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Abstract 

 

One objective of the field of tissue engineering is to develop new biomaterials to unlock 

the body’s own potential to rebuild itself. Electrospun nanofibers are one such material, 

providing topographical features on the length-scales relevant for cellular interactions, 

recapitulating the cues from the native extracellular matrix. Nanofiber-based scaffolds 

require careful design to maximize fiber-cell interactions on the micron scale without 

sacrificing the porosity necessary for healthy healing responses. This thesis describes our 

work in developing electrospun nanofiber-based scaffolds for improved healing in 

peripheral nerve and soft tissue injuries. 

 

Peripheral nerve injuries pose a major health problem, leading to severe disability 

and poor quality of life. It is estimated that 5% of all open traumatic wounds are 

associated with peripheral nerve injuries, resulting in about 560,000 nerve repairs 

performed each year in the United States. Despite advancements in surgical techniques, 

functional recovery remains suboptimal. We have developed nanofiber-based nerve 

guides to provide off-the-shelf scaffolds for improving repairs in no-gap repairs, gap 

repairs, and ventral root avulsion repairs. We optimized the fiber properties through live-

cell tracking and spheroid migration studies to maximize the contact guidance to 

Schwann cells, the key support cells of the peripheral nerve. We conducted extensive in 

vivo studies in rats, dogs, and rhesus macaques to determine the optimal design to 

maximize cell-fiber interactions without limiting porosity. 
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Soft tissue losses from cancer surgery, trauma, aging, or congenital malformation 

affect millions of people each year. The loss of such tissues including skin, fat, fascia, 

and muscle can lead to major functional and aesthetic disturbances that are difficult to 

reconstruct with conventional methods. For example, more than 300,000 women a year 

undergo partial mastectomies for breast cancer in the United States, resulting in 

disfiguring deformities that go untreated in most cases. We have developed a novel 

scaffold for these injuries comprised of a composite between dispersed nanofibers and a 

hyaluronic acid hydrogel. These composites can match the stiffness of native fat while 

simultaneously retaining the porosity necessary for enhanced cellular infiltration and 

remodeling. We characterized the composite properties through extensive mechanical 

testing and demonstrated their efficacy through in vivo studies. 
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Chapter 1   Tissue Engineering and Topographical 

Guidance 

1.1 The field of tissue engineering 

 

In the first issue of the journal Tissue Engineering, Tissue Engineering is defined 

as the use of living cells, manipulated through their extracellular environment and 

genetics to develop biological substitutes for implantation into the body and/or to foster 

the remodeling of tissue in some other active manner [1]. The tissue engineering field has 

exploded since this first publication in 1995, to the point where 8,000 tissue engineering 

papers were published between January 2012 and September 2013 [2]. The field has also 

received significant institutional support, with dedicated centers at many elite institutions 

such as the Translational Tissue Engineering Center (TTEC) at Johns Hopkins. The 

cellular-based therapy branch has thrived, particularly since the discovery of embryonic 

stem cells and induced pluripotent stem cells, though the promise of these technologies 

has still not been translated into clinical use [3]. The use of minimally modified cells and 

tissues has seen quicker adoption, such as fat grafting or the use of mesenchymal stem 

cells (MSCs). Considerable effort has also been employed to produce biomaterials 

capable of inducing remodeling by the body’s native cells. These strategies mitigate the 

risks inherent to cell-based therapies and have significantly easier paths to clinical 

adoption. The field has improved the hosts response to the biomaterials in several 

applications, including utilizing hydrogels and decellularized tissues, modifying the 

hydrophobicity and biochemistry of implant surfaces, providing adhesive cues, 
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incorporating biodegradable elements, varying pore sizes, and creating scaffolds that 

allow for three-dimensional cellular migration and growth instead of the standard flat 

geometries of traditional cell culture. 

 

1.2 Topographical guidance within the native ECM 

 

Cells interact mechanically with their environment on many different length-

scales simultaneously, modulating cell adhesion, migration, proliferation, differentiation, 

maturation, and overall cell function [4]. On the molecular length scale, cells have 

evolved to respond to many biochemical cues present in the extracellular matrix (ECM), 

such as those provided by proteoglycans, laminins, chondroitin sulfates, fibronectin, 

hyaluronic acid, and elastin. There are at least 28 different subtypes of collagen alone, 

each with different yet overlapping functions [5]. For instance, in peripheral nerve 

regeneration, several different collagen subtypes each play different key roles in Schwann 

cell proliferation and function, dorsal root ganglion organization, myelination, and 

perineurial formation [6]. Hyaluronic acid can encourage cell migration and discourage 

cell-cell adhesion [7]. Laminin can facilitate or inhibit cell migration depending upon the 

surface density [8]. Fibronectin can enable cell migration and aids translocation better 

than laminin [9]. Chondroitin sulfate plays a key role in both peripheral and central 

nervous system regeneration, with certain subtypes severely inhibiting axonal 

regeneration [10]. The cells sense their environment in part through membrane integrin 

receptors, which mediate cell adhesion as well as serving as signaling molecules to direct 

the cell function in myriad ways [11-17]. 
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Increasing the length scale to that of 10’s of nanometers introduces numerous 

surface features that influence cellular function through mechanical action. The basement 

membrane is the supportive substrate for cells found throughout the vertebrate body and 

is made of ECM components such as collagen, hyaluronic acid, proteoglycans, 

fibronectin, and laminin [18]. The basement membrane is composed of numerous 

features, such as ridges, fibers, and pores. For example, the corneal epithelial basement 

membrane has an average feature height of between 147 nm and 191 nm, and average 

fiber width of 77 nm, and 15% of the surface area is covered with pores with an average 

diameter of 72 nm [19, 20]. Likewise, the rat kidney ECM has fibrils 5-9 nm in diameter 

and pores 11-30 nm wide [21]. Similarly, the glomular, tubular, and Bowman’s capsule 

membranes in rats have fibers 6-7 nm in diameter and pores 9-13 nm wide [22]. Feature 

sizes of this length-scale are observable to the body’s cells. The composition and features 

of the corneal basement membrane have been shown to influence cellular proliferation, 

migration, and differentiation[23-26].  

 

Increasing the length scales of topographical features further into the range of 

hundreds of nanometers has a profound effect upon cell motility and function through the 

guidance of the cell lamellipodia and filopodia. Lamellipodia, the primary organelles for 

cell motility, are sheet-like projections about 200 nm thick and 1-5 µm in breadth 

(depending upon cell type) that extend in front of spreading or migrating cells. They are 

the primary sites of the actin polymerization, the “filament factory” of the cell [27]. They 

also direct the formation of adhesion complexes and are involved with macropinocytosis 
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and phagocytosis [27]. The branched actin can coalesce into thin projections called 

“microspikes” when within the lamellipodia or “filopodia”, tight parallel bundles of 

filamentous F-actin 100-300 nm in width, which can extend for several microns out from 

the lamellipodia when extended [28]. The filopodia are key in both initiating motility, but 

also in sensing the environment; integrins and cadherins accumulate within the filopodia 

in an unligated, but activated state, serving as “sticky fingers” for cell adhesion and 

motility [29]. Filopodia also exist in large numbers in neuronal growth cones and are able 

to sense gradients and direct growth towards the chemoattractant [30]. Thus, features at 

the molecular scale, nanometer scale, and 100’s of nanometer scale can potentially 

synergistically effect cell function and motility by regulating the activation of surface 

receptors, guiding actin formation, and directing the overall organization and growth of 

filopodia and lamellipodia. 

 

Finally, surface features in the length-scale of microns and above can also direct 

cell function and motility. One mechanism is to physically restrict the whole cell body, 

forcing the cell to take on an elongated morphology to squeeze through a pore or by 

restricting the directions the cell can migrate towards. Schwann cells, for instance, have a 

thickness of 200-500 nm, widening to 2-5 µm at the nucleus, with the nucleus 10-20 µm 

long and the total cell length ranging in the hundreds of microns in the mature state [31]. 

The sural (sensory) axon diameter and nerve fiber diameter (axon + myelin) in the cat is 

bimodal, with peaks at 2 µm and 6 µm for the axon and peaks at 6 µm and 10 µm for the 

nerve fiber; the medial gastrocnemius (motor) axons and nerve fibers are also bimodal 

with peaks at 1.5 µm and 5 µm for the axon and 6 µm and 16 µm for the nerve fiber [32]. 
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The axons ranged from 1 to 10 µm in diameter and the nerve fiber diameter ranged from 

2 to 20 µm for the two nerve types. Topographical features of a similar dimension can 

either physically restrict cellular movement or be interpreted as cells themselves. 

Schwann cells and oligodendrocytes preferentially myelinate the larger axons first [33]. 

One example of the nanotopography of the native ECM can be seen in the 

structure of adipose tissue (Fig 1.1). The adipocytes store fat in large vacuoles with 

diameters of around 100 µm. Following decellurization and delipidization, the fibrillar 

nature of the surrounding ECM is exposed, both on the surface and emerging from the 

basement membrane. Cryomilling the decellularized, delipidized tissue further highlights 

the predominance of fibrous structures that compose the adipose ECM. 

 

1.3 In vitro analysis of topographical guidance 

 

Attempts to study the cellular response to topographical cues in vitro began in 

1912, when Harrison et al studied the guidance of embryonic cells with spider thread [34]. 

Paul Weiss subsequently pioneered the concept of “contact guidance” in the 30’s-50’s 

[35]. The same effects can be seen in in vitro analyses that are able to control for 

exogenous variables. Research into nanofeature effects goes back to the 60’s [36, 37]. 

Dalby et al has shown that fibroblasts can respond to nanopits 35 nm in diameter and 

nanoislands just 10 nm in height [38, 39]. The nanopit response is particularly impressive, 

as it shows an intrinsic sensitivity to subtle surface features, not just abrupt step changes 

in height. Numerous studies have shown that modulating the roughness of a surface at 

various length scales can likewise affect many aspects of cell function. Surface roughness 
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has been shown to affect cell adhesion and migration rate [40, 41]. Additionally, ECM-

deposition were higher on surfaces sandblasted to have rougher surfaces [42]. Culturing 

osteoblasts upon titanium surfaces which had increased surface roughness through 

sandblasting and etching resulted in increased cell adhesion and proliferation [43]. The in 

vitro surface-roughening experiments are usually conducted on different surfaces than 

those used for tissue engineering, such as silicon substrates or metal surfaces. The same 

effects of Nanotopography can also be important on the materials used for in vivo 

applications, though; Zamani et al showed that increasing the surface roughness on 

PLGA nanofibers can influence cell adhesion and proliferation [44]. At the subcellular 

level, filopodia have been shown to respond to features as small as 35 nm-diameter 

nanopits and 10 nm-high nanoislands [38, 39]. 

 

The initial focus of synthetic topographies was using photolithography to etch 

grooves of varying shapes, such as square or v-shaped grooves [45, 46]. Additional 

methods employed include glancing angle deposition [47, 48], laser ablation [49, 50], 

microcontact printing and etching [51, 52], inkjet printing [53, 54], and electron-beam 

lithography [55-57]. Seeding endothelial cells upon a polymer cast of the native arterial 

ECM results in increased spreading and more natural cell morphology than smooth-

surfaced alternatives [58]. 

 

The lithography-based groove experiments show that cells align along the long 

axis of the groove with corresponding alignment of the actin and cytoskeleton [18]. The 

depth of the groove has a strong effect on the cellular organization with increasing cell 
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alignment with increasing groove depth, as opposed to decreasing cellular alignment with 

increasing groove width [59]. When there are conflicting groove orientations, with minor 

grooves in the floor of major grooves but offset 54° from the major groove axis, the cells 

orient along the major groove axis, though the cells show the propensity to align along 

the minor grooves in the absence of major grooves [60]. Not all cell-types respond 

equally to alignment cues, however. In one study, 100% of fibroblasts align along 1µm 

grooves, but only 20% of macrophages and monocytes align with the underlying 

topography and no alignment at all is seen in keratinocytes or neutrophils [61]. Cell types 

that must rely upon cues from the microenvironment to either migrate to the proper 

location or align themselves for proper function (such as cardiomyocytes) may inherently 

respond more strongly to topographic cues. 

 

1.4 Nanofiber-based topographical guidance 

 

Electrospinning, then known as “electrostatic spinning” first appeared in a patent 

application back in 1934 [62]. Research into the use of electrospun fibers began in 

earnest in the 1990’s and has grown exponentially since, with 2,110 electrospinning 

articles listed on Web of Science for the year 2014 alone. Electrospinning is the process 

wherein a polymeric material is dissolved in a solvent. A large voltage is applied to the 

solution, which induces the formation of a fluid jet. The charge-charge repulsion at the jet 

surface drives a uniaxial stretching of the fluid stream, continuously reducing the fluid 

diameter as the solvent evaporates until it reaches a grounded target [63]. The Initial, 

coherent stream is called the Taylor cone, where the surface tension is sufficient to 
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maintain a stable steam. This eventually gives way to an instable regime called the plume, 

where the charge-charge repulsion term dominates the surface tension due to its 

decreased cross-sectional area. The fiber stream whips wildly and rapidly reduces the 

fiber diameter further. The result is the rapid generation of long, nonwoven solid 

polymeric fibers with uniform diameters. Fibers can be produced in the range of tens of 

nanometers up to several microns in aligned or random orientations. The fibers can be 

produced from numerous synthetic polymers such as PCL, PLA, or PES as well as 

biological sources such as collagen or chitosan. 

 

Nanofibers can also affect cell fate by mimicking the topographical cues in the 

native ECM. Chua et al demonstrated that surface-aminated PES nanofibers were able to 

mimic key features of the native hematopoietic niche, allowing for greatly increased 

expansion of cell numbers through increased proliferation and maintenance of stemness 

[64].  This phenomenon of fibers effecting cell fate is also seen in the use of PES 

nanofibers to guide neural stem cell (NSC) differentiation. Christopherson et al seeded 

NSCs onto random meshes of electrospun fibers of various diameters [65]. The geometry 

of the fibers restricted the NSCs to certain geometries, with the smaller 283 nm fibers 

allowing the cells to take on a spread-out cell morphology with lots of radiating cell 

processes, which lead to higher frequency of differentiation into oligodendrocytes, which 

have a similar morphology. In contrast, the NSCs seeded upon the larger 749 nm and 

1452 nm nanofibers were forced into an elongated morphology by being able to associate 

with only one or two fibers and correspondingly differentiating at a higher frequency into 

neuronal cells with a similar geometry. Our lab has also previously demonstrated that 
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larger aligned nanofibers can help efficiently differentiate neural crest stem cells into 

Schwann cells [66]. 

 

Another mechanism of action for topographical features is if the substrate 

geometry recapitulates the cell’s native environment in a key way. For example, 

Oligodendrocytes are the supportive, myelinating cells of the central nervous system. Lee 

et al seeded oligodendrocyte precursor cells (OPCs) onto electrospun polystyrene fibers 

with diameters ranging from 200 nm to 4 µm [67]. Even before differentiation, the OPCs 

preferentially attached to and ensheathed the larger fibers above 4 µm in diameter. Upon 

differentiation into mature oligodendrocytes, the majority of the cells (60%) ensheathed 

fibers with diameters from 2 – 4 µm, while only 5% of cells ensheathed fibers from 300-

400 nm, and no cells ensheathed fibers under 300 nm. The diameter dependence of the 

oligodendrocyte-fiber ensheathment recapitulates the native oligodendrocyte function, 

wherein larger axons are preferentially myelinated over smaller axons [33]. 

 

1.5 Development of nanofiber matrices for in vitro and in vivo 

applications  

 

1.5.1 Description of electrospinning apparatus and methodology 

 

A modified version of the electrospinning setup was used for this study (Fig. 1.2). 

The nanofiber-solvent solution is added to a 1 mL plastic syringe (with a plastic plunger 

not rubber to prevent leaching of plasticizer from the plunger). A flat-edged syringe 
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needle (27 gauge unless otherwise specified) is added to the syringe, and the syringe is 

placed inside a syringe pump (KD Scientific, Holliston, MA). The syringe pump is 

mounted upon a linear stage (Newmark Systems, Rancho Santa Margarita, CA) to allow 

for controllable rastering over the area of interest. A DC power supply (Gamma High 

Voltage power supply, Ormond Beach FL) is used to generate a positive charge onto the 

tip of the syringe needle with an alligator clip or metal wire loop. A Dayton DC Speed 

Control controls the rotation speed of the wheel, which was verified with a non-contact 

tachometer (Fisher Scientific). The syringe pump is aimed at the face of a large wheel 40 

cm in diameter. The fiber sheets or coverslips are spun on the outer third of the wheel 

face to minimize curvature of the fibers. The syringe pump is then rastered back and forth 

across the desired area, with more passes and/or slower speeds corresponding with 

thicker layers of aligned fibers. 

 

1.6 Nanofiber production capabilities 

 

By varying the nanofiber parameters (Table 1.1), we were able to create highly 

aligned fibers with different fiber diameters from 180 nm to 8 microns, as seen in Fig. 1.3. 

The PCL molecular weight and concentration were the most important factors in 

determining the nanofiber diameter. Lowering the viscosity of the solution through either 

reduced polymer molecular weight or through lower concentrations resulted in smaller 

diameter fibers. Additional charge carriers, such as the inclusion of a small percentage of 

PBS could also be introduced to reduce the fiber diameter. Finally, increasing the positive 

voltage decreased the fiber diameter by increasing the charge-charge repulsion, resulting 
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in a faster whip speed and smaller fibers. To obtain excellent alignment, the wheel 

rotation had to be adjusted such that the tangential speed of the wheel surface is slightly 

faster than the instantaneous whip speed of the fiber jet, such that the fibers are dragged 

slightly into alignment. A faster rotation will result in snapped fibers, while a slower 

rotation results in poor alignment. Solutions with higher whip speeds (either lower 

viscosity or higher voltages) require higher rotation speeds to obtain good alignment. 

Solvent choice can also affect the fiber diameter, as 100% chloroform produced better 

alignment and more reproducible diameters in fibers above a micron, while a 90% DCM/ 

10% DMF blend produced better fibers under a micron in diameter. The DCM/DMF 

solvent fibers had a smooth surface morphology, while the chloroform-solvent fibers 

generally had a rougher surface morphology. Polycaprolactone (PCL) was chosen as our 

standard electrospinning polymer for several reasons. PCL is a biodegradable polymer 

that eventually is fully bioresorbed without production of toxic or acidic degradation 

products [68]. It has excellent rheological properties that can be tuned with the choice of 

the molecular weight. It is simple to synthesize and is available in clinical-grade forms. 

PCL also has a long history of successful use in medical devices. 

 

1.7 Nanofiber matrix as an in vitro cell culture platform 

 

We were able to expand the utility of this spinning ability by spinning fibers into 

a number of configurations. For cell culturing experiments, the nanofibers were spun onto 

glass coverslips for easy placement into 24well tissue culture plates. For example, we 

used highly aligned 650nm PCL nanofibers for culturing human pluripotent stem cell-
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derived neurons. Our collaborator Dr. Jean-Philippe Richard studies the mechanisms 

underpinning ALS with a particular focus upon the neuronal function in this disease. 

Motor neurons are derived from iPS cells from ALS patients to compare with similar 

neurons from healthy patients to better pinpoint the source of the pathology. Neurite 

extension is the particular variable of interest in the study in order to better understand 

the differences that arise in ALS. Problematically, the neurons do not adhere and grow as 

single cells when cultured on standard TCPS, but rather form clumps that make the 

analysis of neurites very difficult, since the neurites thus grow on top of one another and 

make it impossible to identify the soma for a given neurite. When cultured on 650 nm 

aligned PCL nanofibers, however, the neurons adhered readily as single-cells with their 

neurites extending along the aligned nanofibers, easing quantification (Fig. 1.4).  

 

The fibers were more easily incorporated into implantable scaffolds when they 

were made into larger sheets that had the strength to be manipulated by hand. We were 

able to generate more exotic configurations of fibers, such as mixed topographical 

coverslips that could simultaneously present cells with two different topographic cues 

(Fig. 1.5). We also created coverslips for our collaborator Dr. Ted Dawson’s that 

recapitulated the geometry of cortical neuron migration and differentiation, wherein 

neuronal precursors migrated out radially in progressive waves, resulting in a layered 

structure that determined the differentiation of the cortical neuron. These coverslips have 

a central, randomly aligned nanofiber region from which radially aligned nanofibers 

emerge and sweep towards the coverslip periphery (Fig. 1.6). The neuronal precursors 
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can be seeded upon the inner, random fiber region. They can then migrate outwards to 

theoretically generate similar layers of different cortical neurons as seen in the brain. 

 

1.8 Degradable PCL-gelatin fibers 

 

While PCL is an excellent candidate polymer for nanofibers for tissue engineering, 

there are scenarios wherein the fibers would degrade more quickly than the 18months or 

more of PCL. In particular, quicker-degrading fibers may be useful in scenarios such as 

that seen in our lab’s previous work with nanofibers with adhesive cues. Lim et al 

discovered an “oasis effect” wherein the strong adhesion cue on the nanofibers 

encouraged migration into the nerve guide and across the nerve guide, but inhibited the 

regenerating nerve from being able to leave the nerve guide to enter the distal nerve 

stump. The PCL nanofibers had been modified to present laminin on the fiber surface as 

an adhesive cue or heparin (which would thus present endogenous growth factors on the 

fiber surface). This is a physical analogue to the “candy-store effect” commonly seen in 

the CNS, wherein high concentrations of growth factors within the treatment area inhibit 

migration towards the distal target. The regenerating nerve had a higher number of 

myelinated axons and a higher nerve area within the conduit midpoint than the Neuragen 

control, yet poorer functional regeneration and fewer myelinated axons within the distal, 

tibial nerve. If the adhesive cue degraded over the course of weeks instead of years, the 

fibers could serve as an excellent guidance cue across the nerve guide before degrading 

and thus allowing successful reinnervation of the distal stump. We chose to blend in 

gelatin to the PCL nanofibers during electrospinning to increase the degradation rate of 
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the fibers. We have created nanofibers wherein gelatin forms 0%, 50%, 70%, 80%, 90%, 

and 100% of the mass, as compared to PCL. The gelatin was crosslinked via 

glutaraldehyde vapor in ethanol. Ethanol was used as the glutaraldehyde carrier during 

crosslinking because when water was the carrier, the water vapor dissolved the gelatin 

fibers together before they had been sufficiently crosslinked by the glutaraldehyde. To 

determine the structure and degradation properties of the nanofibers, we have tested the 

degradation rate of the fibers both in accelerated in vitro conditions, and in vivo 

conditions. To accelerate the degradation in vitro, we selectively add pseudomonas lipase 

to degrade the PCL, and collagenase to degrade the gelatin. To most-closely approximate 

the degradation conditions the nanofibers will experience within the conduit, we created 

tubes composed of the nanofibers and implanted them into the rats, immediately 

neighboring the sciatic nerve. The composition of the nanofibers had a large impact upon 

the degradation rate. The 100% gelatin fibers were severely degraded within 2 weeks and 

completely gone within 4 weeks, too quickly for use in nerve guides. Meanwhile, the 

50%/50% Gelatin-PCL fibers were still present in fibrous form (Fig. 1.7) with no 

apparent mass loss after 8 weeks in vivo (Fig. 1.8). Thus, we explored three intermediate 

compositions of 70% gelatin, 80% gelatin, and 90% gelatin. The 90% gelatin group 

degraded almost as quickly as the 100% gelatin group, being almost entirely degraded by 

mass-basis at 2 weeks. The 80% gelatin group, however, had lost significant mass (62%) 

within two weeks, but still was present at 4 and 8 weeks. The 70% gelatin group did not 

have any apparent mass loss through the first 4 weeks of the study, but lost 15% of its 

mass by week 8, showing significantly faster degradation than PCL alone.  
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1.9 Conclusion 

 

These results demonstrate our capability to generate nanofiber constructs with 

properties tuned to elicit the desired biological response both in vitro and in vivo, with a 

particular focus on fiber diameter, alignment, composition, degradation rate, density, and 

surface properties. 
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1.10 Figures 

 

 

 

Figure 1-1: Nanotopography in adipose tissue.  

