system which could be used across academic research 

labs. This system, which can strain samples cyclically or in a static mode, can be used in 

conjunction with our validated electrospun fibrous mesh for biologically complex in vitro studies. 

The work presented in this chapter includes necessary system modifications for bioreactor 

usability, preliminary experiments demonstrating the ability to culture in the system, and a number 

of acellular optimization tests which identified limitations and areas for improvement in the 

bioreactor and experimental study designs. 

Initial testing with unaligned scaffolds at increasing applied strain showed the ability to induce 

significant changes to scaffold fiber structure in the form of necking, increased alignment of 

randomly oriented fibers, and overall decrease in fiber diameter. Early studies also demonstrated 

that meniscal cells both remained on scaffolds after time spent in the bioreactor (1-48 hours) and 

showed changed morphology and expression of collagen 1 with applied strain over 48 hours. After 

demonstrating that the step-wise increase in applied strain had the expected results in produced 

stress-relaxation curves with and without cells and modified fiber morphology it was necessary to 

determine a physiological and injurious strain level. These were selected to be 10% and 100% 

respectively based on the prior studies and literature which has measured strain magnitudes in 

porcine and human meniscus range from ~1% radially, ~3-4% circumferentially, and ~9-13% 

axially.[7] The next set of studies was also designed to be on aligned fibers to better mimic collagen 

fiber organization throughout the meniscus. Acellular studies were performed first to establish a 
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baseline stress relaxation curve and following experiments with primary meniscal cells showed a 

differential response to either static physiological strain or a static physiological strain followed 

by the injurious 100% strain.  Overall, we have shown that while this system is flexible and can 

be adapted for culture up to 48 hours and identified specific system factors which must be 

addressed moving forward.  

5.2 Materials and Methods 

5.2.1 Materials 

Poly-ε-caprolactone (PCL, 50,000 MW) was purchased from CAPA (lot #120625). Chloroform 

(CHCl3, ≥99.5% purity, lot #SHBP9457), and sorbitan monooleate (Span80, S80; S6760-250ML, 

CAS-No: 1338-43-8) were purchased from Sigma Aldrich. A prefabricated 2” diameter copper 

mandrel was used as a rotating collector. 

Poly-dimethyl-siloxane (PDMS, Sylgard 184, Dow Corning) at a 10:1 base to curing agent ratio 

was poured into disposable base molds (7 mm x 7 mm x 5 mm, Fisherbrand) to produce ~1 mm 

thickness substrates (~0.5 g per mold). Uncured PDMS was de-gassed under vacuum for 2 hours 

prior to curing in a 65°C oven for 18-20 hours (overnight). 

Selsil Aquarium Silicone (Selsil.com, one component, moisture-cure, acetoxy based silicone), 

compliant with ISO 11600 – F&G – 25 LM and resistant to UV rays and elevated temperatures. 

5.2.2 Electrospinning Conditions and Morphology Assessment 

Sample solutions were extruded from a blunted 21-gauge needle at a flow rate of 1.0 mL/hr 

(Harvard Apparatus Syringe Pump) and collected at low relative humidity (20%± 5) for 40 

minutes, at a collection distance of 30 cm, applied voltage of 18 kV (Gamma High Voltage 



141 

 

Research, ES30P-SW) and collected on a stationary copper plate or the prefabricated copper 

mandrel at 1000 RPM (Teknic, Inc.; ClearPath-MC model, NEMA23/24) to collect unaligned 

(UA) or aligned samples (A), respectively. After collection, samples were dried in a fume hood 

overnight and then placed under vacuum for 8 hours before characterization.  

Collected electrospun mesh were analyzed using a Phenom Pro Desktop scanning electron 

microscope (SEM, NanoScience) to capture fiber morphology, surface topography, and diameter. 

All samples were sputter coated with 5nm of gold before imaging. Fiber morphology was assessed 

for overall homogeneity and irregularity in morphologies and captured using a 10 kV accelerating 

voltage, backscatter detector, and 1000x magnification.  

For fiber diameter quantification, raster imaging was performed to obtain 5 images per mesh and 

each image was analyzed with ImageJ using the plugin DiameterJ. From the initial segmentation, 

binary-colored segmented images produced with the algorithms M3, M5, M7, S2, S3, and S7 were 

used for determining fiber diameter. In the case of the plugin being unable to analyze one of the 

chosen segmentations, another was chosen from the original set and substituted in for analysis. All 

quantitative outputs for each tested condition have been collated for reference in Table S1 and S2.  

For unaligned groups single 8mm biopsy punches were collected and imaged per sample to 

preserve sample surface area for performing optimization tests. For aligned groups two 8mm 

biopsy punches were collected and imaged per sample to preserve surface area. 

For post-J1 sample morphology analysis done in unaligned samples one biopsy punch was 

removed from the middle section of the sample and imaged for electrospun fiber morphology. For 

any samples which were hydrated during testing prior to preparation for SEM samples were dried 
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for 72 hr and underwent vacuum for 48 hr prior to sputter coating to ensure any remaining moisture 

was removed from the samples. 

5.2.3 MechanoCulture J1 System Modifications and Optimization 

All parts used to update the MechanoCulture J1 system were purchased from McMaster Carr or 

on Amazon. Stainless steel Phillips Flat Head Screws, M3 x 0.5 mm, 18-8 Stainless Steel, 16 mm 

(#92010A126) and Corrosion-Resistant Stainless Steel Flange Nuts, M3, 0.5 mm (#93033A107). 

Luer Lock Tube Coupling for Plastic & Rubber Tubing (for chemicals, plug/socket, for 1/8” barbed 

tube ID), #7466N13, #7466N19. Water- and Steam-Resistant EPDM O-Ring Cord Stock 

(#9616K11), Soft Tygon PVC Plastic Tubing for Air and Water, 2mm ID, 5mm OD, #3902N285. 

Push-to-Connect Tube Fitting for Air, #5225K581, Tap Wrench with Fixed Straight Handle, 9” 

long (#2546A13), and High-Speed Steel Chip-Clearing Tap for Through Holes, #8302A18. Kmoer 

KCP-X mini peristaltic pump 24V with control low flow rate 19-65 mL/min adjustable speed 

liquid dosing pump for aquarium lab with power adapter silicone tube (Amazon.com) and 

Scienceware clip clamp (Sigma Aldrich, #Z503371-1PAK). 

5.2.4 MechanoCulture J1 Acellular Sample Preparation 

For early testing with unaligned samples, the samples were cut to dimensions (6mm x 20mm)using 

sewing scissors and a paper template.  

For later testing to reduce the instance of sample slippage from the bioreactor clamps the samples 

were first cut to dimensions (4mm x 20mm) in the same manner as before and then thin strips of 

PDMS were cut to size and adhered to the electrospun fiber mats using silicone aquarium adhesive. 

Prepped samples were added to Dulbecco’s Modified Eagle Medium (DMEM) overnight before 

testing at room temperature in DMEM in the bioreactor. 
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5.2.5 MechanoCulture J1 Cellular Sample Preparation 

Prior to use samples were cut using sewing scissors and a paper template to dimensions specified 

for either the unaligned early studies or aligned fiber later studies. Sample dimensions in later 

studies were determined to maximize force transmission through samples based on both available 

space in the bioreactor well and a typical minimum width to length ratio of 8x between the width 

and length of a given sample for tensile testing. 

After electrospun fiber mats were cut to size they were exposed briefly to 70% EtOH in wells of a 

12 well plate. While mats were drying small samples of PDMS were cut to match the width of the 

mats and then exposed briefly to 70% EtOH. 

After all sample components dried the PDMS slivers were attached to the electrospun mat using 

silicone aquarium adhesive. Post addition of the PDMS reinforcement to each end of the 

electrospun fiber mats samples were sterilized in a biosafety cabinet by soaking in 70% EtOH for 

5 min, rinsing with PBS, and leaving exposed to UV for 10 minutes. 

