
UCLA
UCLA Electronic Theses and Dissertations

Title
Injectable Macroporous Scaffolds for Improved Gene Delivery and Spinal Cord Tissue 
Regeneration

Permalink
https://escholarship.org/uc/item/52x6893h

Author
Ehsanipour, Arshia Amin

Publication Date
2019
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/52x6893h
https://escholarship.org
http://www.cdlib.org/


UNIVERSITY OF CALIFORNIA 

Los Angeles 

 

 

Injectable Macroporous Scaffolds for Improved Gene Delivery  

and Spinal Cord Tissue Regeneration 

 

A thesis submitted in partial satisfaction of the  

requirements for the degree of Doctor of Philosophy  

in Bioengineering 

 

 

by 

Arshia A. Ehsanipour 

 

 

2019



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© Copyright by 

Arshia A. Ehsanipour 

2019  



ii 
 

ABSTRACT OF THE DISSERTATION 

 

Injectable Macroporous Scaffolds for Improved Gene Delivery  

and Spinal Cord Tissue Regeneration 

by 

 

Arshia A. Ehsanipour 

Doctor of Philosophy in Bioengineering 

University of California, Los Angeles, 2019 

Professor Stephanie Kristin Seidlits, Chair 

 

Biomaterial scaffolds provide platforms for biological study and support tissue 

engineering and regenerative medicine applications by acting as 1) physical scaffolds 

which can mimic biological properties to interact with cells or tissues and 2) localized 

reservoirs for controlled release of therapeutic biomolecules and drugs. These scaffolds 

have been found to benefit from incorporating macroporous networks which facilitate 

cell infiltration, proliferation, and delivery of therapeutic factors including gene therapy 

vectors. While several techniques have been established to create non-injectable 

scaffolds with cell-scale macroporosities to improve integration with host tissues or 

facilitate gene delivery, only recently have biomaterial scaffolds been developed that are 

both macroporous and injectable. Macroporous injectable scaffolds would enable 

minimally invasive delivery to irregularly shaped defects and thus increases their 

potential for clinical translation. 
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We describe development and characterization of several such scaffolds based 

on hyaluronic acid and their respective abilities to improve efficacy of transgene delivery 

to the mouse mammary fat pad and spinal cord and tissue regeneration after spinal 

cord injury (SCI). We compare nanoporous scaffolds to two general techniques to 

achieve macroporous injectable scaffolds: 1) hydrogels encapsulating degradable 

microparticle porogens and 2) scaffolds formed from crosslinked microparticles. Our 

findings indicate that while both injectable, macroporous, scaffold strategies are capable 

of in vivo administration, crosslinked microparticle scaffolds are significantly more 

effective at improving cell infiltration and transgene expression both in the mouse 

mammary fat pad model and the mouse clip-compression SCI model. We further 

investigated regeneration after SCI when utilizing crosslinked microparticle scaffolds in 

conjunction with viral vectors encoding for brain derived neurotrophic factor (BDNF) and 

neurotrophin 3 (NT3). We found significantly greater axon density, myelination, and 

functional recovery when scaffolds were delivered in conjunction with BDNF-over 

expressing virus but not NT3. This work establishes significant potential in the strategy 

of crosslinked microparticle scaffolds for developing injectable tissue engineering 

therapies for SCI and in broad regenerative medicine applications. 
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Chapter 1 

Introduction to tissue engineering 

Background 

After tissue injury or trauma, the body engages in context-dependent repair which 

is often characterized by an initial inflammatory response and a cascade of processes 

which can include the resorption of damaged cells or injured extracellular matrix (ECM) 

components, deposition of temporary scar tissue, and eventually regeneration of new, 

functional tissue which highly resembles the original tissue. However, in many instances, 

the body is incapable of fully regenerating the tissue and residual scar tissue can remain 

or the regenerated tissue can have different properties than before. Even in highly 

regenerative tissues such as skin or bone, the regenerated tissue may display different 

macrostructure or bone density than prior to injury. Regardless of regenerative capacity 

of the tissue, the process of regeneration will necessarily take time, being at least an 

inconvenience for an injured patient, carry a risk for reinjury, or hinder daily functions. In 

some diseases or disorders, tissues can encounter degenerative processes that may alter 

tissue function and structure. In these cases, it may be necessary to counter the 

physiological response to prevent further degeneration or provide other means to support 

tissue function.  

Tissue engineering approaches have been heavily studied in recent decades for 

the potential to support the regeneration of tissues, provide models to study cell behavior, 

or provide a replacement tissue which may perform the necessary function. Within these 

approaches, scaffolds are used as a physical structure to which either endogenous or 

exogenous cells can attach, migrate, and survive, often by interacting with receptors on 
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cell membranes, or as a carrier for soluble factors or gene therapies. Many cells will 

require some set of interactions with the surrounding matrix or scaffold to remain viable, 

while other interactions may serve to modulate cell behavior either directly, by binding 

cell surface receptors and initiating downstream signaling, or indirectly, by facilitating the 

diffusion of nutrients or sequestering proteins such as growth factors. Scaffolds can be 

created with key characteristics including biocompatibility, biodegradation into nontoxic 

components, and facilitation of adherence and migration. 

 

Natural sources 

To take advantage of the existing interactions between cells and ECM, tissue-

engineered scaffolds are often made from components which naturally appear in the 

human body, or those of other biological organisms. These natural sources often come 

in the form of large molecular weight proteins like collagen,1 gelatin,2 or fibrin,3 

polysaccharides like chitosan,4 alginate,5 chondroitin sulfate,6 or hyaluronic acid,7 or 

proteoglycans like aggrecan,8 although other natural components such as DNA have 

been investigated as scaffold building blocks. Additionally, research has also been done 

on decellularized tissue which can either be left intact and recellularized or homogenized 

to form a slurry of ECM components with types and distributions resembling the native 

tissue. Natural scaffolds can have the advantage of retaining their inherent ability to 

interact with cells, conferring bioactivity, adherence, and often some component-specific 

binding to cell receptors. Often, researchers will choose to create a tissue-engineered 

scaffold from a natural component that is native to the tissue which is being engineered; 
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type I collagen is commonly found in bone tissue and can be considered an attractive 

option for bone tissue engineering.  

However, these natural sources inherently interact with cells in a wide variety of 

ways and stimulate multiple pathways simultaneously. This lack of full control and 

understanding can make it difficult to intelligently design a tissue scaffold. 

 

Synthetic sources 

Although natural matrix components can make attractive scaffold components, 

synthetic polymers have been widely studied as they can be designed from the bottom 

up to have more specific, controlled characteristics. Synthetic polymers typically have 

fewer cell interactions without modification with specific chemical moieties or cell signaling 

peptides or proteins. Therefore, they can act as a highly tunable scaffold backbone with 

minimal unpredictable interactions. An understanding of polymer chemistry can be utilized 

to specify mechanical properties, crosslinking methods, degradation by hydrolytic, 

enzymatic, or other methods, and more. The most commonly studied non-degradable 

synthetic scaffold source is polyethylene glycol (PEG), which has been investigated as a 

scaffold component for almost 30 years as a highly biocompatible, bio-inert polymer.9 

Several other polymers have been widely investigated as scaffold components including 

poly(lactic-co-glycolic acid) (PLGA),10 poly(N-isopropylacrylamide) (pNIPAAM),11 

polyethylenimine (PEI),12 polyacrylamide,13 or synthesized polypeptides14 for control of 

degradation, thermal gelation, gene delivery, mechanical properties, or as bio-inspired 

materials, respectively.  
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Combining Natural and Synthetic Sources 

 Often, researchers will combine both natural and synthetic components to achieve 

high levels of control while retaining certain bioactive properties. This can be done by 1) 

covalently crosslinking the natural and synthetic components together, 2) decorating a 

natural component with a synthetic polymer, e.g. a PEG-ylated protein or polymer, 3) 

combining two high molecular weight polymers or proteins together to form an 

interpenetrating network, or 4) any combination of the above.  

 

Uses of Biomaterial Scaffolds 

in vitro biological study 

Scaffolds are often used in in vitro studies to provide cells with more natural 

microenvironments. It has been well established in recent years that cell behavior can be 

modulated by the ECM. This ECM can help to drive cell proliferation,15 migration,15 tumor 

drug resistance,16 differentiation,13 and disease development1. Creating specifically 

designed scaffolds for in vitro culture provides controlled environments in which to study 

these behaviors. Scaffolds for in vitro experimentation is not the focus of this dissertation; 

however, several reviews have been published on the topic.17–20 

 

Tissue engineering 

Tissue engineering generally refers to the use of any combination of cells, 

biochemical signals, and scaffolds which can be used to regenerate or replace injured or 

diseased tissue. Over the past decades, researchers have aimed to realize the prospect 

of regenerating or creating functional tissues from these tissue components. For example, 
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developing a functional transplant organ as a bridge device would provide additional time 

to acquire suitable transplants, type I diabetic patients could be delivered insulin-

producing islet cells in a protective matrix as an artificial pancreas, and cartilage or bone 

replacements could restore function and alleviate pain and loss of mobility for patients 

with osteoarthritis. However, these advances have been slow to come to fruition. One of 

the most significant successes in the field of tissue engineering scaffolds has been the 

development of effective skin grafts for burn patients or for plastic surgery, where FDA-

approved products are already on the market and the next generation of strategies is 

actively being developed.21 

 

Gene therapy 

The delivery of transgenes holds potential for supplementing tissue engineering 

strategies by providing prolonged delivery of chemotactic or regenerative factors to the 

delivery site. Scaffolds serve as effective delivery vehicles to delivery transgenes, in the 

form of lentivirus, adeno-associated virus (AAV), or plasmid, and can improve vector 

stability or infection, often by improving cell infiltration into the vector-loaded region. The 

in vivo stability of gene vectors limits the time during which cells can become infected but 

the expression of the transgene can continue for several months.22,23 The type of genetic 

vector also dictates its behaviors. Plasmids, for instance, are not integrated into the host 

genome and therefore do not cause insertion-related mutations, but plasmids have limited 

in vivo lifespan. Wild-type AAVs preferentially insert into the genome at the AAVS1 site. 

Researchers have worked to develop a wider range of recombinant AAVs with a greater 

efficiency or which do not insert into the host genome, but rather form an episome which 
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persists in the host cell. Lentiviral particles are capable of efficient infection of a broad 

range cell types and can be used to package genes larger than AAVs. This property 

makes lentiviral particles particularly well suited to delivery transgenes to tissues with low 

cell turnover such as the nervous system. Lentivirus are typically considered less 

selective in terms of insertion location, raising concerns of insertional mutagenesis, 

although this has been observed in AAV as well.24 

 

Macroporous Scaffolds 

Advantages of macroporosity 

One of the key difficulties in tissue engineering scaffolds is to achieve blood flow 

through the scaffolds in vivo, which provides the consistent exchange of oxygen, 

nutrients, and waste products necessary for cells to survive. In a nanoporous scaffold, 

this exchange is primarily mediated by diffusion, a relatively slow process that can only 

sustain cell growth at roughly 200 microns from blood vessels.25,26 Any scaffold thicker 

than this distance must facilitate active transport. Incorporating macroporosity into 

biomaterial scaffolds greatly accelerated vascularization in scaffolds in vivo by reducing 

the barriers for cellular infiltration and migration.27–29 Recent research has shown that 

defined, cell-scale macropores can also support delivery of therapeutic transgenes 

throughout implanted scaffolds.23,30 It is thought that this process is mediated by quickly 

infiltrating cells which can encounter viral or non-viral infectious particles prior to their 

degradation. The improved vascularization of these scaffolds may further support the 

survival and growth of infected cells and the production of the transgene. 
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Techniques for achieving macroporosity 

Several techniques have been established to create scaffolds with cell-scale 

macroporosities to improve integration with host tissues or facilitate gene delivery. These 

techniques, including electrospinning, gas foaming, salt or particle leaching, freeze-thaw, 

and phase separation, produce pore networks that vary in size and shape.2,31–36 

Electrospinning of polymers, for example, can form networks of crosslinked fibers with 

tunable fiber orientation and diameter, and voids are created between fibers.27,31,34 Salt 

or particle leaching, or the other hand, generates pores through the removal of a sacrificial 

component. To effectively create a macroporous network, this sacrificial component must 

degrade when exposed to a reagent or solvent which does not degrade or substantially 

affect the rest of the scaffold.33,37,38 Pore architecture can be controlled by altering the 

architecture of the sacrificial template to be as ordered as desired, including the use of 

3d-printed templates for scaffolds. Exposing a scaffold to one or multiple freeze-thaw 

cycles will create ice crystals which physically break or rearrange the scaffold 

microstructure, but freeze-thaw cycles damage encapsulated cells and some soluble 

factors.39 Phase separation between two immiscible precursors can also create 

macroporous networks throughout scaffolds.40 

 

Macroporous injectable scaffolds 

Compared to their implantable, non-injectable counterparts, it has been difficult to 

incorporate cell-scale macropores into injectable scaffolds, leading to limited cell 

infiltration, and thus uptake of delivered transgenes. Whereas several techniques have 

been established to create non-injectable scaffolds with cell-scale macroporosities to 
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improve integration with host tissues or facilitate gene delivery, it has been challenging to 

obtain this level of architectural control in injectable scaffolds. 

Previously, macroporous, injectable scaffolds have been produced using 

microparticles which can either be 1) annealed in situ to provide interconnected pores 

between particles,36 or 2) encapsulated within an in situ-forming hydrogel and degraded 

to leave behind a network of pores.37,38 In this work, we present several scaffold 

formulations utilizing these techniques and directly compare them in terms of tissue 

integration, cell infiltration, gene delivery, and ultimately, treatment of spinal cord injury. 
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Chapter 2 

Introduction to therapies for spinal cord injury 

Background 

Spinal cord injury (SCI) results from direct trauma to the tissue and is associated 

with loss of motor, sensory and autonomic functions caudal to the site of injury.41 

According to the World Health Organization (WHO),42 between 250,000 and 500,000 

people around the world sustain a SCI each year. In the US alone, there are around 

11,000 – 20,000 new cases each year.43 The annual incidence of SCI, however, varies 

in different countries; for example, it is 9.2 per million in Denmark and 40.1 per million in 

the US.44 Around the world, the incidence ranges from 3.6 to 195.4 patients per million.45 

In the US, there are around 250,000 patients who are currently living with SCI.43 Over a 

lifetime, direct costs of SCI can reach 1.1 - 4.6 million USD per patient.46 Most often SCI 

occurs in young and middle-aged adults47 and those with SCI are 2-5 times more likely to 

die prematurely.42 SCI affects not only a patient’s physical and psychological health, but 

also one’s family and the broader community and economy.   

Due to the lack of plasticity and limited regenerative capacity of the central nervous 

system (CNS), recovery of neural function after SCI is rare. After injury, the spinal cord 

undergoes several changes on the cellular and molecular level that interfere with axonal 

regeneration. These complex events are poorly understood, hindering the development 

of treatments that can lead to complete recovery.48 Current SCI treatment is mostly 

conservative, relying on stabilization of the patient, prevention of complications and 

physical rehabilitation.  
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Extensive research into regenerative strategies for SCI has been performed over 

the last couple of decades. Improvements in our understanding of the pathophysiology of 

SCI coupled with advances in cell-based therapies, biomaterials and biomolecules have 

enabled us to develop new therapeutic approaches for neuroregeneration. Promising 

results from in vivo experiments evaluating therapies based on biomaterials, cells or 

biomolecules are being continuously reported.49–53 Because of the complexity of SCI 

pathophysiology, the use of combinatorial therapies may be more effective and lead to 

greater regeneration.54,55  

Although various procedures can be used to administer therapy after SCI, the use 

of minimally invasive strategies, such as injection, are needed to reduce risk of 

complications including introducing additional injury to spared neuronal circuitry.56 This is 

particularly necessary as contusion/compression injury accounts for the majority of SCI 

cases, leaving an irregular injury region. Therefore, strategies investigated using 

hemisection or transection injury models are most clinically relevant if they can be 

effectively delivered without tissue resection, leaving maximum potential for tissue 

plasticity or regeneration. An ideal tissue engineering strategy would be able to interface 

with the injured tissue, be delivered with minimal disruption to the spinal cord, and 

promote long-term functional regeneration. 