SEM images of native fat tissue from a rat inguinal fat pad. A. Naïve adipose tissue. Note 

the large, spherical adipocytes. B. Delipidized, decellularized adipose tissue. Removing 

the lipids highlights the fibrillar nature of the surrounding ECM. C. Basement membrane 

of Delipidized, decellularized adipose tissue. Note the fibrillar structure to the membrane, 

with fibers emerging from the surface.  D. Delipidized, decellularized adipose tissue after 

cryomilling. Note the predominance of fibrillar structures. 
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Figure 1-2: Electrospinning setup for producing aligned nanofibers 
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Table 1.1. Electrospinning parameters to produce aligned nanofibers of varying 

diameters 

 

nm cm ml/hr kV rpm gauge

goal0size Solution0Composition Separation
Flow0
Rate Voltage

Rotation0
Speed Needle

185 16%095LMWE5HMW0PCL0in0HFP 3.5 0.35 8 1820 32
325 16%075LMWE25HMW0PCL0in0HFP 3.5 0.35 8 1820 32
400 15%0w/v0PCL0in0HFP 6 0.25 10 1820 27
450 16%0w/v0PCL0in0HFP 4.5 0.25 10 1800 27
500 15%0w/v0PCL0in0HFP 3.5 0.25 7 1800 32
525 17.5%0w/v0PCL0in0HFP 4 0.25 10 1800 27
625 17.5%0w/v0PCL0in0HFP 4 0.35 7 1100 27
675 17.5%0w/v0PCL0in0HFP 3 0.35 9 1100 27
750 17.5%0w/v0PCL0in0HFP 4.2 0.35 7 1100 32
850 20%w/v0PCL0in090HFPE10DCM 5 0.6 8.5 1300 27
950 20%w/v0PCL0in0HFP 6 0.6 6.8 1300 27
1050 11%w/w0PCL0in0Chloroform 8 0.35 7.5 750 27
1150 12%w/w0PCL0in0Chloroform 8 0.35 7.5 750 27
1250 12%w/w0PCL0in0Chloroform 4 0.6 8 750 27
1325 12%w/w0PCL0in0Chloroform 8 0.6 8 750 27
1500 13%0w/w0PCL0in0Chloroform 8 0.6 8 750 27
1850 13%0w/w0PCL0in0Chloroform 15.5 0.6 8 600 27
2000 13%0w/w0PCL0in0Chloroform 15.5 0.6 8 600 27
2300 15%0w/w0PCL0in0DCM 7 2 9.3 750 21
2400 13%0w/w0PCL0in0Chloroform 15.5 1.5 9 40 27
2500 15%0PCL0w/w0in0DCM 10 3 11 750 21
2600 15%0PCL0w/w0in0DCM 7 2.5 9 750 21
2900 15%0PCL0w/w0in0DCM 10 2 10 750 21
3000 15%0PCL0w/w0in0DCM 10 3 11 1200 21
3200 15%0PCL0w/w0in0DCM 10 3 11 100 21
5500 15%0w/w0PCL0in0Chloroform 17 2 8.9 100 27
6000 15%0w/w0PCL0in0Chloroform 20+ 1.25 8.9 100 27
8000 15%0w/w0PCL0in0Chloroform 20+ 1.25 8.9 100 27
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Figure 1-3: Aligned PCL nanofibers produced with the parameters given in Table 1. 

Figure 1-4: iPS-derived motor neurons cultured upon aligned 650nm PCL 

nanofibers.  

Green: neuronal GFP. Red: motor microtubule marker MAP2. Note the aligned axonal 

extension and the neurons adhered as single-cells 
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Figure 1-5: Mixed topography coverslips for cell studies.  

Aligned 200nm fibers were overlaid off axis upon larger, aligned nanofibers. This allows 

for studying differential cell response to fiber diameters on the same coverslip 
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Figure 1-6: Radial coverslips to recapitulate the geometry of cortical neuron 

migration and differentiation.  
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Figure 1-7: Nanofiber tubes with different degradation rates after implantation in 

vivo. 
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Figure 1-8: Quantification of mass loss of degradable fibers after implantation near 

the sciatic nerve in a rat. 
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Chapter 2   In Vitro Analysis of Schwann Cell Migration 

on Aligned Nanofibers 

2.1 Background  

2.1.1 Role of Schwann cells in peripheral nerve repair 

 

 Schwann cells derive from the neural crest via an intermediate cell type, the 

Schwann cell precursor [1]. They are potent regulators in the peripheral nervous system, 

organizing the axonal architecture, modulating the axonal caliber and function, and 

directing the organization of the peripheral nerve sheath [2]. Mature Schwann cells 

ensheath and myelinate individual large axons, while adult non-myelinating Schwann 

cells wrap around multiple, smaller axons, without myelination. Schwann cells, as 

opposed to Schwann cell precursors, are able to survive the loss of the associated axon 

after injury through autocrine signaling loops, particularly NT-3 and PDGF-BB. The 

axotomized Schwann cells are able to de-differentiate, proliferate, phagocytize the myelin 

debris (along with macrophages) [3, 4]. The Schwann cells can then produce 

neurotrophic factors and adhesion molecules to attract and support the regenerating axons, 

and form bands of Buengner to physically guide the regenerating axons [3, 5]. Following 

reinnervation, the Schwann cells are then capable of maturing anew into myelinating and 

non-myelinating phenotypes [6]. The key role of Schwann cells in the regenerative 

process can be seen in how the mechanism for poor functional recovery after chronic 

denervation is not intrinsic to the axons, but rather the death of distal Schwann cells [7-9]. 

 



 29 

Physically, the Schwann cell basal lamina is predominantly laminin-2 with 

smaller amounts of laminin 1 and plays an important factor in myelination [10-12]. 

Integrins modulate the Schwann cell function; for example, α6β1 is necessary for 

myelination to proceed [13]. Blocking β1 prevents myelination on laminin 1 or laminin 2 

substrates, and RGD peptides block migration on fibronectin substrates [14]. These 

integrins allow Schwann cells to respond to numerous ligands to direct migration and 

instigate myelination.  There is a complex interplay between axons and Schwann cells, 

with extensive signaling from both axons to Schwann cells and Schwann cells to axons 

[15]. One main component of our nerve guide design philosophy is to design our nerve 

guides specifically to optimize the interactions with Schwann cells. Previous studies have 

shown that Schwann cells can migrate into an acellular nerve graft from both nerve 

stumps, with Schwann cells throughout the 10mm graft by 10 days, followed later by the 

regenerating axons [16]. We would like to develop synthetic scaffolds that can induce 

more Schwann cells to migrate faster to better populate larger scaffolds. Our goal is to 

provide a scaffold that quickly enables Schwann cell migration into and across the nerve 

guide such that there is a dense population of Schwann cells in place for guiding and 

supporting the regenerating axons [17]. After the axons have bridged the nerve guide, the 

Schwann cells should be encouraged to mature and myelinate the axons to enable 

functional recovery of the distal motor targets. This chapter focuses on our in vitro work 

to develop guidance cues to efficiently direct the native Schwann cells into and across our 

synthetic nerve guides. While our lab is also exploring the use of gradients of growth 

factors like GDNF to provide guidance cues, this chapter focuses upon optimizing 
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topographical guidance to increase the migration distance and orientation of Schwann 

cells [18]. 

 

2.1.2 Previous studies into the migration of Schwann cells on nanofibers 

 

There have been several previous studies that have either used nanofibers in 

peripheral nerve guides or attempted to study the mechanisms. Unfortunately, the current 

studies offer relatively little predictive power for determining the optimal fiber properties 

due to the conflicting results between the studies and other differences between their 

experimental setups and our intended use in nerve guides. Regan et al only saw an 

improvement of Schwann cell migration out of DRGs on nanofibers when cell 

proliferation was blocked and saw the axons precede the Schwann cells; this conflicts 

with other papers, however, and may be a function of their coating protocol [19]. Daud et 

al compared the effects of 1, 5, and 8 µm aligned fibers upon the migration of Schwann 

cells, neuronal cells, and DRG explants [20]. In this study, neurites extended furthest 

along 8 µm fibers when cultured alone, while Schwann cells migrated furthest along 1 

µm fibers. When co-cultured, the axons never migrated beyond the Schwann cells, using 

the Schwann cell basal lamina as the guidance cue instead of the underlying fibers. 

However, this study did not compare migration upon fibers smaller than 1 µm to 

determine further improvement. Additionally, the fibers were used at a low density 

suspended in the media, which constrains the cells to narrower geometries than when the 

cells can interact with several layers of aligned fibers, as would be the case in our nerve 

guides. Tonazzini et al studied the effects of contact versus boundary guidance [21]. Jha 



 31 

et al prepared bundles of aligned nanofibers by utilizing two pole air gap electrospinning 

[22]. They compared bundles of 383 nm, 906 nm, and 1667 nm nanofibers. In these 

scaffolds, DRG axons extended along individual nanofibers in the 383 nm group, but 

rather interacted more heavily with one another in the 1667 nm group, forming fascicle 

bundles of axons. The axons extended in close association with the interstitial fibroblasts 

and Schwann cells from the DRG. However, the spinning conditions also varied the 

alignment, amount of fiber-beading, porosity and mechanical properties of the constructs 

as well. Wang et al studied the migration of Schwann cells and the extension of axons 

from DRG explants grown on aligned nanofibers over 5 days [23]. They found that 

neurites extended similarly on 1325 nm and 759 nm PLLA fibers, but slower on 293 nm 

fibers. Schwann cells migrated progressively faster with increasing fiber diameter, 

migrating much faster on the 1325 nm versus 293 nm fibers. In another study, Jiang et al 

compared nerve regeneration using 251 nm aligned fibers as a topographical cue versus 

981 nm fibers [24]. The smaller fibers resulted in significantly better overall nerve 

regeneration, with a higher total of myelinated axons and better functional recovery when 

measured with electrophysiology (CMAP amplitude). However, the fiber diameter may 

have effected the regeneration by means other than topographical guidance. The 

microfiber conduits were mechanically weaker than the nanofiber conduits and lacked a 

cell-impermeable layer to prevent infiltration of fibroblasts and macrophages from the 

surrounding tissue. 

These studies offer some clues as to how to choose nanofiber properties for 

peripheral nerve repair, but often with specific methodologies that would not translate to 

our in vivo model. Moreover, the different studies often give conflicting results as to the 
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ideal size. To obtain a clear understanding of which nanofiber diameter is ideal for our 

intended use, we must perform our own analysis. 

 

2.2 Methods 

2.2.1 Plate preparation 

 

Nanofiber coverslips were prepared via the parameters and instrumentation 

described in Chapter 1. The coverslips were sterilized via either 40min exposure to UV in 

the biosafety hood or ethylene oxide sterilization. The coverslips were glued to the 

bottom of the 24-well plates with Factor 2 silicone surgical glue, which was allowed to 

vent overnight to remove residual solvent. The coverslips were then washed with PBS 

and coated for cell adhesion by soaking in 1/100 Matrigel solution overnight at 37°C, 

unless otherwise stated. The coverslips were washed the following day with PBS and 

were equilibrated for 1 hour at 37°C with the cell media prior to adding the spheroids or 

single cells for live cell tracking. 

 

2.2.2 Live-cell tracking 

Fetal-derived primary human Schwann cells were purchased from Sciencell 

(Carlsbad, CA). The Schwann cells were seeded for two days prior to experiment and 

exposed to 1 µg/mL Hoechst 33342 (Pierce) for 30 minutes prior to use. Cells were 

washed to remove unused Hoechst, were trypsinized, resuspended in cell solution, and 

pipetted at about 1000 cells per well onto each coverslip and allowed to adhere for 6 

hours prior to cell tracking. Cell migration was observed every 10 minutes for 12 hours 
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using a live cell imaging microscope with programmable stage (Nikon) and 

environmental chamber (37°C, 5% CO2, and 100%RH). The migrations of individual 

cells were analyzed using custom MatLab code. The final live-cell tracking experiment 

was performed with a cytosolic GFP marker instead of the nuclear stain to better 

highlight the cell’s interactions with the nanofibers. 

 

 

 

2.2.3 Schwann cell spheroid culturing 

 

Fetal-derived primary human Schwann cells (Sciencell cat# 1700, Carlsbad, CA) 

were transfected with lentivirus to express cytosolic eGFP. To form spheroids, the 

transfected cells were cultured in agarose molds prepared with the Microtissues 

(Providence, RI) 24-35 molds. Each agarose mold fits into a well in a 24-well plate and 

has 35 recesses that are approximately 800 µm in diameter and 800 µm in depth to collect 

the cells and form spheroids. 75 µL of the cell suspension (1x10^6 cells/mL) was 

pipetted into each agarose mold. The suspension was placed into the 37°C incubator 

overnight. The following morning, the spheroids were collected by inverting the molds in 

the 24-well plate and spinning for 5 minutes at 500 rpm. The spheroids were collected 

and stored in a non-adherent flask on a shaker (to maintain individual spheres) in the 

37°C incubator until used in the study.  
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2.2.4 Spheroid seeding onto coverslips 

 

For seeding the spheroids onto the nanofiber-coverslips, the media was collected 

from the shaker flask and spun down at 500 rpm to concentrate the spheroids, which were 

resuspended in 1mL of media. Individual spheroids were then placed in the center of the 

coverslip (1-2 per coverslip) in about 5 µL of media with a 10 µL pipette. Additional 

media (100uL) was then added to keep the spheroid submerged, but also in the center of 

the coverslip. After 60 minutes in the incubator, 400 µL of additional media is gently 

added to each well and the plate is returned to the incubator. 

 

2.2.5 Spheroid imaging 

 

The 24-well plate containing the coverslips and migrating spheroids were imaged 

after 1, 2, and 4 days (and in some groups 6 and/or 8 days) of migration on an EVO FL 

Auto Cell Imaging System (Thermo-Fisher Scientific). The on-scope incubator 

maintained a 37°C, 5%CO2 and 100%RH environment during imaging. The spheroids 

and migrating cells were imaged at 10x or 20x in the GFP channel, using the scope 

software to stitch the tiled images of the cell field into one large image per spheroid. 

 

2.2.6 Data analysis 

 

MatLab was used to analyze the images. Briefly, the program first normalized the 

images and a blob detection algorithm was employed to identify all cell clusters in the 
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images. Starting from the spheroid cluster, the cell clusters were traversed outwardly, 

with traverses in both the left and right directions. The traverses were halted when the 

next cluster was beyond 70 µm beyond the previous cluster to prevent artifacts from 

clouding the analysis. After reaching the end of the traverse, the weighted average 

distance of the five most distant clusters was determined. The weights were determined 

by the size (number of pixels) of each cluster, to account for multiple cells, in a cluster, 

though at the cell field periphery, the cell clusters were almost exclusively single cells. 

The parameters optimized for the analysis include threshold distance, normalizing factor, 

and min/max cluster size to prevent artifacts.  

 

2.3 Results 

2.3.1 Live cell tracking: coating study 

 

The Schwann cells were seeded upon glass coverslips with identical 1.2 µm fiber 

properties, but varying coatings. The live cell tracking results show that Schwann Cell 

migration is an inherently heterogeneous process with subpopulations of slower cells and 

faster cells, which can reach speeds of 2 µm/min. Coating had little effect, with similar 

median migration rates and range of rates on PLL-coated fibers, Matrigel coated fibers, 

and laminin-coated fibers with 4 different concentrations from 200 ng/mL up to 100 

µg/mL (Fig 2.1). This is not necessarily surprising, as the cell media is supplemented 

with 5% fetal bovine serum (FBS), which contains proteins such as albumin that will add 

to the coating on the surfaces regardless of the previous coatings, making the fiber 

coating differences subtle. The 200 ng/mL coating of laminin had almost the exact same 
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median migration rate as the 100 µg/mL laminin coating. Matrigel coatings were used in 

subsequent studies for convenience and consistency since the results were similar to the 

other groups. 

 

2.3.2 Live cell tracking: fiber diameter screen 

 

The boxplots of the Schwann cell migration rates on a broad range of fibers can 

be seen in Fig 2.2a. There is a slight trend towards slower migration rates on fibers with 

diameters of 350nm or 750 nm, with relatively faster migration upon larger 3.2 µm and 6 

µm. The median migration rates are fairly uniform being about 0.5 µm/minute, which 

correlates to 30 µm/hour or 720 µm/day. The overlaid traces of the cells migrating on 610 

nm random fibers and glass slides show that there is no directional bias to the migration 

(Fig 2.2b). In comparison, the 750 nm fibers had extremely oriented cell migration, while 

the 180nm fibers had strong overall migration, but more off-axis migration as well. This 

is likely a result of two factors: the 180 nm fiber group had a higher percentage of off-

axis fibers as a function of the higher whip speed during electrospinning; the smaller 

fibers providing less of a barrier height to the lamellipodia of migrating cells, allowing 

more lateral movement across the fiber alignment axis. The cell migration on the 2D 

glass was almost normal in distribution, unlike the nanofiber-covered groups (Fig 2.2c). 

A larger fraction of cells on the nanofiber groups have essentially zero migration over the 

course of the imaging. It is unknown whether this is due to the inability of those cells to 

migrate or whether the fibers themselves induced this stationary behavior. The cells 

exhibited a broad range of speed on the nanofibers, and while the median cell migration 
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was no higher than the 2D glass, the aligned fiber groups may enable the cells 

predisposed towards motility to migrate faster—the aligned fibers groups had a much 

higher percentage of the cell population that migrated at rates over 1 µm per minute and 

had more outliers at rates above 2 µm per minute. 

 

2.3.3 Spheroid net migration studies: glass versus randomly aligned nanofibers 

 

To determine if fiber alignment is necessary to generate the increased cell 

migration rate, we seeded Schwann cell spheroids onto glass coverslips, coverslips with 

650nm randomly aligned fibers, and coverslips with 1200 nm randomly aligned fibers. 

For comparison, the images of a spheroid seeded upon aligned 1.5 µm fibers can be seen 

in Fig 2.3. The cells migrated distances remarkably similar migration rates, which were 

significantly lower than the rates seen along aligned fibers (Fig. 2.4). Determining the 

rate from the linear regression of the points from day 1 to day 4, the cells on glass 

migrated 382.4 µm/day, the cells on 650 nm random fibers migrated 325.6 µm/day, and 

the cells on the 2300 nm random fibers migrated 336.3 µm/day. The cells showed no 

directional preference, in the random fiber groups or on the glass, migrating outward 

equally in all directions producing a circular cell field. This indicates that the increased 

surface area alone (which is still provided in the random nanofiber groups) is not 

responsible for the increased migration rate, but rather the topographical guidance.  
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2.3.4 Spheroid net migration studies: fiber-coated coverslips to migration on 

suspended fibers with and without gel 

 

One possible artifact of this analysis is that the fibers are generally adhered onto 

an extremely stiff substrate, namely the glass coverslip. Such a stiff substrate is absent in 

the actual regenerating nerve, however. If the migrating cells interacted heavily with the 

glass surface, or if the glass surface affected the local properties of the nanofibers, then 

this style of evidence may provide little predictive value over how the cells will respond 

to the nanofibers in vivo. The fibers in vivo will consist of a dense layer of aligned fibers 

that may or not remain attached to a random-fiber backing. To address this concern, we 

compared the migration of Schwann cells from spheroids placed upon a layer of 650 nm 

fibers attached to the glass coverslip to the same fibers suspended but taut in the media 

via a plastic washer. The migration results can be seen in Fig 2.5, showing that the 

differences in migration between fibers on glass and suspended fibers was within the 

typical variance from experiment to experiment in the same group. Determining the rate 

from the linear regression of the points from day 1 to day 4, the cells on 650 nm fibers on 

glass migrated 577.8 µm/day, the cells on 650 nm suspended fibers migrated 593.4 

µm/day, and the cells on the 650 nm fibers suspended in gel migrated 359.2 µm/day.  

This adds validity to the idea that our results of our cell migration on fiber-coated 

coverslips will translate to the regenerating nerve environment. Note that this analysis 

corresponded with the case wherein the cells follow along multiple fibers. If the fibers 

were sufficiently dispersed so as to restrict the cells to travel along individual fibers, then 

it is possible that there would be a large difference between the coverslip-fibers and the 
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suspended fibers due to the vastly different adhesion sites available in the two cases. 

Additionally, this experiment included a group wherein the cells were seeded upon 

suspended 650 nm fibers that were further embedded within a hydrogel (5 mg/mL 

thiolated hyaluronic acid with 10 mg/mL PEG-DA and 20 µg/mL laminin). The cells 

preferentially adhered to the nanofibers versus the hydrogel, despite adhesion sites 

available in the gel as well in the form of laminin. The cells readily migrated through the 

gel along the nanofibers, albeit at a slower rate, as expected by the increased resistance of 

the gel. 

 

2.3.5 Spheroid net migration studies: varying nanofiber diameter 

 

The spheroids were next seeded upon glass coverslips with several different 

nanofiber diameters that cover the range of diameters we may try in vivo, namely 200 nm, 

750 nm, 1200 nm, and 3000 nm. This data indicates that Schwann cells migrate readily 

upon several different fiber diameters, with similar overall migration rates and extremely 

high directedness in all groups (Fig 2.6). The smallest fiber group in the experiment 

(200nm) migrated the fastest at 1080.4 µm/day, with the next fastest being the largest 

fiber group in the experiment 3000 nm at 757.1 µm/day. This demonstrates that there is 

no inherent correlation between fiber diameter and migration rate at this length scale. The 

1200 nm fiber group migrated the next fastest at 623.2 µm/day, while the 750 nm fiber 

group migrated the slowest at 552 µm/day.  
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2.3.6 Live cell tracking: cytosolic imaging 

 

To better understand the interactions between the migrating Schwann cells and 

the different diameters of nanofibers, a live cell tracking experiment was performed, but 

with the eGFP Schwann cells instead of the Hoechst stain, allowing for the imaging of 

the whole cell’s responses to the nanofibers. While this imaging method made it 

significantly more difficult to identify the individual cells for determining the migration 

rates, it showed in much greater detail how the cells interact with the nanofibers with its 

lamellipodia. The lamellipodia and filopodia response was very different depending upon 

the fiber conditions. The cells seeded upon glass had several fringes of lamellipodia on 

all sides and frequently changed directions (Fig. 2.7). The cells seeded upon the randomly 

aligned fibers also frequently switched directions, but the lamellipodia were more spindly 

and associated with the underlying fibers. 

The smallest aligned fiber groups had broad lamellipodia that aligned with the 

nanofibers, with each lamellipodia spreading over multiple fibers (Fig. 2.7). Thus, the 

cells were able to move laterally with more ease, diminishing directedness. However, the 

broader lamellipodia may speed cell motility by giving the cell a clear signal about which 

direction to move with what is likely a coherent, broad region of actin formation. 

The 650 nm fiber group had very interesting lamellipodia/filopodia interactions. 

The leading edges of the cell would have lamellipodia with multiple filopodia stretching 

out several microns ahead along the aligned fibers. (Fig. 2.7) The cells may be receiving 

conflicting signals about where to move the cell, potentially explaining the reduced speed 
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on this size of fibers. The 1200 nm fiber group also exhibited extremely long cell 

processes (Fig. 2.8). 

The largest two fiber groups (2 µm and 8 µm) largely restricted the 

lamellipodia/filopodia to one or two fiber tracts, providing boundary guidance to the cells, 

which may explain their increased rate over the 650nm fibers. Additionally, the 

lamellipodia may be able to attach more easily to individual fibers with the larger fiber 

surface area of the 2 µm and above fibers. The cells can be seen with lamellipodia clearly 

able to adhere to individual fibers in the suspended fiber group (Fig 2.8). 