Post-sterilization samples were treated with solutions of 40 v/v% fetal bovine serum (FBS) in 

DMEM for 24 hr. After a 24hr incubation in 40 v/v% FBS samples were seeded at a density of 

120,000 cells/cm2. To increase adherence of cells to sample fibers prior to bioreactor incubation 

all samples were seeded at a volume of 75µL and allowed to rest in the biosafety cabinet for 10 

minutes prior to the addition of media up to the recommended volume for the well. All samples 

were allowed to rest in an incubator for 24 hr prior to use in the mechanical bioreactor. Early 

unaligned samples seeded with cells were prepared the same way without the addition of the 

PDMS. All experiments were run with 3 TCPS control wells seeded at 60,000 cells/cm2 as a 2D 
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control and with three 8 mm biopsy punches from 2 aligned samples seeded at 120,000 cells/cm2 

and no applied strain or entry into the bioreactor as a 3D no applied tension control. 

5.2.6 MechanoCulture J1 Experiment Preparation and Running 

On the day of starting the MechanoCulture J1, aliquots of media (D10, 10  v/v% FBS, DMEM, 

and 1 v/v% Penicillin-Streptomycin), sterile PBS, and 10% bleach were warmed to 37°C in a water 

bath as prep for cell culture. Then a semi-sterile workspace was prepared by spraying bleach onto 

the workspace and laying Kimwipes across the prepared area. Before any system component was 

laid out in the prepared area it was sprayed with 70% EtOH and then allowed to rest in the prepared 

area until dry. This includes the MechanoCulture J1 body, both faceplates, a small Phillips head 

screwdriver, one torque wrench and 24 flange nuts for securing the faceplates. In a separate semi-

sterile prepared area one small peristaltic pump was sterilized with 70% EtOH in preparation for 

using to add media to each MechanoCulture J1 well. 

Once all components are dry and ready for use the peristaltic pump tubing was cleaned by pumping 

25mL of warmed 10% bleach, pausing to allow the pump to cycle, then pumping 75mL of warmed 

sterile PBS through the tubing in 25mL aliquots with adequate pause between aliquots to allow 

tubing to cycle with air. 

Next, seeded samples were removed from the incubator and loaded in each of the 12 wells of the 

bioreactor by clamping each end in the top and bottom clamps of each well and securing the clamps 

by tightening the Phillips head screws placed in each clamp.  

After all samples were secured in all J1 wells the faceplates were placed on each side of the 

bioreactor and secured by tightening 12 flange nuts on each faceplate until the plates were flush 

with the acrylic housing of the bioreactor.  
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After the faceplates were secured on each side of the J1 it was then turned upside down and each 

well filled with 15-20mL of D10 media using the previously sterilized low flow peristaltic pump. 

At this point the bioreactor could be placed in an incubator and attached to the consistent water 

flow used to cool the motors during testing. After water flow has been established throughout the 

bioreactor the test can be started by pushing the start button 2x first to start the homing and second 

to officially start the test. 

At this point the peristaltic tubing and all other tools used are treated with 10% bleach and stored 

for later use.  

At the end of each test run in the bioreactor media is removed from each well on one side of the 

bioreactor using the low flow peristaltic pump sterilized as before. After the media is removed the 

face plate on that side of the reactor is removed, the screws securing the clamps are loosened and 

samples are removed from the reactor and placed back in media in a 12 well plate. After one side 

has been removed the media and samples are removed from the other side of the bioreactor as 

described on the first side. All sample removal is performed on the semi-sterile workspace that has 

been prepared before each use of the bioreactor. 

For early testing with unaligned samples the procedure remains the same, however, those 

experiments did not have the modified J1 with the peristaltic pump and additional tubing for adding 

and removing media to wells. For those experiments media was added and removed from each 

well using a 25mL plastic syringe and small measure of tubing. The syringe and tubing were 

sterilized prior to use with 10% bleach and sterile PBS. 

5.2.7 Primary Meniscal Cell Viability Assessment 
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To assess any impact of PDMS and Selsil aquarium sealant on cell viability, a live dead study was 

run. For these studies, two 8 mm biopsy punches of electrospun fibers were used from two UA 

PCL samples and one group served as UA PCL controls with the other group being attached to a 

small section of PDMS via the Selsil aquarium sealant. Cells in control wells with growth media 

alone or addition of 70% EtOH for 5 minutes prior to performance of the assay were used as 

positive  controls for live (calcein) and dead (ethidium homodimer-1) staining, respectively. Each 

electrospun mesh sample or TCPS well was treated with 40% FBS in DMEM for 24 hours to 

provide surface proteins on samples to maximize potential binding sites for cells. After 24 hours 

the pre-treatment solution was removed, and primary meniscal cells harvested from partially 

meniscectomized tissue following our published protocols [39] (UW IRB #STUDY00022490) 

were seeded at ~160,000 cells/cm2 (donor = 59yo, female, TKA, passage 9). After 48-hours of 

culture, all specimens were rinsed and then treated with 200µL of calcein (concentration: .004mM) 

and ethidium homodimer-1 (concentration: .004mM) in PBS for 30 minutes. After incubation, 

samples were imaged (5 images per sample raster imaging pattern) using the Echo Revolve R4. 

Post-imaging, the live dead samples were fixed using 4% paraformaldehyde (PFA) incubated at 

room temperature for 15 minutes. Samples were then immunostained for cell nuclei and actin 

morphology using DAPI and Phalloidin, respectively. Samples were imaged (3 images per sample, 

raster imaging pattern) using the Echo Revolve R4. Images were analyzed using ImageJ software 

to highlight all visible cells in each image and a total count of live and dead cells were summed 

and used to calculate percent viability. For cell viability testing, two specimens (8 mm biopsy 

punches) from three samples from the UA PCL were used. 

5.2.8 Primary Meniscal Cell Response to Applied Strain and Injurious Strain Over Time 
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For primary cell morphology and assessment of cell-fiber interaction, three 8 mm biopsy punches 

of electrospun fibers were prepared from 2 samples of all study groups. Each punch or TCPS well 

was treated with 40% FBS in DMEM for 24 hours. After 24 hours the pre-treatment solution was 

removed, and primary human meniscal cells (donor = 65yo, male, RLM, P3-4) were seeded at 

~120,000 cells/cm2 on scaffolds and ~60,000 cells/cm2 on control 2D TC wells. After 24 hours of 

pre-culture and then either 27hr or 48hr in the J1 MechanoCulture system all media was removed, 

and samples were fixed using 4% PFA incubated at room temperature for 15 minutes. Post-fixing 

samples were immunostained using DAPI, Phalloidin, YAP, and cleaved caspase-3 antibodies 

(100x: Invitrogen (Thermo) #62248, 400x: Invitrogen (Thermo) #A12379, Thermo #66900-1-IG, 

Cell Signaling #9661T).  

For all studies performed with aligned samples seeded with primary cells the samples were placed 

on cover slips in Prolong Gold antifade reagent and imaged on a Nikon A1R confocal microscope. 

For cell morphology assessment, samples from each study were cut in half at what was gauged as 

the central point of the sample and each sample half was imaged separately. For each half of a 

sample 3 images were taken, at 20x magnification at the “top”, “middle”, and “bottom” of a given 

section of the sample. Three additional images were taken on every sample in the same positions 

at a 3x area scanning zoom for representative cell morphology. 

All confocal images were processed using a standardized ImageJ macro to open all images, 

threshold signal, and the thresholded image was used to provide an automated nuclei count, surface 

area and circularity of fluorescence for actin morphology, and surface area of fluorescence and 

circularity for YAP. To assess the colocalization of YAP with cell nuclei original z-stacks from 

zoomed images were run through the publicly available ImageJ macro coloc2. In brief, both 

channels were opened and ROIs were drawn around 2-6 nuclei in the DAPI channel, channels were 
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then autothresholded via the Costes method and analyzed for a variety of colocalization outcomes. 

From these outcomes a representative data set was chosen. 

