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ABSTRACT OF THE DISSERTATION 
 
 
 

Manipulating Hydrogel Microstructure for the Purpose of Brain Repair After Stroke 
 
 

by 
 
 

Elias Sideris 

Doctor of Philosophy in Chemical Engineering 

University of California, Los Angeles 

Professor Yvonne Yu-hsuan Chen, Co-Chair 

Professor Tatiana Segura, Co-Chair 

 

Stroke is the leading cause of adult disability in the United States. The severe and highly reactive 

inflammation immediately following stroke onset leads to a series of destructive events including 

neuronal death and a clearance of cellular debris. The brain’s defense mechanism is to 

compartmentalize the injured tissue via a highly reactive and neurotoxic astrocytic scar that acts 

as a physical and chemical barrier to recovery. There has been much debate whether reactive 

astrocytes are beneficial in the recovery process. Highly reactive astrocytes are neurotoxic while 

pro-recovery astrocytes are crucial in synaptogenesis and coordinating neural circuits. Thus, one 

therapeutic strategy emerges whereby limiting highly reactive astrocytes and promoting pro-

recovery astrocytes could prove beneficial. The brain’s liquefactive necrosis and 

compartmentalization leads to a stroke cavity that can accept a large volume transplant without 

causing further damage. This cavity provides an opportunity for biomaterial tissue regeneration 

strategies. Biomaterials, specifically polymeric hydrogels can act as extra cellular matrix (ECM) 
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mimics by providing neighboring cells with mechanical structure and biochemical cues. Most 

hydrogel studies conducted in the brain utilize the hydrogel solely as a delivery vehicle for small 

molecule, growth factor, or stem cell transplantation. This dissertation focuses on engineering the 

biomaterial itself to unlock its inherit therapeutic potential, focusing on manipulation of astrocyte 

reactivity. A novel class of injectable microporous annealing particle (MAP) hydrogels is used and 

optimized for direct injection into the stroke cavity for brain repair. This material’s backbone is 

first transitioned to hyaluronic acid (HA), a glycosaminoglycan commonly found in the native 

brain ECM. The mechanical properties such as void space and pore size are fully characterized 

and the material is engineered to match the mechanical stiffness of rodent brain. The HA MAP gel 

is tested in vitro and proven to be cell friendly. This hydrogel is used in two different rodent stroke 

models and shown to have anti-inflammatory effects. Deeper investigation into astrocyte reactivity 

in response to the hydrogel injection shows the MAP gel is capable of decreasing highly reactive 

astrocytes and promoting infiltration of pro-recovery astrocytes into the stroke. This pro-recovery 

astrocyte infiltration is also correlated with neuronal axon penetration into the lesion. Finally, long-

term studies show the MAP gel is capable of better preserving brain shape and function. The 

unlocking of the inherit hydrogel therapeutic potential will hopefully allow for more focus placed 

on the optimization of biomaterials in the field of stroke regeneration, rather than simply being 

used as delivery vehicles. 
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I. Overview of dissertation and specific aims 

1.1.Motivation and objective 

Stroke is the leading cause of long-term disability and affects 795,000 Americans every 

year[3]. Most common strokes occur in two forms: hemorrhagic or ischemic[4]. Hemorrhagic 

strokes are a result of blood vessel rupture and are almost always fatal. Ischemic strokes, which 

account for 87% of all strokes and a 32% mortality, are caused by an obstruction within a blood 

vessel[5]. The survivors are left with a serious disability and little hope of recovery because the 

only long-term treatment of stroke disability is physical therapy[6].  

The brain’s initial tissue response to a stroke is very harsh, resulting in severe inflammation, 

cell death, and clearance of cell debris[7]. The inflammation begins with highly reactive astrocytes 

and microglia migrating towards the infarct and releasing pro-inflammatory cytokines, resulting 

in apoptosis, severe gliosis, and a large astrocytic scar[7]. This inflammatory reaction results in a 

physical and biochemical barrier to vascular and neural progenitor cell (NPC) penetration into the 

damaged site. Astrocytes can both aid and obstruct stroke recovery  [8, 9], with complete ablation 

of astrocytes resulting in a worse outcome after stroke[10]. Astrocytes are able to communicate 

with multiple neurons via secreted and contact-mediated signals, can coordinate the development 

of synapses [11-15] and neural circuits [16], yet astrocytes can limit long term repair and 

regeneration when a pro-inflammatory phenotype is adopted and a scar is formed [8, 9]. After 

initial cell death in stroke, the clearance of debris in the lesion leaves a compartmentalized cavity 

that can accept a large volume transplant without further damaging the surrounding healthy 

parenchyma.  

Polymeric hydrogels have widely been researched in the field of biomedical engineering for 

their role as extracellular matrix (ECM) mimics. The ECM is a complex heterogeneous network 
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composed of extracellular molecules and provides structural and biochemical support to 

surrounding cells. Hydrogels are composed of a crosslinked hydrophilic polymer network swollen 

with water and can be engineered to incorporate some chemical and physical bioactive cues to 

better mimic the ECM. However, biomaterial use in the field of stroke repair is quite limited. Most 

studies utilize hydrogels simply as deliver vehicles and fail to optimize the hydrogel’s therapeutic 

potential.  

Rapid cellular infiltration is essential for biomaterial integration, but rapid cellular infiltration 

is accompanied by scaffold degradation. As a result, researchers are forced to balance biomaterial 

degradability and long-term mechanical support. Slowly degrading hydrogels maintain mechanical 

stability but have been show to promote fibrotic encapsulation[17]. One way to circumvent this 

challenge is by incorporating microporosity into the scaffold. Microporosity enables integration 

independent of scaffold degradation. Importantly, the physical manifestation of porosity (e.g. pore 

size) acts as a cellular cue and must be considered when engineering a 3D scaffold[18]. We 

hypothesize that a hydrogel scaffold’s microstructure can modulate inflammation by decreasing 

highly reactive astrocytes and promoting infiltration of pro-recovery astrocytes which can dictate 

neurogenesis in the brain. This hypothesis is based on the following observations.  

First, a substrates polymeric backbone has been shown to modulate immune response and 

inflammation[19] and injection of a hydrogel into the stroke cavity has shown to have anti-

inflammatory effects[20]. Microporosity within the hydrogel scaffold has previously been shown 

to decrease inflammation in the skin[1]. Second, a substrate’s stiffness has been extensively 

researched and shown to dictate stem cell differentiation and overall cell behavior[21]. 