 

2.4 Discussion 

The aligned nanofiber groups tested all showed excellent potential to direct cell 

migration. While the differences in the migration of individual cells were small between 

groups in the live cell tracking experiments, the directedness was far higher on the 

aligned fibers. This resulted in dramatically different migration patterns when the cells 

were allowed to migrate continuously for several days in the spheroid culture 

experiments. Committing the cells to migrate largely upon one axis resulted in the net 

migration of cells far further than was seen in the randomly aligned fiber or 2D glass 

groups. In some of the groups, the cells were able to migrate a net distance of up to 1 mm 

a day, much faster than seen in much of the literature. The similar migration rates may 

not be surprising, as the cells were seeded upon a dense layer of nanofibers, not 

individual fibers. The cells tended to migrate along the grooves formed by two 

neighboring fibers. These grooves are more subtly different between fiber diameters than 

a single suspended cell would be, leading to more subtlety in the differences between 
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fiber groups. As seen in the live cell tracking experiments, the cells migrated slightly 

slower on the 650 nm fiber group than the smaller (200 nm) or larger (1 µm and above 

fibers) fiber groups.   

This unexpected phenomenon may be explained by the live cell tracking of the 

eGFP cells, as the fibers were too large to allow the lamellipodia to spread over several 

fibers, while still allowing multiple lamellipodia/filopodia to extend for several microns, 

trapping the cell between the conflicting signals from its lamellipodia. 

It has previously been established that aligned nanofibers can increase the 

maturation of Schwann cells [25]. Since immature Schwann cells differentiate into 

myelinating or non-myelinating adult Schwann cells depending upon interaction with 

larger versus smaller fibers, it is plausible that larger aligned fibers will induce 

maturation in Schwann cells. It is unclear if this would be a benefit or detriment in a 

nerve guide, as mature Schwann cells migrate slower, proliferate slower, and potentially 

produce less growth factors for attracting axons. On the other hand, mature Schwann 

cells are necessary for the support and myelination of the regenerated axons. Very large 

fibers might induce maturation too early in the regeneration process, while small, 180 nm 

fibers could theoretically inhibit maturation by mimicking the small axons which drive 

Schwann cells into a mature, non-myelinating stage.  

 

2.5 Conclusions 

 

These experiments clarified the properties that we should select for the nanofibers 

in our in vivo applications. All of the aligned fiber groups provided excellent directional 
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guidance as compared to the glass or random fiber controls, validating our expectations 

that they could provide topographical guidance to the regenerating tissue. Further, the 

studies showed that the fibers could direct the cells to migrate for several days at the net 

rate of up to 1 mm/day, an appropriate rate for rapidly populating the nerve guides. 

Based upon this set of experiments, we chose 1200 nm fibers to be used as the 

initial alignment cue in our nerve guides. This diameter was chosen for several reasons. 

Firstly, all of the aligned fiber groups did a good job of directing cells in one orientation 

fairly rapidly. The 1200 nm fiber group exhibited similar migration rates to the other 

fiber rates, enabling Schwann cell migration of up to nearly 1mm/day, which is 

sufficiently fast to populate the nerve guide from both sides before the axons begin 

extending through the nerve guide. While the 1200 nm fibers induce slightly slower 

migration than 180 nm fibers, they provide a stronger directional cue and will likely only 

have a mild effect upon cell maturation.  It may be worth exploring the use of 180 nm 

fibers in future studies, however. 
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2.6 Figures 

 

 

Figure 2-1: Live cell imaging of Schwann cells: The effect of fiber coatings 
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Figure 2-2: Live Cell imaging. The effects of fiber diameter and alignment 

 

Figure 2-3: Migration of Schwann cells from the same spheroid seeded upon 1.5 µm 

aligned nanofibers.  

Time listed is hours post-seeding. Scale bar is 500 µm 

 

Figure: Migration of Schwann cells from the same spheroid seeded on 1.5um 
aligned nanofibers. Time listed is hours post-seeding. Scale bar is 500µm  
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Figure 2-4: Quantification of the net migration of Schwann cells on non-oriented 

substrates: glass, 650nm random fibers, and 1200nm random fibers. 
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Figure 2-5: Quantification of the net migration of Schwann cells: varying media 

Schwann cells were cultured on 650nm fibers that are either: adhered to a glass coverslip, 

suspended in the cell media, or suspended in a hydrogel.
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Figure 2-6: Quantification of the net migration of Schwann cells: fiber diameter 
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Figure 2-7: Live cell tracking of GFP Schwann cells on fibers.  
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Figure 2-8: Live cell tracking of GFP Schwann cells on fibers. 
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Chapter 3   Nanofiber-based Nerve-Guidance Conduits for 

Enhanced Peripheral Nerve Regeneration 

3.1 Background 

 

Peripheral nerve injuries are a serious public health concern, occurring in 2.8% of 

traumatic injuries and often causing lifelong disabilities [1]. Approximately 360,000 

patients suffer upper extremity paralytic syndromes annually in the United States, causing 

over 8.5 million restricted activity days [2]. While direct end-to-end anastomosis is 

preferred where possible, peripheral nerve injuries often exhibit nerve gaps that need to 

be surgically bridged in order to restore function. Autologous nerve grafts are the current 

gold standard for this type of repair, but have several drawbacks including the need for 

additional surgeries, donor site morbidity, neuroma formation, size mismatch, and limited 

efficacy [3]. There are several FDA-approved conduits for bridging these gaps, but these 

have poor efficacy over longer gaps, in part due to the absence of any guidance cues [4]. 

One of the most commonly tested methods of providing a guidance cue is via inclusion of 

physical alignment features, such as filaments, aligned electrospun fibers, grooves, 

interconnected pores, and channels, to provide topographical guidance substrate upon 

which the regenerating nerve can grow across the longer gaps [5-10]. Besides physical 

guidance cues, various approaches of delivering neurotrophic factors (NFs) to the 

regenerating nerve have been explored using hydrogels, microspheres, and viral-based 

gene transfection methods to promote nerve survival and enhance axonal outgrowth 

across the injury gap [11-16]. Localization of delivery of immobilized or diffusible NF 
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gradients within nerve conduits have shown promising improvements in regeneration of 

nerves compared to isotropic delivery of NFs. Although showing moderate success in 

promoting nerve growth into the nerve gap, delivery of uniform concentrations or 

excessively high concentrations of NFs has been shown to cause axon trapping within the 

conduit, resulting in poor functional outcome by limiting the number of nerves exiting the 

conduit into the distal stump [11-14]. 

 

One of the major limitations of the current conduit designs is the lack of 

unidirectional guidance cue capable of promoting outgrowth of axons towards the distal 

stump. To address this challenge, several strategies of delivering NF gradients have been 

proposed to enhance unidirectional migration of axons in vitro [17-20]. However, the 

optimal gradient pattern for nerve regeneration remains elusive. This provides impetus 

for further investigation of the effect of NF gradient steepness and concentration range, as 

well as the type of NFs, on the regenerative outcome [21, 22]. The lack of technical 

platforms for preparing and testing tuneable gradient patterns has limited the advance in 

optimizing the NF gradient characteristics at centimeter length scales prior to translation 

of gradient delivery to in vivo platforms. 

 

Guidance of endogenous Schwann cells is of particular importance in enhancing 

nerve regeneration due to the numerous roles of Schwann cells in the nerve repair process, 

during which Schwann cells precede the axons into the lesion site secreting extracellular 

matrix tracks upon which regenerating axons grow [23-25]. Additionally, Schwann cells, 

especially in the distal stump of the nerve injury, produce a cocktail of NFs to promote 
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neuron survival and growth of regenerating neurons into the distal stump [23-24]. Little 

attention has been given to the effect of NF gradients in a nerve guide on Schwann cell 

migration and ingrowth.  

 

Here we have developed a gradient generation platform to produce hydrogels 

loaded with tailorable gradients of glial-derived neurotrophic factor (GDNF) that are 

suitable for both in vitro and in vivo testing. Using this versatile platform, we investigated 

the effect of GDNF concentration and gradient steepness on Schwann cell migration 

using in vitro live cell tracking method. More importantly, we examined the synergistic 

effect of NF gradient pattern and aligned nanofiber topography on migration guidance of 

Schwann cells. We then incorporated the gradient hydrogels into nanofiber-based nerve 

conduits and evaluated the effect of gradient pattern on nerve regeneration outcome in a 

rat sciatic nerve repair model.  

 

3.2 Methods 

3.2.1 Gelatin spiral-based NGC design 

 

We initially designed a NGC to test the hypothesis that increasing the available 

surface area of aligned fibers should increase the alignment “signal” to the regenerating 

nerve, and thus boost the regeneration rate and the accompanying functional recovery. 

The previous design by Shawn Lim utilized only one layer of aligned fibers along the 

periphery of the open NGC lumen, providing a surface area of only 70 mm2 within the 

15mm nerve guide. To increase the surface area of aligned fibers, we electrospun the 
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aligned fibers onto 20 mm by 15mm sheets of crosslinked gelatin (exposed to the vapor-

phase of 1.5% glutaraldehyde in water), which were then rolled up into a “spiral” bundle 

around a 500 µm steel mandrel, increasing the area of aligned fibers to 300 mm2.  

 

The random-mesh PCL outer wall was then electrospun directly upon the outside 

of the spiral bundle (8%wt PCL (80k) in 90/10 DCM-DMF solution at 0.75 mL/hr 

through a blunt 27 gauge needle with a positive voltage of 7.5 kV on the needle and a 

negative voltage of 2 kV applied to the mandrel with a separation distance of 6cm. The 

wall was spun for 7 min. The spiral tubes are then soaked on the mandrel for 90 minutes 

in 1.5% Glycine solution to neutralize any residual glutaraldehyde present and to swell 

the gelatin to allow for the planned 14 mm gap in the 15 mm tube. The bundle was then 

washed in RO water and cut to 14mm and a copper spacer placed at each end. The 

bundles were then electrospun again with the same spin conditions for an additional 10 

minutes to produce a thicker outer wall that also extended 0.5mm past the gelatin layer on 

both sides to allow placement of the nerve stumps. The completed tubes were then 

removed from the mandrel, sterilized via serial ethanol soaking (3x 30 min soaks in 

100% ethanol), and allowed to dry. The tubes were then implanted into the left sciatic 

nerve of male Sprague-Dawley rats, per standard protocol. There were several groups 

tested with this design, with 8 rats per group and a study length of 8 weeks. The groups 

varied the density of aligned fibers (electrospun for 0, 6, 12, and 18 passes), the GDNF 

loading level (0, 20, 200, and 2000 ng GDNF per tube loaded via soaking the gelatin 

backing sheets in GDNF solution), and the overall gelatin configuration as compared 

with a single fiber layer design, as can be seen in table 3.1. Following the end of the 



 57 

study, the rats were sacrificed and the nerve guides were harvested, sectioned, and stained 

for histological analysis.  

 

3.2.2 Fibrin spiral design 

 

To replace the gelatin backing with an alternative, cell permeable fiber backing, 

the aligned nanofiber layer was produced by electrospinning directly upon plastic sheets 

instead of the gelatin films. The aligned fibers were then sterilized via exposure to the 

UV light in the biosafety cabinet for 30 minutes before the fibrin-backing layer was 

formed aseptically. The fibrin glue (Baxter Tisseel ndc-0944) used at 38.825 mg/mL, 

25% of its stock concentration. The15 mm by 20 mm aligned fiber layer was wetted with 

50 µL of Tisseel fibrinogen solution, with tweezers used to ensure even coverage. 50 µL 

of Tisseel thrombin solution (75 units/mL in 300mM calcium chloride solution) was then 

added to the layer to induce clotting. After mixing, the construct was tilted to remove 

excess liquid and the fiber-fibrin layer was allowed to set in the incubator. After setting. 

The fibrin-fiber layer was rolled up into a spiral with the use of a titanium mandrel, with 

the fibers aligned with the long axis of the mandrel. The fibrin spiral bundle was then 

wrapped in a layer of PVA-Collagen hydrogel foam, which had been preformed to 

controllably release the GDNF (600 ng per conduit). The resulting bundle was then cut to 

14 mm in length and place inside the pre-formed PCL outer tube. The conduits were 

implanted and analyzed identically to the gelatin-spiral groups previously described. The 

fibrin spiral groups were designed to test for the effects of varying the fiber diameter (400 

nm, 760 nm, and 1200 nm) and the fiber degradation rate with slowly degrading (100% 
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PCL), medium degrading (80% Gelatin and 20% PCL), and quickly degrading fibers 

(90% Gelatin and 10% PCL). 

 

3.2.3 Gradient generation and characterization for S-Shaped NGC design 

 

Gradients of GDNF (R&D Systems) were created using a surface tension and 

evaporation-based, single channel microfluidics method developed by the 

Khademhosseini lab [26]. Gradients were immobilized in methacrylated gelatin 

synthesized as described previously [27, 28]. Gradient characterization was conducted by 

generating a gradient of fluorescently-tagged lysozyme or GDNF and imaging using a 

Typhoon Gel Reader.  

 

3.2.4 Concentration-dependent gradient-based release 

 

Hydrogels containing gradients (0 to 5 µg/mL) of FITC-labelled lysozyme were 

generated and cut into six equal segments. The segments were placed separate wells of 96 

well plate and PBS was added to the wells, collecting and replacing the solution volume 

on days 1, 3, 7, and 14. Concentration was measured using a plate reader and compared 

to standards.  

 

3.2.5 Live cell tracking 
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Hydrogels (8 mm in length) containing GDNF gradients (0 to 1 µg/mL) were 

prepared and placed on 15 mm coverslips. Aligned electrospun fibers (see below for fiber 

fabrication) were placed over the hydrogels and immobilized using factor 2 tissue glue. A 

custom PDMS migration channel (4 mm by 10 mm by 0.1 mm) was placed over the 

hydrogel/fiber construct. Primary human Schwann cells (ScienCell) were seeded for two 

days prior to experiment and exposed to 1 µg/mL Hoechst 33342 (Pierce) for 30 minutes 

prior to use, washed with PBS, trypsinized, injected into the channel at 1000 cells per 

sample and allowed to adhere for 6 hours prior to cell tracking. Cell migration was 

observed using live cell imaging microscope with a programmable stage (Nikon) and 

migration was analysed using Metamorph. Motility for each cell is calculated as follows: 

𝑀𝑜𝑡𝑖𝑙𝑖𝑡𝑦 =    !"#$%  !"#$%&'(  !"#$%&&%'
!"#$%  !"#$%&"'(  !"#$

. Directedness for each cell is calculated as follows: 

𝐷𝑖𝑟𝑒𝑐𝑡𝑒𝑑𝑛𝑒𝑠𝑠 =
!"##  !"#$%&  ∙  !"#$%  !"#$%&

!"#$ !"##  !"#$%&   ×  !"#$(!"#$%  !"#$%&)

!"#$%&  !"  !"#$%&
, where “Cell vector” is the positional 

vector a cell has moved in one frame and “Field vector” is the vector defined as the 

direction of the gradient. 

 

3.2.6 Electrospinning and preparation of S-Shaped nerve guide 

 

The electrospinning was performed as described in chapter 1 and previous work 

[29]. Briefly, a solution of 8%w/w PCL (molecular weight of 80k, Sigma) in a solvent of 

90%w/w DCM and 10%w/w DMF is electrospun at 5mL/hr through a 27-gauge needle 

11cm from the face of a 40cm-diameter wheel rotating at 70rpm with a 13 kV positive 

voltage. The apparatus was moved across the wheel face via a linear stage (Newmark 
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Systems), over a distance of 75mm at 0.1mm/sec for 2 hours. The nanofiber mat was 

partially melted to increase strength by heating with a hair dryer for 5 seconds. The 

aligned PCL nanofibers were then electrospun directly onto the partially-melted backing 

film, by spinning 12%w/w PCL in Chloroform at a flowrate of 0.6mL/hr and +8kV 

voltage 6cm from the wheel surface, which rotated at 750rpm. The aligned fibers were 

spun for 12 passes at 0.1mm/sec for travel distance of 70 mm. The conduit outer wall was 

electrospun with the 8%w/w PCL in DCM/DMF solution at a flowrate of 0.75mL/hr 

through a 27-gauge needle 6cm from a rapidly rotating 1.5mm steel mandrel. A 7.5kV 

positive voltage is applied to the needle tip, while a 2.5kV negative voltage is applied to 

the mandrel, spinning over a distance of 23cm for 70 passes at 5mm/sec. The tubes were 

then lyophilized for 48 hours to remove residual solvent, then heat-treated to increase 

strength by soaking in hot water, 20 minutes subsequently at each of 50°C, 54°C, and 

56°C. The tubes were then cut to 10mm segments and sterilized. The aligned nanofiber 

sheets and nanofiber outer walls were sterilized via ethylene oxide sterilization. 

 

 

3.2.7 Gradient hydrogels for nerve guidance conduits 

 

Hydrogels containing GDNF gradients were prepared using a 1 cm gradient 

channel (4.5 µL channel volume) and cut to 7 mm in length. All groups with GDNF 

contained 600 ng of GDNF in the final 7 mm hydrogel strip. Uniform GDNF was loaded 

at 190 µg/mL. To generate the shallow gradient, 4.5 µL of 95.2 µg/mL GDNF was 

preloaded into channel and 1.5 µL of 200 µg/mL GDNF was added at the inlet. Steep 
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gradient hydrogels were generated by adding 1.5 µL of 400 µg/mL GDNF solution onto 

the inlet of a pre-filled channel containing no GDNF. The gradient gels were placed 

between two layers of aligned nanofibers, which were then wrapped around two 500µm 

steel mandrels to form the S-shape seen in Figure 3.3. The wrapped sheets were then 

inserted into the lumen of the 10mm-long electrospun outer tube, and the mandrels are 

carefully removed. The sheets were oriented so that the fibers were aligned longitudinally 

along the nerve guide. 

 

3.2.8 Sciatic nerve transection and repair in rats 

 

All animal surgeries and evaluation of the outcome of the nerve repair were 

carried out according to protocols approved by the Johns Hopkins Institutional Animal 

Care and Use Committee. The surgeries were performed on adult male Sprague-Dawley 

rats (200 – 300 g). Following isoflurane anesthetization, the sciatic nerve in the left leg 

was exposed through a mid-thigh incision. The nerve guidance conduits were pre-wetted 

by soaking in sterile PBS. 5mm of the nerve was resected, and each end of the nerve was 

inserted 1.5 mm into the nerve guidance conduit to leave a gap of 7 mm between the 

nerve ends. The nerve ends were sutured in place via 10 – 0 nylon sutures (Ethicon). The 

surgical site was closed with wound clips, and 0.1 mg/kg of buprenorphine was injected 

for pain management. The animals were allowed free access to food and water and were 

regularly monitored.  
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3.2.9 Electrophysiology assessments 

 

The compound motor action potentials were recorded according to standard 

protocols using LabChart (AD Instruments) [30]. The stimulating needle electrodes were 

inserted into the sciatic notch, proximal to the nerve guide. The recording electrodes were 

placed into the ankle, at a distance of 7.2 cm +/- 0.3 mm from the stimulating electrodes.  

 

3.2.10 Harvesting of regenerated nerves 

 

Following electrophysiology testing, the rats were euthanized. The nerve guide 

and surrounding nerve was removed and fixed in 4% Paraformaldehyde. After 24 h at 

4°C, the middle segment of the nerve guide (2.5-5.5 mm from proximal nerve stump) was 

resected and fixed for a further 24 h at 4°C in 4% paraformaldehyde and 3% 

glutaraldehyde. The tissue was mounted in embedding resin, sectioned, and stained with 

toluidine blue [30]. 

 

3.2.11 Histomorphometric analysis 

 

Imaging of the fixed nerve sections was conducted using an inverted microscope 

(Nikon) at 10× and 63× magnification. Total nerve tissue area was measured at 10×. 

Nerve count was measured at 63× by averaging the axon count within 8 randomized 

images within each sample nerve area and calculating total nerve count using the 

measured nerve tissue area. 
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3.2.12 Preparation of NGCs for 14 mm gap rat model 

 

To evaluate the performance of the S-design with GDNF gradients over a larger 

nerve gap (14 mm vs 7 mm) and a longer timeframe (12 weeks vs 4 weeks), we prepared 

nerve guides identically to the previous set of groups, but with a few small changes. The 

same outer conduits were prepared, but were cut to 15mm to be consistent with the 

control groups. The aligned fiber layer was also identically prepared, but cut to a length 

of 14mm. The gradient gelation parameters were likewise modified to accommodate the 

longer gradient length, though the 600ng/tube loading of GDNF was maintained, for both 

the uniform and gradient groups. 

 

3.2.13 Preparation of NGCs for 20mm gap dog model 

 

In order to evaluate our conduit designs in a more rigorous pre-clinical model, we 

prepared NGCs for repairing the peroneal nerve in a canine model. The dog model has 

several key distinctions from the rat model that improves its predictive power for how a 

treatment will work in humans. Firstly, the immune and cellular responses are more 

similar between dogs and humans than rats and humans. Secondly, the dog model allows 

us to repair larger nerves than are available in the rat model that are closer to the sizes 

needed for repairing nerves like the medial nerve in humans. Thirdly, the dog model 

allows for testing longer gaps, where guidance cues are especially necessary. Finally, the 

dog model allows for testing the response when the regenerating nerve must travel a 
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further distance beyond the nerve conduit to reach the distal target, which also requires 

longer study timepoints. The NGCs were prepared identically to the previous rat S-design 

NGCs, though with some slight variations. To accommodate the larger nerve diameter, 

the inner diameter of the conduit was raised from 1.5 mm to 2.0 mm. The conduits were 

also sized to be 22 mm in length, so that each nerve end can be inserted 1 mm into the 

NGC and then have a gap of 20 mm. The fiber sheets were also cut into longer lengths, 

leaving 20 mm between nerve ends. Finally, the hydrogel properties were tweaked to 

create gradients that bridged the larger gap distance, while still maintaining the 

600ng/tube loading level for the uniform-loading and gradient groups. 

 

3.3 Results & Discussion 

3.3.1 Gelatin-based spiral NGC design 

 

Eight groups of NGCs were prepared and successfully implanted into rat sciatic 

nerves for analysis. The overall design and a microtome section that is representative of 

the groups can be seen in Fig 3.1. The groups performed poorly in their nerve repair, as 

seen in their histological slides (Fig 3.2). The nerve area and myelinated axon count were 

both very low in almost every animal. The gelatin spiral did not provide the intended 

additional surface area of aligned fibers, as the layers packed together into the outer wall. 

This may be the product of hoop stress generated by how the sheets were crosslinked 

while flat, not curved. The release profile of the growth factors was difficult to control, 

and the gelatin swelling degree and degradation rate were more variable than desired. The 

design also did not allow for the heat-treatment that may be necessary for obtaining 
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adequate strength in the nerve guide, since the outer tube was directly spun onto the spiral 

bundle, components of which cannot handle the temperatures of the heat treatment. 

Considering the generally poor regeneration, we could not make any conclusive 

statement from comparing the groups other than that aligned nanofibers and GDNF can 

both greatly improve regeneration. For all of these reasons, we modified the design for 

the next set of experiments. 

 

3.3.2 Fibrin-based spiral NGC design 

 

The fibrin-based spiral NGC was designed to address many of the problems of the 

previous tier of gelatin-based NGCs through several means: The gelatin was replaced 

with fibrin, which should not collapse together outwards and was used at a concentration 

that the literature indicated was cell-permeable. The growth-factor delivery was 

transferred to a rolled film of the same PVA-collagen hydrogel used previously in our lab. 

Finally, the outer tubes were pre-fabricated, which allowed for strengthening through 

heat-treatment as well as more efficient manufacturing. These key features can be seen in 

Fig. 3.3. The design changes were an engineering success, in that they maintained a much 

more even distribution of nanofibers within the NGC lumen. In general, the fibrin-based 

spiral NGCs offered superior regeneration to the gelatin spirals, with an increased 

number of myelinated axons. However, there were several issues observed based on the 

results. While the concentration of the Tisseel-based fibrin gels were chosen because they 

have been shown to be cell permeable in the literature, the cells were largely seen 

elsewhere in the nerve guide from the fibrin and fiber layers. Cells mostly did not enter 
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the hydrogel-fiber composite likely due to the high density of hydrogel used here. Since 

the nanofibers themselves were largely unobserved by the regenerating cells and 

especially axons, the group comparisons between fiber characteristics did not lead to any 

conclusions about ideal fiber composition. 