For all earlier studies performed with unaligned samples seeded with primary cells (donor= 17yo, 

male, LLM, P4) samples were fixed using 4% PFA incubated at room temperature for 15 minutes. 

Post-fixing samples were immunostained using DAPI, Phalloidin, Collagen1, and caspase-3 

antibodies (100x: Invitrogen (Thermo) #62248, 400x: Invitrogen (Thermo) #A12379, 400x: 

Abcam #ab34710, 400x: Thermo #MA1-16843). 

5.2.9 Statistical Analysis 

All statistical tests and graphing were performed using GraphPad Prism software. Prior to any 

statistical analysis, all data sets were tested for normality using a Kruskal-Wallis normality test. 

Due to low numbers of samples tested from bioreactor size limitations statistical analysis was not 

performed for all groups and much commentary was limited to analysis of the preliminary trends 

which appeared in the data. To compare fiber diameters between groups a normality (Kruskal-

Wallis) test was run and passed and therefore, a one-way Brown Forsythe ANOVA with a Dunnett 

T3 multiple comparisons test correction was run. In later studies which all had sufficient replicates 

to perform a statistical analysis a full model, two-way ANOVA with a Tukey post-hoc test was run. 

For all groups significance p is denoted using *p ≤ 0.05, **p ≤ 0.01, *** ≤ 0.001, **** ≤ 0.0001. 
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5.3 Results  

5.3.1 Electrospun Fiber Sample Morphology and Fiber Diameter 

 The MechanoCulture J1 system is designed to apply tensile strain to cell-laden biomaterials while 

also recording resultant stress in response to deformation  and programming options to apply both 

static and cyclic strains or forces. However, this system required multiple adaptations for better 

incorporation with thin fibrous samples and long-term usage in cell culture. Throughout the studies 

performed in these chapters the systemic updates shown in Figure 5.1. were made to the J1 system. 

Each of these modifications was made with to improve ease of use in short and long-term cell 

culture environments. The only modifications not shown are the additional tubing which was 

acquired to lengthen the distance between the MechanoCulture J1 water circulation supply and the 

additional peristaltic pump acquired for adding and removing media from the individual wells. All 

system modifications which were present for each set of tests will be noted in the discussion which 

addresses those tests. 

Figure 5.1 A) Initial systemic replacements in the J1 MechanoCulture system of new external flange nuts which could 

be tightened using a torque wrench, Phillips head screws to replace hex screws for tightening individual clamps on 

samples, and new interior-ring material, B) Individual media holes in the faceplates were tapped and push to connect 

fittings screwed into place with short lengths of tubing then connected to each fitting, C) Luer lock sockets were added 

to all faceplate tube fittings and clamps added to the lower three sets of tubes in order to seal wells and maintain 

consistent media levels. 
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The  three most common issues occurring across tests with the MechanoCulture J1 were 1) media 

leakage due to insufficient seals, 2) internal clamps become fixed in place due to stripping of the 

hex screws securing them to samples, and 3) sample slippage from clamps. Both media leakage 

and internal clamp fixation were addressed by the systemic updates. Specifically, the replacement 

of external nuts, inner o-rings, and addition of push to connect fittings removed issues with 

leakage. The additional external fittings also enable either constant media flow with a peristaltic 

pump system or faster media changes to allow for long term culture and dosing with potential 

biochemical signals during culture. 

It should be noted that the sample slippage could be attributed to the fact that the space between 

internal clamp faces is slightly larger than the thickest electrospun fiber samples used. This 

systemic issue was the only challenge that could not be addressed via direct modifications to the 

MechanoCulture J1 system was slippage from between the internal clamps. Therefore, all aligned 

electrospun fiber tests thin strips of PDMS were sealed to each end of all used samples via the 

aquarium sealant Selsil. A Live/Dead viability test to assess the impact of Selsil and PDMS on 

primary cells can be found in Figure A5.1.  

5.3.2 Electrospun Fiber Sample Morphology and Fiber Diameter 
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Prior to all testing with unaligned and aligned electrospun fibers, a stock of samples were made 

and imaged via SEM for assessment of appropriate morphology and fiber diameter. This is shown 

in Figure 5.2. For the purposes of the studies performed using the electrospun fiber samples 

“appropriate morphology” was defined as uniform fiber diameters across samples generated with 

the same conditions and minimal appearance of necking or webbing in produced samples. Aligned 

and unaligned fiber samples used for all studies showed the expected morphology with no 

immediately visible necking or webbing across images. Fiber diameters did significantly decrease 

across unaligned fibers collected with a stationary collector, unaligned fibers collected with a 

rotating collector or aligned fibers. However, all fiber diameter remained within 2.3 µm of each 

other, indicating they remain within a range that should not impact primary meniscal cell response. 

In initial studies, to evaluate the effect of increasing strain on underlying electrospun fiber 

morphology unaligned samples were placed under a 500mN pre-load and either a 0% strain, 25% 

strain, and 100% strain for one hour and representative images were taken from samples before 

and after each strain. Images can be seen in Figure 5.3. Beyond a visual morphology assessment, 

fiber diameter and alignment were also measured pre- and post-bioreactor testing. It should be 

noted that all actual strain rates in samples which were strained to different final distances are 

Figure 5.2. A-B) Representative SEM micrographs of aligned and unaligned electrospun fibers 

generated for all experiments using a rotating collector, and C) Fiber diameters from aligned and 

unaligned groups generated for J1 experiments including a representative subset of fiber diameters 

for electrospun samples made using a stationary collector for initial experiments. *p ≤ 0.05, **p ≤ 

0.01, *** ≤ 0.001, **** ≤ 0.0001. 
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variable due to an inability to adjust the amount of time the strain is applied over in individual 

wells. For example, in the 1-hour tests shown in Figure 5.3 the 25% strain and 100% strain were 

both applied over the course of 20 seconds making the applied strain rate for each .19 mm/sec and 

.75 mm/sec respectively. Notably, this strain rate should remain more consistent in future studies 

as both are relatively low but may still have implications on the physiological relevance and 

material response due to the viscoelastic nature of electrospun fibers produced with a semi-

crystalline polymer like PCL. 

5.3.3 Primary Meniscal Cell Response to Stress Relaxation on Unaligned Scaffolds 

After assessing the impact of increasing strain on the electrospun fiber scaffolds the stress 

relaxation of samples at the same conditions was assessed with and without primary meniscal cells. 

The stress relaxation profiles did not visibly change with the incorporation of primary meniscal 

Figure 5.3. A) Representative images of electrospun fibers before and after a pre-load no strain control, at 

25% strain, and 100% strain and B) Quantified change in fiber diameter and fiber alignment after running 

experiments with samples in the MechanoCulture J1. 
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cells at 1hr and fluorescent images of samples stained for actin and DAPI showed the meniscal 

cells maintained their presence on scaffolds after culture in the MechanoCulture J1 system (Figure 

5.4). This response confirms that any cell response to injury will stem from damage to underlying 

structures with known mechanical properties rather than from damage to any ECM laid down by 

primary cells. Prior to the test, the primary cells on all tested groups including those run in the 

MechanoCulture J1, no strain fibrous controls, and 2D TC well controls were stained with 

CellTracker and low magnification images taken after 24 hours of culture and before any testing 

in the MechanoCulture J1. Low magnification images were also taken of samples after running 

the MechanoCulture J1 to assess whether there were significant visual changes in the cell densities 

across groups. Representative images are shown in Figure A5.4.  