 

Pathophysiology 

SCI is characterized by sequential primary, secondary and chronic phases. The 

primary injury to the spinal cord is the result of the initial trauma. The primary mechanical 

insult may occur from compression, shearing, laceration, stretch, distraction, hemorrhage 
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or vasospasm. Bone or tissue fragments from the primary injury can exacerbate swelling 

of the spinal cord and add to tissue damage. Secondary injury follows in a progressive 

way, as a result of ischemia, inflammation and development of a cytotoxic 

microenvironment, leading to death of functional cells and damage to the tissue 

microenvironment. The chronic stage of SCI is characterized by formation of astroglial 

and fibrous scar tissue around cystic cavitations. As a result, regeneration is thought to 

be inhibited, at least partially, by the ECM and soluble factors secreted by inflammatory 

cells within the scar tissues (Fig. 2.1).46  Any therapeutic intervention should consider and 

address the dynamic pathophysiological events occurring in SCI. For example, combating 

measures against increased extracellular amino acids  should be applied early on, in 

minutes, while measures against inflammatory mediators in hours and measures against 

myelin-associated inhibitors within weeks after injury.57 Because inflammation continues 

and may persist for years, the administration of therapeutic measures should be 

considered to continue accordingly.57  
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Figure 2.1. An illustration showing the development of pathophysiological changes 
following SCI. The acute phase takes 0-48 hours and involves hemorrhage, edema, and 
proapoptotic factors (A). This leads to further loss of function, more than that resulting 
from the initial insult occurs due to injury to neurons and oligodendrocytes. Astrocyte 
infiltration and release of additional proinflammatory factor is seen and demyelinated and 
injured axons begin to die back. In the late subacute (2-14 days post-injury) (B) and 
intermediate (2 weeks – 6 months post-injury) (C) stages, microcystic cavities follow cell 
death. These cavities then coalesce forming barriers to regeneration in the chronic stage 
(>6 months) (D). The final chronic stage scar which is composed network of astrocytic 
processes and dense fibrous deposit act as a physical and biochemical barrier to neurite 
outgrowth and cell migration. Regenerative therapeutics that can be used to address 
demyelination and axonal loss include the use of biomaterials, cells, molecules such as  
anti-NOGO-A antibody treatment and Rho-ROCK inhibition, or agents to mobilize 
endogenous neural progenitor cells (NPCs) such as Metformin. Adapted from Ahuja et 
al.46 
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Given practical limitations of treating acute SCI in a clinical setting, many 

therapeutic interventions in development aim to target either the secondary or chronic 

stages of injury. For example, accumulation of myelin debris during secondary injury is 

associated with inhibition of regeneration. Myelin-associated proteins lead to inhibition of 

neurite outgrowth, thus named NOGO inhibitors, which act through NOGO receptors 

leading to activation of GTPase Rho A. Its effector, Rho-associated protein kinase 

(ROCK) leads ultimately to apoptosis, axonal collapse and neurite retraction.6 While a 

detailed discussion of the mechanisms of myelin-associated inhibition of axonal 

outgrowth is outside the scope of this thesis, we refer the reader to a review by Zhang, et 

al. 2017 for more information.58 There is also an accumulation of extracellular amino acids 

at the site of injury, whose abundance relates to severity of SCI and neurotoxicity.57 These 

molecules are attractive targets for pharmacological intervention aimed at enhancing 

neuroprotection and neuroregeneration post-SCI and will be discussed more in the 

following sections. During secondary injury, damage occurs on the cellular level through 

several mechanisms, including mitochondrial dysfunction leading to high calcium levels, 

increased production of oxygen free radicals and oxidative injury.59  

In chronic injury, scar formation is a problem and its disruption is a common 

strategy for promoting regeneration. For example, a recent study found that the protein 

tyrosine phosphatase σ (PTPσ) contributes to a transition of regenerating growth cones 

into dystrophic bulbs through interactions with chondroitin sulphate proteoglycans 

(CSPGs), which are abundant in the glial and fibrotic scars and many forms of CSPGs 

have been widely reported to inhibit axonal outgrowth.60 Experimental inhibition of PTPσ 

was found to promote regeneration in a rodent model of SCI by enabling axons to 
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overcome CSPG-mediated growth inhibition and, consequently, serotonergic fiber 

navigation across the SCI lesion leading to some functional recovery.60 While the CSPG-

rich glial scar was previously thought to be completely inhibitory to axonal growth, more 

recent studies have found that some aspects of scar ECM, which is secreted by 

astrocytes, are permissive and may even promote regeneration.61 Furthermore, 

prevention, attenuation, or ablation of chronic astrocytic scars increased lesion size and 

reduced axonal ingrowth.62 A series of recent studies found also that ECM secreted by 

protoplasmic, but not fibrous astrocytes can promote axonal elongation when it was 

injected into rat spinal cords after SCI.61 Taken together, these findings suggest that while 

some aspects of the astrocytic scar may be detrimental, other components may be 

required for regeneration.  

 

Conventional SCI therapies 

The management of SCI represents a formidable challenge, and there is no 

treatment currently available that can effectively restore lost tissue function. Several 

factors are responsible for the failure of healing after SCI, including chronic local 

inflammation and the release of anti-regenerative factors. Current treatment methods 

include the use of neuroprotective and neuroregenerative strategies. The first line of 

management for SCI patients includes resuscitation, stabilization and critical care in 

specialized centers with early determination and localization of specific injuries. 

Stabilization may include removal of bone fragments or foreign objects, physical 

stabilization of the vertebral column and spinal decompression. Non-pharmacological 

methods to reduce inflammation, including hypothermia63 and cerebrospinal fluid 
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drainage,64 have also been in phase I/II clinical trials with promising early results. Early 

surgical decompression (within 24 h), administration of anti-inflammatory drugs and 

augmentation of blood pressure lead to reduced acute complications and hospital stay. 

46 Timely and early intervention is important and can be achieved by using 

neuroprotective measures (ideally in the acute stage).  

The management of SCI also includes prevention and treatment of complications, 

and physical rehabilitation. Without these, there is very limited recovery of neurological 

function.41 Besides failure of regeneration, SCI is often complicated by other problems 

such as infection and pressure sores, which can be serious and ultimately lead to death, 

such as in the case of the actor Christopher Reeve following his SCI.65 Development of 

regenerative therapies to treat neurological deficits represent an active area of research 

and is a rapidly growing field.46 Improved clinical outcomes will emerge by harnessing the 

potential of recent advances in different fields and integrating them to create innovative 

therapeutic strategies.  

 

Scaffolds for spinal cord tissue engineering 

So far, no biomaterial-based regenerative therapy of SCI is in routine clinical 

practice. However, a biomaterial technology, the Neuro-spinal Scaffold, has recently 

reached clinical trials.66,67 Biomaterials used for the treatment of SCI can be in the form 

of conduits,68–70 sheets,71 scaffolds,67,72 fibers,73 particles, or hydrogels74–78 (Table 1.1). 

Biomaterials are employed to mechanically stabilize the injury site and provide an 

environment for interactions with host cells, physically fill SCI-associated cavities, 

reconstituting ECM, and bridging the injury to guide axonal growth across the gap.67–69,79–
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82 To guide axonal regeneration, several biomaterial architectures have been 

investigated, including channels,83–86 fibers,87 scaffolds, and magnetic microgels.88 

Biomaterials for the treatment of SCI can also be used for the delivery of therapeutic 

agents and cells.46,81 In addition, they can support cell survival of delivered cells in 

situ,89,90 and recruit migrating endogenous cells, such as Schwann cells67 and stem cells, 

69,91,92  that can support regeneration. To avoid additional complexities associated with 

the use of cells, the use of acellular biomaterials for supporting spinal cord regeneration 

and remodeling after injury has been important to investigate.67,84,93,94 

Employed biomaterials need to be biodegradable, and preferably injectable to be 

delivered through minimally-invasive means.79 In the acute phase of SCI, the use of a 

hydrogel is preferred as it can be useful to seal dura and release anti-inflammatory drugs, 

while at later stages the use of fibers and conduits may be better for achieving guided 

neural regeneration.81 It would be ideal, however, to design a system that could be 

implanted acutely and remain for months to both guide regeneration and prevent chronic 

inflammation. To achieve appropriate tissue repair, the implanted biomaterial should 

degrade as the host tissue regenerates. While biomaterials such as poly(lactide-co-

glycolide) (PLGA) degrade hydrolytically,94,95 naturally-derived materials such as fibrin 

are degraded by cell-produced enzymes55,96 and thus may have better potential to couple 

degradation to native matrix formation. Hybrids of synthetic and natural biomaterials can 

combine desirable properties of both types of materials. For example, synthetic 

biomaterials with controlled properties and tailored degradation profiles can be 

functionalized with peptides, which are susceptible to degradation by cell-produced 

enzymes,86,97 or provide sites for cell adhesion.67,73 
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Previously, several different types of scaffolds were investigated for the treatment 

of SCI. One example is a scaffold made of a block copolymer of PLGA and poly-L-lysine 

(PLL) with a highly interconnected porous structure (~250-500 µm diameter pores) that 

was shown to lead to improved functional recovery after SCI in rats.98 Later, the safety 

and efficacy of these scaffolds were evaluated in partial and complete hemisection 

models of thoracic SCI in Old-World primates (Chlorocebus sabaeus) and significant 

recovery of locomotion was observed.93 A significant increase in remodeled tissue with 

neural sprouting was seen 12 weeks after injury. Preclinical studies using these PLGA-

PLL devices  known as “Neuro-Spinal Scaffold,” were implanted into a thoracic-level 

contusion in rats and minipigs after internal decompression was performed. Their results 

found reduced inflammation and lesion cavitation volumes, and increased tissue sparing 

and deposition of new, endogenous laminin-rich tissue.67 Despite these results, no 

functional benefits were observed. The Neuro-Spinal Scaffold has recently been 

evaluated in small-scale clinical trials for treatment of thoracic-level SCI and showed 

promising results.66 

While porous, polymeric scaffolds, such as those based on PLGA, have shown 

promise, hydrogel materials can be fabricated to better match hydration and mechanical 

properties of native spinal cord tissue, both of which are thought to reduce inflammation 

and scarring. In addition, hydrogels can be readily formulated to be injected and formed 

in situ in the spinal cord. In addition, microgels can be used for the delivery of cells,99,100 

drugs and/or biomolecules,79,101,102 and they can be interesting formulations to use in 

regenerative therapy of the spinal cord.  
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Table 1.1: Biomaterials studied for treatment of SCI 

Materials Used 
Cells or Factors 

Included 

Injury Model 

& Delivery 

Method 

Notable Findings Reference 

Phase-separated 
poly (2-

hydroxyethyl 
methacrylate) 

(pHEMA) 

N/A 
Spinal lesion, 

injection 

Reduced accumulation of 
GFAP and Neurocan. 

However, scaffold did not 
integrate into tissue 

103 

Alginate EGF, bFGF 

Clip-
compression, 

intrathecal 
injection 

Improved functional recovery. 
Enhanced outgrowth of 
corticospinal tracts and 

angiogenesis 

104 

HPMA 
Copolymers 

Bivalirudin 
peptides 

Clip-
compression, 

intrathecal 
injection 

Decreased cellular 
proliferation, inflammation and 

astrogliosis 

97 

Hyaluronic Acid IKVAV, BDNF 

Clip-
compression, 

intrathecal 
injection, 

BDNF-hydrogels showed 
greatest improvement in 

locomotor functional recovery 

105,106 

Agarose/Carbomer 
Hydrogels 

RGD, ECM 
Deposition 

------------------------
---------- 
Human 

Mesenchymal 
Cells 

Clip-
compression, 

intrathecal 
injection 

Increased MP M2 population 107 

 
BD PuraMatrix 

Synthetic Peptide 

Human Schwann 
Cells 

Clip-
compression, 

intrathecal 
injection 

Reduced astrogliosis and 
promoted infiltration of 

endogenous S100 positive 
cells 

108 

Collagen 

Laminin 
------------------------

---------- 
Schwann cells 

Clip-
compression, 

intrathecal 
injection 

Enhanced long-term cell 
survival, vascularization, 

axonal regrowth and infiltration 

51 
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Polyethylene glycol (PEG), an FDA-approved biomaterial used for many 

applications, is considered to be a promising treatment of SCI because it can support 

stem cell growth, migration, proliferation, and differentiation. PEG hydrogels  can also 

help to reduce local glial scar invasion, and promote and guide axonal regeneration.86,109 

While PEG is essentially biologically inert, hydrogels containing bioactive polymers 

provide the opportunity to more directly affect cells in the spinal cord, and thus the repair 

process. In particular, polymers derived from the native ECM, including hyaluronic acid 

(HA),61,89,90,105,110–112, fibrin,96,113,114 and laminin,73,115,116 have shown success in 

preclinical studies. In contrast to including individual ECM components, cell-secreted 

ECM compositions have also been shown to aid in regeneration.73,107,117 Alternatively, 

spinal cord tissue, decellularized to preserve not only the ECM composition but the 

structure, has been found to enhance axonal regeneration in the spinal cord of rats.118  

Hyaluronic acid in particular has shown promise as a platform for biomaterial 

scaffolds in SCI due to its ubiquitous presence in healthy neural tissues, biocompatibility, 

and ability to regulate the inflammatory response, particularly by decreasing glial scar 

formation, after SCI.110,119 HA is a large non-sulfated glycosaminoglycan which is highly 

conserved between species, making production by bacterial cells or extraction from 

natural sources, such as rooster comb, readily accessible.120,121 Interestingly, HA has 

shown molecular weight-dependent properties where low molecular weight HA, under 

200 kDa, is pro-inflammatory and highly angiogenic while high molecular weight HA, over 

500 kDa, is anti-inflammatory in vivo.122–125 Naturally formed HA has high molecular 

weights of over 1MDa, therefore the degradation of HA or the delivery of low molecular 

weight HA could lead to the pro-inflammatory, angiogenic responses in vivo. Several 
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reports both in vitro and in vivo have demonstrated the activity of HA-based scaffolds and 

hydrogels to support neural cells or CNS tissue regeneration, respectively. HA-based 

scaffolds can support neural stem cell differentiation and survival, extension of neurites, 

and modulate inflammation in vitro. Additionally, the delivery of HA-based scaffolds in 

mouse models of SCI has reduced the lesion size, glial scar size, and improved functional 

recovery.89,110,119,126–128 Several mechanisms of action have been proposed for these 

positive effects including modulation of the immune response after injury through 

interactions with receptors including toll-like receptor (TLR) 2 and 4.110,119,129–134 Current 

methods for HA-based scaffold delivery into the spinal cord, including implantation of 

preformed scaffolds in transection models of SCI and a growing number of injectable 

systems, have shown significant promise.89,130,131,135,136 

 

Incorporation of soluble signals into biomaterial therapies for SCI 

In one approach for the treatment of SCI, biomaterials and bioactive molecules 

can be combined (Table 1.1). There are many examples of procedures employing soluble 

molecule delivery, e.g. growth factors,83,137–139 drugs,140 or other therapeutic agents,141–

145 for the treatment of SCI. Combining biomaterials with diffusible factors, and even gene 

therapies, can maximize therapeutic effects by targeting more than one aspect involved 

in SCI. Biomaterials can also maintain appropriate local therapeutic concentrations at or 

near the injury site over longer periods of time than bolus injection and hence, better 

support regeneration.79 For example, hydrogels fabricated from a hydrolytically 

degradable macromer (poly(L-lactide)(PLA)-b-PEG-b-PLA) were used for sustained 

release of NT3 into the injured spinal cords of rats over the course of 2 weeks, where this 
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combinatorial therapy induced more axonal regrowth than either individual therapy.144 

Such controlled release systems help to overcome the need for multiple injection or 

implantation events. Anderson et al. (2016) recently demonstrated that injectable 

biomaterials could be used as reservoirs for localized delivery of a combination of three 

growth factors ,fibroblast growth factor 2, epidermal growth factor, and glial-derived 

growth factor, whose synergistic actions were required to enhance recovery after SCI in 

a rodent model.139 

 

Challenges in spinal cord tissue engineering 

Many obstacles to the development of successful treatments for SCI remain, 

including reproducibility of the therapeutic paradigm (particularly with combinatorial or 

multimodal therapies), variations in the location and severity of SCI across patients and 

clinical variability and recognizing the appropriate timing for treatment intervention. Cell-

based therapies will face challenges concerning both pre-clinical processing and clinical 

administration, such as identifying the optimal number of cells for transplantation that 

balances efficacy and safety, improving survival of transplanted cells, and directing cell 

differentiation and functional integration with the host circuitry. Important challenges also 

include issues related to inter-species variation, and pre-clinical experimental models. For 

example, while rat SCI is more pathologically similar to the human case than mouse 

SCI,146 mice have been used more frequently in preclinical studies. Even the rat models 

are not ideal as they have fundamental differences from humans and thus results cannot 

always be translated to humans. For example, the potential of cell therapy observed in 
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animal studies, has not been reproduced in human clinical trials and delivered cells 

continue to have low viability and elicit modest, if any, regeneration.147  

Given these considerations, preclinical results should be interpreted cautiously. 