 

3.3.3 S-Shaped NGC design 

 

The resistance of the regenerating nerve cells to enter dense areas caused us to 

redesign our NGCs again, with the new goal of ensuring a permissive environment where 

the proximal nerve stump enters the nerve guide. The S-design was chosen as an option 

since it had a mostly open, cell permissive lumen while still increasing the surface area of 

aligned nanofibers (Fig 3.4). The gap length was shortened to 7 mm together with a 

challengingly short 4 week timepoint in order to quickly identify designs that allow for 

quick migration of Schwann cells and nerve tissue into and across the nerve gap. The 

“S”-configuration produced impressive results, with both large pockets of the conduit 

filled with large areas of regenerating nerve, including large areas dense with myelinated 

axons (Fig 3.5). The vast improvement seen with this design encouraged us to adopt this 

S configuration for our later studies. 

 

3.3.4 NF gradient generation 

 

To generate NF gradient-containing hydrogels, we utilized a single channel 

microfluidics method developed by the Khademhosseini lab previously [26], which 
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allows for generation of gradients of tailorable concentration ranges and gradient length 

scales, which are then encapsulated within UV-crosslinked methacrylated gelatin strip 

(Fig. 3.6a). In brief, the gradient generation platform utilizes a single microfluidics 

channel with an inlet and outlet at opposite ends of the channel. The channel is filled with 

a hydrogel precursor solution and a large droplet is pipetted over the outlet. A small 

volume of NF solution is pipetted onto the inlet and driven into the channel through 

surface tension-driven flow. Combined with evaporation-driven backflow, a gradient is 

generated that can be immobilized through UV-activated polymerization of the hydrogel. 

By controlling the pre-loaded NF concentration and the concentration of NF in the 

droplet, linear gradients of controllable concentration ranges and multi-centimeter length 

scales can be generated as seen in Fig. 3.6b. After immobilization of NF gradients within 

the hydrogel strips, the NFs can be released in a spatially controlled manner depending 

on the region of hydrogel, in which the NFs are immobilized. Fig. 3.6c depicts the 

diffusion of lysozyme as a model protein out of the hydrogel. As expected, the regions of 

the hydrogel with higher loading concentration consistently released higher levels of the 

NF than the lower loading concentration regions of the gradient gels, even after several 

days. The release of NF continued in gradient fashion during the 2-week release study, 

though the release per day decreased over time. The gradient gels were configured to 

have a 14-day release profile so as to consistently provide a positive NF gradient while 

the endogenous Schwann cells and regenerating axons bridge the guidance conduit, 

which we assumed to occur primarily during the first one to two weeks of regeneration of 

peripheral neurons [31]. The levels of released NFs are then designed to taper off 

dramatically, so as to prevent the localized, high concentration that would cause the 
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“axonal trapping” that prevents nerves entering the distal stump. This degree of gradient 

generation and presentation control allows us to investigate the effects of numerous 

gradient characteristics (concentration range, steepness, and combination) in both in vitro 

and in vivo nerve guidance paradigms. It is worth noting that this method allows for the 

incorporation of various NF or combination of NFs into hydrogels. The scalable, versatile 

method of gel fabrication combined with the centimetre length-scale make these gels 

uniquely suited for in vitro migration screening experiments and for incorporation of NF 

gradients in nerve guidance conduits for in vivo nerve regeneration. 

 

To investigate the effect of GDNF gradient delivery on Schwann cell migration 

velocity and directional guidance, we utilized an in vitro live cell-imaging platform 

incorporating both biochemical guidance from gradient hydrogels as well as 

topographical guidance from aligned nanofibers (Figure 3.7a). Aligned nanofibers were 

placed directly on top of gradient-containing hydrogel strip and a custom PDMS 

migration chamber was placed over the fiber/hydrogel construct to localize delivery of 

GDNF within the small volume of the chamber. Cells seeded on the fibers were tracked 

using time-lapse video microscopy on a programmable stage, allowing us to monitor cell 

migration over a large area of the gradient hydrogels (Figure 3.7b).  We then analysed the 

migration of populations of cells within different regions of the GDNF gradients, 

compiling the individual cell tracks within each region to show the relative movement of 

each cell from its point of origin (Figure 3.7b). Using this method, we investigated the 

migration of human primary Schwann cells in response to three GDNF gradients of 

varied steepness to investigate the sensitivity of the Schwann cells to the gradients and to 
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determine the limitations in ability for the cells to detect and respond to the NF gradient. 

We selected uniaxially aligned electrospun poly(ε-caprolactone) (PCL) fibers for this 

study as our pilot experiment confirmed that cell migration was most effectively 

restricted to the direction of fiber alignment axis (Figure 3.7b). However, cell migration 

responses are relatively heterogeneous with a wide distribution of migration responses 

both towards and against the NF gradient in all three gradient steepness groups (Fig. 3.7c). 

Cells in the two lowest gradient steepnesses tested (2 µg/mL per cm and 10 µg/mL per 

cm) had median directedness values that were greater than 0.2, indicating biased 

movement toward the high end of the gradient. However, cells in the highest steepness, 

20 µg/mL per cm, exhibited no directional bias with median directedness close to 0, and 

indicating that the steepness may be too great for the Schwann cells to detect the presence 

of a gradient. It should be noted that even in the lowest gradient steepness groups, the 

migration was largely heterogeneous with numerous cells migrating both towards and 

against the gradient. This demonstrates the need for further studies investigating a wider 

range of steepnesses to determine the gradient detection range for Schwann cells and to 

improve the efficacy of directional guidance. Nevertheless, these steepness studies 

suggest that steepness of the NF gradient is an important factor in cell migration guidance, 

thus it is necessary to tailor the gradient pattern to accelerate cell migration in the repair 

process. We also investigated the directional guidance of Schwann cells within different 

regions of the same gradient culture, determining if the cell response differs in gradients 

of the same steepness but different concentration ranges (Fig. 3.7d). Within the gradient 

range tested, Schwann cell migration velocity gradually increased as the average 

concentration of the gradient increased. Directional migration was apparent for all 
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gradient conditions in contrast to no GDNF and uniform GDNF (1 µg/mL) concentration 

conditions, although the highest average concentration (0.8 – 1.0 µg/mL) showed the 

strongest bias of cell migration towards the gradient. Nevertheless, it is likely that much 

lower and higher average GDNF concentration than this tested range could diminish the 

acceleration or directional migration due to limited receptor binding in low 

concentrations and receptor saturation in high concentrations, respectively. These results 

demonstrate the necessity to examine NF gradient concentration range and steepness for 

the optimization of direction guidance of neural cell migration, and the versatility of this 

gradient generation platform making it a powerful tool for such cell migration 

optimization studies.  

 

This method is also suitable to generate NF gradient hydrogel strips with large 

sizes for in vivo testing. We next analysed the efficacy of these hydrogel-nanofiber 

constructs in a rat sciatic nerve regeneration model. The gradient gels were tested in a 

nerve guidance conduit with an “S” configuration to increase the contact area of 

regeneration axons and Schwann cells (Figure 3.8a), similar to a design tested in the 

spinal cord repair [32]. The aligned fibers (1.2 µm in diameter) were placed on both 

surfaces of the S-shaped hydrogel sheet with the GDNF gradient-loaded hydrogel strip 

placed in the centre of the conduit. This conduit was designed to provide both 

topographical (aligned fibers) and GDNF-gradient guidance cues. Here we tested groups 

with two different GDNF gradient patterns but the same total amount GDNF loaded 

inside our conduit, one with 600 ng GDNF per conduit with a steeper range of 0 – 400 

µg/mL, and one with 600 ng GDNF per conduit with a gradient from 95.2 – 200 µg/mL. 



 71 

As a control, the same total GDNF (600 ng) loaded uniformly inside the conduit was 

tested, together with another control group without GDNF. As a pilot experiment, we 

used a relatively short 7-mm nerve gap, and examined the regeneration outcome at a 

short time-point of 4 weeks. Representative histological images of the mid-point of the 

conduit at 4 weeks after repair are shown in Fig. 3.8. The GDNF-free group has few 

myelinated axons within the nerve area as compared to the GDNF-containing groups. 

The gradient-containing groups had a higher density of myelinated axons based on the 

Histomorphometric analysis (Fig. 3.8b). The presence of GDNF increased the area of the 

regenerating nerve, regardless of the gradient presentation, as the GDNF-containing 

groups had larger nerve areas than the GDNF-free group. However, GDNF gradient 

influenced the quality of the regeneration, as the steep gradient group had a higher axonal 

density, as well as higher nerve area, resulting in a much larger total axon count (Fig. 

3.8c). The steep gradient group had an average myelinated axon count of 4046 ± 2464 

axons per nerve, greater than the other groups with a shallow gradient (2085 ± 1569 

axons), uniform GDNF loading (1610 ± 1656 axons), or no GDNF (1208 ± 1116 axons). 

This study indicates that gradient presentation of GDNF facilitates cell migration into the 

nerve guide, as seen in the increased nerve area and axonal density within the midpoint of 

the conduit, but that regeneration of the nerve is highly dependent on the concentration 

range of the gradient being delivered. Achieving robust regeneration into the midpoint of 

the nerve guide is a prerequisite for ultimately achieving functional recovery. We 

employed electrophysiology analysis to verify if the regenerating nerves were able to 

traverse the entire length of nerve guide, reinnervate the distal stump, and form functional 

connections in the target tissues. Nerve conduction from the sciatic notch to the ankle 
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was compared in the left, treatment leg to the right, uninjured leg of the same rat, with the 

resulting boxplot and individual data points shown in Fig. 3.8d. There was considerable 

variation within each group, reflecting the heterogeneous nature of nerve regeneration, 

particularly at early time points. Nonetheless, the steep gradient demonstrated the greatest 

functional recovery of the groups, with an average amplitude of 0.63 mV, which was 

16.1% of control amplitude, higher than that of the no GDNF group (0.49 mV, 7.4%), 

uniform GDNF (0.38 mV, 3.16%) and shallow gradient (0.31 mV, 2.6%), respectively. 

The EMG measurement for the foot muscle was too small to discern at this time point. 

No significant differences were found between the groups for the velocity of the nerve 

signal. Given these promising results, assessments at longer time points are warranted.  

 

3.3.5 The 14-mm gap rat model 

 

The 14 mm gap model was chosen to better differentiate between designs, as 

guidance cues become more important as the nerve gap grows. From the previous 7 mm 

gap study, we expected the GDNF gradient group to outperform the other groups, due to 

potential synergies between two different guidance cues. After the 12 week study, all 

animals also had at least some myelinating axons visible within the conduit midpoint (Fig. 

3.9). Every single conduit in every group had robust cell growth into the conduit, with 

nerve areas comparative or greater than those of the previously-run controls, Neuragen or 

a blank tube (Fig 3.10). When combining the nerve area with the density of myelinating 

axons, the uniformly loaded GDNF group has a much larger number of myelinated axons 
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per tube than the GDNF-gradient group or GDNF-free group, comparable or above the 

Neuragen positive control group (Fig 3.10).  

 

The axons of the GDNF-gradient group were distributed differently than the 

axons of the other groups. Dense concentrations of myelinating axons can be seen in the 

immediate vicinity of the edge of the gradient gels (Fig 3.11) in most of the subjects of 

the GDNF gradient group. This phenomenon was not seen in the other groups, nor in the 

previous gradient groups. The large area of dense cells often contained almost no 

myelinating axons in this group, as well as the no-GDNF group. The gradient gels were 

placed in between fiber layers and not meant to directly interact with the axons, and it is 

unclear if this phenomenon is related to the decreased performance relative to the 7 mm 

gap experiment. 

 

The electrophysiology data was likewise surprising (Fig. 3.12). The uniform-

GDNF group had detectable CMAP responses in 5 out of 6 rats, while only one, very 

small response was seen in both the GDNF-gradient group and the no-GDNF group. The 

best treatment group, with uniform GDNF loading, had lower average amplitude than the 

Neuragen group, which had a detectable response in all 8 rats. The foot CMAP response 

is a much more difficult functional assay than the ankle test, since the axons must travel 

much further to reinnervate the foot muscles. Unlike the 7 mm gap study, motor ankle 

measurements were not taken because they had not been performed previously in the 

control groups. 
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The analysis of the atrophied distal muscles of the calf (soleus and gastrocnemius) 

correlated with the other analyses (Fig. 3.13). The group without GDNF had the poorest 

functional regeneration, as well as the fewest numbers of myelinated axons. The group 

also thus has the most atrophied muscles, as they have been poorly reinnervated to date. 

The nerve area does not correspond to axon counts in these groups, as compared 

to Neuragen. The cues may be disproportionally attracting other cells than just the desired 

Schwann cells and axons. Moreover, the longer gap may together with the same total 

loading level means that a gradient must be less steep, and that the amount observable at 

the proximal stump will be lower. Possibly, the concentration of GDNF in the gradient 

group is too low to elicit the initial ingrowth necessary for regeneration. The canine study 

will hopefully elucidate whether the current gradient configuration is unsuitable for long 

gaps or whether the 14-mm gradient group underperformed for a different, as of yet 

unknown reason. 

 

3.3.6 20 mm gap in a canine model of peripheral nerve repair 

 

The nerve guides were successfully prepared and implanted into lower leg model 

of the canine, without major complications. The study design can be seen in Table 3.2. 

The histological and functional data should become available over the next few months. 

 

3.4 Conclusion 

 



 75 

In conclusion, we have developed a versatile and scalable NF gradient-generation 

method for studying and improving peripheral nerve repair. The NF gradient hydrogels 

were first used to demonstrate the unidirectional migration response of Schwann cells in 

vitro. Directional migration response was dependent on both the gradient steepness and 

concentration range, confirming the importance of control over gradient characteristics 

and delivery to maximize unidirectional cell migration. In a rat sciatic nerve repair model, 

we have shown that a steeper GDNF gradient yielded a higher count of myelinated axons 

and a higher density of axons within the nerve guidance conduit as compared with a 

shallower gradient and no gradient GDNF loading in an aligned fiber conduit. The 

steeper GDNF-gradient conduit further increased median amplitude in the ankle motor 

signal, with a few subjects showing dramatically higher functional recovery than any 

other group. These studies demonstrate that GDNF gradient can aid in Schwann cell 

migration and thus peripheral nerve repair, and that the concentration and steepness of the 

gradients needs careful tuning to maximize its efficacy. These results provide the 

rationale for future studies to validate the efficacy of GDNF gradient optimization in 

critical gap repair models using our nerve conduits combining NF gradient delivery and 

aligned fiber contact guidance. This gradient generation platform may be used to 

determine the mechanisms by which neurons and Schwann cells respond to gradients of 

different NFs, and study potential synergistic effects of topographical and biochemical 

gradient guidance to accelerate the regrowth of nerves across the nerve gap. More 

optimization may be necessary, however, to produce the ideal conditions for every stage 

of nerve regeneration (recruitment into NGC, migration across the gap, reinnervation of 

the distal stump, and finally travelling to and reinnervation of the target tissue). For 
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longer gaps, the 14 mm gap experiment indicates that special care must be taken to 

ensure there is sufficient GDNF present at the proximal stump to attract the axons into 

the conduit, while still maintaining a guiding gradient. This could be achieved several 

ways, such as by having a burst release of GDNF immediately upon implantation, and 

while the gradient-loaded gel would be able to establish a gradient in the conduit over the 

first several days. Alternatively, the range and steepness of the gradient could be adjusted 

to a non-zero level at the low end of the gradient.  
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3.5 Figures 

 

 
 

Table 3.1: Treatment groups for peripheral nerve repair tested in rats 

  

Groups #(rats
nerve(gap(
(mm)

study(
length(
(weeks)

Fiber(
Distribution

Aligned(
Fiber(
Density

Fiber(
Diameter(
(nm)

Composition(%(of(
Gelatin((PCL(is(
Remainder) GDNF(Loading((ng/tube)

Implantation(
Date Lessons(Learned:

1 8 14 8 spiral(no(fiber 0 all(groups(showed(poor(regeneration
2 8 14 8 Single(Layer medium 760 0 0 single(layer(had(bad(results

Tier(1 3 8 14 8 Spiral medium 760 0 0 JunR12 Gelatin(backing(film(is(a(poor(choice
4 8 14 8 Spiral high 760 0 0 autophagy(a(major(issue
5 8 14 8 Spiral low 760 0 0
6 6 14 8 Spiral medium 760 0 20 GDNF(improves(repair
7 6 14 8 Spiral medium 760 0 200 OctR12 Less(autophagy(with(GDNF

Tier(2 8 6 14 8 Spiral medium 760 0 2000
9 6 14 8 Fibrin(Spiral medium 1200 0 600 3/5/13
10 6 14 8 Fibrin)Spiral medium 760 0 600 3/7/13 Cells(avoid(fibrin(gels(despite(the(theoretical(cell(

Tier(3 11 6 14 8 Fibrin(Spiral medium 400 0 600 3/8/13 ((((permeability
12 6 14 8 Fibrin(Spiral medium 760 90 600 3/12/13 PVARcollagen(sheets(swell(a(lot,(not(great(for(NGCs
13 6 14 8 Fibrin(Spiral medium 760 80 600 3/13/13 no(real(cellRfiber(interactions
14 4 7 4 Microfibers medium 0 ~600(via(microfibers 5/6/13 More(open(lumen(very(important(for(initial

Tier(4 15 4 7 4 Fringe)Spiral medium 1200 0 ~600(via(microfibers 5/6/13 (((((((((((((growth(into(nerve(guide
16 4 7 4 "S")open)design medium 1200 0 ~600(via(microfibers 5/7/13 "S"(much(better(design(than(other(two
17 8 7 4 S(design medium 1200 0 Uniform 6/13(&(8/14 Gradients(seem(to(improve(regeneration

Tier(5 18 8 7 4 S(Design medium 1200 0 Shallow)Gradient)60A180 6/13(&(8/14 Slight(bias(towards(steep(gradients?
19 8 7 4 S(Design medium 1200 0 Steep)Gradient)1A240 6/28/13 good(regeneration(in(all(groups
20 8 7 4 1)layer medium 1200 0 Steep(Gradient(1R240 10/8/13 open(lumen(almost(as(good(as(S
21 8 7 4 S(design medium 1200 0 NONE 8/13/14 unknown
22 8 14 8 S(design medium 1200 0 uniform(600ng 9/24/14

Tier(6 23 8 14 8 S(design medium 1200 0 Gradient(of(600ng 9/25/14
24 8 14 8 S(design medium 1200 0 NONE 9/26/14
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Figure 3-1: Design of Gelatin-based spiral NGC 
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Figure 3-2: Gelatin Spiral NGCs underperform in vivo.  

The groups 1-8 resulted in poor nerve regeneration in vivo, with small nerve areas within 

the conduits and few myelinated axons, as seen in this representative micrograph of a 

conduit after 8 weeks in vivo. Note the collapsed spiral fiber layers. 
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Figure 3-3: Fibrin spiral design and performance in vivo.  

Clockwise from top left: SEM image of completed fibrin spiral. Top right: low 

magnification micrograph of fibrin spiral after 12 weeks in vivo. Note the dark band for 

the GDNF-releasing PVA-hydrogel and inner layers of aligned nanofibers. The innermost, 

dark layer is PVA leftover from use in the spiral-wrapping procedure. Bottom right: 

Higher magnification micrograph of conduit after 12 weeks in vivo. The conduit has 

regions with dense concentrations of myelinated axons, but they are separate from the 

fiber areas. Bottom left: the fibrin-aligned fiber layers after 12 weeks in vivo. Note the 

ordered spacing between layers, but also the lack of cellular or axonal association with 

the fiber layers. 
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Figure 3-4: SEM images of the S-Shaped NGC (group 16) 

Left: The overall view of the conduit, with the layers of aligned fibers evident in the 

conduit lumen. Right: The semiporous Nanofibrous outer wall maintains its porosity after 

heat-treatment to increase its mechanical strength. 
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Figure 3-5: Histological assessment of S-Shape NGC after 4 weeks in vivo.  

Note the large area of the regenerated nerve, with dense areas of myelinated axons in 

both fascicles (inset) 
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Figure 3-6: Gradient generation method and characterization.  

(a) PDMS channel filled with hydrogel precursor solution, NF solution flowed into 

channel to form gradient, and hydrogel polymerized with UV; (b) Characterization of 

gradients with different GDNF loading concentration ranges; (c) GDNF release from 

different segments of gradient hydrogel over 14 days. 
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Figure 3-7: Effects of GDNF steepness and concentration range on Schwann cell 

motility and directedness.  

(a) Schematic showing of the setup for single cell tracking. Aligned PCL fibers (1.2 µm 

diameter) were placed over a gelatin hydrogel loaded with different GDNF gradient 

patterns. This aligned fiber-hydrogel strip construct was then enclosed within a migration 

chamber of dimensions 4 mm by 10 mm by 0.1 mm.  Cells were seeded on the substrate 

by flowing cell suspension in medium into the chamber. Cell migration characteristics 

were tracked over the entire substrate surface. (b) Cell migration characteristics between 

two consecutive frames were recorded and reformatted to normalize to the same point-of-

origin for the convenience of analysis. (c) Migration bias of Schwann cells in response to 

different levels of gradient steepness. (d) Motility and directedness of Schwann cells in 

response to different gradient concentration ranges in the same chamber. 
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Figure 3-8:  Effects of GDNF gradient presentation on nerve regeneration in a rat 

sciatic nerve repair model.  

(a) Schematic illustration for construction of the S-shaped nerve guidance conduit 

incorporating aligned PCL fibers and GDNF gradient hydrogel. Nerve conduit was 

created by placing a hydrogel strip with a GDNF gradient between aligned PCL fiber 

sheets, formed into an S-shaped roll, and placed within a randomly aligned electrospun 

cylindrical conduit. (b) Representative in vivo axonal outgrowth in a 7-mm sciatic nerve 

gap injury in conduits without GDNF, with uniform GDNF, and with shallow or steep 

GDNF gradients showing highest quantity of myelinated axons in the steep gradient 

group. Scale bars = 10 µm. (c) Axon count in entire luminal space of each conduit group. 

(d) Motor signal quantification in injured leg for each conduit group compared to motor 

signal of opposite (healthy) leg.  
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Figure 3-9: Histology images of 14 mm gap NGCs after 12 weeks in vivo.  

Note the large cellular response, but lack of myelinated axons in the No GDNF group. 
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Figure 3-10: Quantification of the histological images of the 14 mm gap NGCs. 
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Figure 3-11: Histology image of GDNF-gradient group in 14 mm gap NGC.  

A: Dense concentrations of myelinating axons can be seen in the immediate vicinity of 

the edge of the gradient gels (yellow arrow) in most of the subjects of the GDNF gradient 

group. This phenomenon was not seen in the other groups, nor in the previous gradient 

groups. B: The large area of dense cells often contained almost no myelinating axons in 

this group. The gradient gels were placed in between fiber layers and not meant to 

directly interact with the axons. Scalebar = 100 µm 
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Figure 3-12: Electrophysiology results for 14 mm gap NGCs after 12 weeks in vivo 
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Figure 3-13: Distal muscle atrophy after 12 weeks in 14 mm gap model.  

For each rat, the weights of the gastrocnemius and soleus muscles are compared between 

the left, treatment leg and the right, control leg. Each bar represents the average of the 

group. Note the greater atrophy in the GDNF-free group, which correlates with the poor 

number of myelinated axons seen in the histological results for this group. 
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Table 3.2: Study design for the canine peripheral nerve injury model. 