Figure 5.4. A) Stress relaxation of unaligned electrospun fiber samples with and without primary meniscal cells at 

a 500mN preload for 1hr, B) Stress relaxation of unaligned electrospun fiber samples with and without primary 

meniscal cells at 25% strain for 1hr, and C) Stress relaxation of unaligned electrospun fiber samples with and 

without primary meniscal cells at 100% strain for 1 hr. 
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After demonstrating that the addition of primary cells to scaffolds did not change their response to 

applied strain and that cells remained on scaffolds through 1 hour, a 48-hour test was run at a 

500mN pre-load 0% strain, 10% strain, and 100% strain conditions. The stress relaxation curves 

for these experiments are shown in Figure 5.5. For the pre-load and 10% strain conditions samples 

maintained a relatively 

consistent stress across 

the duration of the test 

with a higher stress 

value for the 10% 

strain vs. pre-load 

only. As expected, the 

100% strain sample 

reached a maximum 

stress and then the 

recorded stress quickly 

dropped to an 

intermediate stress between the 10% and pre-load only groups. The measured stress for all samples 

became more comparable at the 24 hour and 48-hour mark in the recorded data. This was an 

expected response in the stress relaxation data as a purely elastic material would demonstrate no 

decrease in stress with time while a purely viscous material would very quickly demonstrate a low 

observed stress over time. The initial maintenance of a static stress across all groups which slowly 

decreased over the course of the test is a response that is characteristic of a viscoelastic material. 

Figure 5.5. Stress relaxation of unaligned electrospun fibers with 

primary meniscal cells at 500mN preload, 10% Strain, and 100%  Strain. 
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After 48 hours of constant applied strain in the MechanoCulture system samples were fixed and 

stained via immunocytochemistry for actin, DAPI, collagen1, and caspase-3 and imaged on a 

Nikon A1R confocal. Control, no strain samples, were maintained on scaffolds in a TC plate for 

the same time and are used to demonstrate primary meniscal cell response on a fibrous scaffold 

without boundary conditions applied. Representative images are shown in Figure 5.6. Images were 

analyzed via actin staining for the aspect ratio of cells and surface area of collagen 1 (col1).  

As shown in Figure 5.7 meniscal cell aspect ratio trended down with culture in the 

MechanoCulture J1 system with a larger decrease in the 100% strain compared to the pre-load 

only and 10% strain conditions. In general, the measured col1 surface area was higher after culture 

Figure 5.6. Primary meniscal cells on random electrospun fibers after 48hr in culture with no 

strain, 500mN pre-load, 10% strain, or 100% strain. Stained for actin, collagen1, and caspase-3. 
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in the MechanoCulture J1 system with the greatest surface area in the pre-load only group followed 

by the 100% strain and then the 10% strain. The intensity of caspase-3 was assessed in all images 

and plotted at the change in caspase-3 intensity based on a baseline adjustment from the no strain 

control images. This data showed a trend of decreasing caspase-3 intensity with increased applied 

strain (Figure 5.7). 

 

All of the experiments run with unaligned fibers occurred before the incorporation of new o-rings 

to improve sealing of wells, replacement of hex screws with Phillips head screws for tightening of 

clamps, push to fit tubing connectors, tubing, and luer-lock connectors for peristaltic pumps to add 

media. For the initial acellular testing original rubber coated nuts and hex screws were used for 

tightening face plates and clamps respectively. After multiple acellular tests the rubber housing on 

multiple nuts became loose and these nuts could not be effectively tightened and were therefore 

replaced.  After performing the first 48-hour experiment with primary meniscal cells on samples 

multiple hex screws became irreversibly lodge in clamps and had to be removed by taking apart 

individual clamps and tapping the screws. At this point, Phillips head screws of the correct width 

were acquired and machined individually to match the length dimensions of the clamps. 

Figure 5.7. Fluorescent micrograph assessment of actin aspect ratio, col1 surface area, and 

change in caspase-3 intensity. 
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5.3.4 Stress Relaxation Response of Aligned Scaffolds and Meniscal Cell Morphology in 

Aligned Fiber Systems With and Without Damage to the Underlying Fiber Structure 

After initial system optimization performed using unaligned samples to show the effects of 

increasing strain levels on both electrospun fiber and primary meniscal cell morphology all future 

studies were performed with aligned electrospun fibers. Once the ability of the J1 MechanoCulture 

system to be used at 48-hour time points was established, the ability of aligned fibers in the J1 to 

mimic the occurrence of an injury in the highly aligned tissue of the meniscus was assessed. Of 

note, all the systemic updates for improving MechanoCulture J1 usability were finished for all 

aligned electrospun fiber test both with and without primary meniscal cells.  

In total there were 6 studies performed with aligned fiber samples in the MechanoCulture J1. Two 

initial acellular tests and four following cellular tests. In this section the acellular tests will be 

addressed first, however, the stress relaxation curves for all tests with recorded data are shown in 

Figure 5.8. Initial acellular tests were run as either 1) a 10% static 3 hour test or 2) 10% static 

strain over 3 hours followed by sudden increase to 100% strain and return to the 10% equilibrium 

at the end of the test. These tests were designed to mimic occurrence of a sudden injury after a 

stable physiological strain and then a return of ambient strain to a physiological level. As shown 

the stress relaxation curves for a 10% static (Figure 5.8A left) and 10% static followed by sudden 

increase to 100% strain (Figure 5.8A) right) are comparable prior to the induced injury and the 

recorded stress post-100% strain is lower compared to the intact sample at 10% strain. This 

indicates that the plastic deformation is having the intended impact in aligned samples as expected.  

It should be noted that due to an error in the software the stress relaxation profiles were not 

recorded for the 27-hour static and 48-hour injury test conditions. Further, due to a likely error 

with the load cells, the 27-hour injury test did not contain a pre-load which as shown in Figure 5.8 
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altered the maximum stress achieved across the test. This is considered negligible for the outcomes 

measured as the key requirements for these tests were the maintenance of a low-level strain over 

the full duration of the test or maintenance of a low-level strain followed by a sudden injurious 

strain and then a return to the constant low-level strain.  

Figure 5.8. Stress relaxation of aligned electrospun fiber samples in the J1 MechanoCulture 

system at A) 10% strain over three hours (left) or 10% strain over three hours followed by an 

injurious 100% strain (right), B) 10% strain over 48 hours (left) or 10% strain over 48 hours 

followed by an injurious 100% strain (right) and a return to 10% strain for three hours.  The 100% 

strain is denoted by a black box at the time which the 100% strain was applied at in each plot 

containing a recorded injury. 
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All recorded cellular stress relaxation data is shown in Figure 5.8B and is initially comparable for 

all groups acellular and cellular, apart from the 27-hour injury test without the same initial pre-

load before and after application of a 100% strain to “injure” the underlying material.  

The 27-hour injury test pre-load had to be removed from the test conditions due to a force sensor 

error. The general profile of the stress relaxation curve remained similar to the acellular control 

despite the lower initial force response. The recorded stress post-100% strain does slightly increase 

indicating that the pre-load does not impact material response at higher strain levels despite the 

initial difference between a 10% strain with and without applied pre-loads. A comparison of stress 

relaxation profiles with and without primary meniscal cells and with all measured data in one plot 

is shown in Figure A5.4. In addition, a more direct comparison of recorded stress, post-100% 

strain as compared to static 10% over the duration of tests run with primary cells can be seen in 

Figure A5.5. 
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After initial acellular tests four cellular tests were performed. In total there were two “short-term” 

studies and two “long-term” studies designed to investigate meniscal cell response to a sudden loss 

of strain transmission 3 hours post-injury and 24 hours post-injury as compared to full strain 

transmission for 27-hours and 48-hours. An overview of all studies performed is shown in Figure 

5.9.  

For the “short-term” studies a 10% static strain was maintained for 27-hours or for 24 hours 

followed by a brief 100% strain and then return to 10% for 3 hours. In the “long-term” studies a 

10% strain was maintained for 48-hours or for 24 hours followed by a brief 100% strain and then 

return to 10% strain for an additional 24 hours. The stress was measured for the first three hours 

of each test then for three hours at the 24-hour mark and one hour at the 48-hour mark. After each 

test samples were fixed and stained for DAPI, actin, YAP, and cleaved caspase-3. Representative 

fluorescent images for all groups are shown in Figure 5.10. 