Specifically, several studies have shown directed stem cell differentiation using the stiffness of a 

substrate as a bioactive cue[21-26]. NPCs seeded on chitosan hydrogels with varying stiffness 
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showed preferential differentiation towards neurons on softer substrates while stiffer substrates 

increased differentiation towards oligodendrocytes[22]. This work corroborated previous work 

where NPCs were seeded on PEGylated surfaces with varying stiffness and showed that substrates 

with stiffness between 100-500 Pa (native brain tissue) promoted differentiation towards neurons 

while substrates with stiffness from 1000-10,000 Pa promoted glial differentiation[24]. Other 

studies on endothelial cells show that they express more actin and exhibit greater motility on stiffer 

substrates[27, 28]. Moreover, general cell migration increases as substrate stiffness increases due 

to upregulation of focal adhesion kinases[23, 29]. Finally, incorporation of porosity into an 

implanted scaffold has been shown to be vital for vascularization in other organ models such as 

the skin, bone, and heart[30-33]. Microporosity in a biomaterial scaffold reduces inflammation, 

increases cellular infiltration, and increases vascularization compared to a nanoporous 

scaffold[34]. Most porous scaffolds require harsh conditions to achieve porosity, rendering them 

not injectable and requiring invasive surgery for implantation. Thus, many studies involving 

porous hydrogels have only been conducted on organs where an invasive procedure is not too 

damaging such as the skin or bone[30, 31] and not in the brain. These studies have, however, 

shown that the pore size plays an integral role in cell infiltration and vascularization[1].  

 The field of biomaterials for brain/stroke repair has focused on the small molecules, growth 

factors, or stem cells delivered by a biomaterial. Thus, more time and engineering has gone into 

optimizing the conditions of these biologics such as concentration and presentation. Meanwhile, 

the biomaterial used has become neglected. The focus of our work is to build and optimize the 

biomaterial itself to unlock its intrinsic therapeutic benefits in the context of stroke repair. We 

hypothesize that a well optimized biomaterial can decrease inflammation and promote vessel and 

axon formation, leading to repair following stroke. 
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1.2.Dissertation outline and specific aims 

Following this overview, chapter II provides a detailed background on current strategies for 

stroke repair. This chapter also expands on the current status and use of biomaterials support tissue 

regeneration as well as laying out the objectives and aims of the dissertation. 

Chapters III, IV, V, and VI are original research performed to address the following aims  

of this dissertation: 

1.2.1 Aim 1 

 To engineer an injectable hyaluronic acid based microporous scaffold designed specifically 

for the brain. This is accomplished by (1) transitioning the backbone of an already existing 

injectable microporous scaffold optimized for skin to a backbone that is native to the brain ECM, 

(2) engineering the scaffold stiffness to match the stiffness of the brain ECM as well as 

characterizing the scaffold physical properties such as void space and pore size, (3) study in vitro 

cellular growth and spreading, and (4) engineer complexity and heterogeneity in the biomaterial 

to allow for gradient biologic delivery. 

1.2.2 Aim 2 

To further characterize a microporous, HA hydrogel’s ability to promote brain repair after stroke, 

specifically focusing on modulation of astrocyte reactivity. This is accomplished in vivo by 

studying several short term and long term time points, analyzing for severity of inflammation and 

reactivity of inflammatory cells in and around the stroke lesion, vessel and axon formation in and 

around the stroke, and examining overall brain shape and function, comparing to no treatment 

conditions. 

1.2.3 Aim 3 
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 To determine which biomaterial properties among porosity, substrate backbone, stiffness, 

and cell adhesion peptide are most crucial for stroke repair. This is accomplished by testing a series 

of biomaterials in vivo and analyzing the inflammation following injection of each biomaterial. 

The biomaterials used are a (1) nanoporous hyaluronic acid hydrogel with cell adhesion peptide, 

(2) a microporous hyaluronic acid hydrogel with cell adhesion peptide, (3) a microporous 

hyaluronic acid hydrogel without cell adhesion peptide, (4) a stiffer microporous hyaluronic acid 

hydrogel with cell adhesion peptide, (5) a microporous PEG hydrogel with cell adhesion peptide, 

and (6) a microporous PEG hydrogel without cell adhesion peptide. 
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II. Current strategies for tissue regeneration after stroke 

 

2.1 Introduction 

For successful brain repair after stroke, the regrowth and development of nervous tissue, 

or neurogenesis, must occur to replace dead neurons and reconstruct neural networks. Historically, 

neural progenitor cells (NPCs) were thought to exist only in the developing brain, leaving the adult 

brain void of any regenerative capacity. It was not until about 20 years ago that NPCs were 

discovered in the adult brain and many studies have since investigated the processes involved in 

regeneration of the adult brain[35, 36]. 

One of the largest hurdles necessary to overcome the promotion of neural regeneration 

after stroke is the severe inflammatory response following injury. Inflammation begins with a large 

influx of microglia and the activation of astrocytes, which release pro-inflammatory cytokines that 

compound the inflammation[37, 38]. Further, the brain’s defense mechanism is to 

compartmentalize the injured tissue from the surrounding tissue via an astrocytic scar, causing 

difficulties in vascular and axonal penetration into the injured tissue[39]. The inflammatory 

response is a delicate issue because it has been shown that inflammatory cells are also important 

in providing structure and support to axons during neurogenesis[40-42]. Thus, too much 

inflammation leads to cell death and a large astrocytic scar while complete ablation of the 

inflammatory cells limits axon formation. Studies targeting brain recovery after injury or stroke 

deliver therapeutics by either direct injection into the stroke cavity or through intravenous 

injection. While the adult brain contains endogenous NPCs capable of differentiation into mature 

neurons, most clinical trials targeting stroke repair involve transplantation of autologous bone-

marrow cells or mesenchymal stem cells intracerebrally or intravenously. 
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It is also believed that successful neurogenesis is dependent on the sprouting of new blood 

vessels from preexisting ones, known as angiogenesis. The extracellular matrix (ECM) is a key 

regulator of angiogenesis by spatiotemporally presenting the growth factors necessary for 

angiogenesis[43]. However, after stroke, the native ECM becomes compromised, losing its 

plasticity, and is unable to promote angiogenesis. As such, materials that mimic the ECM have 

been investigated. Native ECM or ECM mimics are vital in providing biochemical and physical 

support required for proliferating, migrating, and differentiating cells for natural healing to 

occur[44]. The native brain ECM is vastly different than the ECM found in other organs. Fibrous 

protein polymers such as collagen, fibronectin, and vitronectin or basement membrane proteins 

such as laminin that are commonly found in abundance in other organ ECMs are relatively low in 

the brain ECM[45]. In the brain ECM there is a prominence of lecticans, which are proteoglycans 

that contain a lectin domain and a hyaluronic acid binding domain. These natural polymers have 

led to the conventional engineering of material made from natural and/or synthetic polymers, such 

as polymeric hydrogels, for ECM mimics. 

Polymeric hydrogels are composed of a crosslinked hydrophilic polymer networks swollen 

with water and can be engineered to incorporate some chemical and physical bioactive cues to 

better mimic the ECM. Changing the polymer weight percent or the cross-linking ratio can also 

finely tune the mechanical properties of the hydrogel to match that on the native ECM. 