  

Groups
#(dogs((2(
tubes/dog)

nerve(gap(
(mm)

Fiber(
Distribution

Fiber(
Diameter(
(nm) GDNF(Loading((ng/tube)

Implantation(
Date

Autograft 5 20 NONE
Neuragen 5 20 NONE JunD14
NGCs 5 20 S(design 1200 NONE JunD14
NGCs 5 20 S(design 1200 Uniform((600ng/tube) OctD14
NGCs 5 20 S(design 1200 Steep(Gradient(1D240 JanD15
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Chapter 4   Nanofiber-based Scaffolds for Ventral Root 

Avulsion Repair 

4.1 Background 

In the clinical treatment of traumatic spinal cord injury (SCI), there is a major 

unmet need for effective regeneration strategies for injuries to the conus medullaris (CM) 

and lumbosacral nerve roots (cauda equine (CE)) [1]. These occur in approximately 20% 

of all SCI cases that involve trauma to the thoracolumbar junction of the spine or to the 

lumbar spine [2-4]. In these cases, the lumbosacral nerve roots may be avulsed, torn, 

lacerated, stretched, or crushed. Automobile accidents account for the majority of CM/CE 

accidents [5-7]. These CM/CE injuries result in a lower motor neuron syndrome, wherein 

distal peripheral nerve targets, including skeletal muscles, sensory organs, and autonomic 

ganglia, are denervated. The paralysis of the lower extremities may result in symptoms 

including the loss of voluntary bladder and bowel control due to loss of the neuronal 

circuits responsible for bladder contractions and external sphincter control [8, 9]. 

Recovery of this control is ranked as one of the highest priorities among the SCI 

population [10]. However, there are currently no effective treatments for CM/CE injuries. 

In fact, CM/CE patients are often excluded from treatment trials for SCI, due to their 

different, predominantly lower motoneuron injury presentation.  

 

Our collaborators in Dr. Havton’s lab have developed a rat cauda equina injury 

model, which recapitulates several key features of the clinical CM/CE presentation. The 

model consists of a lumbosacral ventral root avulsion (VRA) injury, which leads to the 
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progressive death of motoneurons and autonomic neurons through apoptosis and necrosis 

[11, 12]. The Havton lab has demonstrated that surgically reimplanting the avulsed 

ventral roots into the lateral funiculus of the CM is neuroprotective of the axotomized 

neurons and promotes axonal regeneration of lesioned spinal cord axons into the 

reimplanted roots. This reinnervation resulted in functional recovery in the lower urinary 

tract with the recovery of reflexive micturition and decreased neuropathic pain [13-18]. 

While that work demonstrates the potential benefits to ventral root reimplantation, this 

technique is not directly applicable in the clinical setting, since in a trauma setting, the 

ventral roots will retract caudally and the injury will progress along the course of the 

severed roots. These complications make it difficult or impossible to directly reimplant 

the severed roots, requiring new tissue engineering approaches to bridge the resulting 

tissue gap. We propose the use of peripheral nerve grafts or biomaterial-based scaffolds 

to bridge the gap between the avulsed root and the CM. Peripheral nerve grafts are the 

current gold standard for bridging gaps in peripheral nerve injuries, with a long history of 

improved, if limited, functional regeneration [19]. The harvesting procedure, however, 

necessarily requires additional surgeries and deficits at the donor site, producing sensory 

and motor deficits and potentially neurologic pain and neuromas. The sensory nerve graft 

is used more commonly than mixed or motor nerve grafts due to decreased donor site 

morbidity associated with sensory nerve grafts. However, the sensory grafts are 

phenotypically different from motor grafts and are less supportive of motoaxonal 

regeneration than motor or mixed nerve grafts [20].  Our lab has been researching 

synthetic biomaterials for guiding the regenerating nerve over the gap without having to 

rely upon autologous grafts [21, 22]. This study seeks to extend our peripheral nerve 
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repair work to bridging the avulsed ventral root into the CM. Following studies in the rat 

model, the VRA regeneration work will transition to a non-human primate model, namely 

the rhesus macaque. These additional studies in the rhesus macaque are important 

because:  

 

1) The distances from the injury site to the peripheral targets are far longer 

in the macaque than in the rat and are thus more comparable to human anatomy. 

The short distances of the rat anatomy allow the functional reinnervation of the 

targets such as the lower urinary tract within weeks, while requiring months or 

years to reach the similar targets in macaques and humans. The slower time 

course of regeneration in humans and macaques introduces further complications 

since the distal chronically denervated nerves progressively degenerate over time, 

losing their ability to direct and support the regenerating axons, slowing the rate 

and scope of any further functional regeneration [23-27];  

2) Immune responses and inflammatory reactions may differ extensively 

between rodent species as well as between different strains of rats and mice and 

likely also differ between rats and primates. Inflammatory and immune reactions 

to nerve injury in humans are likely more similar to those in non-human primates 

than those in rodents [28-30];  

3) Although surgical replantation of avulsed ventral roots has been 

performed successfully in select patients with brachial plexus avulsion injuries by 

surgeons in Europe, there have been no documented cases by surgeons in North 

America using this surgical procedure [31, 32]. The development of a primate 
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model represents an important intermediate step, which has provided us with a 

successful and reliable surgical protocol for the replantation of avulsed ventral 

roots directly into the spinal cord or for using an interpositional bridge such as a 

peripheral nerve graft or a GDNF-releasing nerve guidance conduit between the 

spinal cord and avulsed roots.  

 

GDNF is chosen for its key influence upon Schwann cells as a chemoattractant, 

maturation inducer, as discussed previously in this dissertation. Urocortin is a member of 

the Corticocortin Releasing Hormone (CRH) family, which is a family of neuropeptides 

that regulate the pituitary-adrenal axis, modulating the stress response and the 

corresponding autonomic, endocrine, and behavioral functioning [33].  Urocortin-2 is a 

38 amino-acid long peptide with high homology with CRH and is a selective CRHr2 

(CRH-receptor 2) ligand. It is expressed in many peripheral tissues in mouse studies, 

being seen in the pituitary, skin, skeletal muscle, adrenal, stomach, ovary, testis, thymus, 

brown fat, spleen and lungs [34]. Urocortin-2 regulates fuel utilization in the periphery, 

modulating glucose homeostasis and metabolic functions through autocrine or paracrine 

mechanisms [35]. Urocortin-2 also suppresses food uptake in free feeding rats, and can 

either decrease or increase the firing rate of serotonergic neurons in the dorsal raphe 

nucleus, depending upon the concentration [36, 37]. We are exploring its use in 

regeneration in the ventral root due to its role in the autonomic nervous system. 
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4.2 Methods 

4.2.1 Preparation of VRA tubes for rat model 

4.2.1.1 July 2010 Preparation 

 

The spinning solution was 14%w/v PCL (65,000 MW, Sigma #181609) in a 

solvent of 90% DCM (Dichloromethane, Fisher) and 10% DMF (N,N 

Dimethylformamide, Fisher) by weight. The solution is electrospun with a flowrate of 

1mL/hr through a 27-gauge needle from a distance of 6 cm from a grounded, rapidly-

rotating mandrel (240 µm-diameter steel hypotubing, 32 gauge, 28 cm in length from 

SmallParts). A 10 kV positive voltage is applied to the needle tip. A linear stage 

(Newmark Systems) moved the syringe pump back and forth across the mandrel over a 

distance of 24 cm for 70 passes at 5 mm/sec. Each tube was spun for 9 minutes to 

produce a tube with a thickness of about 780 µm. 10 tubes were prepared and 

subsequently lyophilized for >8 hours to remove residual solvent. The tubes were heat-

treated to strengthen the tubes by soaking each tube for 14 minutes at 50°C in DI water in 

a 2L Erlenmeyer flask. The tubes were then cut into 2.5 cm sections and sterilized by 

soaking three times for 30minutes in 95% Ethanol, then strung on 75 µm wire (nitinol, 

SmallParts) to dry in the hood. 

 

4.2.2 Hydrogel composition 

 

The GDNF-free (blank) hydrogel was prepared from 1 mL of PVA stock solution 

(10%w/v medium molecular weight PVA in DI water (85,000-146,000 MW, Sigma 
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36,315-4)), 156.25 µL of Collagen Solution (bovine Advanced Biomatrix Nutragen, 

6.4mg/mL) and 843.75 µL of DI water to give a final concentration of 5% PVA and 

0.05% Collagen (1% of PVA mass). The GDNF-containing group had the similar 

hydrogel composition of 5% PVA, 0.05% Collagen, and 200 µg/mL GNDF (recombinant 

Human from Amgen). With an approximate loading of 1.5 µL per 2.5 cm tube, the 

GDNF was formulated to have 300 ng/tube. In a biosafety hood to maintain sterility, the 

hydrogel was loaded into a 100 µL Hamilton glass syringe, with a 33-gauge needle. In 

order to load the tubes while maintaining an open lumen, the tubes were loaded with the 

75 µm wire in place. The wire was threaded into the 33 gauge needle, then the needle tip 

was inserted a few mm into the end of the 2.5 cm tube. The solution was forced through 

the tube, such that droplets emerged at both ends. The end-droplets were removed, and 

the tubes (in petri dishes) were placed on ice to prevent evaporation. 

 

4.2.3 Freeze-thaw gelation 

 

Each 2.5 cm tube was placed in an individual screwtop eppendorf tube during 

freeze-thaw with the guide-wire still inserted. The freeze-thaw cycle consisted of each of 

the following components: -80°C for 30 minutes, -20°C for 30 minutes, and for 4°C for 

30 minutes. 8 cycles were completed in total for 18 tubes with GDNF and 18 tubes 

without GDNF. Following the last cycle, the tubes were lyophilized overnight, then 

stored at -20°C until shipment. The tubes were shipped on cold packs to Dr. Havton via 

FedEx Priority Overnight on 7/12/10. 
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Additional tubes were prepared in 2014 for replicating the earlier rat study and 

comparison with Urocortin-2, (synthetic peptide, Abbiotec cat #350414). The 

electrospinning solution was 8%w/w PCL (MW 80,000, Sigma) in 90/10 DCM/DMF, 

which was spun through a 27 gauge blunt needle at 0.75 mL/hr. A positive voltage of 

7.5kV was applied to the needle tip, and a negative voltage of 3kV was applied to the 

rapidly-rotating mandrel, which was 240 µm-diameter hypotubing. The tubes were 

formed by coating the mandrel for 48 passes at 5mm/sec along a travel distance of 210 

mm. The tubes were lyophilized, then heat-treated by immersion (while still on mandrel) 

in a 2L Erlenmeyer flask filled with heated RO water. The tubes were heated for 20 

minutes at 50°C, 54°C, and 56°C, then for a final 10 minutes at 58°C. The tubes were cut 

into 2.5 cm-long sections, and 75 µm-diameter nitinol wires were threaded into each to 

maintain an open lumen. The tubes were sterilized via ethanol soaking for 30 minutes in 

70% ethanol, then 2 hours in 100% ethanol, followed by overnight drying in the biosafety 

cabinet. The PVA-collagen hydrogel was prepared identically as described in the 2010 

experiment, to produce tubes with blank hydrogels, GDNF hydrogels (300 ng/tube 

Urocortin-2. 15 tubes with blank hydrogels and 15 tubes with 300 ng/tube of GDNF were 

shipped overnight to Dr. Havton on 3/10/14. 15 tubes with 300 ng/tube of Urocortin-2 

were shipped overnight to Dr. Havton on 7/22/14. 

 

4.2.4 Preparation of conduits for Rhesus Macaque study 

 

8%w/w PCL (molecular weight of 80k, Sigma) in a solvent of 90%w/w DCM and 

10%w/w DMF. The solution is electrospun with a flowrate of 0.75 mL/hr through a 27 
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gauge needle from a distance of 6 cm from a rapidly-rotating steel mandrel. A 7.5kV 

positive voltage is applied to the needle tip, while a 3kV negative voltage is applied to the 

mandrel. A linear stage (Newmark Systems) moved the syringe pump back and forth 

across the steel mandrel over a distance of 22 cm at 5 mm/sec. To produce tubes with 

different inner diameters, the diameter of the mandrel was varied along with the number 

of rounds. The 1.0 mm-diameter tubes were spun onto a 1.0 mm-diameter mandrel for 48 

passes. The 1.25 mm-diameter tubes were spun on a 1.25 mm-diameter mandrel for 60 

passes. The 1.5 mm-diameter tubes were spun on a 1.5 mm-diameter mandrel for 70 

passes. The 1.75 mm-diameter tubes were spun on a 1.75 mm-diameter mandrel for 70 

passes. The tubes were then lyophilized for 48 hours to remove residual solvent. While 

still on the mandrel, the outer tubes were subsequently heat-treated to increase strength 

by soaking in hot water, 20 minutes at each of 53°C and 54°C. The tubes were then cut to 

33 mm segments. 

 

4.2.5 Inner layer spinning 

 

To produce the inner layer of aligned fibers to guide the regenerating axons, we 

produced a double-layer fiber mesh, with a lower-layer of random fibers to provide 

mechanical support to the top layer of aligned fibers. The bottom, random layer was 

produced by spinning 8%w/w PCL (80k) in 90/10 DCM/DMF at 0.9 mL/hr through a 27 

gauge needle 8 cm away from the grounded, target wheel. An 8kV positive voltage was 

applied to the needle tip, and the syringe pump was rastered over a distance of 125 mm 

for 2 passes at 0.1 mm/sec. The wheel rotated at 64 rpm to ensure even coverage. The 
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large target wheel had 6 sets of labtape pre-placed upon it, to aid in the subsequent 

removal of the fiber layers. The tape was laid out to produce 6 sets of double-fiber 

rectangles, 5 cm in height and 12.5 cm in width. After deposition of the random fiber 

layer, the aligned layer was spun directly on top. The spinning solution was 11%w/w 

PCL (80k) in 90/10 DCM/DMF, spun at 0.3 mL/hr through a blunt 32 gauge needle with 

2 cm separation from the wheel surface. The wheel rotated at 1000 rpm, while the 

positive voltage of 5kV was applied to the needle tip. The fibers were spun for 7 passes 

over a distance of 115 mm at 0.1 mm/sec. 

 

The fiber sheets were then removed with the help of the tape support. Extra 

caution was taken to ensure that the original geometry of the fiber sheets was kept intact, 

and stretching or bunching of the fibers was avoided. Each fiber sheet was placed on a 

frame (upside-down pipette tip box), maintaining fiber alignment and integrity, with 

aligned fibers facing up. A mandrel was placed along the long-axis of the aligned fibers, 

and a drop of PVA solution was added to the top and bottom edges of the fiber sheet to 

bond the fiber sheet edges to the mandrel. The mandrel then was rolled along the fiber 

sheet as it was cut free from the frame, transferring the fiber mesh onto the mandrel. 

After 2 rotations around the mandrel, the fiber-coated mandrel was cut free from the fiber 

sheet and inserted into the middle of the respective outer tube previously prepared. The 

mandrel used for each fiber sheet was slightly smaller than the inner diameter of the outer 

tube to allow space for the hydrogel and ease the eventual mandrel removal. The 1.5 mm 

outer tubes used a 1.25 mm mandrel for fiber-sheet rolling, the 1.25 mm tube used a 1.0 

mm mandrel, the 1.0 mm tube used a 0.75 mm mandrel, and the 1.75 mm-tube used a 1.5 
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mm mandrel. The fiber sheet extended past the outer tube on both ends. The conduits 

(outer tube with inner mandrel with aligned fiber sheet) were sterilized with ethanol 

soaks, with three soaks for 30 minutes each, submerged in 70% ethanol, 100% ethanol, 

and 100% ethanol again. The conduits were allowed to dry overnight in the biosafety 

cabinet to remove residual ethanol. 

 

The blank group used the same hydrogel formulation as the previous rat studies, 

with 5% PVA and 1 mg/mL Collagen. 10 mL of blank hydrogel solution was prepared 

with 5 mL of the 10% PVA stock, 1.695 mL of Nutragen Collagen, and 3.305 mL of 

sterile water. The blank hydrogels were loaded first, and used to determine the volume of 

hydrogel deposited into each conduit size, by weighing before and after hydrogel addition 

(assuming 1mg = 1µL). This allowed determination of the GDNF needed in each 

formulation to obtain the desired 300 ng/33 mm tube loading. The 1.5 mm tubes averaged 

a loading of 17.87 µL of hydrogel and needed 16.79 µg/mL of GDNF. The 1.25 mm 

tubes averaged a loading of 16.72 µL of hydrogel and needed 17.94 µg/mL of GDNF. 

The 1.0 mm tubes averaged a loading of 10.72 µL of hydrogel and needed 27.98 µg/mL 

of GDNF. The GDNF-containing conduits were prepared second, using the previously 

described concentrations of GDNF in addition to the identical PVA and collagen 

concentrations. The hydrogels were added to each conduit by injecting it into the region 

in between the outer tube wall and the fiber-sheet-wrapped mandrel. After hydrogel 

addition, the conduits, with the mandrels still in place, underwent freeze-thaw gelation 

similar to that used for the rat studies, with each cycle consisting of -80°C for 30 minutes, 

-20°C for 30 minutes, and for 4°C for 60 minutes for a total of 6 cycles. After gelation, 
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the tubes were removed from the mandrels with the help of sterile DI water and any extra 

nanofibers emerging from the outer wall were cut flush. The conduits were then snap 

frozen before lyophilization and preparation for shipment. 

 

The final VRA nerve guides were 33 mm in length, with an inner diameter of 1 

mm, 1.25 mm, or 1.5 mm to accommodate different nerve root diameters. The conduits 

were designed to be cut to the desired length by the surgeon (approximately 15 mm), with 

each supplied tube being capable of being used for two nerve roots each. 10 of each size, 

plus 4 of a larger 1.75 mm-diameter were prepared with blank hydrogels and shipped on 

5/15/12. 11 each of the 1 mm, 1.25 mm, and 1.5 mm nerve conduits, each containing 

300ng/tube GDNF were shipped to Dr. Havton on 6/12/12.  

 

4.2.6 Rat study design 

 

Study design: In adult female rats, a unilateral ventral root avulsion (VRA) injury 

was performed. Under general gas anesthesia (isoflurane), following a lumbar 

laminectomy and opening of the dura mater, the injury included avulsion of the L6 and 

S1 ventral roots from the surface of spinal cord. These ventral roots normally carry 

efferent axons from motoneurons innervating the pelvic floor and axons from 

preganglionic parasympathetic neurons. The primary locations for the cell bodies of these 

somatic motor and autonomic neurons are the L6 and S1 spinal cord segment. A 

biodegradable nerve guidance conduit (NGC) was next surgically implanted into the rat 

spinal cord. Each NGC either released GDNF or was empty (control). A 1-2 mm 
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longitudinal incision was made into the lateral funiculus at the L6/S1 level of the spinal 

cord, and the NGC was surgically implanted into the incision. A suture was placed at the 

distal end of the NGC to prevent any entry of axons from the periphery. Next, the muscle 

and skin were closed in layers and the subjects allowed to recover. 

 

4.2.7 Rhesus macaque study design 

 

A total of five experimental groups were included in the studies: 1) Unilateral L6-

S3 ventral root avulsion (VRA) injury and no root repair (n=5 subjects); 2) unilateral L6-

S3 ventral root avulsion (VRA) injury followed by direct implantation of avulsed ventral 

roots into the spinal cord (n=5 subjects); 3) unilateral L6-S3 VRA injury followed by root 

repair using a GDNF-releasing nerve guidance conduit to bridge between the spinal cord 

and each avulsed root (n=4 subjects); 4) unilateral L6-S3 VRA injury followed by acute 

root repair using a nerve guidance tube without release of neurotrophic factor to bridge 

between the spinal cord and each avulsed root (n=5 subjects); 5) unilateral VRA injury 

followed by acute root repair using an intercostal nerve graft to bridge between the spinal 

cord and each avulsed root (n=5 subjects). The nerve guidance tubes and peripheral nerve 

graft were all approximately 1.5 cm in length to facilitate direct comparisons between the 

groups. All animals were studied for 2 months (n=1) or 18 months (n=3). 

The adult rhesus macaques underwent a unilateral L6-S2 VRA injury followed by 

root repair using nerve guidance conduits or intercostal nerve grafts as a tissue bridge 

between the spinal cord and avulsed ventral roots. The four-level VRA injury resulted in 

partial or complete denervation of ipsilateral hind limb muscles and denervation of the 
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ipsilateral side of external sphincter muscles. The affected lumbosacral spinal cord 

segments also include motoneurons of Onuf’s nucleus, which innervate the external anal 

and urethral sphincter muscles and are typically located within the L7 and S1 segments of 

the spine [38, 39]. Throughout the course of the studies, we performed functional and 

imaging assessments of the effect of root replantation. For this purpose, assessments of 

hind- limb function and locomotion were also performed pre-operatively and monthly 

during the full post-operative course of the studies. EMG recordings of the external anal 

sphincter were performed pre-operatively, within the first week post-operatively and 

subsequently every three months for the duration of the study. MRI studies of the lumbar 

spine were performed pre-operatively and post-operatively at 6 weeks and 18 months 

after the VRA injury and replantation. At the end of the study period, fluorogold was 

injected into the midline-positioned external anal sphincter muscle and the B subunit of 

the cholera toxin (CT-B) was injected into the medial gastrocnemius muscle bilaterally to 

retrogradely label the motoneurons that have successfully reinnervated the peripheral 

targets. Five days after tracer injections, all animals underwent intravascular perfusion 

with a 4% paraformaldehyde solution to preserve spinal cord and nerve root tissues for 

morphological analysis.  

 

Throughout the study period, a combination of behavioral, locomotor, MR 

imaging, and EMG studies were performed at multiple time points. At the end of the 

experiments, anatomical studies were also performed. The different studies and outcome 

measures were performed as below: For behavioral assessments of hind limb and 

treadmill locomotor function, established protocols of the California Primate Spinal Cord 
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Injury Consortium at CNPRC/UC Davis were used [40, 41]. Treadmill locomotor studies 

provided spatial and temporal features of the gait pattern. For this purpose, we used 

detailed video recordings and measured 1) cycle duration, 2) stride length, 3) stance 

duration, and 4) swing duration for each animal at different treadmill speeds. EMG 

studies of the external anal sphincter muscle were performed pre-operatively, within the 

first week post- operatively, and subsequently every three months for the duration of the 

study to provide detailed information on sacral reflex function, as EMG activity was 

induced by rectal glass probes for brief anal distention to induce an EMG burst using an 

established protocol for data analysis of 1) burst duration, 2) firing frequency during burst, 

and 3) area under the curve measurements of integrated signals [42]. MR imaging studies 

were performed pre-operatively and at 6 weeks and 18 months post-operatively. Signal 

intensity and cross sectional area measurements of ventral roots were performed using 

both T1 and T2, with and without contrast administration. MRI signal intensity and area 

measurements for the right and left L5 -S1 ventral roots were compared and expressed as 

a ratio of the means. Postoperative MRI studies also confirmed the segmental levels that 

were lesioned by ventral root avulsion injury. 

 

Anatomical studies took place at the end of the study period and included 

stereological counts of ChAT immunoreactive neurons in the L7 and S1 segments to 

assess for neuro-degeneration and protection. Stereological counts of L7 and S1 segment 

neurons, retrogradely labeled with FG and CT-B from the external anal sphincter and 

medial gastrocnemius muscles, respectively, determined the degree of reinnervation of 

peripheral target muscles. Stereological counts of myelinated fibers in the avulsed 
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replanted and intact roots determined the extent of Wallerian degeneration and axonal 

regeneration. Electron microscopic studies of nerve roots determined the G ratio of 

myelinated fibers in replanted and intact roots to assess for the degree of myelination 

after injury and repair. Ultrastructural studies also determined the presence of and 

quantity of non-myelinated fibers, which are not readily visible on toluidine blue light 

microscopic preparations. 