Figure 5.9. A visual overview of the studies performed to establish short term primary meniscal 

cell response to either a physiological 10% static strain or physiological strain followed by 

sudden injury and a return to the equilibrium strain condition. Made using BioRender.com. 
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In all groups, meniscal cells were highly aligned in the direction of the fiber alignment. However, 

with increased time in the MechanoCulture J1 meniscal cells showed both an elongated and 

circular morphology. In the 27-hour injury and 48-hour injury groups there were fewer meniscal 

cells and those which remained elongated display abnormal morphology and generally both injury 

conditions have fewer cells compared to their static controls. All groups did express cleaved 

caspase-3 indicating some degree of active apoptosis in all groups.  

Figure 5.10. Representative confocal fluorescent micrographs of primary meniscal cells on 

electrospun fibers with no strain, a static 10% strain for 24hr, a static strain for 24hr then injury 

and return to 10% post injury for 3 hr, a static 10% strain for 48hr, and a static strain for 24hr 

followed by an injury and return to 10% strain for an additional 24hr. 
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In addition, there were fewer meniscal cells overall on scaffolds in the MechanoCulture 

J1compared to static controls which remained on fibers but were in a TC well and were not loaded 

in any way. There is not a significant decrease in cell number between the 27-hour static condition 

and the 48-hour static condition however, the increased expression of cleaved caspase-3 is notable.  

All fluorescent images were assessed for the surface area of cleaved caspase-3, actin, and YAP. 

These outputs are shown in Figure 5.11. Further, assessments of the colocalization of YAP and 

DAPI in original z-stacks was performed in or der to demonstrate nuclear expression of YAP. An 

average Pearson’s R Coefficient for analyzed images is also shown in Figure 5.11. In general, the 

Pearson’s R coefficient and therefore the colocalization of YAP to DAPI in assessed images 

Figure 5.11. Assessment of fluorescent micrograph outputs for each J1 study, A) Cleaved 

caspase-3 surface area/cell, B) Actin Surface Area/Cell, C) YAP Surface Area/Cell, D) Nuclei 

Count, and E) Pearson’s R Coefficient (%) *p ≤ 0.05, **p ≤ 0.01, *** ≤ 0.001, **** ≤ 0.0001. 

 

A) B) C) 

D) E) 
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showed an increase with time and any culture in the MechanoCulture J1 system regardless of 

whether there was an induced injury.  

5.4 Discussion 

5.4.1 MechanoCulture J1 Systemic Modifications and Updates 

The final modified MechanoCulture J1 system offers reliable sealing of all wells without media 

leakage, easier addition and removal of media to all wells, and increased accessibility of an 

external water reservoir for cooling of internal mechanisms. All updates have been carefully 

documented. The only recurring issue remains slippage of samples from between clamps. While 

the addition of PDMS strips to the ends of samples increased the required thickness for securing 

samples there was a new recurring issue with PDMS being occasionally “squished” from between 

clamps. Generally, this was solved by using PDMS of uniform thickness and slightly extended 

width to increase the surface area interaction between the PDMS and the internal face of clamps. 

5.4.2 Electrospun Fiber Sample Morphology and Fiber Diameter 

All samples were preliminarily imaged via SEM before their use in any experiment to verify that 

across samples there was both comparable fiber diameter and sample morphology to avoid impacts 

of poor fiber formation on outcomes like measured stress relaxation. All initial testing in the 

MechanoCulture J1 system was performed with unaligned electrospun fibers due to ease of sample 

production. These initial experiments were designed to first show the effects of increased applied 

strain on electrospun fiber morphology and stress response over time. Differences in electrospun 

fiber morphology with increasing strains is shown in Figure 5.3A. Increasing levels of strain 

decreased the measured fiber diameter due to elongation and necking of fibers (Figure 5.3B, 

upper). Image assessment also demonstrated an increase in the alignment of disorganized fibers 
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(Figure 5.3B, lower). This strain dependent response was expected and showed that plastic 

deformation in samples began at strain levels as low at 25% but there was no evidence of plastic 

deformation at the selected pre-load. The 100% strain was selected as an appropriate mimic of 

injuries to the meniscus for all further studies. This is an effective “injury” group as the induction 

of significant plastic deformation at 100% strain will effectively modify the transmission of force 

throughout the underlying construct fibers due to irreversible structural modifications. There are 

numerous models of modified strain transfer and mechanical properties post-injury or post-injury 

and some manner of repair in meniscal explants.[40, 41] However, no reviewed in vitro models 

using synthetic scaffolds have created an injured environment in a synthetic scaffold to investigate 

the response of primary meniscal cells. More specifically, because this underlying structure is 

damaged it will not transmit a coherent field of stress in response to an applied strain which should 

directly mimic the effects of a loss of residual strain exhibited post-meniscal injury. 

5.4.3 Primary Meniscal Cell Response to Stress Relaxation on Unaligned Scaffolds 

Samples were fixed and stained for DAPI, actin, collagen1, and caspase 3 to determine primary 

cell density, morphology, ability to express key extracellular matrix components and occurrence 

of apoptosis. It should be noted that a more direct measure of apoptosis is the active, cleaved 

caspase-3 rather than the inactive caspase 3 form. 

As shown in Figure 5.4, there is no noticeable difference in the stress relaxation profile of hydrated 

acellular samples vs hydrated cell-laden samples and there was a reasonable density of cells 

remaining on samples at the 1hour mark. In addition to fixing samples and staining for DAPI and 

actin cell tracker was used to take “pre-J1” and “post-J1” overview images to assess cell density 

and this is shown in Figure A5.2. As previously mentioned, there were ongoing systemic updates 

occurring throughout the experiments performed in this chapter and one such update was a change 
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to using a large diameter rotating collector to increase the surface area of individual electrospun 

samples. Figure A5.3 shows the stress relaxation profile of an “old” electrospun sample compared 

to a “new” electrospun sample which were spun at identical conditions apart from collection with 

a rotating mandrel. This establishes that while the samples have differences in surface area and 

therefore sample thickness the assessed stress relaxation profile remains comparable. 

After establishing the effects of varying applied strain on electrospun fiber morphology it was 

important to assess whether addition of primary meniscal cells to scaffolds would significantly 

modify the stress relaxation profile of samples over time and whether the process of adding the 

samples to the J1 system was significantly decreasing the number of cells present on scaffolds. 

Therefore, initial 1 hour testing was performed at a no strain 500 mN pre-load, 25% applied strain, 

and 100% applied strain.  

As the long term, goal of this work is to use the MechanoCulture J1 system as a multi-factorial 

mechanical system which incorporates a synthetic scaffold, applied strain, and allows addition of 

biochemical signaling factors to assess primary meniscal cell response to structural injuries. 

Therefore, the first long term study performed in the system included three test groups: 500 mN 

pre-load with 0% strain, a 10% strain for physiologic mimetic force, and a 100% strain to induce 

plastic deformation and loss of residual strain. The recorded stress relaxation profiles and 

representative fluorescent images are shown in Figures 5.5 and 5.6.  

The stress relaxation profiles were as expected with the lowest recorded maximum stress in the 

500 mN pre-load group followed by the 10% strain. The 100% group had an initially large recorded 

maximum stress with the induced plastic deformation, and this dropped to a level between that of 

the 10% and 500 mN groups. All groups maintained differing stress responses to applied load until 

measurements were recorded around the 24-hour point where the 10% and 100% strain groups 
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began to overlap and at the 48-hour point all groups had a very similar stress response. This does 

indicate there is some sample relaxation occurring at these strain levels due to the viscoelastic 

nature of our PCL fibers. However, the only group with damage to the underlying matrix remains 

the 100% strain group. Therefore, while the overall strain transferred in a given scaffold (and 

therefore magnitude of experienced force) due to an applied strain decreases with time the samples 

which have undergone significant plastic deformation are the only groups with likely highly 

variable and inefficient transfer of force throughout the full scaffold structure.  