Additionally, many of these hydrogels undergo a sol-gel transition with time or temperature and 

thus can be rendered injectable for a minimally invasive procedure.  

Natural hydrogel backbones such as collagen and fibrin are often used due to their direct 

similarity to the proteins found naturally in the native ECM. Furthermore, their fibrillar 

composition contains micron sized pores that enable greater cell infiltration and tissue 
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integration[46]. However, it is difficult to further engineer additional bioactive cues onto these 

matrices due to their lack of functional groups for modification. To address this, hybrid polymers 

with natural polymer backbones, like hyaluronic acid (HA), and synthetically modified functional 

groups, such as thiols and acrylates, are engineered to allow for post polymerization addition of 

bioactive cues onto the hydrogel[47-49]. The advantage of this system is that the HA remains 

largely unchanged and can still be recognized by the body as a natural polymer, while the synthetic 

component can be used to incorporate different bioactive signals in addition to cross-linking. 

Completely synthetic and bio inert backbones such as poly(ethylene glycol) (PEG) are also widely 

used as hydrogels, specifically in the field of regenerative medicine in skin because it is bioinert 

and allows for a blank slate to engineer and incorporate bioactive cues onto the backbone[1, 50, 

51]. However, the degraded fragments of PEG are large and cleared mainly through the kidney 

and liver, an unwanted attribute in the brain where clearance to the kidneys and liver is more 

difficult due to the BBB. Therefore, PEG is most often used as a “stealth” coating for a particle or 

growth factor being delivered, rather than main hydrogel backbone, to extend the clearance time 

in the brain[52]. Examples of natural and synthetic hydrogels can be found in Figure 1. 
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Figure 1: Examples of synthetic hydrogels (PEG), synthetic/natural hybrid hydrogels (HA), and 
natural hydrogels (Collagen). (Adapted from drawings by Katrina Wilson) 
 

Because of all these properties hydrogels have been used in skin wound healing, cardiac 

tissue regeneration, and bone and cartilage regeneration with great success. However, due to the 

complexity and diversity of each organ tissue, hydrogels that promote angiogenesis and healing in 
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the skin may fail to do so in the brain or other organ tissues. Thus, materials must be designed for 

a specifically targeted tissue. Briquez et. al recently proposed some design rules for increasing the 

success of the material[43]. The first rule is that the material must be biomimetic. This means that 

the material should match the stiffness, elasticity, viscosity, charge, and porosity of the target 

tissue. The second design rule is that the material should delivery pro-angiogenic factors. Another 

advantage of hydrogels that has not been mentioned is that they can be used as delivery systems. 

Drugs, growth factors, and even cells can be encapsulated in the hydrogel for sustained delivery. 

Most biomaterial approaches to brain repair utilize hydrogels as a delivery system for therapeutics. 

One alternative to this is to maximize the material’s own therapeutic potential through physical 

manipulation of the hydrogel. Thus, for more than a decade researchers have worked on optimizing 

hydrogels for the purpose of wound repair. To circumvent this challenge, microporosity can be 

incorporated into the scaffold, enabling integration independent of scaffold degradation. 

Importantly, the physical manifestation of porosity (e.g. pore size) acts as a cellular cue and must 

be considered when engineering a 3D scaffold. Although microporosity in hydrogels has shown 

great results in the skin and heart, the most common methods to incorporating microporosity (salt 

leaching, gas foaming, lyophilization, and sphere templating) involve harsh methods and render 

the hydrogel non-injectable[53-56]. Non-injectable hydrogels can be used in the skin and heart but 

the invasiveness of implanting a hydrogel in the brain is impractical. We recently engineered a 

new class of biomaterials termed microporous annealing particle (MAP) hydrogels[1, 57]. This 

class of hydrogel is the first synthetic injectable microporous hydrogel. Microporous hydrogels 

have demonstrated an enhanced ability for cellular infiltration and tissue regeneration compared 

to nanoporous hydrogels because microporous hydrogels decouple material degradation and 

cellular infiltration[1, 58-60]. 
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To date, intravenous thrombolysis and reperfusion therapies using intravenously 

administered recombinant tissue plasminogen activator (tPA) are the only effective therapies to 

treat stroke. However, tPA is only effective during the first 4.5 hours after stroke onset, resulting 

in about 5% of stroke patients benefiting from this treatment and leaving a majority of patients 

with long term disability[61, 62]. Besides physical therapy, there are no FDA approved therapies 

that promote recovery from the long-term disability caused by stroke, leaving an increasing 

number of patients with limited options[63, 64]. Over the past few years, new strategies aimed at 

enhancing post-stroke brain plasticity have utilized trophic factors, stem cell therapies or materials 

delivering combinations of the two to decrease the disability burden[65]. In this progress report, 

we highlight different biomaterials used for brain repair, including the various strategies taken for 

limiting inflammation, increasing angiogenesis, and increasing neurogenesis by activating 

endogenous NPCs, delivering therapeutic growth factors, and exogenous stem cell transplantation.  

 

2.2 Inflammation, Angiogenesis, and Neurogenesis after Stroke 

Ischemic stroke is caused by an obstruction in a blood vessel leading to an area in the brain 

deprived of oxygen. The events following initial ischemia including depolarization, inflammation, 

and excitotoxicity lead to further brain injury and a compromised blood brain barrier (BBB)[66]. 

The release of free radicals and proteases causes cell death and further deepens the injury. This 

massive cell death results in the activation and influx of local microglia, which release pro-

inflammatory cytokines and ECM degrading enzymes, compromising the mechanical integrity of 

the injured brain tissue[67]. Furthermore, astrocytes undergo a phenotypic change and form a 

barrier around the lesion in attempt to limit the damage and protect the surrounding healthy 

tissue[39]. This astrocytic scar along with the compromised ECM integrity severely limits cellular 
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infiltration into the stroke cavity and prevents neural regeneration from occurring. It has been 

found that the severity of the stroke is directly correlated to the thickness of the astrocytic scar[68]. 

Activated microglia, however, play a dual role in aiding brain repair through the release of 

mediators including cytokines, growth factors, and trophic factors. Whether the release of these 

mediators exacerbates or alleviates the stroke damage is still not fully understood. Studies on the 

release of TNF-α by endogenous activated microglia result in an increase of stroke volume[69]. 

However, other studies have shown that TNF-α enhances the tolerance of neurons and astrocytes 

to oxidative stress during ischemia[70]. Thus, there exists a delicate balance whereby too much 

microglial activation promotes necrosis and apoptosis and too little disrupts the clearance of cell 

debris. This impairment of both the ECM and release of multiple cytokines affects the interplay 

between the biophysical and biochemical cues needed to regulate angiogenesis.  