For example, axonal regeneration does not necessarily mean functional recovery. Efforts 

should be made to identify specific populations of axons responsible for functional 

recovery. The reversible neuronal silencing technique is a possible method for this 

purpose.179 It is challenging to obtain regeneration of large numbers of axons which cross 

the spinal cord injury lesion.147 There are also differences between animals and humans 

in biological cues and hence, the extrapolation of results can be difficult.  

Although there have been several reports of cell-based therapies for the treatment 

of SCI, including clinical trials, treatment efficacy has yet to be demonstrated in Phase I-

II trials.43 Recently, questions regarding the translation of preclinical data to the clinic have 

been raised.148–150 It is difficult to define potency in cell products and current good 

manufacturing practice (cGMP) requires testing for the markers that are essential to 

identify desired cells and contaminants and as indicators of potency. In addition, the FDA 

does not require a definitive potency assay for early clinical studies. While this policy may 

serve to speed up translation of some therapies, it leaves room for variations in final 

products leading to a risk of failure in clinical trials.149 Thus, researchers must balance the 

need for extensive product characterization with that for helping patients sooner. It should 

be noted that no preclinical models are ideal and thus, the ultimate testing for efficacy lies 

in the human clinical setting.151  



23 
 

Chapter 3 

Injectable macroporous scaffolds to improve transgene delivery in vivo 

Background 

Towards the goal of tissue engineering scaffolds for treatment of SCI, we 

developed scaffold delivery systems which fit the most promising characteristics for an 

SCI tissue engineering therapy given prior research – 1) injection through a small-gauge 

needle to ensure clinical translation and minimal tissue disruption, 2) macroporous 

architecture which facilities tissue integration, axonal elongation, and gene delivery, and 

3) composition from components found to reduce inflammation and scar tissue deposition 

in vivo after SCI. The development of biomaterials that can be injected and form a 

macroporous architecture in situ is attractive; nevertheless, it has posed a formidable 

challenge. Recently developed macroporous injectable scaffold methods include in situ 

degradation of sacrificial porogens,37,38,152 annealed microparticles,36,153–157 shape 

memory scaffolds,158 and crosslinked micro-ribbons.159 Such scaffolds can form 

interconnected pore networks of tunable sizes and have shown great promise for 

improving cell infiltration or angiogenesis in vivo. To realize the potential of these 

strategies, further research comparing these techniques and investigating their use in 

combination with other strategies is necessary. We investigated the delivery of gene 

therapy through two of these techniques which are most readily compatible with injection 

through small diameter needles, i.e. sacrificial porogens and annealed microparticles. 

These scaffolds were developed based on a backbone of crosslinking HA and PEG 

using a Michael-type addition crosslinking chemistry which exhibits minimal cytotoxic 

properties, reacts in feasible time scales, and has limited side reactions in vivo.160,161 
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Thiolated HA can be formed by modifying the carboxyl groups of HA with thiol-containing 

compounds such as L-cysteine or cystamine using carbodiimide chemistry. Since one of 

the primary cell receptors for HA, CD44, binds in a manner dependent on the presence 

of carboxylic acid residues, high degrees of modification can hinder binding affinity and 

cellular activity.162 Here, we modified approximately 6% of HA carboxylic acid groups to 

acquire HA-SH capable of crosslinking with functional groups such as maleimide and vinyl 

sulfone. Both Michael-addition crosslinking chemistries have high reactivity and 

specificity in vivo and under physiological conditions. Scaffold crosslinking occurs in 

physiological conditions with maleimide-thiol chemistry react within minutes and vinyl 

sulfone-thiol chemistry over 30 minutes to several hours.161 Injectable scaffolds can be 

readily produced by mixing vinyl sulfone and thiol-containing precursor polymers prior to 

injection in vivo, although these nanoporous scaffolds typically have small pore sizes of 

under 10 nm due to the mesh size between crosslinked polymer chains. 

Over the past decade, researchers have developed several strategies for 

macroporous injectable biomaterial scaffolds to translate their potential towards clinical 

delivery to irregularly shaped defects and with less invasive techniques. Recently 

developed macroporous injectable scaffold methods include in situ degradation of 

sacrificial porogens,37,38,152 annealed microparticles,36,153–155 shape memory scaffolds,158 

and crosslinked micro-ribbons.159 Such scaffolds can form interconnected pore networks 

of tunable sizes and have shown great promise in improving cell infiltration or 

angiogenesis in vivo. To realize the potential of these strategies, further research 

comparing these techniques and investigating their use in combination with other 

strategies is necessary. Towards this end, we investigate the delivery of gene therapy 
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through two of these techniques which are most readily compatible with injection through 

small diameter needles, i.e. sacrificial porogens and annealed microparticles.  

Delivery of therapeutic genes from biomaterial scaffolds can be used to enhance 

tissue regeneration by modulating expression of factors relating to angiogenesis, stem 

cell differentiation, inflammation, and numerous other biological processes.163–168 

However, genetic vectors, such as lentivirus, are susceptible to degeneration in vivo, with 

half-lives as low as 12 hours.169,170 Macroporous scaffolds have been shown to improve 

the delivery of therapeutic genes, primarily by supporting early cell infiltration before 

vector degradation occurs.22,23 Here, we directly compared the ability of both techniques 

to improve cell infiltration into scaffolds and transduction efficiency of scaffold-delivered, 

lentiviral vectors. Both types of macroporous scaffolds were delivered to mouse 

mammary fat and compared to traditional, nano-porous hydrogel scaffolds (NP-HA) (Fig. 

3.1A). All hydrogel-based scaffolds were fabricated from a combination of PEG and HA. 

To form the sacrificial porogen scaffolds, two methods were used. In the first (PEG-

MP), pre-formed PEG hydrogel microparticles were suspended in the precursor solution 

for NP-HA hydrogels prior to injection and in situ crosslinking. Crosslinking via plasmin-

degradable crosslinkers should allow PEG microparticles to act as rapidly degradable 

porogens in vivo, providing a template for a cell-scale macropores (Fig. 3.1B).171 A 

second method of sacrificial porogen was also developed using fibrin microparticles 

(FMP) encapsulated in the NP-HA hydrogel.  

To form the annealed microparticle scaffold (HA-MP), hydrogel microparticles were 

formed from HA and PEG using a water-in-oil emulsion or microfluidic step-emulsification 

method. After injection, disulfide-crosslinking between adjacent microparticles enabled in 
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situ formation. The void space between hydrogel microparticles provides a macroporous 

network through with host cells can infiltrate scaffolds (Fig. 3.1C).  

We characterized the utility of injectable macroporous scaffolds to deliver lentiviral 

vectors and assessed cell infiltration, immune activity, and transgene expression. This 

report demonstrates the enormous potential of injectable, macroporous scaffolds — 

formed from in situ-annealing of hydrogel microparticles — to improve biomaterial-

mediated gene delivery for a wide range of applications in tissue engineering and 

regenerative medicine. 
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Figure 3.1. Fabrication schemes for injectable, hyaluronic acid (HA)-based 
scaffolds with varying porous architectures. NP-HA scaffolds are formed by 
crosslinking thiolated HA and polyethylene glycol-vinyl sulfone (PEG-VS) into 
homogenous, nano-porous scaffolds (A). For degradable MP scaffolds, a nano-porous 
HA-PEG hydrogel is crosslinked around PEG (PEG-MP) or fibrin (FMP) microparticles 
that can proteolytically degrade to leave behind a macroporous architecture (B). Finally, 
covalently crosslinked HA-PEG microparticles can assemble in situ via disulfide bond to 
form HA-MP scaffolds with macro-scale pores in the void spaces between microparticles 
(C). RGD peptides are included in all scaffold iterations to support cell adhesion. Scale 
bars = 500 µm 
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Results and Discussion 

 

Characterization of scaffold components   

 The scaffolds developed in this project are all based upon the natural polymer 

hyaluronic acid (HA) which has been studied as a scaffold constituent in vitro and in vivo 

due to its biocompatibility, ability to modulate the immune response, compatibility with 

neural cell types, and potential to decrease scar formation after spinal cord injury (for 

greater discussion, see chapter 2). HA does not natively contain sites for convenient 

crosslinking, but carboxylic acid residues on the backbone of HA can be easy modified 

by carbodiimide chemistry. In this work, we conjugated thiol functional groups to the 

backbone of HA to allow for crosslinking via Michael-type addition with 4-arm PEG 

terminated with either maleimide or vinyl sulfone moieties. 4-6% of HA’s carboxylic acid 

groups were modified to thiols which allowed enough groups for effective crosslinking 

while preventing over-modification which has been associated with altered bioactivity. 

Functionalization of HA was verified with proton NMR and the colorimetric Ellman’s test 

(Fig. 3.2). Proton NMR is able to distinguish between the peaks present on HA, primarily 

composed of a broad region of hydroxyl groups (3-4ppm) and a single large peak from 

methyl group protons (roughly 2ppm). The protons of this methyl group can be used as a 

reference peak to quantify the extent of modification. The addition of the thiol-containing 

molecule, cystamine, introduces additional peaks in the spectrum (2.5-3ppm) which allow 

quantification of percent modification. It is important to note that since cystamine must be 

cleaved by dithiothreitol (DTT) after conjugation to reveal free thiols available for 



29 
 

crosslinking, proton NMR cannot distinguish between bound or free thiols. However, the 

Ellman’s test can make this distinction and allows for verification of H NMR results. 

 

Figure 3.2. Thiolation of hyaluronic acid. HA is modified by carbodiimide chemistry to 
add cystamine to approximately 6% of carboxyl groups present on each HA chain. DTT 
cleaves cystamine the disulfide bond to present free sulfhydryl functional groups for 
further reaction. Proton NMR confirms the presence of cystamine after dialysis and 
enables quantification. Ellman’s test for free sulfhydryl groups verifies disulfide cleavage 
and thiolation quantification via colorimetric assay. 
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Nanoporous scaffolds have tunable properties 

 Thiolated HA can be readily crosslinked with PEG to form nanoporous scaffolds 

with a wide range of properties within the range of human soft tissues. The mostly 

straightforward method of tuning the properties of the scaffold is to change the 

concentration of both HA and PEG while maintaining a consistent ratio of functional 

groups. Increasing the concentration of polymer in scaffold results in an increase in 

mechanical properties which can be measured in terms of either compressive or elastic 

moduli using a linear compressive tester or rheometer, respectively. While the absolute 

value of these measurements differs by roughly 1:10 (elastic:compressive modulus), the 

positive relationship of polymer weight and modulus are similar (Fig. 3.3). Because of the 

difference between mechanical measurement methods, it becomes necessary to pay 

close attention to the method used when comparing to prior works which assessed these 

properties in scaffolds or tissues, which can use an even wider variety of characterization 

techniques.  

Significant research has been done characterizing the mechanical properties of 

human tissue, and recent research has demonstrated the role of mechanics on cell 

behavior. Attempts to replicate these studies rely greatly on the ability to compare 

characterization between groups. In this research, we use scaffolds with 1% polymer 

weight which have a compressive modulus near 1.5 kPa and an elastic modulus near 150 

Pa (Fig. 3.3). These results are in the range of prior research investigating the survival or 

differentiation of neural cells in vitro131,172 and the properties of CNS tissue samples.172,173 
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Figure 3.3. Linear compressive testing and rheology of NP-HA scaffolds with 0.5, 
1, 2, 3% polymer. In all cases, thiol to vinyl-sulfone ratios were maintained at 1.1:1. Error 
bars represent standard deviation. 
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 Scaffolds formed from crosslinked polymers are also commonly characterized for 

the swelling properties, and this property can vary widely depending on scaffold 

constituents. Scaffolds formed from hydrophillic polymers, especially with charged 

backbones, can swell to over twice their size after formation. As a negatively charged, 

high-molecular weight polymer, HA scaffolds are very likely to significantly swell after 

crosslinking in vitro or in vivo, and this has implications in drug, gene, or cell loading and 

by exerting outward pressure which may induce undesired physiological effects.174 In the 

case of NP-HA scaffolds developed in this work, precursors are crosslinked in situ and 

can undergo swelling after injection. We characterized this swelling in vitro to determine 

the significance of this property and identify whether it was likely to lead to significant 

concerns in vivo (Fig. 3.4). NP-HA scaffolds with 0.5% or less polymer weight did not 

swell significantly, and above 1%, scaffolds swelled by about 2x. In the case of 1% 

polymer scaffolds, there was some swelling at roughly 1.3x. Due to the desirable 

mechanical characteristics of 1% polymer weight NP-HA scaffolds, and the relatively low 

swelling, they were considered ideal for our applications. 
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Figure 3.4. Swelling ratio of NP-HA scaffolds with 0.5, 1, 2, 3% polymer. In all cases, 

thiol to vinyl-sulfone ratios were maintained at 1.1:1. Error bars represent standard 

deviation.  
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Microparticles from HA-PEG, PEG, or fibrin precursors 

 Microparticles used in macroporous scaffold schemes (Fig. 3.1) were formed from 

three general formulations. In degradable particle scaffolds, particles were formed from 

either PEG crosslinked with a plasmin-degradable peptide crosslinker (PEG-MP) (Fig. 

3.5A) or from a crosslinked fibrin gel (FMP) (Fig. 3.5B) within a water-in-oil emulsion. For 

crosslinked microparticle scaffolds, a modified NP-HA precursor with excess thiol groups 

was used to create either polydisperse (pHA-MP) microparticles by water-in-oil emulsion 

(Fig. 3.5C) or monodisperse (mHA-MP) microparticles by microfluidic step-emulsification 

(Fig. 3.5D). FMPs and PEG-MPs were formed for the purpose of acting as sacrificial 

porogens within a greater NP-HA scaffold (Fig. 3.1B), whereas HA-based microparticles 

could be crosslinked together to form a larger scaffold (Fig. 3.1C). In most cases, 

microparticles were formed using a straightforward water-in-oil emulsion method by 

vortexing precursor solution in oil containing the surfactant span-80. Despite the 

consistent approach, particle diameters varied depending on particle type with FMP and 

pHA-MP particles having diameters near 40µm and PEG-MP particles having diameters 

near 25µm (Fig. 3.5E). Since FMP and PEG-MP particles are intended to act as sacrificial 

porogens, it is necessary that the particle diameters be large enough to allow cell 

infiltration (>5µm). In contrast, pHA-MP scaffolds should have pores between crosslinking 

particles, so the greatest pore volume would exist if all particles had identical diameters. 