 

4.2.8 Spine surgery 

 

Under general isoflurane anesthesia, the subject was in the prone position and the 

skin over the lumbar spine was prepped and draped. A skin incision was made and the 

spinous processes of L1-L5 were exposed. The left-sided facet joints of L1-2 to L4-5 

were exposed. A high-speed drill was used to thin the vertebral levels of L1-5 on the left 

side. Next, the exposed dura mater was opened and held with a 4-0 vicryl and the spinal 

cord was slightly rotated to expose the ventral aspect. The conus medullaris was turned 

and the L6, L7, S1, and S2 ventral roots were identified using anatomical landmarks and 

normal caliber differences between the individual roots. The roots were individually 

avulsed from the surface of the spinal cord. A 2-3 mm biopsy of the tip of each avulsed 

root was preserved in aldehyde fixative for later morphological studies. For root 

replantation purposes, a small stab incision was made using a #11 scalpel blade at each 

avulsed segmental level and the avulsed L6-S2 ventral roots were individually inserted 

into their original segmental levels. The replanted roots were also attached to the 

leptomeninges using a 10-0 prolene. The dura was closed with a 7-0 prolene. Next, the 
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spinal incision was closed with interrupted 2-0 vicryl followed by running 3-0 vicryl. The 

skin was closed with 4-0 vicryl and the subject was allowed to recover from anesthesia. 

Note that in a subset of animals, the L6-S2 VRA injury was performed without the root 

replantations, but all other procedures were identical in this series. 

 

In a subset of animals, an intercostal nerve graft was used for bridging the gap 

between the spinal cord and the avulsed ventral roots. For this purpose, the left T11 rib 

was identified and exposed. The T11 intercostal nerve was next identified and a 4 cm 

segment of the nerve was isolated. The intercostal nerve was divided into 4 equal-length 

segments, each approximately 1 cm long. The nerve grafts were anastomosed to the 

avulsed ends of the ventral roots using a 10-0 prolene. The opposite end of the nerve 

grafts were implanted into small incisions made into the lateral side of the spinal cord at 

each avulsed segment and the graft secured to the leptomeninges using a 10-0 prolene. 

The dura and surgical incision were next closed in a fashion identical to the procedure 

used after direct root replantations. 

 

In a subset of animals, GDNF-releasing or non-releasing nerve guidance tubes 

were used to bridge a gap between the avulsed lumbosacral ventral roots and the spinal 

cord. The nerve guidance tubes were anastomosed to the avulsed ends of the L6 and L7 

ventral roots using a 10-0 prolene suture. The opposite end of the nerve grafts were 

implanted into small longitudinal incisions made into the lateral side of the spinal cord at 

each avulsed segment and each tube was placed into the lateral funiculus of the L6 or L7 

segments. secured to the leptomeninges using a 10-0 prolene suture. The dura and 
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surgical incision were next closed in a fashion identical to the procedure used after direct 

root replantations. 

 

4.3 Results 

4.3.1 Rat VRA conduit production 

 

The nanofiber mesh was essentially random in orientation due to the slow rotation 

of the mandrel relative to the electrospinning jet whip speed. The fibers were 

approximately 675 nm in diameter with interfiber pores of ~1 to 5 µm. The completed 

conduits can be observed in Fig. 4.3. During heat-treatment, the outer diameter of the 

tubes decreased from about 780-850 µm to less than 750 µm in diameter. The fibrous 

nature of the nanofibers was maintained, with some neighboring fibers melting together, 

however. During gelation, the PVA-collagen solution changed from a clear, but slightly 

cloudy liquid to an opaque white solid. After gelation and lyophilization, the guide wires 

were very difficult to remove, unlike the prototypes, which received only a few freeze-

thaw cycles and no lyophilization. The wires could be removed, but only after soaking in 

PBS and with great force exerted via forceps. Future tubes will be produced with the 

wires removed after gelation but before lyophilization. For the 2014 rat VRA tubes, the 

tubes were processed identically through the gelation stage. Prior to lyophilization, the 

tubes were dipped into 70% ethanol, which allowed the guide wire to be removed. The 

tubes were then lyophilized as before. 16 GDNF-loaded tubes and 16 blank-hydrogel 

tubes were shipped to Dr. Havton. 
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4.3.2 Macaque VRA NGC production   

 

This design shares elements from both the rat VRA NGCs but also the peripheral 

nerve NGCs from the previous chapter. Like the rat VRA NGCs, the larger rhesus 

macaque tubes contain an electrospun PCL nanofiber outer wall and PVA-collagen 

hydrogel for releasing GDNF (Fig. 4.8). Unlike the rat VRA NGCs, however, the 

macaque VRA NGCs contained an aligned nanofiber component lining the conduit 

lumen. The aligned fiber layer had an average fiber diameter of 576nm ±182nm with an 

angular standard deviation of 6° off-axis, showing excellent alignment (Fig. 4.9). The 

GDNF-releasing PVA layer was injected between the outer wall and the aligned fibers, 

and can be seen in the SEM image. The PVA layer likely expands considerably into its 

hydrated state in use. The PVA layer can be seen throughout the circumference of the 

lumen, providing even delivery of the GDNF. In sections of the NGC it can be seen 

within the aligned layer itself, which may reduce the guidance cue slightly. The SEM 

images also verify that the outer wall retained its fibrous nature after heat-treatment. 

 

4.3.3 Preliminary rat VRA results 

 

The pilot rat studies show that the surgeons can manipulate the NGCs and implant them 

into the spine, a nontrivial concern for a tube with features only hundreds of microns in 

size (Fig 4.4). Once implanted into the rat spine, the NGCs were able to attract and guide 

regenerating axons into the conduit (Fig 4.5). The GDNF-releasing NGCs contained 

considerably higher numbers of myelinated axons (Fig 4.5, 4.6). The relative lack of 
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myelinated axons in the GDNF-free group is unsurprising, as that group lacked either 

chemoattractants or topographical guidance to attract and guide the cells, particularly 

since the tubes could not benefit from trophic cues from the distal root stump. The tubes 

were ligated to ensure that no periphery axons were able to enter the distal stump and 

confuse the analysis. Thus, it is notable that such robust myelination is possible in these 

conduits. The myelinating Schwann cells were not pre-seeded into the NGCs nor were 

they natively present in the lateral funiculus. Schwann cells, however, have been 

observed to migrate into the lateral funiculus immediately after trauma, where they may 

be able to sense and migrate towards the GDNF-releasing NGC [43]. The Schwann cell 

response, and hence the myelinated axon count, would be potentially greater if the root is 

reattached to the distal end of the NGC to provide a simpler path into the conduit. 

  

4.3.4 Preliminary Rhesus Macaque VRA results 

 

Dr. Havton et al have shown that they have established reliable procedures for inducing 

VRA injury in the rat or macaque and repairing those injuries with intercostal nerve 

grafts (Fig. 4.1, 4.2). The initial results from one macaque at 2 months showed promise, 

as the NGC had excellent biocompatibility and did not induce infection or complications 

(Fig. 4.10). The connection between the avulsed roots and the NGC remained intact (Fig. 

4.11). At 2 months, axons can be seen in great numbers growing into the NGC, though at 

this stage no myelinated axons were detected (Fig. 4.12). The initial results are also 

positive from the first animals so far analyzed after the full 18 month study (Fig. 4.13). 

The structural integrity of the NGC and its connections were maintained over this 
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timespan. PCL is a slowly degrading polymer, but it may be starting to degrade at this 

timepoint. Several hundred myelinated axons can be seen in the NGC lumen as well as 

blood vessels and connective tissue. Further analysis (both histological and functional) of 

the treatment groups and control groups will be forthcoming shortly. 

 

4.4 Discussion 

 

This study shows the clear potential of nanofiber-based scaffolds for improving 

regeneration after ventral root avulsion injuries. The biocompatibility and efficacy were 

seen in both rat and non-human primate models, indicating that this strategy is likely to 

be successfully translated to clinical use in humans. One recent study employed a PLGA 

scaffold with four channels to reconnect with 4 avulsed roots [44]. The use of the scaffold 

resulted in a higher frequency of roots with at least one bridged axon (73%) versus either 

direct implantation into the ventral cord (30%) or muscle fascia used as a negative control 

(18%). However, very few axons were able to regenerate across the scaffold per root, in 

insufficient numbers to elicit functional recovery. Our superior results may be attributed 

to several factors, including a better scaffold material stiffness match (a block of PLGA is 

much stiffer than electrospun PCL and the native nerve and CM), better topographical 

guidance by means of the aligned nanofibers in the macaque study or nanofiber 

topography and narrow lumen in the rat study, a semi-porous scaffold outer wall as 

compared to the nonporous PLGA, and especially the inclusion of growth factors such as 

GDNF. Growth factors have been shown to be effective in guiding and supporting 
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regenerating axons into the avulsed ventral root, such as seen in one study in which a 

collagen gel with ASCs transiently transfected to overexpress GDNF and BDNF [45]. 

 

The most recent VRA-related studies in the literature are heavily focused upon 

improving the motoneuron survival following avulsion. While the NGCs described here 

elute out GDNF, which can be neuroprotective, our main innovation is providing a 

permissive substrate to encourage the outgrowth of the surviving motoneurons into the 

nerve root. Potentiating reconnection to the ventral root may itself benefit motoneuron 

survival—Su et al showed that direct reimplantation of the severed roots improved both 

the survival and regeneration of motoneurons as compared to peripheral nerve grafts or 

no reimplantation [46]. Our conduit design should thus work synergistically with the 

neuroprotective agents to keep the neurons alive and successfully redirected to their distal 

targets. Subcutaneous injection of Erythropoietin (EPO) has been shown to improve 

motoneuron survival, as have intraperitoneal injection of lithium chloride [47, 48]. Li et 

al showed the counterintuitive result that preconditioning the ventral root through a crush 

injury a week prior to avulsion results in significantly higher motoneuronal survival after 

an avulsion injury, possibly through the neuroprotective effect of the heat shock protein 

27 that was released during the rush injury [49]. Chew et al explored the use of 

Minocycline and Riluzole to improve motoneuronal survival. While the drugs (via 

intraperitoneal injection) did ease the tactile and thermal hypersensitivity that causes 

great pain in VRA patients by reducing astrocyte activation, the drugs did not have any 

neuroprotective effect [50]. In addition to biochemical means, researchers are also 
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exploring the use of mesenchymal stem cells, which have been shown to improve 

motoneuron survival, axonal regeneration, and muscle innervation [51, 52]. 

 

4.5 Conclusion 

 

These studies indicate that synthetic scaffolds can recruit and guide axons from 

the spine after ventral root avulsion, a key step in promoting motoneuronal survival and 

necessary for any form of functional recovery. GDNF has proven to be a powerful 

growth factor to potentiate this regeneration, though this study does not indicate whether 

GDNF’s primary mode of action is affecting the axons directly or rather indirectly 

through its effects on Schwann cells. These results in the non-human primate indicate that 

synthetic conduits are likely to be able to guide axons in humans, and with further 

optimization they may be able to provide much desired functional regeneration to an 

underserved patient population. 
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4.6 Figures 

 

Figure 4-1: Nerve grafts for lumbosacral VRA repair in Rhesus Macaque.  

Intra-operative images of VRA injury and replantation using an intercostal nerve graft to 

bridge between the avulsed roots an the spinal cord. A: Four consecutive ventral roots of 

the L6, L7, S1, and S2 segments are identified A (inset): Harvested T11 intercostal nerve 

graft. B: The L6, L7, S1, and S2 ventral roots (left-to-right) are avulsed from the surface 

of the spinal cord. C: An approximately 8 mm long intercostal graft segment was 

attached to the avulsed end of the L6 and L7 ventral roots using microsurgical techniques 

and 10-0 Prolene sutures. D: The free end of the intercostal nerve graft segments are 

implanted into the lateral funiculus of the spinal cord and the implanted graft is attached 

to the leptomeninges using a 10-0 Prolene suture. 
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Figure 4-2: Histology image of nerve graft for VRA repair in Rhesus Macaque.  

Light microscopic studies of plastic embedded and toluidine blue stained intercostal 

nerve graft, which was used as a bridge between the conus medullaris and the avulsed L7 

ventral root after a unilateral L6-S2 ventral avulsion injury in a rhesus macaque. These 

studies were performed at 18 months after the root repair. Note the large number of 

regenerating axons in nerve graft and fibers demonstrating myelination. Stereological 

studies demonstrate a total of 2,606 small and large myelinated fibers in graft. The 

studies demonstrates the feasibility of using a mixed nerve bridging graft to overcome a 

tissue gap caused by a proximal ventral root injury for long-term studies in the non-

human primate. 
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Figure 4-3: Design and Physical Appearance of NGC for Rat VRA Repair 
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Figure 4-4: VRA repair with NGC in rat model.  

The arrow indicates the NGC – note suture at the distal end of NGC, ligated to prevent 

entry of axons from the periphery; The arrow heads indicate dorsal lumbosacral roots; 

The star sign indicates the lateral surface of the spinal cord; The scale bar = 2 cm. 
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Figure 4-5: GDNF NGCs support axonal regeneration in rats after VRA injury.  

GDNF-releasing NGCs were surgically implanted into the rat spinal cord of after a 

lumbosacral VRA injury. Many regenerating axon were present in the GDNF-releasing 

NGCs (n=3) compared to control NGCs (n=5) at 4 weeks after surgery Electron 

microscopy (see below) shows myelinated and non-myelinated axons in NGCs with 

GDNF. Note about a ten-fold difference in the number of regenerating myelinated axons 

between GDNF and control groups. Scale bar = 50 µm for upper and 25 µm for lower 

micrographs. 
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Figure 4-6: Enhanced axonal regeneration in rat VRA model in GDNF-NGCs. 

Figure 4-7: GDNF NGC tube at 4 weeks after rat VRA repair. 

Toluidine blue stained section at 4 weeks after surgical implantation into the rat lumbar 

spinal cord after a L5-S2 ventral root avulsion injury (left). Note many regenerating 

axons in close association with inner wall of tube. High magnification of the same nerve 

guidance tube shows presence of myelinated axons, Schwann cells, and blood vessels 

(middle). Immunohistochemistry for neurofilament marker, RT-97, shows presence of 

axons in close association with inner wall of the nerve guidance conduit in its implanted 

location in the lumbar spinal cord (right). 
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Figure 4-8: Design of GDNF-NGCs for VRA Repair in Rhesus Macaque Model.  

Left: This design shares elements from both the rat VRA NGCs but also the peripheral 

nerve NGCs from the previous chapter. Like the rat VRA NGCs, the larger rhesus 

macaque tubes contain an electrospun PCL nanofiber outer wall and PVA-collagen 

hydrogel for releasing GDNF. Unlike the rat VRA NGCs, however, the macaque VRA 

NGCs contain an aligned nanofiber component lining the conduit lumen. Right: Image of 

the process of forming the inner aligned fiber layer, as the mandrel is being wrapped with 

the dual layer fibers (the top layer seen here is aligned in the orientation indicated in the 

arrow. 
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Figure 4-9: Physical Appearance of NGC for Primate VRA Repair Model.  

Top: SEM transverse cross-section of GDNF-containing NGC. Middle: Higher 

magnification image of NGC wall. Note fibrous, semi-permeable nature of outer wall and 

the location of the hydrogel layer between outer wall and inner wall shrunken from 

hydrated state. Bottom: Dual-layer nanofiber sheet from NGC lumen, with aligned 

nanofibers on top of random nanofibers. The webbed structures between random-

nanofibers are composed of the GDNF-releasing dehydrated hydrogel component. 
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Figure 4-10: Translation of the Use of GDNF Nerve Guidance Conduits to Rhesus 

Macaques For Long-Term Studies of Axonal Regeneration.  

The repaired ventral roots in adult rhesus macaques, a lumbar laminectomy and dura 

opening was followed by a unilateral avulsion injury of the L6-S3 ventral roots. Next, 

GDNF-releasing NGCs were surgically placed as a bridge between the spinal cord and 

the avulsed L6 and the L7 ventral roots. The proximal end of each NGCs was placed into 

the lateral funiculus of the L6 or L7 segments. The avulsed tip of L6 and L7 ventral roots 

was placed into the lumen of the NGC and secured with a fine suture. Next, the dura was 

closed and the paraspinous muscles, fascia, and skin closed in layers. All subjects were 

allowed to recover and studied for 2 months (n=1) or 18 months (n=3). The procedures 

were tolerated well and the NGCs were identified and in original surgical position at the 

end of the study periods (see next slide). 
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Figure 4-11: Physical appearance of GDNF-NGC after 2 months.  

Note intact placement of NGCs and avulsed VRs in conduits after 2 months in the rhesus 

macaque. 



 126 

 

Figure 4-12: Axonal regeneration within GDNF-NGC at two months.  

At two months after initial VRA and repair surgery using GDNF-releasing NGCs, spinal 

cord and nerve root tissues were studied morphologically with Immunohistochemistry. 

Beta-III-tubulin (in green) shows regenerating axons in NGCs near CNS/PNS interphase. 

No myelinated axons were detected inside the NGCs, however. 
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Figure 4-13: Successful axonal regeneration within GDNF NGCs at 18 months.  

Light micrographs of NGCs at 18 months after a unilateral L6-S3 VRA injury and 

surgical placement of GDNF-releasing NGCs as a bridging graft between the spinal cord 

and the avulsed L6 and L7 ventral roots in an adult female rhesus macaque. Note the 

well-preserved integrity of NGC and presence of several hundred myelinated axons. Also 

note the presence of several Blood vessels and connective tissues in NGC. Two 

additional rhesus macaques that underwent the same procedure show similar extensive 

signs of axonal regeneration in side of GDNF-releasing NGCs at 18 months post-

operatively. 
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Chapter 5   Nanofiber-Hydrogel Composite for Soft-Tissue 

Regeneration 

5.1 Background 

5.1.1 Soft Tissue Reconstruction.   

 

Devastating soft tissue losses from tumor extirpation, trauma, aging, or congenital 

malformation affect millions of people each year. The loss of tissues including skin, fat, 

and muscle lead to major functional and aesthetic disturbances that are difficult to treat 

by conventional means. As an example, over 300,000 partial mastectomies are performed 

in the United States each year, leading to disfiguring breast scars from the loss of breast 

soft tissue. Existing options for soft tissue restoration have significant drawbacks.  

Autologous tissue flaps requires moving soft tissues from another part of the body in 

lengthy surgical procedures that leave donor-site deficits [1, 2]. Prosthetic implants are 

prone to foreign-body response leading to fibrosis and encapsulation [3, 4]; Fat grafting 

involving placement of adipocytes harvested during liposuction is limited to small 

volumes and is hampered by poor graft survival [5, 6].  Finally, injectable hydrogel soft 

tissue fillers can be used, but these are suitable only for smaller defects and the volume 

restoration they provide is transient [7, 8].  A new generation of tissue engineering 

solutions has been proposed to focus on using hydrogel scaffolds as templates to 

regenerate soft tissues such as adipose tissue at the site of reconstruction. 
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5.1.2 Current Tissue Engineering Approaches to Soft Tissue Reconstruction 

 

Adipose-derived stem cells (ASCs) have been identified in wound beds 

surrounding soft tissue defects [9]. They can be differentiated into soft tissues such as fat, 

when supported with a suitable matrix microenvironment. Therefore strategies to fill the 

repair site with functional materials have the potential to enable the regeneration of new 

tissue using the endogenous ASCs. Hydrogels have been widely studied as a scaffold 

matrix for the regeneration of tissue defects due to their three-dimensional (3D) nature 

and elastic properties, which are similar to those of soft tissues. Various methods have 

been used to generate hydrogel scaffolds with moduli similar to that of native fat tissues 

(~2 kPa) while maintaining their volume and shape against physical stress from the 

surrounding tissue [10, 11]. This requires higher crosslinking density and smaller average 

pore size, leading to low cellular infiltration and poor regeneration [12-14]. The ability 

for hydrogel scaffolds to promote cellular infiltration is the key to successful soft tissue 

restoration. Lack of vascular infiltration is responsible for the failure of large-volume fat 

grafting and other tissue engineering attempts. No currently available materials can fill 

the volume lost in soft tissue defects while promoting early vascularization and ASC 

differentiation to regenerate soft tissue. 

 

5.1.3 Hydrogel Matrix to Promote Vascularization 

 

 Over the past few years, Li and Wen have developed a hyaluronic acid (HA) 

hydrogel conjugated with laminin-derived loop peptide (CCRRIKVAVWLC, 10 µM) 



 134 

with optimized pore size and modulus (10 – 100 Pa) for stem cell transplantation [14]. 

They have shown that this hydrogel supports robust neural stem cell (NSC) migration and 

neurite sprouting from the differentiated cells. In a rat controlled cortical injury (CCI) 

model for traumatic brain injury, this hydrogel, when injected on day 3 after the CCI 

injury, promoted significant vasculature network formation filling the lesion site (> 10 

mm) at 4 weeks to 6 months post implantation. This improved angiogenesis was 

attributed to the ability of this hydrogel to retain and present tissue-secreted growth 

factors, particularly vascular endothelial growth factor (VEGF). Literature reports also 

revealed that small HA degradation fragments of 3–10 disaccharide units were potent 

regulators of endothelial cell proliferation, migration, tubule formation, and angiogenesis 

[15]. In a recent study, we have tested the effectiveness of this HA hydrogel to deliver 

human fetal tissue derived-NSC spheroids in a brain lesion site after CCI injury. This HA 

hydrogel delivered robust vascular formation inside the scaffold matrix following 

transplantation.  Regenerated blood vessels grew into the lesion and penetrated through 

the implanted matrix, and supported the survival and growth the neuronal progenitors. 

Even though these studies are not for adipose tissue regeneration, these results confirmed 

the unique ability of this optimized HA hydrogel composition in promoting host vascular 

ingrowth. More importantly, the hydrogel matrix is sufficiently porous to allow robust 

cell migration inside the hydrogel matrix. However, using this HA hydrogel directly for 

soft tissue reconstruction is not feasible, as its mechanical property is not sufficiently 

high to maintain the integrity of the implantation site––the surrounding adipose tissue has 

a modulus of more than 10-times higher. Increasing crosslinking density to improve its 

modulus will make it poorly permeable for cell infiltration and migration. A new strategy 
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is needed to increase the mechanical property without significantly decreasing the 

average pore size of the bulk hydrogel. 

 

5.1.4 Scaffold Design for Soft Tissue Restoration 

 

The composite concept has been widely used as a material-reinforcement 

mechanism. For example, adding hydroxyapatite particles into hydrogel can increase its 

stiffness, and the composite tensile modulus increases even more for elongated particles 

[16, 17]. Electrospun nanofiber meshes have been used widely as a tissue engineering 

substrate due to their topographical similarity to the native ECM. Of particular interest, 

the decellularized ECM of adipose tissue is highly fibrous and porous in nature (Fig. 

5.1g) [18]. Several recent studies have attempted to recapitulate the fibrous components 

by introducing fragmented poly(lactide) (PLA) or chitosan fibers to a polyethylene glycol 

(PEG), polyacrylamide, or alginate hydrogel  [19-21]. The fragmented fibers are mixed 

with hydrogel precursor solutions and incorporated into hydrogel during the gelation 

process to create a 3D architecture. These fiber-embedded hydrogels have shown 

improved mechanical properties over the corresponding hydrogels. However, there has 

been no report on testing host cell infiltration in vivo. In addition, these hydrogels are 

non-degradable and require adhesive ligands for adipocyte adhesion and differentiation. 

 

5.1.5 Nanofiber-Hydrogel Composite Design 
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To achieve fiber-reinforcement effect while maintaining high porosity in the 

hydrogel phase, we propose an electrospun fiber-hydrogel composite that offers superior 

properties compared to other scaffolds. Beyond blending nanofibers and a hydrogel 

matrix that we have reported previously [19], we introduce here interfacial bonding 

between fiber surfaces and the hydrogel crosslinking network (Fig. 5.1). Such a 

composite design will not only allow stronger mechanical reinforcement from the solid 

fiber component, but also allow independent tuning of bulk mechanical properties and 

the average pore size/porosity of the hydrogel phase, enabling both optimal cell 

infiltration properties and structural integrity. We also expect that fibers may be 

employed as preferred cell adhesion substrates for ASCs and endothelial progenitors, 

therefore acting as a guide to support cell migration and ASC differentiation. 