The native uncompromised ECM is able to sequester and release growth factors involved 

in angiogenesis according to precise spatiotemporal kinetics. A critical growth factor involved in 

angiogenesis is vascular endothelial growth factor (VEGF). VEGF is found within the plasma and 

interstitial fluid at relatively low concentrations until increased production of VEGF occurs in 

response to ischemic injury. VEGF infiltration through interstitial spaces allows for ECM and cell 

surface receptor binding, producing  a VEGF concentration gradient and attraction of endothelial 

sprouts. The various isoforms, concentrations, and spatial organization of VEGF at the site of 

injury affects the vascular morphology during angiogenesis[43]. After stroke, the cytotoxic 

microenvironment and degraded ECM likely compromises the VEGF cascade which leads to a 

decrease in vasculature. Furthermore, it has been shown that increased angiogenesis leads to a 

decrease in neurological deficit[71]. Thus, it is believed that angiogenesis plays a vital role in 

neurogenesis.  
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Neurogenesis and axon formation is very important to replace the neurons lost to necrosis 

because of the ischemia caused by the stroke. NPCs are stem cells residing in the subventricular 

zone (SVZ) and the dentate gyrus (DG) that can differentiate into a neuronal lineage and are 

thought to be key in endogenous brain repair.  After brain injury, NPCs in the SVZ begin 

proliferating and migrating towards the injured site [72]. Unfortunately, very few NPCs migrate 

the entire distance reaching the stroke boundary and most die along the way[73]. This is likely 

because the surrounding environment is lacking vessels to provide proper nutrients and is pro-

apoptotic due to the inflammatory response. Additionally, the stroke lesion is a cavity and void of 

any tissue matrix to allow cell infiltration.    

The damage that results immediately following ischemic stroke is multi-layered (Figure 

2). First, a severely cytotoxic environment is created by the activation of microglia and 

macrophages. Second, due to ischemia and phagocytic inflammatory cells, endothelial and 

neuronal cells experience apoptosis and necrosis, resulting in an avascular environment and a 

behavioral deficit. Third, the clearance of cellular debris as well as the ECM losing its plasticity 

results in a cavity decreasing angiogenesis and neurogenesis. Finally, the accumulation of 

activated astrocytes creates an astrocytic scar in attempt to limit the damage but simultaneously 

jeopardizes the infiltration of regenerative cells. Therapies aimed at brain regeneration after stroke 

need to address all these levels by reducing inflammation for a less cytotoxic environment, 

increasing angiogenesis and neurogenesis for a more vascular surrounding capable of supporting 

functional neurons, and recovering ECM plasticity for a microenvironment similar to the pre-

injury ECM. 
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Figure 2: Schematic of a middle cerebral artery occlusion leading to stroke with increased 
inflammation and cell death 
 
 
2.3 Stroke Models 

Due to the higher prevalence of ischemic over hemorrhagic stroke and the likely fatality of 

a hemorrhagic stroke, most research has focused on rat and mouse models of ischemic stroke[74-

76]. Recent studies utilize the middle cerebral artery occlusion (MCAo) model as it causes focal 

adhesion damage to the striatum and cortex[62]. Differences in MCAo models can be observed by 

the duration of the MCAo or if the occlusion is permanent, inducing different extents of damage. 
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A heat probe can be used to permanently damage both the wall of the artery and the blood inside, 

forming a local clot with no possibility of blood reperfusion, resulting in a stroke in the parietal 

cortex[77]. Transient MCAo models utilize a clamp to interrupt blood flow, however, the artery is 

reperfused once the clamp is removed[78]. Using a transient MCAo model will worsen the toxicity 

of stroke, due to arteries being reperfused with blood from a leaky BBB, and extends the stroke 

volume as far as the Corpus Callosum. Other photothrombotic (PT) ischemic models have also 

been specifically used to restrict lesions to the frontal motor cortex[79]. This is achieved by 

utilizing a rose bengal photothrombotic dye. The dye is injected intravenously and high intensity 

light is shined onto the desired region to activate the clot. Examples of different stroke models can 

be seen in Figure 3. 
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Figure 3: Schematic of MCAo and PT stroke models. 

 

2.4 Delivery Mechanisms 

Hydrogels targeting the brain can be either be injected intravenously or intracerebrally. 

Hydrogels injected intravenously hold an advantage over direct intracerebral injection into the 

stroke cavity because of the non-invasiveness of intravenous injection. When injecting 

nanoparticles intravenously, the systemic and specific cell toxicity of the nanoparticles and 

nanoparticle size must be considered. PLGA nanoparticles are so commonly used not only because 

of their biodegradability but also because of the nontoxicity of the polymer. Although toxicity is 

important, the main reason as to why intravenous hydrogel injection fails is from the difficulties 

of not only bypassing the BBB but also penetrating the brain parenchyma[80]. Recently, MRI-

guided focused ultrasound was used to aid PEG nanoparticles to better target the injured site and 

drug loaded nanoparticles composed of poly(lactic-co-glycolic) acid were shown to go through the 

BBB and achieve sustained release[81]. However, the limitations of intravenous injection may 

outweigh the non-invasive advantage. Because these materials must navigate the BBB, only drug 

loaded nanoparticles can be used, rendering the injection of a hydrogel scaffold that can mimic the 

biophysical and biochemical native ECM impractical. Additionally, therapeutics are cleared too 

rapidly in the circulatory system and very low or no concentrations of the therapeutic actually 

reach the target region. PEGylation of the surface of such therapeutics, termed ‘stealth coating,’ 

has been utilized to dramatically increased the clearance time in the body, but optimization of this 

technique is still required to render this issue insignificant[52]. Therefore, the only advantage to 

intravenous injection of drug loaded nanoparticles over direct intravenous injection of drug is 

achieving sustained release over a longer period of time. While this may decrease inflammation, 
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and increase angiogenesis and neurogenesis, the issue of recovering ECM plasticity remains. 

Furthermore, because cells are on the order of micrometers, delivery of stem cells via nanoparticles 

is an impossibility, limiting the therapeutic benefit of exogenous stem cell delivery. Finally, 

because the blood circulates through all organ tissues, the drug loaded nanoparticles can migrate 

to healthy tissue and cause unwanted effects. Due to this issue most hydrogels are delivered by 

direct intracerebral injection. Although this process may be more invasive than intravenous 

injection, it still remains minimally invasive as only injection and no implantation is needed. 