To accomplish a monodisperse size distribution of HA particles (mHA-MP), we utilized a 

microfluidic step-emulsification approach which has been previously described.156 This 

technique allowed us to form particles for mHA-MP scaffolds with narrow distribution 
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centered around 50µm. Due to poor in vivo degradation of FMPs, these scaffolds were 

not explored beyond preliminary studies.  

 

Figure 3.5. Size distributions of microparticles produced by water-in-oil emulsion 
or microfluidic step emulsification. PEG-MPs (A) are notably smaller and have a 
tighter distribution than other particles produced by water-in-oil emulsion. FMPs (B) show 
relatively similar size distribution as pHA-MPs (C). mHA-MPs (D) have slightly greater 
size than other particles and narrower distribution. Microparticle size distributions were 
collected across three different batches and at least 500 microparticles of each type were 
cumulatively measured (E). Scale bars = 100 µm. 
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 After successfully forming each type of scaffold, we determined whether bulk 

mechanical properties significantly varied between them. The elastics modulus of PEG-

MP scaffolds differed from than of NP-HA at roughly 400Pa instead of 150Pa (Fig. 3.6). 

HA-MP scaffolds had similar properties to the NP-HA from which the particles were 

formed. In the case of PEG-MP scaffolds, the increase in modulus is likely due a higher 

stiffness of microparticles within the scaffold. However, after degradation, we expect the 

mechanical properties that are sensed by infiltrating cells to match the undegraded region 

of the scaffold which is identical in formulation to the NP-HA scaffold. 

 

 

Figure 3.6. Rheological testing of NP-HA, PEG-MP, and pHA-MP scaffolds. 
Rheological testing of NP-HA, PEG-MP, and pHA-MP scaffolds show non-significant 
differences in storage moduli of NP-HA and pHA-MP scaffolds. PEG-MP scaffolds had 
significantly greater moduli than either NP-HA or pHA-MP scaffolds. Error bars represent 
standard deviation (p<0.05, n=5, Kruskal Wallis test).  
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To characterize the macroporosity of each scaffold type, we used hydraulic conductivity 

measurements based on fluid flow rates and confocal microscopy to assess diffusion of 

high molecular weight fluorescent dextran. The void fraction of PEG-MP, pHA-MP and 

mHA-MP scaffolds all suggest a macroporous structure with roughly 40% of the scaffolds 

being void space. As predicted, mHA-MP scaffolds have the highest void volume at near 

50%, likely due to a relatively low packing density. Hydraulic conductivity measurements 

show greater distinction between the scaffolds with the greatest conductivity for HA-MP 

scaffolds and the least for NP-HA scaffolds (Fig. 3.7). The hydraulic conductivity after 

degradation of particles within PEG-MP scaffolds increased, but this effect was not 

significant. 

Degradable particle scaffolds (PEG-MP and FMP) are generated from sacrificial 

porogens which must be densely packed within a nanoporous scaffold. If particles are 

densely packed, the voids left behind by degraded particles will be interconnected and 

allow cell infiltration throughout the entire scaffold, however, the greater volume of 

solution necessary for the nanoporous precursor or gene vectors, the less packed the 

particles will be. Low packing will reduce the likelihood that particles are in direct contact 

and create paths with “dead ends.” It is likely that this effect was more evident in 

measurements of hydraulic conductivity, where fluid must travel from one face of the 

scaffold to the other.  
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Figure 3.7. Characterization of microporous networks in PEG-MP and HA-MP 

scaffolds. Confocal reconstructions of scaffolds after incubation with high molecular 

weight (Mw = 500 kDa) FITC-dextran indicates interconnectivity of a macroscale void 

space through PEG-MP and HA-MP, but not NP-HA, scaffolds (A-E). In all cases, FITC-

dextran is represented in green. NP-HA scaffolds and microparticles in PEG-MP scaffolds 

were tagged by Texas red-maleimide. Red denotes the absence of FITC-dextran. 

Reconstructions show no void space in NP-HA scaffolds (A), an inability for FITC-dextran 

to diffuse into the edge of PEG-MP scaffolds before particle degradation (B), inconsistent 

infiltration in PEG-MP scaffolds over 200 µm from the scaffold surface (C), and consistent 

infiltration through the void space in pHA-MP (D) and mHA-MP (E) scaffolds. 

Quantification shows roughly 35-40% void fraction in both PEG-MP and HA-MP scaffolds 

over a 200 µm depth from scaffold surfaces (F). Hydraulic conductivity based on the rate 

at which buffer travels through the scaffolds shows the greatest open interconnectivity of 



39 
 

macropores in HA-MP scaffolds and the least in NP-HA scaffolds (G). Error bars represent 

standard deviation (*p<0.05, Kruskal Wallis test with Dunn's post-hoc tests, n=4 samples 

per scaffold type). Scale bars = 200 µm. 
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Characterization of transgene expression 

in vivo imaging of transgene expression 

NP-HA, FMP, PEG-MP, and pHA-MP scaffolds were each injected into the soft 

tissue of mouse mammary fat pads where they subsequently crosslink in situ to form 

scaffolds that tightly interfaced with host tissues. To deliver luciferase over-expressing 

lentiviral vectors from scaffolds, they must be added to precursor solutions immediately 

prior to injection, as third generation lentiviral particles degrade quickly in vivo, with a half-

life reported to be as low as 12 hours at 37° C,169,170 Dilution with lentiviral solution 

necessitates that scaffold precursors be prepared at higher densities than are desired for 

injection. Thus, the viscosity and solubility limits of these precursor solutions restrict the 

maximum dose of lentivirus that can be loaded. Furthermore, dilution likely affects the 

final architecture of macropores in FMP and PEG-MP scaffolds, as high densities of 

degradable microparticles suspended in hydrogel precursor solution prior to injection are 

required to create an interconnected network through which cells can migrate after in situ 

crosslinking.  

Firefly luciferase (FLuc) was used as a model transgene, enabling tracking of its 

expression in vivo over time via bioluminescence imaging. An increase in 

bioluminescence after luciferin injection is related to increased transgene expression. 

This measurement was performed using an in vivo Imaging System (IVIS Lumina II, 

PerkinElmer) at the UCLA Crump Institute - Preclinical Imaging Technology Center. 

In all scaffolds, FLuc expression was highly localized to the site of injection. pHA-

MP scaffolds most efficiently promoted transgene expression and were the only scaffolds 

in which FLuc expression increased from day 4 to day 8 after implantation. A higher 
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proliferation rate of transduced cells within pHA-MP scaffolds is a possible explanation 

for this finding. Given the greater extent of cell infiltration into pHA-MP scaffolds as seen 

in histological analysis, it is more likely that higher numbers of cells were initially 

transduced and that proliferation of these cells simply amplified differences in transgene 

expression over time.  

FMP and PEG-MP scaffolds showed little difference in FLuc expression compared 

to NP-HA scaffold with no significant differences between the conditions (Fig. 3.8E, Table 

3.1) Microparticles within PEG-MP scaffolds degraded within 24 hours when exposed to 

physiological concentrations of a proteolytic enzyme175 in vitro (Table 3.2). Additionally, 

cells cultured within hydrogels with identical chemistry (vinyl sulfone-terminated PEG 

crosslinked with the same fast-degrading, plasmin-susceptible peptide) have been 

reported to degrade within 24 hrs.171 Given these findings, we expect that PEG 

microparticles within PEG-MP scaffolds would have degraded during this timeframe in 

vivo. Thus, it is more likely that microparticle density was not high enough to achieve a 

truly interconnected macroporous network after degradation, which would prevent 

infiltration of cells throughout the scaffolds, resulting in relatively low transduction 

efficiencies.38 Similarly, NP-HA scaffolds limit transduction of host cells because they 

cannot infiltrate scaffolds and contact lentivirus without first degrading the crosslinked HA 

matrix, which typically takes weeks in vivo.7 While fibrin scaffolds degrade rapidly in 

response to enzyme in vitro, fibrin microparticles degrade much more slowly despite the 

greater surface area to volume ratio. Therefore, it is clear that the fabrication process of 

these particles does not retain their properties. The minor increase in transgene 

expression in FMP scaffold (p = 0.11) may be attributed to differences in viral stability or 
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greater inflammatory cell recruitment to the scaffold site. Since FMPs were not capable 

of degrading in vivo, FMP scaffolds were not explored beyond preliminary experiments 

characterizing transgene expression, some characterization of immune response, and 

cell infiltration. 
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Figure 3.8. Transgene expression increased when lentivirus was delivered from 
macroporous scaffolds. Expression of a bioluminescent transgene, firefly luciferase 
(FLuc), in pHA-MP and PEG-MP scaffolds was 3.6-fold and 1.3-fold greater (on average), 
respectively, than in NP-HA scaffolds at day 8 (A). Scaffolds were initially loaded with 
2.0*108 active lentiviral particles per NP-HA or pHA-MP scaffold, and 1.2*108 per PEG-
MP scaffold (A) with raw images of bioluminescence showing clear differences (B). 
Increasing the initial viral load by ~6.5 fold resulted in a proportionally increase in 
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transgene expression around HA-MP scaffolds, but NP-HA and PEG-MP scaffolds were 
not significantly affected. Mean average radiance from pHA-MP scaffolds was as much 
as 16-fold greater than that of NP-HA or PEG-MP scaffolds by day 8 (C), and raw images 
clearly show these differences (D). Additional analysis was performed including FMP 
scaffolds which showed no significant differences between NP-HA, FMP, or PEG-MP 
scaffolds (E). (* = p<0.05, nonparametric bootstrapping with 10,000 iterations, n=7-9, 
mean of the data set is denoted by a horizontal line).  
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Table 3.1. Mean radiance (p/s/cm
2
/sr) from bioluminescence and 95% confidence 

intervals were calculated using a nonparametric bootstrapping approach with 
10,000 iterations. Experiments were performed at 1X (A) and 6.5X (B) viral load where 

X = 2.0 x 10
8
 viral particles per scaffold for NP-HA and pHA-MP scaffolds and X = 1.2 x 

10
8
 viral particles per scaffold for PEG-MP scaffolds. 

 

 

 

 

Table 3.2. Degradation rate of PEG-MP scaffolds at varying concentration of TrypLE 
enzyme. Microparticles encapsulated within PEG-MP scaffolds degraded within 24 hrs 
at physiologically relevant concentrations (50 - 150 ng/mL)175. (n=3). 
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Immunostaining of transgene-expressing cells 

Because pHA-MP scaffolds demonstrated a clear improvement in transgene 

delivery, further experiments were conducted delivering td-tomato-encoding lentivirus 

within pHA-MP scaffolds to characterize the location, density and identity of transgene-

expressing cells. Cryosections were co-immunostained for the td-tomato transgene and 

either F4/80+ macrophages, ERTR7+ fibroblasts or CD31+ endothelial cells (Fig. 3.9). 

Transgene-expressing cells were primarily isolated to within scaffolds, and approximately 

75%, 20%, and 5% of areas immunostaining positive for the td-tomato transgene 

overlapped with areas immunostaining positive for F4/80, ERTR7 and CD31, 

respectively. As macrophages and fibroblasts are more likely to be highly migratory and 

proliferative, it is unsurprising that F4/80+ macrophages, and to a lesser extend ERTR7+ 

fibroblasts, represent a large proportion of transgene-expressing cells within the 

scaffolds. 
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Figure 3.9.  Cells expressing the td-tomato transgene are located within pHA-MP 
scaffolds. Td-tomato expression overlapped with F4/80+, ERTR7+, and CD31+ positive 
areas, in order of with decreasing abundance. Arrows indicate F4/80+ macrophages, 
ERTR7+ fibroblasts, or CD31+ endothelial cells which express td-tomato. Scaffolds were 
initially loaded with 3.5x108 active lentiviral particles. Scaffolds are indicated on the left-
hand side of the dashed lines. (n=3, Scale bars = 200 µm) 
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Evaluation of tissue integration 

Immunohistochemistry and immunofluorescence were performed to evaluate 

integration of scaffolds with host tissue, including the identities and numbers of infiltrating 

and/or transduced cells. Both H&E (Fig. 3.12A) and nuclear (Fig. 3.12B) staining 

illustrated obvious differences in cell infiltration among scaffolds. Cells appeared to be 

restricted to the borders of NP-HA, and to a lesser extent of FMP and PEG-MP, scaffolds. 

However, cells infiltrated throughout pHA-MP scaffolds, indicating formation of a more 

seamless interface with host tissue. Notably, there was only significant signs of 

inflammation around FMP scaffolds where intact fibrin particles are visible after 9 days 

and high densities of elongated cells are visible surrounding the scaffold. 

Quantification of cell density (i.e., nuclei) at the center of scaffolds explanted 9 

days after injection confirmed that significantly more cells were present in the center of 

pHA-MP, compared to other scaffolds (p<0.05). However, there were no significant 

differences in cell density at scaffold centers between FMP, PEG-MP, and NP, scaffolds 

(Fig. 3.10,3.12C). When comparing the distribution of infiltrating cells across the distance 

from the scaffold-tissue border to the scaffold center, significantly more cell nuclei were 

present starting 150 µm from the border towards the center of pHA-MP scaffolds than in 

PEG-MP and NP-HA scaffolds (Fig. 3.11,3.12D). No statistically significant differences 

were found in cell infiltration into scaffolds between the two viral loading conditions 

evaluated, so results shown are averages of tissue from both experiments (Fig. 3.13). 

In general, the extent of host cell infiltration into scaffolds reflected the efficiency 

of transgene expression. pHA-MP scaffolds, which yielded the greatest transgene 

expression (as high as 16-fold increase in mean bioluminescence average radiance over 
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that in NP-HA scaffolds), also had the greatest cell densities within scaffold centers 

(around 8.1-fold more cells than in NP-HA scaffolds). Cell densities at the center of FMP 

and PEG-MP scaffolds were slightly greater than NP-HA scaffolds (by approximately 3 to 

4-fold), although this effect was not statistically significant in either case. Cell density was 

analyzed using an automated program that occasionally identified clusters of individual 

cells as single cells, especially in areas of high cell density, so that total numbers of cells 

were likely underestimated. Therefore, the actual cell density in pHA-MP scaffolds was 

likely even greater than our quantification indicated. Unlike NP-HA, FMP, and PEG-MP 

scaffolds, cell migration through pHA-MP scaffolds does not depend on degradation of 

any hydrogel network. Overall, these results indicate that the immediate presence of an 

interconnected, macroporous network after injection can increase the number of cells that 

are able to infiltrate scaffolds prior to lentiviral vector degradation and thus dramatically 

increase levels of transgene expression.    

Despite no clear differences in cell infiltration when more lentiviral particles were 

loaded into scaffolds, pHA-MP scaffolds still showed a significant increase in transgene 

expression. This indicates that either more infiltrating cells were able to be transduced or 

that similar numbers of cells were transduced, but by multiple lentiviral vectors. While 

cells transduced with more copies of a transgene will generally have higher expression 

levels, there is also a higher chance that transgene insertion will occur at points in the 

genome that disrupt cell function or activate oncogenes. Furthermore, increasing the 

concentration of lentivirus delivered did not have any observable effects on fibrotic or 

immune cell responses (Fig. 3.13).  
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Figure 3.10. Nuclei density measurements were performed at the radial center of 

scaffolds, and analysis were performed based on nuclei stained area on three 

separate regions per image and three images per condition. Immunostained tissue 

sections were imaged for nuclei (A/B), and cell density was calculated using CellProfiler 

object analysis to obtain cell counts within the section (C/D). Green denotes an identified 

object whereas purple denotes a rejected object which did not meet size selection criteria. 