This study was also run with unaligned electrospun fiber scaffolds as the meniscus has both 

randomly oriented and aligned collagen fibers throughout its structure. Samples from all groups 

were stained for DAPI, actin, col1, and caspase-3 and imaged using a Nikon A1R confocal 

microscope. There were a number of initial trends identified by this image analysis but in particular 

the meniscal cells showed a decreased aspect ratio (increased roundness) compared to both no 

strain samples and samples with a pre-load only. Also, all groups tested in the MechanoCulture J1 

were able to produce collagen 1 which is an important component of the meniscus extracellular 

matrix. This initial work demonstrated that the meniscal cells not only responded to an applied 

variable strain but continued to express a key matrix protein.  

5.4.4 Stress Relaxation Response of Aligned Scaffolds and Meniscal Cell Morphology in 

Aligned Fiber Systems With and Without Damage to the Underlying Fiber Structure  

As prior experiments demonstrated the viability of the MechanoCulture J1 for studies reaching 48-

hours the next studies performed with cell seeded scaffolds were carefully chosen to provide 

baseline information on meniscal cell response to a consistent low level physiological strain or 

consistent low level physiological strain followed by a sudden injury. To provide a preliminary 

understanding of what timelines primary meniscal cells respond to an injurious strain studies were 
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performed as either a short-term post-injury (3 hours post-injury) or long-term post-injury (24 

hours post-injury) all groups received an initial static 10% strain for 24 hours. While both serve as 

early time points in relation to patient care the primary cells are expected to begin reacting to 

significant changes to their structural environment as soon as 24 hours and possibly before. These 

time points allow identification of a minimal timeframe which cell response to an injury should be 

assessed in for all future studies. 

To further assess the replicability of the stress relaxation response in each experiment ~3 hour 

acellular tests were first run to obtain characteristic stress relaxation responses, and these are 

shown in Figure 5.8A. The stress relaxation curves did demonstrate the expected outcomes with 

a consistent response to strain over time for the full duration of the static experiment with an overall 

slow decrease with time, indicating a viscoelastic response. Acellular tests also showed a sudden 

increase of stress with injury and immediate decrease post-injury in the injury mimetic experiment. 

Stress relaxation curves were also obtained for two of the four cellular studies run with aligned 

fibers in particular for the 48-hour static condition and 27-hour injury condition. These plots are 

shown in Figure 5.8B. As previously noted, due to an error with a force sensor, all tests apart from 

the 27-hour injury condition were performed with a 100mN pre-load. The 48-hour static stress 

relaxation curve shows the expected initial increase in stress with applied strain which remains 

relatively consistent over the full duration of the test. The recorded stress at later time points did 

appear slightly increased but this was not considered to be a significant change. As noted, the initial 

27 hour recorded stress was much lower compared to all other tests, but post-injury showed a 

recorded stress which was higher than the recorded initial static and much closer (still lower) to 

the stress recorded in the static 48-hour condition (Figure A5.5). Overall, these curves show that 

recorded stress post-injury is typically lower compared to the static 10% strain conditions. In 
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addition, the profiles of curves and maximum stress achieved for either 10% or 100% strain was 

not markedly different between samples with or without primary meniscal cells (Figure A5.4). 

Of relevancy for meniscal cell morphology outcomes, the meniscal cells simultaneously 

experienced a higher stress (compared to their initial static stress) post-injury which transmitted 

through a damaged extracellular matrix and may be a confounding factor in these study outcomes 

(Figure A5.6). Ideally, all cellular baseline studies will be repeated and stress relaxation curves 

obtained to assess whether this is a consistent result in aligned scaffolds after application of an 

injurious 100% strain as we do not have stress relaxation curves for the 48-hour injury groups. 

Samples were fixed and stained for DAPI, actin, YAP, and cleaved caspase 3 to determine primary 

cell density, morphology, meniscal cell mechanotransduction efficacy, and level of apoptosis. 

Images were analyzed for cell count, actin, YAP, and cleaved caspase-3 surface area and the 

colocalization of YAP with DAPI to provide an indirect measure of the mechanical signaling in 

the cells. Representative fluorescent micrographs are shown in Figure 5.9 and all image semi-

quantification outcomes are shown in Figure 5.10. 

Meniscal cell density is significantly decreased for all MechanoCulture J1 samples compared to 

the static no strain control and this can be attributed to the loading and unloading process of the 

bioreactor. It was thought that the density would become more comparable at the 48-hour time 

point for a static 10% strain. However, there is a trend of decreased meniscal cell with time spent 

in the MechanoCulture J1 device which will be investigated in future studies. While there are no 

significant differences in meniscal cell density between the static non-injured conditions and their 

injured counterparts for either time point there is a trend of decreased meniscal cell count with 

injury. This can be attributed to meniscal cells detaching from injured constructs due to the single 

layer of aligned fibers as well as likely induction of pathways related to apoptosis. 
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The measured actin surface area showed unexpected trends with the highest surface area measured 

for the 27-hour injury condition and the 48-hour static conditions followed by the no strain control 

groups. The lowest surface area was measured for the 27-hour static and 48-hour injury groups. 

This data suggests that the spreading of meniscal cells is increased immediately post-injury and by 

24-hours post-injury spreading decreases more sharply. Interestingly, the measured YAP surface 

area was highest in the 27-hour static strain group followed by the 48 hour no strain, 48-hour 10% 

strain, and then the 27-hour and 48-hour injury conditions and finally the 27-hour no strain group. 

In general, this indicates a higher YAP expression throughout primary cells with time spent on 

aligned fibers as well as an initially high YAP expression with 27 hours at a static physiological 

strain which decreases with increased time. The expression between the 27-hour injury group and 

48-hour injury group was also higher for the 27-hour group. While no concrete conclusions can be 

drawn from this it is possible that there is increased relocation of YAP to cell nuclei with increased 

time spent in the MechanoCulture J1 system which appears as a decrease in measured surface area. 

To pursue in greater detail whether YAP relocation to nuclei was changing within these 

experiments colocalization of YAP and DAPI was assessed as described in the methods section. 

Colocalization of YAP and DAPI remains relatively consistent across all samples with the lowest 

values measured for the 48-hour injury condition. Interestingly, the highest colocalization values 

are recorded for the 27-hour injury condition. This is followed by the 48-hour static, 27-hour static, 

and finally the no strain control. Taken together this indicates that the colocalization of YAP and 

DAPI does not significantly respond to the loss of residual strain in samples until 24 hours post-

injury and the decrease in mechanical signaling may be preceded by an initial increase. These 

trends agree with the surface area data for actin, however, run slightly counter to the quantified 

YAP surface area trends observed.  
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The ability of cells to sense and respond to extracellular stiffness cues is thought to be mediated 

by the YAP/TAZ signaling pathway, a critical component of the Hippo signaling pathway.[34, 42–

44] YAP is located in both the cytoplasm and the nucleus, however, in multiple cell types including 

in fibroblasts, articular chondrocytes, and annulus fibrosus cells, YAP/TAZ relocates to the nucleus 

in response to mechanical loading.[42, 44] Notably it has been shown in annulus fibrosus cells that 

an increased cell aspect ratio decreased nuclear YAP/TAZ regardless of the stiffness of the 

substrate.[34] Interestingly, the colocalization data from all of the samples tested indicates a high 

level of colocalization with Pearson’s R coefficient terms between 0 and 1 indicating some level 

of pixel-by-pixel covariance in signal levels (for example a value of .87 indicates that 87% of the 

variability in one channel can be explained by the variability in the other).[45] Unfortunately, an 

evaluation of colocalization via Pearson’s R coefficient is most strongly convincing when the value 

lies close to 1 and intermediate values can be difficult to interpret. Further, the fluorescent YAP 

expression in most images presents as diffuse with no visibly increased brightness in the nucleus 

compared to the cytoplasm and none of the observed Pearson’s R coefficient values are extremely 

close to 1.  Therefore, either more study replicates or alternative experiments which assess 

activation of the YAP/TAZ pathway via a more quantifiable method such as qPCR is 

recommended. It is also possible, based on the data shown in annulus fibrosus cells, that due to the 

aligned fibers there is minimal change in the YAP/TAZ nuclear relocation in all groups due to the 

inherently increased cell aspect ratio.  