Additionally, direct injection allows for specific targeting of the injured tissue. By bypassing the 

BBB, the material is not only ensured to reach the lesion site but also no other organ tissue will be 

unintentionally affected by the material. One study showed that PEGylated nanoparticles are able 

to evade the attack of the major brain cell populations such as the microglia[52]. Thus, PEGylating 

therapeutics is not a strategy solely for intravenous delivery and targeting of brain tissue, but also 

one that can be used in direct cavity injection to maximize the clearance time. Finally, through 

direct cavity injection and in situ gelation, the material can act as an ECM mimic as well as a 

delivery system. One very important consideration with direct hydrogel injection is the tendency 

for hydrogels to swell post-gelation. Thus, hydrogels injected intracerebrally must be engineered 

to minimize swelling to avoid further brain damage. Examples of different injection methods can 

be found in Figure 4. 
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Figure 4: Examples of injection methods. Top left: injection on top of brain and allowing for 
diffusion. Top right: direct injection into stroke cavity. Bottom: intravenous systemic injection. 
(Adapted from drawings by Katrina Wilson) 
 

2.5 Materials and Therapeutics for anti-inflammation after Stroke: 

As previously mentioned, significant inflammation and oxidative stress post ischemic 

stroke can cause severe neurological deficits. Therefore, logically, various polymers, anti-

inflammatory, and anti-oxidants have been researched for the purpose of stroke repair in this area. 

Lectins, proteoglycans, and glycosaminoglycans (GAGs) are major components of the Brain 

ECM[45]. One common GAG found in the brain ECM is hyaluronic acid (HA). Modifications to 

HA have allowed for the addition of bioactive cues and functional handles for crosslinking. It has 

been shown that the difference in molecular weight can have pro- or anti-inflammatory responses. 

HA with high molecular weights induces an anti-inflammatory response, while HA with low 
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molecular weights induces a pro-inflammatory response[82]. As such, biocompatible hydrogels, 

like N-fluorenylmethyloxycarbonyl self assembled peptides (Fmoc-SAPs) from the Nisbet group, 

have been used as delivery systems because the material itself does not elicit an immune 

response[83]. Molecular weight alone is not the only factor affecting inflammation; the stiffness 

of a hydrogel has also been seen to produce a response. We injected nano-porous hyaluronic acid 

based hydrogels with different stiffness directly into the stroke cavity and analyzed the immune 

response[84]. We showed that a much stiffer hydrogel (~1000 Pa) is detrimental and actually 

increases the inflammatory response. A hydrogel matching the stiffness of the native brain (~300 

Pa) will not increase the immune response compared with a buffer injection control. This is likely 

because stiffness has been shown to play a very important role in material-tissue integration across 

all tissues, and is especially true for nano-porous hydrogels where stiffness and material 

degradation are directly correlated[21, 85-87]. For nano-porous hydrogel material, degradation 

controls cellular infiltration. A material that degrades too quickly will fail in its attempt to act as 

mechanical support for infiltrating cells. Conversely, a material that degrades too slowly will elicit 

a larger immune response caused by the buildup of cells along the tissue-material boundary[88]. 

Stiffness of a polymer can be controlled by two variables, weight percent or the number of cross-

links formed. Increasing the polymer weight percent or increasing the number of cross-links will 

in turn increase the mechanical strength of the hydrogel, and vice versa. Therefore, biocompatible 

hydrogels matching the stiffness of the native tissue are unlikely to exacerbate the immune 

response and can be used to deliver therapeutics or stem cells that will have an anti-inflammatory 

effect.  

It is known that transplanting foreign cells such as human cells into a mouse or rat elicits 

a host immune response, however, many studies have utilized hydrogels to deliver cells because it 
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has been shown the cells encapsulated inside transplanted hydrogels have increased survival 

rates[65, 84, 89-91]. One such study from the Carmichael lab used a hyaluronan-heparin sulfate-

collagen hydrogel to deliver stem cells to the stroke cavity and showed a decreased inflammatory 

response as well as increased transplanted stem cell survival[89]. The encapsulation of iPS-NPCs 

in a nano-porous HA hydrogel did not decrease the astrocytic scar but did decrease the microglial 

response[84]. A possible explanation is that the scaffold can act as a shield from the inflammatory 

response. However, it should be noted that immunosuppressed mice or rats such as NOD Scid 

Gamma (NSG) mice are often used in foreign cell transplantation studies[84]. Since the 

inflammatory response plays a dramatic role in the brain’s response to injury, using 

immunodeficient rodent models may fail to capture the entire picture. 

Other strategies to decrease the immune response have focused on delivering anti-

inflammatory therapeutics rather than cells. One study used an HA based hydrogel in a rat stroke 

model to deliver a Nogo receptor antibody, which has been shown to mediate the microglial 

inflammatory response. Although the inflammatory response was not directly analyzed, an 

increased behavioral response was observed and believed to be correlated to decreased 

inflammation[92, 93]. Other hydrogels have been loaded with anti-inflammatory therapeutics such 

as osteopondin, which mediates immune cell activation and apoptosis, or Interleukin-10 (IL-10), 

an anti-inflammatory cytokine shown to limit inflammation in brain and generally elevated in 

Central Nervous System (CNS) diseases, to alleviate the inflammation observed post stroke[94, 

95]. While little research has been done utilizing the hydrogels in conjunction with anti-

inflammatory therapeutics, there have been an increasing number of studies attempting to 

understand the biology of the inflammatory response.    



	 21	

Several studies have shown that a key pathway in the regulation of animal development, 

known as the sonic hedgehog (Shh) signaling pathway, can have a protective effect against 

oxidative stress by increasing the expression of anti-oxidant enzymes[96]. Ji et. al intraperitoneal 

injected polydatin, a molecule proven to have anti-inflammatory and anti-oxidative properties, and 

studied the mechanisms behind its neuroprotective effects after MCAo stroke[97]. Specifically, 

they studied the expression of transcription factor Gli1, a mediator of the Shh pathway, Patched-1 

(Ptch1), the receptor for Shh, and Superoxide dismutase (SOD), an anti-oxidant enzyme in the Shh 

pathway. Administration of polydatin resulted in an upregulation of Gli1, Ptch1, and SOD, and a 

down regulation of nuclear factor-kappa B (NF-B), a transcription factor shown to be up-regulated 

following ischemia causing production of proinflammatory cytokines. This simultaneous up-

regulation of anti-oxidants with the down-regulation of pro-inflammatory cytokines led to a 

smaller infarct and a lower neurological deficit. In addition to polydatin, platinum based 

nanoparticles penetrating through the BBB have also been studied to ameliorate the inflammation 

and reactive oxygen species after stroke[80]. The platinum nanoparticles were able to 

downregulate MMP-9 activity and lower inflammation thereby reducing the cerebral damage. 

Similar to a previously mentioned study delivering IL-10 using a hydrogel, administrations 

of IL-10 without hydrogels have shown anti-inflammatory responses. Bodhankar et. al 

intravenously injected mice with IL-10+ B cells prior to inducing MCAo stroke and observed a 

smaller infarct volume and a decrease in activated T cells and infiltrated T-cells in the ischemic 

side of the brain, indicating a decrease in inflammation[98]. These results suggest that elevating 

levels of IL-10 post-stroke is important to modulate and decrease inflammation.  