Scale bars = 500 µm (A,C) or 100 µm (B,D).  
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Figure 3.11. Nuclei density measurements were calculated at 100 µm steps from 

the scaffold boundary. Immunostained tissue sections were imaged for nuclei (A), 

thresholded, and nuclei area per scaffold area were quantified (B). Scaffolds are indicated 

within the dashed lines. Scale bars = 200 µm.  
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Figure 3.12. Host cell infiltration into NP-HA, FMP, PEG-MP and pHA-MP scaffolds 
explanted after 9 days. H & E staining (A) and Hoechst nuclear counterstain (B) near 
the host-scaffold interface. Densities of cell nuclei were significantly greater at the center 
of pHA-MP than in NP-HA, FMP, or PEG-MP scaffolds (C) (p<0.05, n=7, Kruskal Wallis 
test). Quantification of densities of cell nuclei across scaffolds from the gel-tissue interface 
to the center demonstrated greater penetration depth into pHA-MP over other scaffolds 
(D) (*p<0.05, n=7-9, two-way ANOVA, Tukey’s post-hoc tests). White dashed lines 
indicate the interfaces between scaffolds and host tissues. Scaffolds are indicated on the 
left-hand side of the dashed lines. Scaffolds were initially loaded with 1.3*109 active 
lentiviral particles per NP-HA or pHA-MP scaffold, and 9.8*108 per PEG-MP or FMP 
scaffold. Scale bars = 200 µm. 
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Figure 3.13. Differences in viral load did not affect cell infiltration or types of 
infiltrating cells within scaffolds. Quantification of cell density within all scaffolds 
showed no significant difference depending on viral load (A). Similarly, immunostaining 
did not exhibit any notable differences in F4/80+ macrophage presence (B). Scaffolds are 
indicated on the left-hand side of the dashed lines. (n = 3-4, Unpaired t test with Welch's 
correction). Scale bars = 200 µm. 
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Characterization of infiltrating cell types 

Next, we characterized the types of cells within scaffolds using 

immunofluorescence staining for F4/80, ERTR7, and CD31 to identify macrophages, 

fibroblasts, and endothelial cells, respectively (Fig. 3.14). Quantitative analysis was not 

performed on FMP scaffolds, where significant inflammation and signs of fibrous scar 

deposition, paired with poor cell infiltration and transgene expression, reduced confidence 

in the strategy as an effective therapy (Fig. 3.12, 3.15).  

Differences among integrated intensity of cell-specific immunofluorescent markers 

throughout scaffolds depended on cell type, with more significant differences among 

ERTR7+ and CD31+ cells. There were no significant differences in the densities of F4/80+ 

microphone staining among the scaffold types (Fig. 3.14A,B). Integrated intensity for 

ERTR7+ immunofluorescence was significantly greater (approximately 6-fold, p<0.05) in 

pHA-MP compared to NP-HA scaffolds (Fig. 3.14C,D). Integrated intensity of CD31 

immunofluorescence was also only significantly more in pHA-MP compared to NP-HA 

scaffolds. (Fig. 3.14E,F). Furthermore, indications of vasculogenesis, i.e. elongated, 

partially connected, tube-like CD31+ cells, were only clear within pHA-MP scaffolds (Fig. 

3.14E,F). Intensity of ERTR7 and CD31 immunofluorescence was not significantly 

different between PEG-MP and NP-HA scaffolds. Host cells positive for the different cell 

markers were observed within the tissue adjacent to scaffolds as well; however, there 

were no obvious differences among scaffold types and no indications of overt fibrotic or 

inflammatory responses. CD31+ cells outside of scaffolds were confined to blood vessels. 

Explanted sections were immunostained to identify macrophages (F4/80+), 

fibroblasts (ERTR7+), and endothelial cells (CD31+) that had infiltrated scaffolds. All 
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scaffolds were abundant in F4/80+ macrophages, which would be expected near foreign 

objects, such as biomaterial implants. However, analysis of integrated intensity of 

immunofluorescence per area showed substantially more ERTR7 and CD31 staining in 

pHA-MP than NP-HA scaffolds. While average integrated intensities for ERTR7 and 

CD31 in PEG-MP scaffolds generally fell between those for NP-HA and pHA-MP 

scaffolds, there were no statistically significant differences. The macroscale pores in HA-

MP and PEG-MP scaffolds may allow for greater infiltration of non-immune cells, such as 

fibroblasts and endothelial cells. CD31 immunostaining indicated signs of angiogenesis, 

with vessel-like structures present that appeared similar to those in prior reports where 

scaffolds were either seeded with endothelial cells in vitro or engineered to induce 

angiogenesis in vivo.28,176–178 Numerous studies have emphasized the importance of 

scaffold vascularization for wound healing and tissue engineering applications to facilitate 

oxygen, nutrient, and waste transport to cells present throughout scaffolds.179 

Furthermore, scaffolds supporting early vasculogenesis have increased potential to 

improve wound healing.7,36,180 While CD31 is a fairly specific marker for endothelial cells 

and staining was mostly confined to blood vessel-like structures and F4/80 has been 

found to distinguish macrophages from adipocytes and fibroblasts in mice.181,182 While 

ERTR7 have been reported to be expressed in fat-storing cells in the mouse thymus,183 

other studies reported that ERTR7 sufficiently distinguished fibroblasts from adipocytes 

in mouse dermal184 and immune185 (e.g., spleen and bone marrow) tissues. In the current 

study, many of the ERTR7+ cells outside of scaffolds did appear to exhibit more 

adipocyte-like, rather than fibroblast-like, morphologies as evidenced by their presence 

around circular fat deposits. However, we suspect that ERTR7+ cells within scaffolds 
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were fibroblasts, and not adipocytes, given their morphology (Fig. 3.15C) and that 

adipocytes are not generally migratory. 

Given the short half-life of lentiviral particles,166 it is more likely that highly migrating 

cells, including macrophages and fibroblasts would be transduced. In contrast, cells 

entering scaffolds after lentiviral activity has degraded would not take up vectors or 

express transgene. In pHA-MP scaffolds, co-immunostaining for the delivered td-tomato 

transgene and cell-type specific markers indicated that transgene expressing cells were 

either macrophages (F4/80+), fibroblasts (ERTR7+), or endothelial cells (CD31+). The 

majority of td-tomato-expressing cells appeared to F4/80+ macrophages, with some 

fibroblasts and only a few endothelial cells, indicating that macrophages infiltrate scaffolds 

in large numbers very quickly after injection. In line with bioluminescence imaging, 

transgene expression was largely confined to cells within the scaffolds, demonstrating the 

utility of such injectable, macroporous scaffolds for applications where highly localized 

transgene delivery is required; for example, to avoid negative side effects possibly 

associated with systemic delivery. In line with previous reports in vitro, this result indicates 

that addition of poly-L-lysine into scaffolds was sufficient to retain active lentivirus and 

confine transduction to scaffolds in vivo.186  
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Figure 3.14. Macrophages, fibroblasts and endothelial cells are found to infiltrate 
scaffolds. F4/80+ cells were present throughout NP-HA, PEG-MP, and pHA-MP 
scaffolds (A). A slight increase was observed in F4/80+ intensity/area of HA-MP and PEG-
MP scaffolds, but this was not statistically significant (B). ERTR7+ cells were also present 
within all scaffolds (C) with significantly less intensity/area in NP-HA than in HA-MP 
scaffolds (D). PEG-MP had visually greater immunostaining and intensity/area than NP-
HA scaffolds but were not significantly different than NP-HA or pHA-MP scaffolds. CD31+ 
cells were most notably present in pHA-MP scaffolds with some presence in PEG-MP 
scaffolds (E). Significantly greater intensity/area was observed in pHA-MP compared to 
NP-HA, but not PEG-MP, scaffolds (p<0.05, Kruskal Wallis test with Dunn's post-hoc 
tests, n=4-5 mice) (F). Scaffolds were initially loaded with 1.3*109 active lentiviral particles 
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per NP-HA or pHA-MP scaffold, and 9.8*108 per PEG-MP scaffold. Scaffolds are indicated 
on the left-hand side of the dashed lines. Arrows indicate F4/80, ERTR7, or CD31 positive 
cells within scaffolds. Scale bars = 200 µm. 
 
 
 

 

 

 

Figure 3.15. Macrophages and fibroblasts are visible in high densities 

surrounding FMP scaffolds. Significant populations of F4/80+ macrophages and 

ERTR7+ fibroblasts are observing surrounding FMP scaffolds. Scaffolds are shown to 

the left of the dashed line. Scale bars = 200 µm.   
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Methods 

 

Thiolation of hyaluronic acid 

The first step of hydrogel fabrication involves functionalization of carboxylate 

groups of HA polymer chain with thiol groups. To thiolate the carboxylate groups, sodium 

hyaluronate (HA, 700 kDa, LifeCore Biomedical, Chaska MN USA) was dissolved to 10 

mg/mL in distilled, deionized water (diH2O) until fully dissolved in around 2 hrs. Here, the 

molar ratios are reported with respect to HA carboxyl groups. 1-ethyl-3-[3-

dimethylaminopropyl] carbodiimide (EDC) was dissolved in diH2O and immediately added 

to HA solution at the appropriate molar ratio (0.25 EDC:HA). N-hydroxysuccinimide (NHS) 

was then added to the HA solution (0.13 NHS:HA) in the similar way. Reaction solution 

was stirred at room temperature for 45 minutes while the pH was maintained at 5.5. 

Cystamine dihydrochloride (Sigma-Aldrich, St. Louis, MO USA) was added (0.25 

cystamine:HA), and the pH was adjusted to 6.25, and the reaction continued at room 

temperature overnight. The next day, dithiothreitol (DTT, Sigma-Aldrich) at pH 8.5 in 

diH2O was added in excess (4x greater than amount of cystamine) and the solution stirred 

for at least 1 hour to cleave cystamine disulfides and yield thiolated HA. The reaction was 

quenched by change the pH of the reaction mixture to 4. The product was dialyzed against 

diH2O (adjusted to pH 4 with 1M NaCl) for 3 days (MWCO 14 kDa). Purified HA-thiol was 

filtered through a 0.22 µm vacuum driven filter, lyophilized, and stored at -20°C in 

desiccated chamber. HA thiolation was confirmed using H+-NMR spectroscopy and an 

Ellman’s assay for free thiols as described previously.187 
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Formation of nanoporous scaffolds 

HA-SH and 4-arm vinyl-sulfone terminated PEG (PEG-VS) (20kDa, Laysan Bio) 

were crosslinked via Michael-type addition between thiol and vinyl sulfone functional 

groups.188 HA-SH and PEG-VS were dissolved separately in PBS at pH 7.4. Cysteine-

terminated RGD peptide (GCGYGRGDSPG, GenScript Biotech) was conjugated PEG-

VS by reaction at room temperature for 1 hour prior to gel formation to provide sites for 

cell adhesion.189 For swelling and mechanical characterization studies, L-cysteine (Sigma 

Aldrich) was used in place of the RGD peptide prior to hydrogel formation. The pH of HA-

SH was adjusted to 7.0 using 1M NaOH after dissolution. For in vitro studies, HA-SH and 

RGD- or L-cysteine-modified PEG-VS solutions were mixed and pipetted into circular 

wells of a silicon isolator (8mm diameter, 1 mm depth, Grace BioLabs)190 with final 

concentrations of 10 mg/mL of HA-SH, 150µM of peptide, and 5.93mg/mL of PEG-VS. 

Scaffolds were incubated at 37°C for 2 hours to ensure crosslinking had completed.188 

 

Fabrication of microparticles 

For polydisperse HA-MP (pHA-MP) microparticles, HA-SH was crosslinked using 

4-arm, maleimide-terminated PEG (PEG-mal) (20kDa, Laysan Bio). Crosslinking via 

Michael-type addition of maleimide and thiol groups occurs rapidly near neutral pH, 

allowing microparticles to quickly crosslink and stabilize within oil emulsions.191 HA-SH 

and PEG-mal were dissolved separately in PBS adjusted to pH 6.5 using 1M NaOH. 

Hydrogel precursor solution consisted of PEG-mal mixed with 20 mg/mL HA-SH to yield 

a mixture with 1.2:1 ratio of thiol:maleimide. For degradable PEG microparticles, PEG-

mal (30 mg/mL) and a fast-degrading, plasmin-degradable peptide crosslinker (3.24 
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mg/mL, Ac-GCYK↓NRGCYK↓NRCG, GenScript)171 were dissolved in PBS at pH 6.5. For 

both types of microparticles, 100 μL of precursor solution was vortexed in 900 μL mineral 

oil with 1% span 80 surfactant for 20 seconds before addition of 100 μL mineral oil 

containing 0.1% triethylamine (Sigma Aldrich), an oil soluble base which raised the 

precursor pH and initiated rapid crosslinking. The emulsion was vortexed for an additional 

20 seconds and stirred at room temperature overnight in the dark to ensure crosslinking 

was complete. Alternately, a microfluidic step-emulsification device was used to produce 

monodisperse HA-MP (mHA-MP) particles from HA-SH and PEG-VS precursors, and 

TEA was similarly used to crosslink the particles after exiting the microfluidic 

emulsification device.156 

Degradable fibrin microparticles were fabricated from fibrinogen and thrombin. 

Fibrinogen (Sigma-Aldrich) was thawed and dissolved at 8mg/mL in tris-buffered saline 

(TBS) with 0.1% span 80 (Fisher Scientific) at 37°C for roughly 20 minutes while mixing. 

Thrombin (Sigma-Aldrich) was prepared to 55 U/mL in TBS and added to fibrinogen at a 

final concentration of 5 U/mL. Micro-particles were obtained by adding the mixed solution 

to a continuously stirred bath of silicone oil heated to 60-70°C.192,193 Particles were 

collected after stirring for 1-2 hours.  

In all cases, microparticles were centrifuged, washed in mineral oil 5 times and 

hexane 5 times before resuspending in 70% ethanol. Microparticles were then sieved 

twice against 70-micron cell strainers and stored at 4°C in 70% ethanol. Microparticles 

were rinsed three times in sterile PBS immediately before use. Microparticle diameters 

were measured using ImageJ (NIH) to determine size distributions.  
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Formation of degradable particle scaffolds 

PEG-MP and FMP scaffolds were prepared by mixing a 1:3 volumetric ratio of NP-

HA precursor solution to PEG or fibrin microparticles. Scaffolds were formed by 

incubation at 37°C for 2 hours to allow time for the NP-HA hydrogel to crosslink around 

the microparticles. After encapsulation with NP-HA hydrogels, degradability of FITC-

tagged microparticles was confirmed by submerging PEG-MP scaffolds in trypsin or 

TrypLE enzyme and observing degradation of particles by confocal fluorescence 

microscopy.  

 

Formation of crosslinked microparticle scaffolds 

HA-MP scaffolds were formed by first vortexing the purified microparticles before 

rinsing in PBS and removing supernatant. HA microparticles were injected directly into 8-

mm silicon isolators and incubated for 2 hours at 37°C. Crosslinking was confirmed in 

vitro by rinsing with PBS with or without 1 mg/mL disulfide-reducing dithiothreitol (DTT, 

Sigma Aldrich). HA-MP scaffolds were considered formed if they disassembled only in 

the presence of DTT. 

 

Confocal microscopy to evaluate scaffold macrostructure 

Scaffolds were imaged using an SP5 confocal microscope (Leica Microsystems) 

after being tagged using Texas red maleimide (Life Technologies) for NP-HA and HA-MP 

scaffolds or fluorescein-5-maleimide for PEG microparticles. Texas red or fluorescein 



63 
 

maleimide was reacted with HA-SH or thiol-containing peptide crosslinker at 0.1mg/mL. 

3D reconstructions were created using the volume viewer plugin for ImageJ (NIH). To 

assess pore interconnectivity, scaffolds were formed without fluorescent labels and were 

incubated in a 1 mg/mL solution of high molecular weight (500 kDa) fluorescein 

isothiocyanate (FITC)-dextran (TdB Consultancy AB). FITC-dextran was incubated with 

Texas-red tagged NP-HA scaffolds to confirm the inability to diffuse into nanoporous 

scaffolds. Void space was calculated by determining the threshold of images using an 

Otsu algorithm and calculating the percent area covered by FITC-dextran throughout the 

scaffold volume.  