It is important to note that there was some baseline expression of cleaved caspase-3 for all samples 

imaged including the no strain controls and the 2D TCPS controls. However, expression of cleaved 

caspase-3 did increase for all groups run in the MechanoCulture J1 regardless of whether an 

injurious strain was applied. There was some small increase in expression of cleaved caspase-3 for 
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the 28-hour injury group compared to its static counterpart. However, expression of cleaved 

caspase-3 decreased in the 48-hour injury condition compared to the static control. Without further 

information this expression pattern suggests that use of the bioreactor under the current use 

conditions is upregulating apoptosis across the board making this an inconsistent measure of an 

injury condition. Other literature has shown that active (cleaved) caspase-3 can be present in 

human mast cells without the occurrence of apoptosis.[46] Caspase-3 is also noted as having a role 

in the differentiation of proerythroblasts, megakaryocytes,  macrophages, and mast cells.[46] The 

generally diffuse expression of the cleaved caspase-3 throughout most of the images in these 

experiments rather than the expected bright and punctate spots in conjunction with a disrupted 

nucleus corroborate the implication that cleaved caspase-3 may be playing a different role in the 
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designed system beyond induction of apoptosis. Without further data there is no definitive 

conclusion on the observed relation between DAPI and caspase-3 colocalization. More specific 

Figure 5.12 A) Cell density across individual images from end 1 to end 6 of 

samples in the J1 MechanoCulture system for 27hr with no injury or injury at the 

24hr mark and return to a non-injurious strain for an additional 3 hr, B) Cell density 

across individual images from end 1 to end 6 of samples in the J1 MechanoCulture 

system for 48hr with no injury or injury at the 24hr mark. Samples which either 

slipped from the clamps or ran incorrect systemic settings were removed from the 

heat maps. 
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analysis in the form of either a measure of proliferation over time or in specific analysis by qPCR 

can aid in understanding this phenomenon. 

When thinking about the increased expression of cleaved caspase-3 the diffusion of oxygen 

throughout the system is an important factor as all wells are sealed with only a small opening for 

influx of surrounding ambient environment. Additionally, all samples in the MechanoCulture J1, 

even at the “top” of the sample, are under a large amount of media compared to cells in either a 

2D culture plate or on electrospun fibers placed in a 2D culture well. This is visualized in Figure 

A5.7. The relationship between depth of the well and the penetration depth of a diffused nutrient 

or other molecule can be described by either the Material Balance equation or the Thiele Modulus 

both shown in Figure A5.7. The Thiele Modulus presents a more direct relationship between the 

diffusion depth and distance traveled wherein the distance (L) and Thiele Modulus have a direct 

relationship so an increased distance will result in an increased modulus value. An increased 

modulus indicates a decreased nutrient penetration depth and therefore an increased likelihood that 

cells may not be obtaining appropriate access to either oxygen or other nutrients.  

To provide an indirect assessment of varied access to diffusion of oxygen heat maps were generated 

of the cell density at each position on the rectangular electrospun fibers, shown in Figure 5.11. It 

should be noted that this data is not fully representative of individual sections of samples due to 

modifications made during imaging of samples, differences in individual sizes of each sample half, 

and some areas having such low cell density that no viable images could be taken. However, 

preliminary analysis indicates no concrete evidence of a cell density gradient that corresponds to 

location in the MechanoCulture J1system. This is positive evidence that the diffusion of oxygen 

or other nutrients is not significantly impacting the viability of meniscal cells, however, it draws 

into question whether the process of using the MechanoCulture J1 is stressing primary cells such 
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that even 48-hours in culture at a static strain is not enough time to recover from the process of 

securing samples in the bioreactor system. Of note, samples remain without media for anywhere 

from 10-40 minutes prior to the sealing of all 6 wells in the bioreactor and after the end of tests 

when samples must be removed from the wells. This may be negatively impacting meniscal cell 

health overall. 

Beyond the variable expression of both YAP and cleaved caspase-3 there is a very interesting 

variability in the morphology of the meniscal cells imaged with many meniscal cells appearing 

extremely rounded which is an unusual morphology given both an aligned substrate and presence 

of a tensile force due to an applied strain. Despite some inconsistencies across collection and 

models this is promising data which will increase usability of this mechanical bioreactor for all 

future studies and presents a strong foundation for future studies on meniscal cell response to 

damage to an underlying ECM-like structure. 

5.5 Conclusion 

In conclusion, random electrospun scaffolds were used to establish the effects of increasing applied 

strain on fiber diameter and underlying morphology in the MechanoCulture J1 system. Then 

preliminary work was carried out demonstrating the ability of primary meniscal cells to remain on 

electrospun scaffolds after the loading process of the bioreactor and at 48-hours with either a low-

level pre-load, 10% physiological strain, or 100% injurious strain. After establishing that primary 

meniscal cells remained present on scaffolds for these conditions time was dedicated to improving 

both the mechanical bioreactor and developing both acellular and cellular test with aligned fibers 

in order to more accurately mimic the underlying environment of the meniscus. These studies 

showed a consistent stress relaxation response in samples before and after an injurious strain and 

at a consistent low-level strain. The response of primary meniscal cells at early time points post-
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injury compared to 24-hours post injury was unexpected and use of the tensile bioreactor did seem 

to negatively impact meniscal cell health for all conditions. However, these studies also offer 

insight to the timeline for a response to primary meniscal cells to solely a changed mechanical 

environment and there is potential for incorporation of other factors like biochemical signaling 

factors to add more complexity to the system.  

To determine the viability of the designed system as an appropriate in vitro model of meniscus 

injuries there are a number of additional fundamental studies which should be replicated. Key 

studies include replicating the 3-hour and 24-hour post-injury studies with a cyclic load and both 

the originally chosen physiological 10% strain and a low-level strain such as 5%. Viability studies 

at all culture time points in the bioreactor will aid in understanding expression of apoptosis over 

time spent in the bioreactor. Ideally all scaffold thicknesses would be increased to aid with 

recording of uniform stress relaxation data. Further, studies will also require testing beyond 

immunocytochemistry staining and imaging because while these are extremely beneficial for the 

observation of meniscal cell morphology they are limited in targets and lack the level of detail in 

results which is required to confidently assess systemic effects on cell phenotypes. After assessing 

whether these cyclic studies result in differences in meniscal cell morphology and the translocation 

of YAP to cell nuclei and overall release of cleaved caspase-3 more information may be gained by 

testing collected media from each group in assays such as ELISAs to provide a measure of any 

biochemical signals innately expressed by the meniscal cells independent of cues beyond a 

changed mechanical environment. There remains much to do to improve this system including 

utilizing multi-layered scaffolds to more directly mimic the multi-layered structure of the 

meniscus. Further, it is necessary to find an efficacious manner to attenuate strain transfer in a 

synthetic scaffold and incorporate release of biochemical factors or additional cells like 
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macrophages which would be recruited to the site of an injury in the meniscus. Finally, all of the 

initial single layer experiments should be replicated with a cyclic load which will more directly 

map to the physiological loading environment of the meniscus. Overall, this is a promising avenue 

for creating a complex in vitro model which may investigate the response of primary human 

meniscal cells to modifications of their intensely organized structural environment. 
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Figure A5.1. Representative images of primary meniscal cells from the 

viability test positive control group, negative control group, and on 

unaligned PCL fibers sealed to PDMS via Selsil. 
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Figure A5.2. Representative images of samples post-J1 and a model imaging scheme for 

fluorescent images. 
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Figure A5.3. Stress relaxation of unaligned electrospun fibers with and without primary meniscal 

cells made either using a sample collected on a stationary plate or with a rotating mandrel at a low 

speed. 