Another strategy to limiting inflammation rather than introducing anti-inflammatory 

cytokines is the use of blocking agents against released pro-inflammatory cytokines. However, 
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which cytokines or transcription factors to target is unclear and can be difficult to identify. Shichita 

et. al showed that the peroxiredoxin (Prx) family proteins when released extracellularly by necrotic 

cells have a pro-inflammatory response by inducing expression of interleukin-23[99]. 

Interestingly, intracellular Prxs have been shown instead to have a neuroprotective effect. Thus, 

injection of a blocking agent against extracellular Prxs could have a neuroprotective effect by 

decreasing inflammation.   

Severe inflammation initially after stroke can be decreased with several methods as 

mentioned above. Anti-oxidants such as polydatin, reducing activity of pro-inflammatory 

cytokines such as the Prx proteins through blocking agents, and increase in anti-inflammatory 

cytokines such as IL-10 through B cell injection have all been shown to decrease inflammation 

and overall have a positive neuroprotective effect. The field of brain repair needs more studies to 

understand and elucidate which biological pathways need to be upregulated or downregulated so 

that hydrogels containing specific anti-inflammatory therapeutics, cells, and the two in 

conjunction, can be delivered to limit inflammation. 

Alternatively, instead of using hydrogels solely for delivery of anti-inflammatories, the 

hydrogel itself can be engineered to decrease the immune response without therapeutic additives. 

As mentioned earlier, we have engineered the first HA based injectable MAP hydrogels. When 

injecting these particle hydrogels into an MCAo mouse model we observed a significant decrease 

in the astrocytic scar and microglial response compared to a stroke only control and an HA nano-

porous hydrogel control[100]. This suggests that physical manipulation of the hydrogel alone can 

decrease the inflammation without the need for therapeutics. 
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Although alleviating inflammation is a great first step to ischemic stroke repair, 

angiogenesis, neurogenesis, and recovery of native ECM plasticity are important subsequent steps 

needed to achieve native brain regeneration. 

2.6 Material and Therapeutics for Increasing Angiogenesis after Stroke: 

Angiogenesis is a crucial process in wound healing applications, including stroke repair. 

Vascularization of a wound or stroke cavity is necessary for natural healing because of the oxygen 

and nutrients provided by the vasculature. Increasing angiogenesis for wound healing has been 

extensively researched and general techniques include gene delivery, growth factor delivery, and 

cell transplantation. Similarly, in stroke repair, new vessels are necessary to infiltrate the damaged 

area to provide nutrients and support for matrix and neuron regeneration. Using a hydrogel alone 

without any therapeutics may not be sufficient for full recovery of the vasculature. We showed 

that injecting particle hydrogels will increase the vasculature in the peri-infarct area[100]. 

However, the same phenomenon was not observed in the infarct, suggesting that further 

engineering of the material to include growth factors is required for increased angiogenesis. Little 

research into hydrogels alone for inducing angiogenesis have been carried out, with the majority 

of research concentrated on delivery of growth factors and transplantation of cells. 

The most common growth factor delivered to enhance angiogenesis is VEGF. VEGF 

induces endothelial cells to proliferate and migrate, thus, leading to formation of new vessels. 

Naturally, delivery of VEGF has been studied for the use of brain repair with encouraging results. 

An early study delivering VEGF via intracerebral injection showed its neuroprotective benefits 

after MCAo stroke[101]. This study showed that along with stimulating angiogenesis, VEGF 

decreased the infarct size, improved neurological performance, and increased newborn neuron 

survival. Similarly, another study treating traumatic brain injury (TBI) showed that intracerebral 
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injection of VEGF decreased injury size, increased functional recovery, and increased proliferating 

cells, although most newborn cells differentiated into astrocytes and oligodendrocytes rather than 

neurons[102].  It is important to note that VEGF presentation plays an important role in cell 

response. Studies have shown that bound VEGF has a different cellular response than soluble 

VEGF. Specifically, in vitro studies show that highly bound VEGF increases endothelial cell 

branching, vessel thickness, and total vessel network compared to soluble VEGF[103]. Moreover, 

VEGF has a short half-life in the brain parenchyma. Therefore, using a hydrogel to deliver VEGF 

may be vital to control the spatiotemporal presentation. Using a stroke model, Emerich et. al  

compared bolus injection of VEGF to sustained release VEGF using a hydrogel and showed an 

increased behavioral response in the animals receiving the hydrogel with VEGF[104].   

Although VEGF is one of the most common growth factor delivered to increase 

angiogenesis, several studies have shown the benefit of injecting other therapeutics. One example 

is delivery of erythropoietin (EPO), a hormone responsible for red blood cell production. Injection 

of EPO after stroke increased vessel density in the peri-infarct as well as significantly increasing 

brain levels of VEGF[105]. The Shoichet group used a PEG/PLGA/HAMC composite system to 

sequentially deliver epidermal growth factor (EGF) and erythropoietin (EPO) in a stroke 

model[106]. PEGylated-EGF was initially delivered to stimulate endogenous NPC proliferation 

and then EPO was released as a neuroprotective agent to prevent newly formed neurons from cell 

death. Another study tested the pro-angiogenic effects of resveratrol on brain endothelial cells in 

vitro. It was shown that resveratrol induces proliferation, migration, and tube formation on brain 

endothelial cells, thus, suggesting that resveratrol could be promising for promoting angiogenesis 

after stroke and delivered using a hydrogel[107]. 
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Transplantation of cells is another common method used to increase angiogenesis after 

stroke. Bone marrow stromal cell lines are often used and have been shown to enhance 

angiogenesis after stroke[108-110]. Transplantation of these cells after stroke show increase in 

new microvessels, VEGF-positive cells, and Notch1-positive microvessels in the ischemic 

cortex[110]. The Notch signaling pathway is responsible for proliferation during neurogenesis. 

Additionally, Xin et. al showed that injection of exosomes derived from mesenchymal stromal 

cells after stroke significantly increases the von Willebrand factor, an endothelial cell marker, 

suggesting an increase in angiogenesis[109]. Separately, Wei et. al compared transplantation of 

hypoxic preconditioned bone marrow mesenchymal stem cells (H-BMSCs) and normal BMSCs 

(N-BMSCs) after stroke[108]. Hypoxia exposure upregulated several growth factors including 

VEGF, EPO, and brain-derived neurotrophic factor (BDNF). Further, the transplanted H-BMSCs 

decreased microglia activation while also increasing Glut1-positive cells, a marker for vessels, 

compared to transplanted N-BMSCs. This suggested that the H-BMSCs can decrease 

inflammation while also increasing vasculature. Many of the studies that report increased 

angiogenesis also show functional recovery, suggesting that increased angiogenesis is vital for 

brain repair after stroke. As it has been shown that hydrogels increase cell survival, it is likely that 

greater functional responses could be observed by delivering these cells using hydrogels. 