 

Hydraulic conductivity of scaffolds 

Scaffolds with macroporous architecture are more permeable to fluid flow and have 

greater hydraulic conductivity. A 3D-printed cylindrical device was used to fix scaffolds 

between a 2-micron filter on the bottom and a 500 µL chamber of PBS on top (Fig. 3.16). 

The rate of flow of PBS through the scaffold was measured over at least 3 hours and 

used to calculate hydraulic conductivity by the falling-head method wherein buffer is not 

replenished and pressure through the system begins at the same point but falls over 

time194. Hydraulic conductivity (K) is derived from Darcy’s Law as L/Δt * ln(hf/hi), where L 

is the scaffold thickness, hf is the final buffer height, and hi is the initial buffer height. 
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Figure 3.16. Schematics of FITC-dextran incubation and confocal reconstruction of 
scaffolds (A) and hydraulic conductivity (B) experiments. Scaffolds were incubated 
in PBS containing high molecular weight FITC-dextran before imaging by confocal 
microscopy. Confocal stacks were taken near the surface of the scaffolds and imaged to 
a depth of 200 µm (A). Hydraulic conductivity was measured by forming scaffolds on top 
of a permeable 2 µm filter membrane within a custom 3D printed cylindrical device. PBS 
was placed on top of the scaffolds and the change in height of PBS was measured before 
and after at least 3 hours of incubation (B). 
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Mechanical characterization 

Linear compressive modulus of hydrogels was tested at room temperature using 

an Instron 5564 material testing device attached to a 2.5 N load cell (Instron). Each 

hydrogel sample was compressed at a constant strain rate of 1 mm/min to at least 40% 

strain. BlueHill 2 software version 2.2.348 was used to acquire the data. Compressive 

testing was performed in at least quintuplicate per treatment group. Data were analyzed 

with Matlab software version R2015a 8.5.0.197613 (Mathworks) to calculate Young's 

modulus from the linear portion of the slope of each stress-strain curve using the formula: 

E(Pa) = σ/ε 

where stress σ = force/surface area, and strain ε = ΔL/Lo (probe displacement of the 

hydrogel/the original height of the hydrogel). 

Rheological characterization was done using an AR2000 rheometer (TA 

Instruments) with crosshatched plate and 8 mm geometry to prevent slipping and a 

solvent trap to minimize evaporation. The testing stage was maintained at 37°C. 

Oscillatory stress sweeps at 1 Hz and 1% strain and frequency sweeps at 1% strain were 

performed on scaffolds swollen in PBS, pH 7.4. 

 

Swelling of scaffolds 

NP-HA scaffolds were made with varying polymer weight % and swollen in PBS. 

Scaffold mass was measured after 24 hours. As expected, as polymer weight increased, 

swelling increased up to 2x.   
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Diffusion through scaffolds 

Hydrogels were incubated with solution of 1 mg/ml dextran-fluorescein 

isothiocyanate (FITC) (20 kDa, 70kDa, and 150kDa) in phosphate-buffered saline at pH 

7.4 for 3 days at 37 °C. After this period hydrogels were placed in PBS and 100 µl of the 

sample solutions was collected every 30 min for the duration of 4 hours. A final sample 

was collected at 24th hr. Fluorescence intensity (excitation at 490nm and emission at 525 

nm) of each sample was read using plate reader (Biorad Synergy II) and then correlated 

to fluorescein concentration using a standard curve constructed by using known 

fluorescein concentrations.  

 
Mt

Minf
= 2 [

Det

πx2
]

1/2

 

Effective diffusion coefficients (De) were calculated using Fick`s diffusion law, 

Where Mt is the mass of solute at time t, Minf is mass of the solute in solution, De is the 

diffusion coefficient, t is time and x is the depth of the hydrogel as previously described.195 

 

Virus design and formation 

Firefly luciferase (FLuc)-encoding lentivirus (FLuc-LV) and td-tomato-encoding 

lentivirus, each with a constitutively active CMV promoter, were generated using a third 

generation packaging system, as previously described.196 Plasmids were generously 

provided by Prof. Lonnie Shea at the University of Michigan. Briefly, 80% confluent human 

embryonic kidney cells (Lenti-X 293T, Takara Bio) were transfected with third generation 

packaging plasmids (pRSV-Rev and pMDLg/pRRE were gifts from Didier Trono 

(Addgene plasmids # 12253; #12251), a plasmid encoding the lentiviral capsule (pCMV-
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VSV-G was a gift from Bob Weinberg, Addgene plasmid # 8454). and FLuc or td-tomato 

plasmids using jetPRIME transfection reagent (Polyplus-transfection). Lentiviral particles 

were recovered from media after 2 days of culture using PEG-it virus precipitation solution 

(SBI System Biosciences) and stored at -80°C. Lentiviral titers were calculated using the 

Lenti-X qRT-PCR titration kit (Takara Bio). 

 

In vivo delivery of gene-loaded biomaterial scaffolds 

All in vivo studies were conducted in compliance with the NIH Guide for Care and 

Use of Laboratory Animals and with approval from the UCLA Institutional Animal Care 

and Use Committee. Studies were performed on 8-10 weeks old healthy female C57BL 

mice (Charles River) with ad libitum access to food and water. Female mice were 

anesthetized using vaporized isoflurane and mouse mammary fat pads were exposed. 

15 μL of PEG-MP or pHA-MP scaffold precursor was injected into the left or right fat pad, 

with the opposite side acting as an NP-HA internal control. Lentivirus was mixed with 

scaffold precursor (108 - 109 particles/scaffold) immediately prior to injection. In all cases, 

100µg/mL of poly-L-lysine (30-70kDa, Sigma Aldrich) was added to precursor solutions 

to promote viral stability and cell adhesion. The incision was sealed using wound clips 

(9mm, BD Biosciences). When delivering FLuc-LV, in vivo luciferase imaging was 

performed at 4- and 8-days post-injection. Mice (n=4-6) were euthanized 9 days post-

injection. 

Scaffolds were extracted, fixed, and cryosectioned for histology and 

immunohistochemistry. Additional mice were injected with HA-MP scaffolds containing td-

tomato-expressing lentivirus (n=2, 107 - 108 particles/scaffold) to enable identification of 
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transduced cells. Scaffolds were fixed in 4% paraformaldehyde (PFA) overnight at 4°C 

and frozen in optimal cutting temperature (OCT) compound before cryosectioning (18 μm 

thick). Cryosectioning and hematoxylin & eosin (H&E) staining were performed by the 

Translational Pathology Core Laboratory core facility at UCLA. 

 

Immunofluorescence staining and analysis 

Tissue cryosections were post-fixed onto charged glass slides using 4% PFA for 

12 minutes, blocked for 1 hour with 10% normal donkey or goat serum, depending on the 

secondary antibody host, and 5% bovine serum albumin, incubated overnight with 

primary antibodies at 4°C, secondary antibodies for 45 minutes at room temperature, and 

nuclei stain for 3 minutes. Sections were washed with Tris-buffered saline with 0.1% 

Tween-20 (TBST) between steps. Coverslips were mounted onto stained sections using 

Fluoromount G mounting medium (Southern Biotech). Primary antibodies used were rat 

anti-F4/80 (1:200, MCA497R, AbD Serotec) to detect macrophages, rat anti-ERTR7 

(1:200, sc-73355, Santa Cruz Biotechnology) to detect fibroblasts, rat anti-CD31 (1:200, 

BDB553370, BD Biosciences) to detect endothelial cells, and goat anti-td tomato (1:200, 

LS-C340696, LifeSpan BioSciences) to detect transduced cells. Hoechst 33342 (1:2000, 

H3570, Life Technologies) counterstain was used to identify nuclei. Secondary antibodies 

against rat (1:1000, SAB4600133, donkey anti-rat, Sigma-Aldrich) or goat (1:1000, 

SAB4600032, donkey anti-goat, Sigma-Aldrich) were used, as appropriate. Wide-field 

fluorescence images were taken using an Axio-Observer microscope (Carl Zeiss) at 200x 

magnification with numerical aperture of 0.8. Staining and imaging were performed in a 

single batch and using identical exposure levels for direct comparison. Images were 
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analyzed using custom MATLAB software with the Image Processing toolbox and 

CellProfiler software. 197 Cell densities at varying distances from the scaffold border were 

approximated based on area covered by nuclei staining of images using custom MATLAB 

code and applying a threshold algorithm (Fig. 3.11A,B). For each animal, 5 cryosections 

were stained and analyzed, covering at least 90 µm of scaffold thickness. Integrated 

intensity per area within scaffolds was calculated separately for images of F4/80, ERTR7, 

and CD31 stained sections. pHA-MP scaffolds were further assessed for overlapping td-

tomato+ and cell type marker+ (i.e., F4/80, ERTR7, or CD31) areas within the scaffold in 

thresholded, stained images. 

 

Statistical analyses 

Data were analyzed using GraphPad Prism 6 software. Differences in scaffold 

properties, cell counts, and immunostaining of cell types were analyzed using Kruskal-

Wallis test followed by Dunn’s multiple comparisons test. Data are displayed as mean ± 

standard error of the mean with significance considered to be p<0.05 (* p<0.05, ** p<0.01, 

*** p<0.001, **** p<0.0001). Nuclei staining density within scaffolds (nuclei+ area / 

scaffold area) was analyzed via two-way ANOVA, where independent variables were time 

and scaffold type. Differences in luciferase expression was analyzed using a 

nonparametric bootstrapping approach198. Two-sided 95% confidence intervals were 

calculated with 10,000 iterations using MATLAB software loaded with the Statistics and 

Machine Learning Toolbox. Significance denotes no overlap between 95% confidence 

intervals.  
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Concluding remarks 

 Biomaterial scaffolds being studied for SCI treatment are typically either injectable 

and nanoporous or implantable and macroporous. These implantable scaffolds have 

demonstrated the benefits of macroporosity in the spinal cord with greater integration with 

tissue, infiltration of cells and axons, and delivery of genetic vectors. We designed several 

injectable macroporous scaffolds based upon recent strategies that have not been 

previously investigated for SCI treatment and compared their efficiency in facilitating 

transgene expression. These scaffolds, including a sacrificial porogen network and a 

crosslinked microparticle network, have tunable properties and have potential to treat SCI 

by being capable of generating macroporous networks while remaining injectable through 

small-bore needles. Results demonstrated that transduction by lentiviral particles loaded 

into biomaterials was maximized when scaffolds with an open, microporous architecture 

were created through in situ assembly of pre-crosslinked, hydrogel microparticles. This 

strategy eliminated the need for cells to degrade scaffold materials during infiltration and 

supported rapid migration of cells, particularly macrophages, throughout scaffolds, 

maximizing the number of these cells that became transduced prior to a loss of lentiviral 

activity. We expect that this capability will be useful for a number of different applications 

in regenerative medicine where localized delivery of gene therapies to irregularly shaped 

or difficult to access sites is required.  
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Chapter 4 

Evaluation of injectable macroporous scaffolds for spinal cord regeneration 

Background 

Spinal cord injury (SCI) affects up to 80 million people per year worldwide, and the 

consequences to those affected are tremendous, often resulting in mild to severe 

paraplegia, bladder disfunction, sexual disfunction, and/or spasticity.199,200 The current 

annual costs of SCI treatment is estimated at a staggering $40.5 billion in the US, but 

these costs could be mitigated by the development of novel treatments which prevent or 

repair the long-term damage common to SCI.201 The long-term neurological damage 

caused by traumatic SCI is often attributed to secondary factors including an ischemic 

environment, neuronal cell death, axon damage, and demyelination.202–204 The long-term 

healing response is characterized by the formation of a dense glial scar which can inhibit 

regeneration and infiltration of axons202,205. We have developed and characterized a 

therapy for SCI repair using scaffolds which 1) are injectable, 2) utilize biocompatible 

chemistry and materials, 3) mimic the healthy spinal cord microenvironment, 4) promote 

axonal regrowth and myelination, and 5) enhance the delivery of gene therapy. 

The microenvironment after SCI is crucial to regeneration, or lack thereof. After 

SCI, the site of injury becomes infiltrated by fibroblasts and immune cells, including 

macrophages and neutrophils. Activated macrophages, neutrophils, and microglial cells 

within the spinal cord can produce free radicals and other reactive species that can inhibit 

nervous tissue regeneration.202 Reactive, proliferating, astrocytes can contribute to glial 

scar formation, a dense fibrous scar tissue which impedes infiltration of cells and may 

modulate regeneration; however, removal of reactive astrocytes altogether impedes 
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recovery.202,206,207 Oligodendroglial precursors are also part of the glial scar and migrate 

to the injury site, however, there is not significant evidence to show that they differentiate 

into mature, myelinating oligodendrocytes, and their role in supporting or inhibiting 

regeneration is unclear.208–210 A conducive microenvironment that attenuates the 

deposition of dense chondroitin sulfate proteoglycan (CSPG) matrix by astrocytes and 

fibroblasts would promote cells to adopt regenerative phenotypes to further facilitate the 

recovery that is crucial for spinal cord repair. 

Scaffold macrostructure modulates cell activity by improving nutrient and waste 

transport, cell infiltration, angiogenesis, and the integration of the scaffold with healthy 

tissue.211–214 In SCI models, porous macrostructures have only been incorporated into 

implanted scaffolds, where significant improvement in cell and axonal infiltration, gene 

delivery, and functional recovery were observed.119,135 However, such implantable 

scaffolds are limited in clinical translatability because a section of spared spinal cord 

tissue must be removed for scaffold implantation, and the irregular defects of the spinal 

cord are difficult to fill. Therefore, development of injectable macroporous scaffolds may 

achieve these promising benefits with greater clinical translatability. We utilized a 

previously developed strategy in which individual microparticles are crosslinked together 

in situ after injection to produce macroporous scaffolds. These scaffolds can be 

composed of microparticles with wide (polydisperse) or narrow (monodisperse) size 

distributions. Monodisperse microparticle scaffolds contain a greater and more consistent 

void volume relative to polydisperse microparticle scaffolds and have also shown a 

greater capacity for cell proliferation in vitro and survival of cells delivered subcutaneously 

in vivo.157 However, whether this difference in void space translates to improvements in 
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either transgene delivery or recovery after SCI has not been investigated, nor have 

injectable macroporous scaffolds been utilized in SCI repair thus far. Here, we compare 

these macroporous injectable scaffolds to nanoporous HA scaffolds and further 

characterize the effects of delivering lentiviral vectors encoding for neurotrophic factors. 

Specifically, we delivered brain-derived neurotrophic factor (BDNF) or 

neurotrophin 3 (NT3), both factors which modulate axon growth and neuroplasticity.215–

218 Existing research has shown therapeutic potential of direct delivery of NT3 and/or 

BDNF protein219 or the delivery of cells engineered to overexpress BDNF216–218,220 or 

NT3.69,168,220–222 Both systemic and intrathecal delivery of BDNF have resulted in tissue 

regeneration in animal and human trials.216–218 Delivery of growth factors by bolus 

injection, however, requires supraphysiological doses which have caused undesired side-

effects and are expensive.223,224 Continuous infusion of growth factors requires 

attachment to pump devices, and direct cell delivery often results in low cell survival, 

requires long culture times, and necessitates immunosuppression.217 Lentivirus delivery 

to the spinal cord offers sustained BDNF expression without requiring allogenic cell 

delivery.211,220 Importantly, this strategy can be expanded to express multiple genes for 

complex combinatorial therapies, which have recently been shown to significantly 

improve functional recovery relative to the delivery of individual factors.139 

 

Results and Discussion 

 

Evaluation of transgene expression and gene delivery 

in vivo imaging of transgene expression 
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To determine if the effect of scaffold type on viral delivery is sufficient in the context 

of SCI, we delivered firefly luciferase-overexpressing lentivirus (FLuc-LV) within 

nanoporous hyaluronan-based scaffolds (NP-HA), scaffolds composed of crosslinked 

polydisperse microparticles (pHA-MP), and scaffolds composed of crosslinked 

monodisperse microparticles (mHA-MP). Both types of macroporous HA-MP scaffold 

showed significantly greater bioluminescence than NP-HA scaffolds, implying a greater 

amount of expressed FLuc transgene (Fig. 4.1). Even at the relatively low viral doses 

possible given volume constraints (≤ 1 µL) associated with injection into mouse spinal 

cord, this difference was significant (p < 0.05). However, although there is a greater void 

space in mHA-MP scaffolds, relative to pHA-MP scaffolds, this was not associated with 

an increase in bioluminescence from expressed FLuc transgene. Prior research has 

shown that the greater void space in scaffolds formed from monodisperse, compared to 

polydisperse, microparticles can lead to greater cell proliferation and infiltration in vivo. 