 

5.1.6 Innovation 

 

The key innovation is the nanofiber-hydrogel composite design with interfacial 

bonding between nanofiber surfaces and the hydrogel network (Fig. 5.1a). This 

engineered composite has the potential to drastically improve the mechanical property of 

the hydrogel without significantly decreasing the average pore size in the hydrogel phase. 

The introduction of interfacial bonding can offer superior mechanical strengthening effect 

comparing to just physical blending of the two components. This study will map out the 

range of mechanical properties (compression and shear moduli) attainable with 

electrospun polycaprolactone (PCL) fiber-HA hydrogel composites in contrast to blends. 

The second innovation is the demonstration of such a nanofiber-hydrogel composite to 
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restore soft tissue defects. Our preliminary characterization demonstrates that the 

composite shares structural characteristics with adipose tissue (Fig. 5.1) [7, 22]. We 

hypothesize that this composite offers structural integrity and mechanical properties 

important for soft tissue regeneration. This study will also demonstrate the versatility and 

efficiency of composites comparing to hydrogels. 

 

The successful completion of this project will deliver an off-the-shelf solution for 

the restoration of missing soft tissue volume, particularly for larger defects where 

establishing vascular network, maintaining tissue repair site integrity, promoting cell 

migration and organization, and recruiting host cells are all crucial to a sustainable tissue 

restoration.  The extensive clinical track record for the materials components used in this 

composite design, i.e. HA hydrogel and biodegradable polyester fibers, together with our 

preliminary data on tissue compatibility, suggests superior tissue compatibility and a 

straightforward regulatory approval path for clinical translation. 

 

 

 

5.2 Methods 

Thiolated hyaluronic acid (HA) was purchased from ESI BIO (Alameda, CA). 

Poly(ethylene glycol) diacrylates was purchased from Laysan Bio, Inc (Arab, AL).The 

followings were obtained from Sigma; poly(e-caprolactone), ethylamino-maleimide, 

acrylic acid, Toluidine blue O, N-hydroxysuccinimide (NHS), cysteine, bovine serum 

albumin (BSA), acetic acid and Triton™ X-100. Dulbecco’s modified eagle medium 
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(DMEM), fetal bovine serum (FBS), penicillin/streptomycin, Alexa Fluor® 568 Phalloidin 

and 4’,6-diamidino-2-phenylindole (DAPI) were purchased from Invitrogen Life 

Technologies. Ethyl(dimethylaminopropyl) carbodiimide (EDC) was obtained from 

AnaSpec, Inc. (Fremont, CA). All other chemicals and reagents were of analytical grades. 

 

5.2.1 Electrospinning of PCL nanofibers for rheology experiments 

 

In order to fabricate two different diameters of PCL fibers, 11.0 and 8.5 % (w/v) 

PCL solution were prepared in a mixture of dichloromethane and dimethylformamide 

(9:1, v/v) and a mixture of chloroform and methanol (3:1, v/v), respectively. Each 

homogenous PCL solution was loaded a syringe with a metallic needle of 27 G. Then, 

electrospinning was performed with following parameters; 1.0 ml/h of a feeding rate, 15 

kV of an applied positive voltage for a metallic needle, and 12 cm of a distance between 

the end of a needle to a ground. Morphology of fibers was observed using a field-

emission scanning electron microscope (FESEM, JEOL 6700F) and a diameter of fibers 

was measured with FESEM images using ImageJ software (US National Institutes of 

Health, Bethesda, MD). 

 

5.2.2 Electrospinning for in vivo composites 

 

Spinning conditions: 16%w/v PCL (95% 45.000 Mn PCL, 5% 80,000 Mn PCL, 

both from Sigma) in a solvent mixture of dichloromethane and dimethylformamide (9:1, 

w/w). The fibers were spun at a rate of 5.25ml/hour through a blunt 27gauge needle 
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separated 10 cm from the face of the grounded wheel, spinning at 1000 rpm. The applied 

voltage was 15kV and the electrospinning pump was rastered back and forth across the 

85 mm travel distance for 140 passes at 2 mm/sec (about 4 hours). The fiber sheet was 

then cut into 14cm-diameter individual sheets for functionalization. 

 

5.2.3 Preparation of surface-functionalized fibers with MAL 

 

In order to surface-functionalize on fibers with MAL, the fiber surface was first 

modified with carboxyl groups by grafting poly(acrylic acid) (PAA) according to the 

literature with a minor modification [23]. Briefly, fibers were plasma-treated under 280 

mmHg with oxygen atmosphere at room temperature for 10 minutes to induce free 

radicals on a surface of fibers. Then 70 mg of fibers in 10 ml of 3 or 10 % (v/v) acrylic 

acid solution in 0.5 mM NaIO3 was exposed to UV (36 mW/cm2, DYMAX Light Curing 

Systems 5000 Flood, Torrington, CT) for 90 seconds for photo-polymerization of PAA 

on fibers surface (PAA-fibers). After incubating PAA-fibers at room temperature for 20 

minutes, PAA- fibers were washed with 20 ml of deionized water three times to remove 

unreacted acrylic acid. After completely air-drying PAA-fibers, a density of carboxyl 

groups on PAA-fibers were determined by toluidine blue O (TBO) assay with the 

assumption that TBO interacts with a carboxyl group on fibers at 1:1 of molar ratio [J 

Biomed Mater Res 2003, 67, 1093-1104]. Briefly, PAA-fibers (1 x 1 cm2) were 

completely immersed in 1 ml of 0.5 mM TBO solution in 0.1 mM of NaOH (pH 10) after 

soaking 20 µL of 50% (v/v) ethanol and reacted with gentle shaking at room temperature 

for 5 h. After washing them with 0.1 mM NaOH (pH 10), adsorbed TBO on a surface of 
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PAA-fibers was desorbed using 1 ml of 50 % (v/v) acetic acid with vigorous shaking at 

room temperature for 1 hour. Then an optical density of supernatant was measured at 633 

nm using a microplate reader (BioTek Synergy2, Winooski, VT). TBO in 50 % (v/v) 

acetic acid was used as a standard.  

 

PAA-fibers were ground to prepare fiber fragments using a cryogenic mill 

(Freezer/Mill 6770, SPEX SamplePrep, Metuchen, NJ) with following parameters; 10 

cycles of 1 min for milling and 3 minutes for cooling in liquid nitrogen. After collecting 

PAA-fiber fragments into a 50-ml conical tube, PAA-fiber fragments were completely 

dispersed in 10 ml of a mixture of isopropylacohol and distilled water (1:1, v/v) to be 

modified with aminoethyl-MAL on a surface of fibers. Briefly, NHS and EDC were 

added to the PAA fibers to activate carboxyl groups of the PAA on the fibers. the molar 

ratios of both NHS and EDC were 4-to-1 as compared to the carboxyl groups to ensure 

complete conjugation. The activation was performed with gently shaking at room 

temperature. After 1 hour, aminoethyl-MAL was added into the carboxyl groups-

activated fibers with 1 to 2 of molar ratio of carboxyl groups to aminoethyl-MAL. Then 

the reaction was performed with gently shaking at room temperature for 12 hours. 

Surface-functionalized fibers with MAL were lyophilized after washing with distilled 

water three times. Here, a density of MAL on fibers was on the assumption that all of 

carboxyl groups on a surface of fibers were completely substituted by MAL. 

 

5.2.4 Preparation of fiber-HA hydrogel composites 
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For preparing a fiber-HA hydrogel composite, thiolated HA and PEGDA were 

completely dissolved in PBS (pH 7.4) to the desired concentration of 12.5 mg/mL and 

100 mg/mL, respectively. MAL-fibers with the desired concentration of 25 mg/mL were 

completely dispersed in PBS (pH 7.4). The suspension of nanofibers, HA, PEG-DA, and 

PBS are then serially added to reach the formulation’s desired final concentration. After 

homogenous mixing the composite precursor solution, for rheological studies, 100 µL of 

the composite precursor solution was poured into a mold (φ = 8 mm) and incubated at 37 

°C for 2 h for gelation. For compression studies, 200 µL of precursor solution is added to 

a cylindrical Teflon mold (φ = 6.35 mm, h = 6.35 mm) and incubated as above. In order 

to observe morphology of cross-section of a fiber-HA hydrogel composite and HA 

hydrogel using FESEM, a composite and HA hydrogel were dehydrated by serial ethanol 

washing (10 min each at 50%, 70%, 80%, 90%, 100%, and 100% Ethanol) before either 

critical point drying (Samdri-795, Tousimis, Rockville, MD) or chemical drying (HDMS). 

The samples were freeze-fractured in liquid nitrogen to reveal the internal pore structure. 

The structure was sputter coated with a 10-nm layer of platinum (Hummer 6.2 Sputter 

System, Anatech UDA, Hayward, CA), then imaged with a field-emission SEM (JEOL 

6700F, Tokyo Japan). 

 

For preparation of the composites for the in vivo animal studies, the thiolated HA 

was reconstituted to 12.5 mg/mL in PBS. The PEG-DA was dissolved to 100 mg/mL in 

PBS. The MAL-fibers were re-suspended to 25 mg/mL in sterile PBS. The fibers were 

first combined with the HA solution and allowed to react for 10 minutes before being 

combined with the PEG-DA to obtain the desired final concentrations. The suspension 
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was then immediately pipetted into the cylindrical Teflon molds (McMaster-Carr, 

Robbinsville, NJ), with 300 µL into cylindrical molds 11.125 mm in diameter and 3mm 

in height for the in vivo samples. The gels were then placed into the 37°C incubator to 

gel overnight. 

 

In order to confirm the effect of interfacial bonding between thiol groups of HA 

and MAL on fibers, MAL on fibers was quenched using cysteine for preparing a 

quenched fiber-HA hydrogel composite. Briefly, 1 mg of fibers was dispersed in 1 ml of 

cysteine solution in PBS (pH 8.0) for a molar ratio of MAL to cysteine was 1 to 2. After 

quenching the MAL with gentle shaking at room temperature for 12 hours, MAL-

quenched fibers were washed with 1 ml of distilled water five times to remove unreacted 

cysteine and lyophilized. 

 

5.2.5 Mechanical properties of fibers-HA hydrogel composites 

 

Compressive test.  The hydrogel precursor suspension was pipetted into the 

cylindrical Teflon molds (McMaster-Carr, Robbinsville, NJ), with 200 µL into 

cylindrical molds 6.35 mm in diameter and 6.35 mm in height for compression testing. 

The gels were then placed into the 37°C incubator to gel overnight. The gels were 

removed from their molds and immediately tested via unconfined uniaxial compression 

between two parallel plates with the Endura TEC mechanical tester ELF 3200 Series, 

BOSE ElectroForce, Eden Prairie, MN). The samples were compressed to 50% strain, 

with the elastic modulus determined from the slope of the linear portion of the stress-
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strain curve from 10% to 20% strain. The samples were tested three times each, and three 

samples were tested per group for determining the average compressive modulus. In 

order to measure compressive modulus of rehydrated fiber-HA hydrogel composites, the 

composites were lyophilized and rehydrated with 1 ml of PBS (pH 7.4) at 37 °C for 24 h. 

For fatigue-testing, the compression samples were repeatedly cycled from 0% to 25% 

strain at 0.1 Hz. 

 

Rheological test.  Shear storage modulus (Gʹ′) of various fiber-HA composites 

were measured using an oscillating rheometer (ARES-G2 Rheometer, TA Instruments, 

New Castle, DE) with a parallel plate (φ = 8 mm). Oscillatory frequency sweep was 

employed to monitor variation of G’ from 1 Hz to 10 Hz with constant strain of 10 %. 

 

5.2.6 Migration of hASCs in fiber-HA hydrogel composites  

 

Human adipose-derived stem cells (hASCs) were cultured in high glucose DMEM 

containing 10 % of FBS, 1 % of penicillin/streptomycin, and 1 ng/ml of bFGF. The 

culture medium was exchanged three times per week for optimal growth. In order to 

prepare hASC spheroids, 50 µL of hASCs solution (5.6 x 105 cells/ml) was poured into a 

casted micro-molded agarose gel (MicroTissues® 3D Petri Dish® micro-mold spheroids, 

96-holes) to prepare hASCs spheroids and incubated with gently shaking at 37 °C for 24 

hours.  
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HA and PEGDA were completely dissolved in PBS (pH 7.4) with final 

concentration of 4.5 and 2.5 mg/ml for HA and 5.0 mg/ml for PEGDA. Fibers pre-wetted 

with 20 µL of 50 % (v/v) ethanol were completely dispersed in PEGDA with final 

concentration of 10.0 mg/ml, then HA added into a mixture of fibers and PEGDA. 30 µL 

of composite precursor solution was poured into each well of a 96-well tissue culture 

plate and incubated to crosslink at 37 °C for 1 hour to  avoid reaching hASCs spheroids 

on a surface of tissue culture plate. Then, 50 µL of composite precursor solution with 3 to 

5 of hASCs spheroids was poured into the each well. After crosslinking at 37 °C for 1 

hour, 200 µL of fresh media were added into the each well and the media were exchanged 

every other day. In order to observe migrated cells from hASCs spheroids inside the 

composites, F-actin and nuclei of hASCs were stained with Alexa Flour® 568 Phalloidin 

and DAPI, respectively. Briefly, after 4 days of cultivation, the composites with hASCs 

spheroids were fixed with 100 µL of 4 % (v/v) paraformaldehyde at room temperature for 

overnight. Then, after washing three times with PBS (pH 7.4), the composites were 

incubated with 100 µL of 1 % (w/v) BSA in PBS to inhibit non-specific staining at 4 °C 

for overnight and washed three times with PBS. Subsequently, the composites were 

incubated with 100 µL of 0.1 % (v/v) Triton-X 100 in PBS at room temperature for 1 

hours. After washing three times with PBS, 100 µL of 160 nM Alexa Fluor® 568 

Phalloidin was added into each composites and incubated at room temperature for 4 

hours. Then, after removing the supernatant, the composites were incubated with 100 µL 

of 0.5 µg/ml DAPI at room temperature for 1 hour. After washing three times with PBS 

again, the migrated hASCs were observed using confocal laser scanning microscope 
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(CLSM, Carl Zeiss LSM780, Germany) at ex. 561 nm and em, 570-600 nm for Alexa 

Fluor® 568 Phalloidin, and ex. 405 nm and em. 385-420 nm for DAPI. 

 

5.2.7 Performance of a fiber-hydrogel composite in vivo 

 

The thiolated HA was reconstituted to 12.5 mg/mL in PBS. The PEG-DA was 

dissolved to 100 mg/mL in PBS. The MAL-fibers were re-suspended to 25 mg/mL in 

sterile PBS. The fibers were first combined with the HA solution and allowed to react for 

10 minutes before being combined with the PEG-DA to obtain the desired final 

concentrations. The suspension was then immediately pipetted into the cylindrical Teflon 

molds (McMaster-Carr, Robbinsville, NJ), with 300 µL into cylindrical molds 11.125 

mm in diameter and 3 mm in height. The gels were then placed into the 37°C incubator to 

gel overnight. The two formulations were selected so as to match the 2kPa stiffness of fat 

tissue. The HA-alone formulation was 10 mg/mL PEG-DA and 9 mg/mL HA-SH, and 

the HA-fiber composite formulation was 5 mg/mL PEG-DA, 5 mg/mL HA-SH, and 12.5 

mg/mL dispersed nanofibers. 

 

To study the biocompatibility of the composite nanomaterial scaffolds, the 

scaffolds were implanted under the inguinal fat pads of Sprague-Dawley rats and 

observed for varying lengths of time. Under volatile anesthesia, two 1 cm incisions were 

made bilaterally, just proximal to the inguinal crease. Following blunt dissection of 

subcutaneous tissues, the inguinal fat pad was exposed. It was elevated with meticulous 

hemostasis using electrocautery and with careful preservation of feeding vessels. 
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Scaffolds were implanted under the fat pad on the right side of the animal. The left side 

received no implant and served as sham surgery control. Both sides were closed in a 

standard layered fashion. Animals were observed for 7, 14, 30, and 90 days. At 

timepoints for collection, animals were sacrificed and the inguinal fat pad with and 

without scaffolds was exposed and fixed in 4% PFA. The specimens were imbedded and 

sectioned for standard hematoxylin and eosin staining.  

 

5.2.8 Statistical analysis 

 

All the results are expressed in mean values and the standard deviation. The 

statistical significance between a pair of groups was determined by conducting a One 

Way ANOVA with SigmaPlot 12.0 software (SPSS); a value of p < 0.05 was considered 

statistically significant. 

 

5.3 Results 

5.3.1 Design of a fiber-HA hydrogel composite.  

 

The fibers could form the fibrous architecture that can often be seen in the native 

extracellular matrix, aiding cell migration and reinforcing the initially-low mechanical 

properties of the hydrogel. By introducing interfacial bonding between the hydrogel and 

fibers (Fig. 5.1a, b), the composite is strengthened without decreasing the average pore 

size and porosity (Fig. 5.1) that would significantly hinder cell migration. We also 

expected that the mechanical properties could be tuned by controlling the density of the 
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interfacial bonding between the hydrogel and the surface of fibers. Here, we prepared 

surface-functionalized fibers with maleimide (MAL) to introduce the interfacial bonding 

with thiolated hyaluronic acid (HA-SH) (Fig. 5.1). The surface of electrospun poly(ε-

caprolactone) (PCL) fibers was treated with O2 plasma to induce free-radicals onto its 

surface before grafting poly(acrylic acid) (PAA). The carboxyl groups was activated by 

coupling reagents, NHS and EDC, then N-(2-aminoethyl)maleimide was reacted to the 

activated carboxyl groups (Fig. 5.8). Subsequently, MAL-functionalized fibers were 

introduced to hydrogel precursor solution composed of HA-SH and PEGDA for 

fabricating a fiber-hydrogel composite. The thiol groups of the HA were employed to 

form a gel by reacting with both the MAL groups on the fibers and the DA groups of the 

PEG linker. Interestingly, a cross-section of a fiber-hydrogel composite showed a fibrous 

3D structure with a high porosity (Fig. 5.1), compared to a cross-section of HA hydrogel 

with a similar crosslinking density. The resulting composites showed even distribution of 

nanofibers across both the width and height of the composite, enabling isotropic 

reinforcement. Also, a rehydrated fiber-HA hydrogel composite showed 99.34 % of 

volume recovery after lyophilization while HA hydrogel showed 70.17 % of volume 

recovery (Fig. 5.1d). 

 

5.3.2 Compressive modulus of a fiber-HA hydrogel composite.  

 

First, we verified that the composite had its maximal stiffness (under shear) when 

the reactive groups were equal on a molar basis. The thiol groups on the HA can react 

with either the MAL groups on the nanofibers or the acrylate groups on the PEG-DA, so 
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when the molar ratio of SH to (DA+MAL) was approximately 1 to 1, the gels showed an 

optimal shear storage modulus. Therefore, we maintained this ratio for all of our 

subsequent studies. The gels underwent unconfined compression testing to evaluate the 

elastic modulus of HA hydrogel and fiber-HA hydrogel composites (Fig. 5.2). The 

reinforcing effect of the functionalized nanofibers can be seen in the compressive stress 

when strained to 50% (Fig 5.2a). The compressive stress was 3.1-fold greater in the 1.0-

µm fiber group than the hydrogel-only group, showing the effect of mechanical 

reinforcement. The 286-nm fiber group showed even more pronounced reinforcement 

effect with a compressive stress of 4.2-fold higher at the 50% strain. Interestingly, the 

stiffening effect of the 286-nm fibers was greatly reduced to only 1.3-fold over the 

hydrogel when the maleimide groups were quenched prior to gelation, confirming that 

the interfacial bonding of the fiber to the hydrogel is crucial to the reinforcement effect of 

the functionalized fibers. Moreover, when the 286-nm fibers were not functionalized 

before forming the composite, the reinforcement effect was disappeared, resulting in 

composites barely stiffer than the hydrogel alone. The same reinforcement effect can be 

seen when formulating stiffer gels by formulating composites with higher concentrations 

of HA and PEG-DA (Figure 5.2). The interfacial bonding also shows a dose-response in 

its stiffening of the composite gel, as adding progressively more maleimide groups to the 

nanofiber surface results in progressively stiffer materials providing more evidence of the 

importance of the interfacial bonding. The composites were also tested for changes in 

mechanical properties before and after dehydration and rehydration. The gels, with and 

without functionalized nanofibers of two different maleimide densities, were 

mechanically tested under compression. The gels were then lyophilized, then allowed to 
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rehydrate fully and tested for compression again. All samples maintained their stiffness 

after rehydration, indicating that the composites may be suitable for use clinically as a 

lyophilized product. While the HA-alone gel seemingly maintained its stiffness, the gel 

itself had compacted significantly during the dehydration-rehydration process, unlike the 

fiber-containing groups. The composite gels were also subjected to cyclic loading to test 

for fatigue-effects, with representative traces shown in figure 5.5. With repeated loading 

to 25% strain, the composite gels maintained their stiffness over time and were 

consistently stiffer than the hydrogel alone. 

 

5.3.3 Shear storage modulus of a fiber-HA hydrogel composite.  

 

In addition to the higher compression modulus, the Fiber-HA hydrogel 

composites showed a significantly higher shear storage modulus than the HA hydrogel 

alone (Fig. 5.3a). The shear storage modulus of a composite with 286-nm fibers was 

higher than that of a composite with 686-nm fibers (Fig. 5.3c). We also confirmed that 

the shear storage modulus of the composites increased by increasing the maleimide 

surface density on the 286-nm fibers, similarly to the modulus under compression testing 

(Fig. 5.3d). By introducing fibers with 62 nmol/mg MAL on its surface, the composite 

showed a 1.3-fold increase in its shear storage modulus compared to that of the HA 

hydrogel alone. Moreover, the shear storage modulus of a composite with 147 nmol/mg 

MAL on its fibers was increased 1.8-fold over the modulus of the 62nmol/mg MAL 

group, showing a clear dose response to the corresponding 2.4-fold increase in the MAL 

surface density on the fibers. When the MAL groups on the fibers were quenched prior to 
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gelation, the shear storage modulus correspondingly decreased compared to that of the 

unquenched fibers, similarly to what was seen in the compression testing. Additionally, 

the shear storage modulus of the composites was maintained when the frequency 

increased to 10 Hz while both the HA hydrogel alone and the composite with quenched 

fibers showed diminishing shear storage moduli at 10 Hz than those at 1Hz. The shear 

storage modulus of the composites was increased with increasing MAL surface density 

on fibers regardless of surface area (diameter) of fibers, indicating that the previously 

observed effect of fiber diameter on stiffness may have been a function of maleimide 

density (Fig. 5.3d). A linear regression was obtained from the correlation between the 

MAL surface density and shear storage modulus with R2=0.93. Moreover, the composites 

showed a dose response to fiber loading, as the shear storage modulus of the composites 

increased with an increasing weight ratio of functionalized fibers to hydrogel components 

(Fig. 5.4). 

 

5.3.4 Cell migration in a fiber-HA hydrogel composite in vitro.  

 

We hypothesized that the fiber-HA hydrogel composite enhances cell migration 

compared to HA hydrogel because of (i) a higher porosity of the composite with a larger 

pore size, providing a spatiality for cell migration when they have the same mechanical 

properties and (ii) an ECM-mimicked fibrous architecture in the composite, allowing to 

intrinsically guide cell migration.  Therefore, for demonstrating our hypothesis, we 

seeded spheroids of human adipose-derived stem cells (hASCs) as a model cell and a 

mimicked tissue chunk inside HA hydrogel and composites, then the hASCs spheroids 
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were cultured for 27 days (Fig. 5.6). ASCs were chosen due to their presence in fat 

tissues and importance in both angiogenesis and adipocyte formation. Although the 

composites have the similar Young’s modulus, 1.9 kPa, to the HA hydrogel, the pore size 

of the composites is 2.08-fold bigger than that of HA hydrogel (Fig. 5.11).  Hence, we 

obviously observed that hASCs migrated 3-dimensionally inside the composites (Fig. 