 

2.7 Materials and Therapeutics for Increasing Neurogenesis after Stroke: 

Neurogenesis and axon formation is very important to replace the neurons lost to necrosis 

because of the ischemia caused by the stroke. Many studies that achieve neurogenesis also observe 

an increase in angiogenesis, implying that angiogenesis and neurogenesis work hand in hand. 

Originally, the adult brain was perceived to be void of any regenerative capacity and it was not 
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until 1992 that it was discovered that neural progenitor cells (NPCs) are present in adult brain[35, 

36]. In the adult brain, NPCs reside in two distinct niches, the subventricular zone (SVZ) and the 

dentate gyrus (DG). After injury, NPCs in the SVZ begin proliferating and migrating towards the 

injured site[72]. Unfortunately, very few NPCs migrate the entire distance reaching the stroke 

boundary and most die along the way[73]. Thus, one strategy for increasing neurogenesis focuses 

on promoting endogenous NPC proliferation, migration, survival, and differentiation while 

another strategy includes exogenous NPC transplantation and differentiation.  

Methods researched to promote endogenous neurogenesis are similar to those used to 

stimulate angiogenesis, mainly delivery of growth and trophic factors. An early study showed that 

administration of VEGF can also lead to neurogenesis both in vitro and in vivo[111]. VEGF treated 

rats showed an increase 5-Bromo-2’-deoxyuridine (BrdU) labeled cells along the SVZ also co-

labeled with DCX, an immature neuron marker. BrdU labeled cells denote proliferating cells. 

Thus, VEGF can simultaneously promote angiogenesis and neurogenesis. A common trophic 

factor used to promote neurogenesis is Bone derived neurotrophic factor (BDNF)[112]. In vitro, 

BDNF has been shown to increase NPC proliferation and enhance neurogenesis. Recently, it was 

shown that AAV-BDNF can stimulate NPC migration from the SVZ toward the lesion site in a 

stroke rat model[112]. Rats co-injected with AAV-GFP and AAV-BDNF showed enhanced 

locomotor recovery and greater GFP-positive cell migration from the SVZ towards the infarct. 

Additionally, there have been several studies focused on delivery of BDNF using a hydrogel. A 

collagen based scaffold was used to deliver brain derived neurotrophic factor (BDNF) in a spinal 

cord injury model which has much of the same inflammatory, angiogenesis, and neurogenesis 

difficulties and barriers as a stroke model[113]. The study showed that delivery of BDNF using a 

collagen scaffold improved behavioral recovery. A recent study from the Carmichael lab utilized 
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a HA based hydrogel to deliver BDNF in a stroke model and showed increased neurogenesis and 

axonal sprouting as well as an increased behavioral response compared to delivery of BDNF 

without a hydrogel[114]. These results suggest that delivery of BDNF using a hydrogel can be a 

viable method for promoting neurogenesis in vivo. 

Further, multiple therapeutics may be required to fully maximize the regenerative potential 

of the brain. One example of multiple therapeutic delivery combined with several layers of 

engineering is from Molly Shoichet’s lab[106, 115]. They delivered two therapeutics, 

Neurotrophin-3 and Anti-NogoA, using PLGA nanoparticles dispersed in a hyaluronan 

methylcellulose (HAMC) hydrogel. The combined delivery along with the sustained release 

increased axon density and locomotor function. The Shoichet group has also researched the 

activation of the endogenous NPCs residing in the SVZ. Using the same PLGA/HAMC hydrogel 

to deliver Cyclosporin A (a polypeptide) they were able to increase the proliferation of the 

endogenous NPCs[116-118]. It seems consistent throughout the literature that hydrogels must be 

used alongside therapeutics, possibly multiple therapeutics, to achieve neural repair. 

Physical manipulation and optimization of the hydrogel without added therapeutics can 

have pro-neurogenesis effects, similar to the inflammation and angiogenic response. After 

injection of the MAP hydrogels we observed for the first time endogenous NPCs from the SVZ 

infiltrating into the lesion[100]. However, differentiation of these NPCs into functional neurons 

was not observed suggesting that delivery of a growth factor therapeutic alongside an optimized 

hydrogel may be necessary to enhanced neurogenesis.    

Due to the difficulties of recruiting endogenous NPCs into the infarct, many studies have 

been conducted transplanting exogenous NPCs directly into the stroke cavity in hopes of NPC 

differentiation into functional neurons. In fact, most current clinical trials for stroke repair are 
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studying delivery of stem cells into the infarct. As explantation of NPCs can be very difficult, most 

exogenous NPCs injected into the brain are derived from induced Pluripotent Stem Cells (iPS-

NPCs)[62]. Several studies have demonstrated the viability of direct transplantation of iPS-NPCs. 

One example showed that rats transplanted with iPS-NPCs after stroke exhibited greater functional 

recovery and the iPS-NPCs had differentiated expressing neuronal markers (NeuN) or astrocytic 

marker (GFAP)[90]. Further, these rats had greater expression of VEGF and SDF-1, a 

chemoattractant upregulated after ischemia. We, the Carmichael lab, and others have shown the 

benefits of using hydrogels to deliver NPCs. Using hydrogels for stem cell delivery will not only 

increase their survival but also direct their differentiation and decrease the behavioral deficit. 

Several studies have used collagen based scaffolds to deliver different stem cells[119]. In a TBI 

model which generates a cavity similar to stroke models, collagen scaffolds populated with human 

marrow stromal cells transplanted directly into the cavity increased behavioral recovery and 

reduced the lesion volume compared to sham, collagen only, and cell only controls.  

Although iPS-NPC delivery is attractive due to the directed differentiation into a neuronal 

cell type, substantial pre-transplantation processing needs to be done to convert adult somatic cells 

into iPS-NPCs. Thus, another common stem cell line delivered are the MSCs mentioned 

previously. MSC direct transplantation into the stroke cavity has been shown to decrease the lesion 

size, decrease the motor deficit, and increase overall cell proliferation. Moreover, a study 

comparing delivery of MSCs to delivery of MSCs transfected with a BDNF virus showed 

enhanced proliferation of endogenous neural stem cells[120]. 

  

Although much progress has been made in both endogenous NPC recruitment and exogenous stem 

cell transplantation, difficulties in maintaining survival and differentiation of the migrating NPCs 
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remain, while studies focused on transplanting exogenous stem cells face possible immune 

responses to the foreign transplanted cells. 

 

2.8 Conclusions and Future Directions: 

  

Since stroke is the number one leading cause of adult disability, more efforts are needed to devise 

a treatment for successful brain repair and neural regenerations. When studying stroke, researchers 

are left with a four layered problem comprising of severe inflammation, loss of vasculature, loss 

of neuronal axons, and damaged extracellular matrix plasticity. A potential treatment promoting 

long term repair and recovery must manage and address all four of those issues.  