However, the lack of a significant difference in our results suggests that either this effect 

was not significant enough to elicit a difference in transgene expression, that cell 

infiltration and proliferation were not yet limited in either scaffold, or that viral dose was a 

more significant limiting factor.  
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Figure 4.1. Delivery of FLuc-encoding lentivirus to the injured spinal cord. pHA-MP 
and mHA-MP scaffolds both exhibited significantly greater bioluminescence than NP-HA 
scaffolds (A) after quantification of raw images (B). There was no significant difference 
between pHA-MP and mHA-MP scaffolds. Bootstrap analysis with 10,000 iterations 
agreed with statistical testing (C). (p<0.05, Kruskal Wallis test, n = 5-6)  
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Transgene expression 8-weeks post injury 

To further examine transgene expression throughout scaffolds, virus encoding the 

reporter gene td-tomato was delivered to the spinal cord from each scaffold type. Td-

tomato transgene expression was primarily localized at the site of injection in all scaffold 

types, but transgene was observed up to 1 mm away from the injection site. Quantification 

was performed on expressed td-tomato protein which remained fluorescent within fixed 

cryosections. To confirm that native fluorescence of td-tomato was sufficient, we 

compared the area covered by transgene-induced and immunostained fluorescence 

signals (Fig 4.2A,B,C). Immunostained td-tomato did not show significant differences in 

area coverage, with 10±5% difference between the areas (Fig 4.2D). Because 

immunostaining of td-tomato transgene would require the use of an additional fluorescent 

channel which could be used for staining of other relevant markers without substantially 

changing the region identified as transgene positive, native td-tomato fluorescence was 

used for further analysis.  

 

Figure 4.2. Staining of td-tomato transgene was not significantly different from 
native td-tomato signal post-fixation. Td-tomato transgene could be visualized within 
the spinal cord injury (A) and either by imaging of native signal (B) or immunostaining of 
td-tomato protein (C). There was not a significant difference between stained and native 
td-tomato transgene areas after thresholding (D). (p<0.05, Wilcoxon’s test, n=3, Scale 
bar = 200 µm) 
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Fluorescent td-tomato transgene was clearly observed in nuclei-stained injured 

spinal cords treated with any of the three scaffold types (Fig. 4.3A,B,C). Normalized 

transgene expression was not significantly different between scaffolds, indicating that the 

transgene was primarily localized to the scaffold area in all cases (Fig. 4.3D). Prior 

research has shown that the use of scaffolds to deliver gene therapy can improve 

localization of expression.170,186,225,226 Our research suggests that macroporosity of the 

scaffold does not substantially alter this ability to localize expression of the transgene.  

Fluorescence intensity was also quantified to identify any differences in absolute 

transgene expression. Consistent with measurements of bioluminescence, transgene 

fluorescent intensity was greater in mice treated with mHA-MP scaffolds, especially within 

300 microns of scaffold centers (Fig. 4.3E). Interestingly, this increase was not observed 

in the case of pHA-MP scaffolds even though bioluminescence data suggested that both 

mHA-MP and pHA-MP scaffolds facilitated greater transgene expression. Importantly, 

bioluminescence imaging differs from fluorescent imaging of expressed transgene which 

may explain these results. Bioluminescence data constitutes a cumulative measure of 

transgene expression, whereas td-tomato fluorescence allows measurement of 

transgene presence throughout the length of the spinal cord. Both methodologies carry 

unique limitations. Bioluminescence imaging is limited by flow of luciferin substrate from 

the intraperitoneal space to the spinal cord and absorbance of photons by tissue after 

bioluminescence. Imaging of td-tomato fluorescence is limited by sectioning thickness 

which represents only a portion of the spinal cord. Additionally, since time-points were 

different between these two experiments, 2-weeks for FLuc and 8-weeks for td-tomato, 

potential differences over time could exist due to factors including gene silencing and 
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death or migration of transduced cells which would reduce transgene expression over 

periods of 6 weeks or longer.23,227 

 

Figure 4.3. Expression of td-tomato transgene was present throughout spinal cords 

but primarily localized near the site of injection. Td-tomato transgene is visible 

throughout nuclei stained sections of spinal cords injected with virus-loaded NP-HA (A), 

pHA-MP (B), and mHA-MP (C) scaffolds. There were no significant differences in 

normalized transgene expression throughout the spinal cord (D), but mHA-MP scaffolds 

increased the amount of td-tomato fluorescent signal within 300 microns of the scaffold 

center in either direction. White dashed lines indicate the scaffold region and green 

dashed lines indicate the areas used for quantification. (p<0.05, 2-way repeated 

measures ANOVA, Tukey test, n=3-4, Scale bar = 500 µm)  
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Co-staining of td-tomato & cell types 

 To identify which cell types were transduced by viral vectors delivered via each 

scaffold, we stained several markers of neural (GFAP+ astrocytes, NF200+ neurons, 

MBP+ myelin) and inflammatory (F4/80+ macrophages/microglia) cell types. 

Quantification indicated no difference in the extent of transduction among cell types 

examined, with roughly 30% of transgene co-staining with F4/80+ macrophages and 

microglia, GFAP+ astrocytes, and MBP+ myelin (Fig. 4.4). NF200+ neurons had the 

smallest proportion of td-tomato+ area at roughly 10%.  

 

 

Figure 4.4. Quantification of td-tomato transgene co-staining with markers of 

neural and inflammatory cell types. Td-tomato transgene co-stains with each neural 

and inflammatory cell type stained. No significant differences were observed between 

each scaffold condition. (p<0.05, Kruskal Wallis test, n = 3-4) 

  



80 
 

Evaluation of tissue integration, inflammation, and scarring 2-weeks post-injury 

 

Tissue integration and cell infiltration into scaffolds 2-weeks post-injury 

 Tissue integration and cell infiltration were assessed by H&E staining and nuclear 

counterstaining of tissue cryosections as previously described in chapter 3. Scaffolds 

were clearly identifiable at the center of the injury site (Fig. 4.5). Lesion histology was 

consistent with a moderate injury.228,229 Regardless of scaffold type, substantial numbers 

of cells were able to infiltrate into scaffolds; however, only NP-HA scaffolds exhibited large 

(>100 µm across) regions devoid of any nuclei (Fig. 4.5A,B). pHA-MP scaffolds show 

significantly fewer of these regions and even fewer are found in mHA-MP scaffolds (Fig. 

4.5A,B). Quantification of infiltrating nuclei showed significantly more cells were present 

within pHA-MP scaffolds relative to NP-HA, but not pHA-MP, scaffolds (Fig. 4.5C,D). 

While up to 1.2-fold differences in cell infiltration were observed in both types of 

macroporous scaffolds, an over 5-fold difference in transgene expression was observed 

by bioluminescence imaging and roughly 2-fold difference was observed by td-tomato 

fluorescence. This result could be explained by the rate of cell infiltration. Since viral 

degradation occurs rapidly, within days, cell infiltration and transduction within this 

timeframe is imperative. It may be that while cell infiltration at 2 weeks does not show 

dramatic differences depending on scaffold type, the macroporous architecture of mHA-

MP and pHA-MP scaffolds facilitates early cell infiltration, thus enabling transduction of 

more cells. However, further investigation at early time points would be required to make 

any strong claims. 
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Figure 4.5. Analysis of cell infiltration into scaffolds within the spinal cord at 2-
weeks post-injury. Scaffolds are clearly identifiable in H&E stained sections, outlined in 
white dashed lines (A). Cells infiltrate into each scaffold type, although regions devoid of 
nuclei are observed, particularly in NP-HA scaffolds (B). Nuclei quantification within 
scaffolds shows that mHA-MP scaffolds are significantly more permeable to cell infiltration 
than NP-HA but not pHA-MP scaffolds (C). 95% confidence intervals were estimated 
using a Bootstrapping approach with 10,000 iterations (D). (n=4-5, Scale bar = 200µm)  



82 
 

Inflammatory and astrocytic cell types 2-weeks post-injury 

 Following SCI, disruption of the blood brain barrier leads to an influx of peripheral 

macrophages which were previously excluded from the CNS. As described in chapter 2, 

these macrophages, along with resident microglia, are activated, targeting any potential 

sources of infection and producing substantial reactive oxygen and nitrogen species and 

matrix proteases which acidify and dismantle the spinal cord ECM. Astrocytes residing in 

the spinal cord also become activated and engage in significant matrix remodeling and 

over time, deposit new ECM which develop into a glial scar surrounding the lesions. The 

delivery of injectable scaffolds, particularly HA, has shown beneficial effects in terms of 

scar size and functional recovery, and it is thought that this is due to anti-inflammatory 

effects of HA and the delivery of a hospitable matrix on which cells can grow.110,112  

 We investigated whether macroporous scaffolds reduced the presence of F4/80+ 

macrophages within scaffolds (Fig. 4.6) or the presence of GFAP+ cells surrounding 

scaffolds (Fig. 4.7) at 2 weeks after SCI. The production of inflammatory cytokines 

typically is maximal at around 1 week post-injury, suggesting a peak in F4/80+ and 

GFAP+ expression in response to these factors may occur in the range of 1-2 weeks.57 

We found no apparent differences between any of the scaffold types (Fig. 4.6, 4.7), 

suggesting that the inclusion of macroporosity alone did not significantly alter astrocytic 

or inflammatory responses in the sub-acute phase of injury. The high concentrations of 

F4/80+ cells within scaffolds, increased presence of fibronectin protein within scaffolds, 

and greater density of GFAP+ cells immediately surrounding scaffolds is a consistent 

observation with prior studies in the field.135,230  
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Figure 4.6. Scaffold type does not alter macrophage and microglia infiltration within 
scaffolds at 2-weeks post-injury. F4/80+ macrophages are the most abundant cell type 
within scaffolds (A,B,C), and no significant difference was found between scaffold types 
(D). (p<0.05, Kruskal Wallis test, n=5-6. Scale bar (A,B) = 200µm. Inset Scale bar (C) = 
40µm. 
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Figure 4.7. Scaffold type does not modulate astrocyte density around scaffolds or 
fibronectin deposition within scaffolds at 2-weeks post-injury. GFAP+ astrocytes are 
found throughout the spinal cord (A), but dense staining is observed surrounding scaffolds 
(B), also associated with deposited fibronectin (C), consistent with prior work showing an 
activated astrocyte barrier. Zoomed insets (D) show the border of the scaffolds which are 
surrounded by GFAP+ astrocytes. No significant difference was observed between 
scaffold types based upon GFAP+ astrocyte area within 200 µm of scaffold borders (E). 
(p<0.05, Kruskal Wallis test, n=5-6. Scale bar (A,B,C) = 200 µm, Scale bar (D) = 40 µm. 
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Evaluation of functional recovery and extension of neurons depending on scaffold 

type and viral delivery of BDNF and NT3 8-weeks post-injury 

 

Tissue and scaffold integration after injury depending on scaffold type and gene delivery 

Tissue and scaffold integration were assessed by H&E staining 8-weeks post-

injury as previously described. Scaffolds were identifiable within the injury site (Fig. 4.5). 

Regardless of scaffold type (Fig. 4.8A) or treatment type (Fig. 4.8B), cells were observed 

throughout the injury and scaffold areas, as evidenced by H&E staining, and scaffolds 

integrated with spinal cord tissue. In the case of NP-HA and pHA-MP scaffolds, the 

scaffold area was most apparent, with areas of scaffold without any nuclei present (Fig. 

4.8A). 
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Figure 4.8. Scaffold areas were identifiable within spinal cord tissue at 8-weeks 
post-injury. Spinal cords injected with NP-HA, pHA-MP, and mHA-MP scaffolds with 
control genes (A) and mHA-MP scaffolds with BDNF and NT3 gene delivery (B) show 
clear injury regions marked by disrupted spinal cord tissue. Scale bar = 200µm. 
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Quantification of NF200+ labeled axon density and the presence of myelin in scaffolds 

 Neurons extending through the spinal cord are required for propagation of synaptic 

signals across the site of injury. Further, the myelination of descending axons in the white 

matter increases the speed of this signal propagation and is necessary for functional 

activity. Therefore, it is likely that any effective treatment for spinal cord regeneration 

would facilitate both axon extension across the injury site and presence of myelin 

associated with those axons. To evaluate whether the scaffold type altered the numbers 

of axons or myelin association with those axons, we quantified the density of NF200+ 

axons within the scaffold region as well as the percent of those axons which overlapped 

with MBP+ staining, a marker for myelinating oligodendrocytes (Fig. 4.9A-D). We 

determined that mHA-MP scaffold significantly increased the number of axons within the 

scaffold compared to NP-HA and pHA-MP scaffolds (Fig. 4.9E). Although there was no 

difference in the proportion of axons which appeared associated with MBP+ staining (Fig. 

4.9F), there was an increase in the density of MBP+ associated axons in mHA-MP 

scaffolds relative to NP-HA and pHA-MP (Fig. 4.9G). Oligodendrocytes, the myelinating 

cells within the central nervous system, are well-known to be highly sensitive to injury and 

the inflammatory post-injury environment,231,232 but increases in void space and capacity 

for infiltration in mHA-MP scaffolds appeared sufficient to increase the density of MBP+ 

axons. It must be stated, however, that MBP+ staining does not necessarily imply true 

myelination of the axon. Additionally, Schwann cells, which myelinate axons in the 

peripheral nervous system, have been observed within injured spinal cord tissue and also 

stain positive for MBP. 
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Figure 4.9. mHA-MP scaffolds show greater axon density and  MBP+ staining within 
scaffolds at 8-weeks post-injury. Spinal cords injected with NP-HA, pHA-MP, and 
mHA-MP scaffolds (A) show clear scaffold boundaries marked by disrupted NF200+ 
axons (B) and MBP+ myelin (C,D). NF200+ axons were present in significantly greater 
density in mHA-MP scaffolds than NP-HA or pHA-MP (E). There was no difference in the 
percent of MBP-associated axons (white arrow = MBP-NF200+, pink arrow = 
MBP+NF200+) (F), but there was greater MBP-associated axon density in mHA-MP 
scaffolds than NP-HA, but not pHA-MP, scaffolds (G). (p<0.05, Kruskal Wallis test, n=5-
6). Scale bar (A,B,C) = 200µm, Scale bar (D) = 20 µm. 
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Further studies for biomaterial-mediated delivery of viral vectors that over-express 

the neurotrophic factors BDNF and NT3 were performed in mHA-MP scaffolds because 

they appeared effective at increasing axon infiltration. mHA-MP scaffolds also showed 

enhancement of transgene delivery which increased the potential for BDNF and NT3 

delivery to improve functional outcomes. Delivering BDNF and NT3 viral vectors within 

mHA-MP scaffolds did, in fact, show substantial effects on axon infiltration and MBP 

presence after SCI (Fig. 4.10). The difference in density of NF200+ neurons was roughly 

two-fold after BDNF delivery, a significant increase compared to delivery of NT3 and a 

slightly significant increase (p<0.1) compared to control viral vectors (Fig 4.10A). 