Figure A5.4. Stress relaxation of aligned electrospun fibers with and without primary meniscal cells 

at A) Static 10% strain over three hours or 48 hours and B) A static 10% strain followed by a 100% 

strain to mimic sudden injury at either three hours or 24 hours. 
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Figure A5.5. Stress relaxation of aligned electrospun fibers with primary cells over 48 hours with 

a consistent 10% strain or over 27-hours with a 24-hour 10% static strain and following an increase 

to 100% at the 24-hour mark and then return to 10% strain. **note that the 27-hour group lacks a 

comparable pre-load which is decreasing the value of the initially recorded stress. 
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Figure A5.6. Representative images of samples 

post-J1 and a model imaging scheme for 

fluorescent images. 

Figure A5.7. Representative images of samples post-J1 and a model imaging scheme for 

fluorescent images. 
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Chapter 6: Conclusions 

5.1 Summary 

The work described in this thesis has shown how developing a basic understanding of the 

mechanistic importance of electrospinning principles can be leveraged in systems with and without 

non-ionic surfactant and used to produce scaffolds with desired characteristics for use in in vitro 

models of meniscal injuries. Specifically, the use of non-ionic surfactant influences in 

poly(caprolactone)  electrospinning process was then used in conjunction with a tensile bioreactor 

to establish a preliminary model of the response of primary human meniscal cells to a 

microenvironment with perturbed mechanical signaling.  

In Chapter 2, key parameters for production of highly aligned scaffolds in a rotating mandrel 

system were systematically reviewed and drivers of alignment identified. This work showed that 

an increased mandrel diameter is significantly more effective at increasing fiber alignment for low 

micron-scale electrospun fibers compared to rotational speed for all tested groups. This work 

provides some additional guidelines for collection of highly aligned electrospun fibers beyond 

increasing rotational speed or requiring adaptation of other systemic parameters. 

In Chapter 3, the effect of nonionic surfactant chemistries on emulsion stability, fiber morphology, 

and mesh wettability of electrospun emulsions was assessed. Further, this work identified whether 

there were differential impacts on macromolecular properties of scaffolds produced with surfactant 

and how surfactant affected collection of aligned electrospun fibers. Emulsion stability was best 

maintained by Span80 and PGPR and all surfactants maintained or decreased fiber diameter. 

Interestingly the surfactants tested impacted wettability differentially in non-emulsion and 

emulsion groups. Taylor cone formation varied with different surfactants in non-emulsion systems 

and between Span80 and PGPR only Span80 demonstrated a unique macromolecular response 
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observed by alterations to crystallinity via SAXS. Finally, preliminary work in collecting aligned 

fibers of non-emulsion solutions containing Span80 showed that the same governing principles for 

PCL only solutions identified in Chapter 2 did not apply. The addition of surfactant modified the 

jet acceleration beyond what could be accounted for in an increased rotational speed with smaller 

diameters and required both a lower applied voltage, increased collection distance, and increased 

mandrel diameter in order to produce reliably aligned samples. This work emphasized the utility 

of non-ionic surfactants for stabilizing different electrospinning surfaces and demonstrated its 

potential for modifying different outcomes like fiber surface properties and innate macromolecular 

organization. 

In Chapter 4, the effects of increasing concentration of the non-ionic surfactant Span80 on 

electrospun fiber morphology, surface wettability, and overall sample tensile mechanics was 

investigated in both unaligned and aligned fibers. Further, the effect of surfactant on primary 

meniscal cell interactions with fibers was assessed to determine whether surfactant negatively 

impacted cell viability, binding, and production of key ECM proteins like fibronectin. This work 

demonstrated that Span 80, in a concentration-dependent manner, can be used as an additive to 

modify electrospun fiber morphology, surface wettability, and mesh tensile mechanics without 

significantly altering cell response in both unaligned and aligned groups to mimic the anisotropy 

of fibrous connective tissues including the menisci. Increasing concentrations of S80 did alter Iβ1 

and fibronectin surface area, likely due to altered protein conformation on adsorption to fiber 

surfaces. 

Finally, in Chapter 5, the utility of a combined tensile bioreactor, MechanoCulture J1, with 

unaligned and aligned electrospun fibers to create an effective in vitro injury model of the meniscus 

was evaluated. This work showed that increased strain had the expected effect on underlying 
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morphology and the stress relaxation of samples was both viscoelastic and relatively non-changed 

by the addition of primary meniscal cells. Further it was established that primary meniscal cells on 

aligned scaffolds had a differential morphology and expression of the mechanosensitive protein 

YAP in the “injured” and non-injured models, with trends of decreased colocalization of YAP 24 

hours post injury compared to 3 hours post-injury. The use of the tensile bioreactor did negatively 

impact meniscal cell health for all conditions and time points. However, these studies also offer 

insight to the timeline for a response to primary meniscal cells to solely a changed mechanical 

environment and there is potential for incorporation of other factors like biochemical signaling 

factors to add more complexity to the system.  

5.2 Significance of Work 

The work shown in Chapter 2 demonstrated that the increase in alignment in the largest diameter 

mandrel was negligible between nearly all groups examined, counter to what has been assumed 

previously and thus a novel phenomenon. This study also used rotational speeds that are relatively 

low compared to commonly used speeds, suggesting that it is possible to obtain well-aligned fibers 

at these lower and safer operational speeds. Results from this study can be translated for other 

polymer-solvent systems and are applicable for  studies attempting to produce highly aligned 

electrospun fibers. Overall, these experiments offer a set of guiding principles, beyond increasing 

rotational speed, for collection of highly aligned fibers with a rotating collector for use as scaffolds 

for tissue engineering.  

Studies in Chapter 3 and 4 showed the utility of non-ionic surfactant for modulating both emulsion 

stability, underlying macromolecular structure of electrospun fibers, and both surface and scaffold-

level mechanical properties of fibers. Of particular interest, a number of aligned fibrous scaffolds 

recapitulated the tensile properties of native meniscal tissue with all aligned groups showing elastic 
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moduli in the same range as the recorded elastic modulus of circumferential sections of the 

meniscus. In these same groups surfactant promoted adhesion and proliferation of primary 

meniscal cells, illustrating their utility for in vitro models. The ability to modify electrospun fiber 

properties using a common electrospinning additive, like non-ionic surfactant, provides an 

additional tool for creating and manipulating synthetic fibrous models to understand cell behavior 

required for connective tissue regeneration. 

The work performed in Chapter 5 demonstrated the utility of synthetic electrospun fibers in 

conjunction with a tensile bioreactor that could be customized for future experiments. This work 

demonstrated the potential that an adaptable and multi-factorial in vitro model offers due to the 

inherent control over the complexity of the overall system. 

5.3 Future Directions and Challenges 

Future work in electrospinning of fibers for varying applications will focus on applying the same 

system parameters identified in Chapter 2 to the production of aligned nanofibers to elucidate 

whether the same governing principles dominate at a different length scale. The work shown in 

Chapter 4, offers exciting avenues for future work to examine the utility of surfactant in modifying 

drug release in unaligned and aligned fiber systems and determine whether this can be used as a 

hormone delivery mechanism within an in vitro meniscal model. Preliminary work in our lab has 

shown that surfactant chemistry and concentration can be used to modulate model drug release 

and is currently being investigated with hormones such as estradiol and progesterone.  

There remains much to do to improve the tensile bioreactor system built over the course of Chapter 

5 including utilizing multi-layered scaffolds to more directly mimic the multi-layered structure of 

the meniscus. Further, it is necessary to find a method for attenuating strain transfer in a synthetic 
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scaffold, to mimic the properties of native collagen, and incorporate release of biochemical factors 

or additional cells like macrophages which would be recruited to the site of an injury in the 

meniscus. Overall, this work has demonstrated that optimization of electrospun fiber scaffolds via 

induction of alignment and incorporation of non-ionic surfactants offer a promising avenue for 

creating a complex in vitro model of the meniscus. Further these scaffolds may be incorporated 

into a modified bioreactor system to investigate the response of primary human meniscal cells to 

modifications of their intensely organized structural environment and provide better targets for 

future clinical interventions for patients with meniscal injuries. 