5.6b-e) because the bigger pores can accommodate to migrate the cells, while hASCs 

maintained their spheroid shape without any cell migration in HA hydrogel (Fig. 5.6a).  

In particular, the cell migration was magnificently enhanced when the fibers were 

modified with the cell adhesion peptide, RGD, for the composite (Fig. 5.6c). However, in 

the in vivo setting, diffusion of factors into the composite from the local milieu should 

provide additional adhesive cues, lessening this difference.  In some instances, partial 

fibers slightly formed a cluster during gelation due to hydrophobic interaction between 

PCL fibers, and it was observed bodies of cells preferentially grabbing the fibers clusters 

inside the composites (Fig. 5.6d and e). Furthermore, at the same HA and PEG-DA 

concentrations (Fig. 5.14), the composites showed enhanced cell migration as compared 

to the fiber-less group, showing that the nanofibers themselves could intrinsically help 

guide cell migration regardless of the porosity.   

 

5.3.5 Tissue response and host tissue infiltration 

 

To determine the therapeutic potential of these composite implants, we tested 

them in vivo in a rat fatpad model. The formulations of the implant groups were 

formulated to achieve the same initial 2 kPa stiffness as the composite gel and the target 
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adipose tissue. Thusly, the formulation of the HA-gel alone implant had a higher 

concentration of both thiolated HA and PEG-DA in order to match the stiffness of the 

fiber-composite group. Despite the higher concentrations, the HA-alone implants were 

unable to maintain their shape and volume over the course of the study. Under gross 

observation after 4weeks, the HA-alone implants were stretched out and significantly 

smaller in volume. Considering their gross appearance and their histological lack of 

infiltration, the HA-alone system cannot be optimized to be able to encourage cell 

infiltration and maintain a predetermined shape. The fiber-gel composite implants, 

however, well maintained their original shape under gross observation after 90 days in 

vivo. Remarkably, however, under histological observation the composites had been so 

thoroughly infiltrated that the border between implant and native tissue had become 

difficult to determine. 

 

We have developed a soft tissue defect model in Lewis rats, where the inguinal fat 

pad is exposed and elevated using microsurgical techniques and the pre-shaped 

composites are placed underneath.. Even though this does not directly demonstrate the 

ability of such a composite for restoring large defects, it will establish the proof-of-

principle and confirm all essential functionalities of the composite design, and lay the 

foundation for larger animal model to test the large defect restoration in more clinically 

relevant models. 

 

In a pilot study, we implanted PCL nanofiber-HA hydrogel composites and HA 

hydrogels with similar moduli under the inguinal fat pad of 8–12 week old male Lewis 
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rats (n = 3 per time point). Both the HA hydrogel and composite groups showed good 

tissue compatibility at days 14 and 30 after transplantation (Fig. 5.7, POD 14, similar 

observations at POD 30. POD = Post-Operative Date). Histology at POD 30 did not show 

higher level of inflammatory response than sham surgery group. H&E and Masson’s 

trichrome staining showed septation and cellular infiltration by native fat through the 

composite, capillary formation around the perimeter, and regeneration of glandular as 

well as adipocyte portions of native fat (Fig. 5.7). HA hydrogel control on the other hand, 

lacked cellular infiltration and formed a thin sheet of fibrotic tissue and foreign body 

response. This HA hydrogel was prepared with 2 kPa to ensure sufficient mechanical 

property. This result highlights the importance of porosity of the scaffold for cell 

infiltration. 

 

At an early time point (2 weeks), mesenchymal cells from the wound bed were 

found infiltrating the material suggesting that the material has sufficient porosity to 

enable native cellular ingrowth (dark pink staining in Fig. 5.7). Importantly, cellular 

ingrowth was achieved even in the absence of exogenous growth factors. The presence of 

cells infiltrating the material rather than merely surrounding it, distinguishes this 

composite nanomaterial from other alloplastic materials in current use. The latter 

materials are walled off by fibrous capsule and are therefore less desirable for soft tissue 

reconstruction. At later time points (4 weeks), cellular ingrowth is even more apparent 

with the appearance of vacuolar areas that may represent nascent adipocyte 

differentiation. 
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5.4  Discussion 

 

Hydrogels have been widely studied as a filler material for regeneration of tissue 

defects due to its 3D hydrated environment and high porosity, which facilitate cell 

migration. However, hydrogels have proven to be poor substitutes for volumetric defects, 

because the relatively weak mechanical properties of the hydrogel are insufficient to 

maintain its volume for the entire period of tissue regeneration, as the hydrogel can be 

easily degraded and collapsed by body fluids and internal and external stresses. To 

improve the mechanical properties of the hydrogel, the main strategies in the field have 

been to (i) increase the concentration of hydrogel precursors, (ii) increase the density of 

the crosslinking network inside the hydrogel, and to (iii) introduce reinforcing materials 

such as by embedding hydroxyapatite particles or laminating with fiber sheets [17, 24, 

25]. Unfortunately, these very strengthening strategies inherently reduced the average 

pore size and porosity of the resulting hydrogel, preventing cells from being able to 

migrate into these hydrogels. Therefore, we sought to strengthen hydrogels by a new 

mechanism that would still retain the high porosity than allows for rapid cellular 

infiltration. We designed a composite material by introducing functionalized nanofibers 

that could strengthen the overall hydrogel composite while leaving the hydrogel phase 

largely intact, including porosity. The resulting fiber-hydrogel composite improves upon 

previous soft tissue composites because of two key components. Firstly, the nanofibers 

needed to be uniformly dispersed at a high loading level within the hydrogel to achieve 

isotropic strengthening. The tissue-engineering field has generally utilized electrospun 
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nanofibers as flat sheets or mats of fibers. These are then typically made into composites 

by impregnating the mats with a hydrogel precursor solution. 

 

This greatly constrains the dispersion of the nanofibers throughout the hydrogel 

and limits the geometry of the composites to 2D sheets or tubes. While these geometries 

are useful for certain applications such as nerve repair or wound dressings, they are poor 

choices for repairing volumetric defects. By cryomilling the fiber sheets, we were able to 

reduce the average fiber length to the sufficiently short length that allow them to remain 

in suspension in aqueous solutions. Thus, we can easily pipette them into our hydrogel 

precursor solutions, creating a uniform dispersion of nanofiber fragments throughout the 

hydrogel volume before gelation. The solution can then be directly used as an injectable 

formulation, or added to molds to form scaffold gels of any arbitrary geometry, unlike the 

limited planar geometry of most electrospun nanofiber meshes. The composite structure 

of dispersed fibers within a hydrogel also recapitulates the fibrous architecture of the 

extracellular matrix (Fig 5.1g), providing adhesion sites that may aide cell migration 

within the composite. 

 

Secondly, simply dispersing the nanofibers within the hydrogel is insufficient to 

form a strong composite. Our data indicates that merely including the nanofibers 

themselves provides very little improvement in the elastic modulus of the composite, 

with improvements occurring only when interfacial bonding is introduced. The interfacial 

bonding is necessary because without forming a strong linkage between the hydrogel and 

fiber components, the water and hydrogel components could slide past the fiber 
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components without transferring the loads to the stiffer material. Furthermore, the 

interface between such disparate materials could lead to delamination and failure in the 

composite. Further, PCL’s initial hydrophobicity makes it difficult to disperse in aqueous 

solutions, as the fibers preferentially clump together and form clots that fall out of 

suspension. Plasma treatment and subsequent functionalization with carboxylic acid 

groups and amine groups greatly increases the hydrophilicity of the fibers and allows 

dispersion. The dramatic increase in mechanical properties only occurred when 

interfacial bonding occurred between the maleimide groups on the fiber surfaces and the 

thiol groups on the hyaluronic acid molecules. This covalent-strength bonding transfers 

loads more efficiently to the fibers during compression or tension, leading to a stiffer, 

stronger material. Moreover, the composites show a strong trend of increasing elastic 

moduli with increasing maleimide density, emphasizing its primacy in the strengthening 

mechanism, as well as the tunable nature of the reinforcement. 

 

In this study, we were able to tune the mechanical properties of the fiber-hydrogel 

composite by various factors including the total surface area of fibers, the density of the 

functional maleimide groups on the fiber surface, and the amount of fibers loaded into the 

hydrogel. Firstly, composites with smaller diameter of fibers showed a higher 

compressive and shear storage modulus than those of composites with bigger diameter of 

fibers (Fig 5.2a and Fig. 5.3c). Similarly, in the literature, a single ultra-high molecular-

weight polyethylene (UHMWPE) fiber (~25 µm), which was plasma activated using 

glutaraldehyde, showed approximately 2.36-fold increase of interfacial shear strength in a 

poly(vinyl alcohol) hydrogel compared to it of a UHMWPE fiber bundle of 60 [26]. 
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Therefore, it is possible that decreasing the fiber diameter and thus increasing the fiber 

specific surface area may be an effective in improving the mechanical properties of the 

composite. However, each fiber group had a slightly different MAL surface density on 

the fibers (approximately 10-15 nmol/mg), so we cannot definitively determine the effect 

of surface area of fibers alone. Hence, secondly, composites were fabricated with the 

same diameter fibers, but with various MAL surface densities on the fibers (Fig. 5.3). The 

compression and shear storage moduli of composites were increased with increasing 

MAL surface density on the fibers. We have confirmed that a composite without the 

interfacial bonding showed only a slight enhancement of its compressive modulus (Fig. 

5.2) by using fibers modified through the PAA step (carboxyl groups on fibers), but not 

the further MAL conjugation steps. We additionally confirmed the importance of the 

interfacial bonding by quenching the MAL groups on the fibers with cysteine prior to 

gelation. The cysteine conjugates to the maleimide group and prevents interfacial 

bonding between the fibers and hydrogel, which allows us to isolate just the effect of 

interfacial bonding, since the fibers were otherwise processed identically to the 

interfacial-bonding groups. Interestingly, the mechanical properties of the composites 

with the MAL-quenched fibers were dramatically diminished (Fig. 5.2a and Fig. 5.3b), 

with the MAL-quenched fiber group showing a lower compressive modulus than that of 

HA hydrogel-alone when the concentration of HA was 10mg/ml (Fig. 5.2). It is possible 

that the MAL-quenched fibers weakened the overall composite by delaminating easily at 

the interface of the fibers and hydrogel, as is seen in previous studies [26]. Also, the 

fibers without functional groups may be acting as an alien substance that inhibits gelation 

compared to a pure hydrogel composed of one component or without any alien substance 
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during gelation [21, 27]. Furthermore, we verified a significant correlation between shear 

storage modulus and the density of the interfacial bonding by composites with various 

MAL surface densities (Fig. 5.3c). These studies provide strong evidence that the 

mechanical properties of hydrogel could be reinforced and tuned by the interfacial 

bonding. Thirdly, the shear storage modulus of the composites was enhanced with an 

increasing weight ratio of fibers to hydrogel (Fig. 5.4). Thereby, it was confirmed that the 

weight ratio was another variable that can be used to tune the mechanical properties of a 

fiber-hydrogel composite. However, here, we confirmed that with increasing fiber 

loading, the shear storage modulus increases began to level off and even slightly 

decreased above 0.6 of the weight ratio. One possibility for this saturation effect may be 

that the density of interfacial bonding of a composite was diminished by how the excess 

fibers with MAL reacted with a large fraction of the thiol groups of HA, preventing them 

from reacting with the PEGDA for gelation. Considering that the highest shear storage 

modulus of the HA hydrogel was obtained with an equimolar amount of each functional 

group of HA-SH and PEGDA as well as the decreasing shear storage modulus with 

excess amounts of either HA-SH or DA (Fig. 5.9a), the excess MAL on the fibers with 

the increasing amount of fibers could disrupt the SH-to-DA bonding inside a composite.  

 

Generally, implanted biomaterials have to withstand numerous internal and 

external stresses during regeneration of the tissue defect. Although the stress is not severe 

and continuous, we performed stress resistance tests under a repeating condition and a 

high frequency (10 Hz) to mimic such stresses (Fig. 5.5 and Fig. 5.3). Both the HA 

hydrogel and fiber-HA hydrogel composite withstood without any damage or reduction 



 159 

of their mechanical strength during repeating compressive strain. Noticeably, composites 

with the interfacial bonding retained their shear storage modulus at 10Hz of frequency, 

whereas the shear storage modulus of the HA hydrogel and the composite without the 

interfacial bonding were diminished at 10Hz. This trend indicates that the interfacial 

bonding with the dispersed fibers is crucial to the reinforcement of the composite’s 

mechanical properties. In addition, the fiber-HA composites maintained their dimensions 

and their Young’s moduli after being subjected to lyophilization and subsequent 

rehydration, while the HA-alone gel shrank substantially under the same process (Fig. 

5.1c and Fig 5.5). This shape, volume, and stiffness maintenance after dehydration and 

rehydration is an important feature for clinical translation of this technology, as having a 

lyophilized form of the composite would make it easier to sterilize and store the 

commercial product. 

 

For soft tissue reconstruction, the ideal implanted scaffold would immediately fill 

the defect void, but would also serve as a substrate for the body’s own cells to grow into 

the scaffold, proliferate and differentiate into the proper tissue phenotype, eventually 

replacing the artificial scaffold with normal, healthy tissue. Thus, it is critically important 

that relevant cells would be able to migrate within the hydrogel or composite scaffold To 

determine the potential for relevant cell types to migrate within the scaffolds, we seeded 

hASC spheroids inside HA hydrogels and fiber-HA hydrogel composites and evaluated 

their cell migration. The hASCs could not migrate inside the HA hydrogel-alone because 

the HA hydrogel was too soft to serve the traction forces for cell migration (Fig. 5.6a) 

[28]. Interestingly, although shear storage modulus of the composites was similar to that 
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of the HA hydrogel, the hASCs were able to significantly migrate away from a spheroid 

inside the composites (Fig. 5.6). One hypothesis is that the fibers inside a composite may 

be providing adhesion sites to guide cell migration similarly to the fibril components of 

the native ECM of adipose tissue. We previously have demonstrated that aligned and 

random fibers can be a critical factor for cell adhesion, proliferation, differentiation, and 

migration in various cell types [29-33]. Especially, it was observed that cells recognized 

fibers as a guide matrix, as their cytoskeletons aligned with and followed along the 

underlying fibers [30, 31]. However, the diameter of the fibers inside the composites did 

not affect the migrating cells, as they migrated robustly in composites with either 1000-

nm or 286-nm nanofibers (Fig. 5.14).  

 

The porosity and cell migration effects seen in benchtop testing and in vitro cell 

culture translated into profound differences during in vivo testing of the composites. The 

hydrogels formulated to fat-mimicking 2 kPa stiffness without fibers had a porosity too 

low for cellular infiltration. The cellular response was to wall off the hydrogel with a 

thick layer of collagen, with the lack of infiltration or remodeling typical of a foreign 

body response. The nanofiber-hydrogel composite, however, had sufficient porosity to 

facilitate cellular ingrowth, vascularization, and cellular remodeling without the foreign 

body response. This offers the prospective of permanently filling the volumetric defect in 

the body with what will ultimately be the body’s own tissue. The results were even more 

pronounced in the injectable formulation, which can form a tighter interface with the host 

tissue and showed signs of robust adipogenesis (Fig. 5.15).  
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5.5 Conclusion 

 

The dispersion of functionalized nanofibers within a hydrogel forms a composite 

structure with the combined strengths of the two components. The interfacial bonding 

between the nanofibers and the hydrogel components is critical to making a strong 

composite, while maintaining high porosity and pore size to facilitate tissue and cell 

ingrowth. The resulting composite properties can be easily tuned by varying the fiber 

diameter, fiber loading level, maleimide density level, and the loading levels of the 

hydrogel components. This allows for lower crosslinking and higher porosity at a 

targeted overall stiffness, increasing cellular infiltration and subsequent tissue remodeling. 

The fibers themselves may also directly improve cellular migration by providing 

adhesion sites similar to that seen in the native ECM. The resulting composite implant 

can be tuned to match the stiffness of native fat tissue, yet remain permeability for 

cellular infiltration and remodeling. This novel composite is strong enough to 

immediately fill a volumetric defect of any arbitrary shape. The composite implant then 

serves as a permissive scaffold for the body’s own cells to infiltrate into the composite, 

form blood vessels, and differentiate into cells like adipocytes. The scaffold will be 

slowly degraded away during tissue remodeling, until the initial defect void has been 

replaced fully by normal, healthy tissue. The composite structure has great potential for 

reconstructive and aesthetic surgery potential.  
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5.6 Figures 

 

Figure 5-1: Design of a novel, ECM-mimicking fiber-hydrogel composite  

(a) Synthesis scheme for the polycaprolactone (PCL) fiber-HA hydrogel composite; (b) 

Schematic illustration of the composite structure with interfacial bonding between PCL 

fibers and HA chain network; (c) Optical images showing the general appearance of a 

freshly prepared, cylindrical fiber-HA hydrogel composite (left) and a HA hydrogel 

(right) with the same dimensions (scale bar = 5 mm); (d) Optical images of the same set 

of samples after lyophilization and rehydration; (e–g) SEM images of cross-section of an 

HA hydrogel (scale bar = 40 m), a PCL fiber-HA hydrogel composite (scale bar = 100 m) 

and a decellularized native fat tissue (scale bar = 10 m).   
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Figure 5-2: Effect of the fiber diameter and the interfacial bonding on reinforcing 

compressive modulus of (a) HA hydrogel and (b) PEG hydrogel.  

(a) HA hydrogel and composites were prepared based on 4.5 mg/ml of HA. (b) PEG 

hydrogel and composites were prepared based on 30 mg/ml of PEGSH and 20 mg/ml of 

PEGDA, and 1.0-mm PCL fibers were used to synthesize the fiber-PEG hydrogel 

composites. The values of stress were measured at 50 % of strain. *p < 0.05 (Student-t 

test). 
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Figure 5-3: Effect of the interfacial bonding density and the fiber diameter on 

reinforcing shear storage modulus of HA hydrogel (a, c and d) and PEG hydrogel 

(b).  

The values of shear storage modulus were measured at 1-Hz frequency in (b) through (d). 

*p < 0.05 (Student-t test). 

  



165 

Figure 5-4: Effect of fiber-loading on shear storage modulus of HA hydrogel. 

The HA hydrogel and composites were synthesized using a 10-mg/ml (a) and 4.5-mg/ml 

(b) of HA. Shear storage moduli are measured at 1-Hz frequency. Blue arrows indicate 

conditions for both composites with a 1 to 2 of molar ratio of SH groups to (DA+MAL) 

groups. *p < 0.05 (Student-t test). 
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Figure 5-5: Mechanical strength of the fiber-HA hydrogel composite under different 

frequencies (a), rehydration (b), and cyclic loading (c).  

(a) Shear storage modulus of the HA hydrogel and the composites measured against 

different frequencies of shear loading; (b) Comparison for the compressive stress of the 

composites before and after rehydration (strain = 40%); (c) Compressive stresses of an 

HA hydrogel and the corresponding composite measured against cyclic loading 

(strain = 25%).  
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Figure 5-6: Migration ability of human adipose-derived stem cells (hASCs) in HA 

hydrogel and composite  

(a), nanofibers-HA hydrogel composite (b, e) and RGD-nanofibers-HA hydrogel 

composite (c, d) on Day 27. The HA hydrogel control and the two composites were 

selected to exhibit similar compressive moduli of around 1.9 kPa. Yellow arrows in (d) 

and (e) indicate cells adhering to fibers or fibers clusters. F-actin and nuclei of hASCs 

were stained with Alexa Fluor® 568 Phalloidin (red) and DAPI (blue), respectively. 

Nanofibers were labeled with Alexa Fluor® 647 (white). (f) Schematic illustration of 

hASCs spheroids in the composite structure with interfacial bonding between PCL fibers 

and HA chain network. Scale bars = 100 #m (a–c) and 20 #m (d–e). 
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Figure 5-7: Tissue regeneration mediated by the implanted fiber-HA hydrogel 

composite and HA hydrogel in 30 days.  

(a, b) Macroscopic images of the composite (a) and the HA hydrogel (b) before (insets) 

and after implantation under the inguinal fat pad (scale bar = 2 mm). White stars indicate 

the implanted matrices. (c, d) H&E and Masson’s trichrome stained-images of (i) native 

fat tissue, (ii) healed tissue after sham surgery, (iii, v) the fiber-HA hydrogel implanted 

tissue, and (iv, vi) the HA hydrogel implanted tissue on Day 14 and Day 30. Blue 

staining in panel (d) from Masson’s trichromatic staining indicates total collagen in 

examined tissue. In the images, H = HA hydrogel, C = fiber-HA hydrogel composite, 

B = brown adipose tissue, yellow arrow = blood vessel. Scale bar = 200 mm. 
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Figure 5-8: Conjugation scheme for functionalizing fiber surface 

(a) Schematic diagram of preparing surface-modified fibers with MAL via PAA-grafting 

method; (b) Average densities of carboxyl groups on fibers after the PAA-grafting with 3 

and 10 % (v/v) of acrylic acid (*p < 0.05, n = 6).  
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Figure 5-9: (a) Shear storage moduli of HA hydrogel with various molar ratios of 

SH to DA prepared with 4.5 mg/ml HA-SH.
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Figure 5-10: (a) Shear storage moduli of fiber-HA hydrogel composites prepared 

from various amount of fibers. 

The average diameter of fibers is 686 nm, MAL surface density on the fibers was 

100 nmol/mg, and the composites were prepared with 4.5 mg/ml of HA-SH and 5 mg/ml 

of PEGDA. Blue arrows indicate 1 to 2 of molar ratio of SH groups to (DA+MAL) 

groups. (b) Shear storage moduli of fiber-PEG hydrogel composites with various amounts 

of loaded fibers. *p < 0.05 (n = 3).  
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Figure 5-11: Pore Sizes of hydrogels used in rat studies.  

The average pore size of HA hydrogel and nanofiber-HA hydrogel composite were 

estimated based on the SEM images of their cross-section (*p < 0.05). 
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Figure 5-12: Cell infiltration and tissue in-growth through the fiber-HA hydrogel 

composite on Day 14 (a, b) and Day 30 (c, d).  

The sectioned tissues were stained by H&E (a, c) and Masson’s Trichrome (b, d) for total 

collagen (blue). Labels: C = fiber-HA hydrogel composite, yellow arrow = blood vessel. 

Scale bar = 50 mm. 
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Figure 5-13: SEM images of decellularized fat tissue (upper panel) and the fiber-HA 

hydrogel composite (lower panel). 
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Figure 5-14: Migration ability of hASCs in HA hydrogels  

(G’ = 24.85 ± 2.92 Pa) (Panel a), 1.0-mm fiber-HA hydrogel composite 

(G’ = 32.29 ± 2.16 Pa) (Panel b), and 286-nm fiber-HA hydrogel composite 

(G’ 39.56 ± 1.26 Pa) (Panel c) on Day 4. The HA hydrogel was fabricated with 

2.5 mg/ml of HA-SH and 5.0 mg/ml of PEGDA, and the composites were fabricated with 

2.5 mg/ml of HA, 5.0 mg/ml of PEGDA and 10 mg/ml fibers. Scale bar = 100 mm. 
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Figure 5-15: A. Injectable Formulation.  

The fiber-hydrogel composite can be formulated for injectable applications. B. The 

injectable composite is stable immediately after injection. C. The injectable composite 

remains non-dispersive in water with shape and volume retention. Cell infiltration and 

tissue in-growth through the injectable fiber-HA hydrogel composite on Day 30, showing 

extensive cellular remodeling and adipocyte formation. The sectioned tissues were 

stained by H&E. Labels: c = fiber-HA hydrogel composite 
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