Differences in MBP+ myelin was much more substantial, where BDNF delivery led to 

significantly greater proportions of axons with overlapping MBP+ staining and greater 

density of MBP+ staining compared to scaffolds paired with the delivery of vectors 

expressing NT3 or control genes (Fig. 4.10B,C). The orientation of axons was assessed 

to determine whether the net direction of axons was different depending on neurotrophic 

factor delivery. The net direction of axons was near parallel in all cases (Fig. 4.10H) with 

±10° difference from the direction of the spinal cord. The delivery of viral vectors within 

scaffold systems has been examined previously in several studies, most notably one 

delivering both BDNF and NT3 over-expression vectors in a PLG bridge scaffold following 

a thoracic hemisection in rats.220 Compared to this study by Tuinstra et al. 2012, our 

results show comparable improvements in axon density and myelination. In contrast to 

their study where NT3 delivery showed relatively similar results as BDNF delivery, our 

results show little difference between NT3 conditions and controls. Other research, such 

as that of Thomas et al. 2014, found that NT3 primarily increases myelination of axons 
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after injury by increasing P0+ Schwann cell infiltration.69 We also found increased P0+ 

density after NT3 vector delivery, and although density was greater than after BDNF 

vector delivery, it was not significantly greater than after delivery of control vectors (Fig. 

4.11). 
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Figure 4.10. BDNF delivery significantly increased MBP+ presence within scaffolds 
and slightly increased NF200+ axon presence at 8-weeks post-injury. mHA-MP 
scaffolds were delivered after injury containing BDNF, NT3, or control gene-encoding 
vectors (A) and showed clearly visualized NF200+ axons (B) and MBP+ myelin (C,D). 
Delivery of vectors encoding for the neurotrophic factor BDNF increased NF200+ neuron 
density and the proportion of those axons which overlapped with MBP+ staining. Axon 
density increased from BDNF delivery relative to NT3 but was only slightly significant 
relative to control (p<0.1) (E). More significantly, BDNF delivery lead to increased myelin-
associated axon proportion (F) and quantity of myelin-associated axons (G) relative to 
both NT3 and control. The net orientation of axons, relative to the longitudinal axis of the 
spinal cord, did not appear difference between treatment conditions (H). (p<0.05, Kruskal 
Wallis test, n=5-6). Scale bar (A,B,C) = 200µm, Scale bar (D) = 20 µm. 
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Figure 4.11. P0+ cell density was not altered, relative to control, after delivery of 
neurotrophic factor-encoding vectors at 8-weeks post-injury. P0+ myelin was 
identifiable within some scaffolds, especially in NT3-overexpressing conditions (A,B,C). 
P0+ cell density was greater in scaffolds delivered NT3-overexpressing vectors compared 
to BDNF-overexpressing but not control vector-overexpressing vectors (D). (p<0.05, 
Kruskal Wallis test, n=5-6). Scale bar (A,B) = 200µm, Scale bar (C) = 20 µm for inset. 
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Long-term functional recovery after scaffold and/or viral delivery of BDNF or NT3 

Functional recovery after SCI was assessed using the Basso Mouse Scale (BMS) 

for locomotor function after SCI and scaffold injection for 8 weeks. There were no 

significant differences in functional recovery at any time points among animals treated 

with different scaffolds. Despite significantly greater infiltration of cells 2 weeks post-injury 

and increased numbers of axons and MBP-labeled axons 8-weeks post-injury in mHA-

MP compared to NP-HA scaffolds (Fig. 4.9E-G), no corresponding advantage in 

functional recovery was observed over 8-weeks (Fig. 4.12A). However, when mHA-MP 

scaffolds were used to deliver lentivirus encoding for BDNF overexpression, animals 

scored higher in functional recovery, especially at the one-week post-injury time-point, 

but the effect was not sufficient to establish significance at most time-points (Fig. 4.12B). 

This difference correlates with the substantial increases in axon numbers at lesion centers 

in BDNF-treated mice compared to both NT3 treated animals and those treated with a 

control virus. No significant differences were observed with NT3 delivery. Several groups 

have observed similar results, where interventions which could increase neuronal cell 

density or reduce glial scar size did not necessarily improve recovery unless paired with 

the delivery of other factors such as PDGF,233 NT3,234 NT3 paired with stem cell 

treatment,221 or BDNF.217  Additionally, it must be noted that our results found insignificant 

differences between animals treated with NT3 overexpressing vectors and those treated 

with vectors expressing a control gene in all measurements we performed. Several 

reasons may explain this observation including low expression or potency of the NT3 

vector relative to BDNF, leading to differences which could not be observed, or potential 

inactivity of the vector. 
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Figure 4.12. Functional recovery after injury depending on scaffold type (A) and 
viral delivery of BDNF and NT3 within mHA-MP scaffolds (B). Delivery of 
macroporous scaffolds did not significantly improve regeneration relative to NP-HA 
scaffolds. The delivery of BDNF within mHA-MP scaffolds significantly increased 
regeneration at 1-week post-injury. (p<0.05, 2-way repeated measures ANOVA, Tukey 
test, n=4-6) 
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Methods 

 

Scaffold formation and characterization 

 Crosslinked microparticle scaffolds were formed from either monodisperse (mHA-

MP) or polydisperse (pHA-MP) microparticles, and nanoporous scaffolds (NP-HA) were 

also formed as previously described in chapter 3. When injected in vivo, sterilized and 

rinsed microparticles or NP-HA precursor were mixed with PLL to a final concentration of 

100 ng/mL and lentiviral solution was added to achieve a final viral dose of 106 to 107 viral 

particles per scaffold. When produced in vitro for physical characterization, these 

solutions were substituted with PBS. 

 

Gene therapy design 

Firefly luciferase (FLuc), td-tomato, BDNF, and NT3 encoding lentivirus, each 

under control of a constitutively active CMV promoter, were generated using a third 

generation packaging system, as previously described.196 Plasmids were generously 

provided by Prof. Lonnie Shea at the University of Michigan. Briefly, 80% confluent human 

embryonic kidney cells (Lenti-X 293T Takara Bio USA) were transfected with packaging 

plasmids using jetPRIME transfection reagent (Polyplus transfection) – pRSV-Rev and 

pMDLg/pRRE were gifts from Didier Trono (Addgene plasmids # 12253; #12251), a 

plasmid encoding the lentiviral capsule (pCMV-VSV-G was a gift from Bob Weinberg, 

Addgene plasmid # 8454. Lentiviral particles were recovered from media after 2 days of 

culture using PEG-it virus precipitation solution (SBI System Biosciences) and stored at -

80°C. Lentiviral titers were calculated using the Lenti-X qRT-PCR titration kit (Takara Bio 

USA). 
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BDNF and NT3 validation 

 BDNF and NT3 were produced from infected HEK cells and confirmed using a dot 

blot. Infected HEK cells were cultured for 4 days before cells were lysed and intracellular 

proteins were collected and spotted on nitrocellulose membrane. The presence of 

intracellular transgene was stained using anti-BDNF and anti-NT3 (PeproTech) 

antibodies. BDNF and NT3 encoding lentivirus were delivered to HEK cells and filtered, 

conditioned media was delivered to embryonic dorsal root ganglia (DRG, BrainBits). 

Cover slips were coated with poly-d-lysine (100ug/mL) at room temperature overnight. 

Excess solution was rinsed once with deionized water and let dry. DRGs were seeded on 

individual cover slips in provided media. After one day of culture, half of the culture media 

was replaced with conditioned media from HEK cells expressing a control luciferase 

transgene, BDNF, or NT3. DRGs were cultured for 3 days, stained for nuclei and NF200, 

and imaged. Axonal extensions from the DRG were analyzed using Sholl analysis and 

demonstrate survival of DRGs and increased quantity of extensions in BDNF and NT3 

conditioned media relative to control (Fig. 4.13), although these results were not 

significant, likely due to a low number of samples.235 Western blot further verified an 

increased concentration of NT3 in NT3-infected cells relative to BDNF or control vector-

infected cells. 
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Figure 4.13. Efficacy of bioactivity of over-expressed BDNF and NT3 were validated 

in vitro. Conditioned media from BDNF overexpressing (A), NT3 overexpressing (B), and 

control vector-overexpressing (C) HEK cells were delivered to mouse embryonic dorsal 

root ganglia and cultured for 4 days. Sholl analysis on NF200-stained samples was 

performed to identify maximum number of neurite extensions, i.e. intersections, which 

have shown to increase in the presence of BDNF or NT3 in vitro (D). DRGs responded to 

culture with BDNF and NT3 conditioned media with increased extensions relative to the 

control. Dot blot verified an increased concentration of NT3 in NT3-infected cells relative 

to BDNF or control vector-infected cells, and there was no difference in GAPDH control 

staining within cell lysate, indicating a consistent cell concentration (E). (n=2-3, Scale bar 

= 100µm)  
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Compression thoracic injury model in female mice 

All in vivo studies were conducted in compliance with the NIH Guide for Care and 

Use of Laboratory Animals and with approval from the UCLA Institutional Animal Care 

and Use Committee. Studies were performed on 8-10 weeks old healthy female C57BL6 

mice (Charles River) with ad libitum access to food and water. Pre-operatively, mice were 

acclimatized to handling and functional assessment procedures. Mice were anesthetized 

using vaporized isoflurane. The spinal cord was exposed by laminectomy and a clip 

compression injury was made at spinal cord level T9 with a 30 g force for 15 

seconds.228,236 Injections were performed using a 30-gage needle (150 µm diameter). All 

animals received an injection of either NP-HA scaffold, pHA-MP scaffold, or mHA-MP 

scaffold immediately after compression injury. At a rate of 1 µl/min, 1 µl of material was 

injected into the lesion epicenter. At the end of the procedure, the laminectomy site was 

covered with Gelfoam (Pfizer) to prevent muscle adhesions from forming. The muscle 

and subcutaneous tissue were sutured with absorbable 4-0 chromic gut sutures (003-

2482, Ace Surgical), and skin was closed using wound clips (427631, Becton Dickinson).  

 

In vivo bioluminescence and immunostaining 

 Luciferase bioluminescence was measured as described in chapter 3. Tissue 

cryosections were processed and stained as described in chapter 3 with additional stains 

for neural cells. Immunostaining was performed to detect td-tomato transgene (1:200, LS-

C340696, LifeSpan BioSciences, Inc.), F4/80+ macrophages/microglia (1:200, 

MCA497R, AbD Serotec), NF200+ neurofilament-labeled axons (1:50, N4142, Sigma-

Aldrich), GFAP+ astrocytes (1:200, GFAP, Aves Labs), MBP+ oligodendrocytes (1:200, 

SC-13914, Santa Cruz Biotechnology), and P0+ Schwann cells (1:200, PZ0, Aves Labs). 
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Additional quantitative analysis was performed using a modified axon counting and spinal 

cord regeneration algorithm using a Hessian filtering-based method to improve threshold 

detection and quantification.237 

 

Analysis of functional recovery  

Functional recovery after SCI was assessed using the Basso Mouse Scale (BMS) 

for locomotor function.238 Testing was done prior to injury and weekly after SCI and 

scaffold injection until mice were euthanized. Mice were placed individually in an open 

field for 4 minutes and hind-limb movements were assessed using the BMS scale.  

 

Statistical analyses 

Data were analyzed using GraphPad Prism 6 software. Differences in scaffold 

properties, cell counts, and immunostaining of cell types were analyzed using Kruskal-

Wallis test followed by Dunn’s multiple comparisons test. Data are displayed as mean ± 

standard error of the mean with significance considered to be p<0.05. Nuclei staining 

density within scaffolds (thresholded nuclei+ area / scaffold area) and recovery of 

hindlimb function (BMS) was analyzed via two-way ANOVA, where independent variables 

were time and scaffold type. 

Differences in luciferase expression was analyzed using a nonparametric 

bootstrapping approach.198 Two-sided 95% confidence intervals were calculated with 

10,000 iterations using MATLAB software loaded with the Statistics and Machine 

Learning Toolbox. Significance denotes no overlap between 95% confidence intervals.  
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Concluding remarks 

Achieving functional recovery after SCI has potential to alleviate the consequences 

of injury which can include incontinence, paralysis, sexual dysfunction, and sensory loss. 

Tissue engineering strategies which reduce the severity of injury while improving the 

capacity for tissue regeneration are a promising avenue of research. Scaffolds which 

facilitate this regeneration should be injectable directly into ill-defined injury regions and 

support infiltration of cells and axons and the delivery of gene, cell, protein, or other 

factors. The delivery of crosslinked microparticle scaffolds fulfills these requirements, and 

we have demonstrated their ability to improve the delivery of therapeutic transgenes. 

When delivered gene therapies encode for regenerative neurotrophic factors like BDNF, 

these scaffolds can improve functional recovery after injury. The delivery of crosslinked 

microparticle scaffolds provides a platform for combinatorial therapy after SCI which 

improves the delivery of factors and has potential to improve functional recovery in larger 

animal studies. 
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Chapter 5 

Conclusions 

Spinal cord injury (SCI) results in significant consequences to a patient’s quality of 

life and no effective strategies have yet been developed to alleviate or regenerate tissue 

damage. Tissue engineering strategies using combinations of biomaterial scaffolds and 

delivery of genetic vectors encoding for regenerative factors have shown potential to 

address this difficult challenge. Within these strategies, biomaterial scaffolds can interact 

with cells of the spinal cord, supporting cell infiltration, axon elongation, and potentially 

modulate scar tissue formation. Biomaterial scaffolds for SCI therapy have largely utilized 

either injectable, nanoporous scaffolds, which are difficult for cells to infiltrate, or non-

injectable scaffolds with macroporous architectures which increase integration with 

tissues but are difficult to place in the irregular areas which are common to SCI. 

We developed and characterized different biomaterial scaffold strategies which are 

both injectable and macroporous to improve integration with spinal cord tissue, axon 

extension through the scaffolds, and delivery of genetic vectors encoding for neurotrophic 

factors. We compared nanoporous scaffolds (NP-HA) to two techniques to achieve 

macroporous injectable scaffolds including hydrogels encapsulating degradable 

microparticle porogens formed from poly ethylene glycol (PEG-MP) and fibrin (FMP) and 

scaffolds formed from crosslinked microparticles with polydisperse particle diameters 

(pHA-MP) and monodisperse particle diameters (mHA-MP).  

In a fat pad model, pHA-MP scaffolds were substantially more effective at both 

promoting cell infiltration and expression of a reporter transgene compared to NP-HA, 

FMP, and PEG-MP scaffolds. To determine whether these benefits led to any notable 
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improvements after SCI, we compared cell and axon infiltration, transgene expression, 

and functional recovery after injecting pHA-MP, mHA-MP, and NP-HA scaffolds after a 

clip-compression model of injury in mice. Our results showed significant cell infiltration, 

axon presence and transgene expression in mHA-MP scaffolds compared to other 

strategies. After pairing these mHA-MP scaffolds with the delivery of genetic vectors 

encoding for brain-derived neurotrophic factor (BDNF), we observed substantial 

increases, particularly in the level of myelin and myelinated axons present within the 

scaffold areas. However, the delivery of genetic vectors encoding for a different factor, 

neurotrophin 3 (NT3), did not generally improve axon elongation or myelin staining. 

Despite relatively modest differences in recovery of hindlimb function, the increase in 

MBP-labeled axon density which is a prerequisite for functional benefits demonstrates the 

significant potential of crosslinked microparticle scaffolds for SCI and motivates further 

study.  

To further improve the regenerative capacity of the crosslinked microparticle 

scaffolds we have developed, components could be modified including the particle 

microstructure, particle size to modulate pore sizes, bound factors to incorporate 

additional receptor binding motifs, or by incorporating additional regenerative factors or 

genetic vectors. Several neurotrophic and growth factors, including platelet-derived 

growth factor, vascular endothelial growth factor, and sonic hedgehog, have shown 

potential in supporting spinal cord regeneration, and mHA-MP scaffolds could support 

enhanced delivery of genetic vectors expressing these factors alone or in combination to 

improve regeneration. Future work to improve these scaffolds may prove useful in 

alleviating some of the significant deficits which patients experience after SCI.  
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