Various researchers have used natural based materials such as collagen hoping to better 

mimic the properties of the native ECM. However, collagen and other fibrillar proteins compose 

a very small component of the native brain ECM, suggesting that other materials may be more 

suited for brain repair. The most common of such materials is a HA based hydrogel since HA is a 

much bigger component of the native brain ECM than collagen is. However, injection of an empty 

HA nanoporous hydrogel itself does not improve the situation. This is likely because HA does not 

contain the plethora of integrins, bioactive cues, and physical properties that the native brain ECM 

contains[44]. Integrin presentation can play a decisive role in cell behavior. Varying 

concentrations of the peptides RGD, IKVAV, and YIGSR among HA hydrogels can change the 

fate of stem cell differentiation in vitro and in vivo[65, 91, 121]. However, hydrogels that cause 

one effect in vitro may cause a different phenomenon in vivo, contributing to the disconnect 

between in vitro cell behavior and in vivo tissue behavior. In addition to which integrins to display 

and at what concentration, the issue of which bioactive cues to deliver also exists. Most of the 
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research involving hydrogels for brain repair has revolved around delivering different bioactive 

cues. Hydrogels have been loaded with anti-inflammatory therapeutics such as osteopondin or IL-

10 to alleviate the inflammation observed post stroke[94, 95]. Hydrogels have also been loaded 

with pro-angiogenic therapeutics such as VEGF to promote vessel formation in hopes of 

recovering the lost vasculature[101, 102, 111]. Finally, hydrogels have contained many pro-

neurogenic therapeutics such as BDNF, cyclosporin A, EGF and EPO so as to activate the brain’s 

endogenous repair mechanism through endogenous NPCs[106, 114, 118]. These endogenous 

NPCs reside in the SVZ and migrate towards the injured site but prematurely die before reaching 

the lesion and contributing to any recovery[72, 73]. Therefore, many researchers have abandoned 

hope of promoting repair through endogenous NPCs and have adopted the strategy of delivering 

exogenous NPCs with a hydrogel[65, 84, 89-91]. This strategy relies on the survival, proliferation, 

differentiation, and integration of these exogenous NPCs into the host tissue. Table 1 shows the 

different materials and therapeutics injected to alleviate inflammation, increase angiogenesis, or 

increase neurogenesis. 
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Table 1: 

The first barrier to brain repair that needs to be addressed is the inflammatory response. 

More biological research is being published showing that astrocytes and microglia play a role in 

aiding neuron growth, therefore, complete ablation of the inflammatory response should not be the 

target[40-42, 122]. A large inflammatory response with severe gliosis creates a cytotoxic 

environment unsuitable for promotion of repair, whereas no inflammatory response lacks the 

proper support that astrocytes and microglia can provide. Thus, a successful material must focus 

on limiting the inflammatory response while not completely removing it. 

The second barrier to brain repair that needs to be addressed is the loss of vasculature. 

Vessels are vital to cells and tissues because they provide the oxygen and nutrients necessary for 

survival and growth. The most common method to recover the lost vessels and promote 

angiogenesis is by delivering VEGF. While delivering VEGF has been shown to increase the 

number of vessels, the presentation of the VEGF (i.e. sustained release vs bolus, bound vs soluble) 

dictates the quality of the vessels formed. Therefore, delivery of VEGF alone is not sufficient to 

overcoming this barrier, and presentation needs to be considered when engineering a biomaterial 

for regenerative medicine.  

 

The third barrier to brain repair that needs to be addressed is the loss of neurons. Ultimately, 

neurons and axons are responsible for functional recovery which is why most therapeutics 

delivered focus on regaining the lost neurons and axons. However, the belief is that functional 

axon growth is the final step to recovery. Inflammation needs to be controlled and vessels need to 

be formed so that the NPCs can have a suitable environment for differentiation and axon growth. 
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Multiple therapeutics with the optimized spatiotemporal presentation may need to be delivered to 

address these three barriers. 

The final barrier that often times is forgotten is loss of the ECM plasticity. The ECM is a 

very complex heterogeneous network of molecules that provides the environment suitable for cells. 

Physically, the ECM cannot be mimicked by a traditional hydrogel. Delivering the appropriate 

therapeutics with a traditional hydrogel may not be sufficient for successful recovery. New classes 

of hydrogels are being engineered and need to be further engineered to better mimic the native 

ECM. 

Hydrogels have been coveted in the field of regenerative medicine because of their ability 

to act as ECM mimics and possibly act as a temporary replacement to the lost ECM in wound 

healing applications. However, traditional biomaterials can only superficially match a few physical 

aspects of the native ECM[51]. The majority of hydrogels are largely homogeneous and fail to 

capture the heterogeneity of native ECM. Moreover, rapid cellular infiltration is essential for 

biomaterial integration, but infiltration is accompanied by scaffold degradation. As a result, 

researchers are forced to balance biomaterial degradability and long term mechanical support. 

Slowly degrading hydrogels maintain mechanical stability but have been shown to promote 

fibrotic encapsulation. Failure to completely match the native ECM properties could be why 

injecting such traditional hydrogels into the stroke cavity results in little to no neurological 

improvement. We injected these HA based microporous annealing particle (MAP) hydrogels in a 

stroke model with no added therapeutics other than the covalently linked RGD cell adhesive 

peptide and witnessed a drastic decrease in the astrocytic scar and microglial activation solely due 

to the porosity of the material[100]. Furthermore, there were more vessels in the peri-infarct area 

and for the first time endogenous NPCs residing in the SVZ migrated to and infiltrated into the 
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lesion. Thus, these particle hydrogels hold great promise in unlocking the brain’s endogenous 

ability for repair by activating the endogenous NPCs. These hydrogels themselves likely need to 

be further engineered, similar to the nanoporous hydrogels, to contain bioactive signals to 

maximize the therapeutic potential. These hydrogels need to be optimized to match the physical 

complexity and heterogeneity of the native ECM and offer the ability to deliver multiple 

therapeutics needed for brain repair. 

Integration of VEGF and utilization of hydrogels more closely resembling the ECM are 

logical future directions moving forward. As mentioned earlier, delivery of VEGF can play an 

integral role in neural repair. We and others have shown that the presentation of VEGF can play a 

critical role in the tissue response. Bound VEGF or sustained release VEGF has shown beneficial 

effects compared to bolus delivery[123]. We recently have designed two novel methods to deliver 

sustained release VEGF or bound VEGF. One method we engineered for sustained release utilizes 

VEGF containing nanocapsules that degrade enzymatically and release the VEGF[124]. These 

nanocapsules in conjunction with a hydrogel mimicking the ECM could potentially increase the 

angiogenic response while also decreasing the inflammation. The other method exploits heparin 

sulfate's natural ability to attract and bind growth factors, such as VEGF.  By engineering heparin 

nanoparticles and mixing with high concentrations of VEGF, we are able to highly cluster VEGF 

onto these heparin particles[103]. Once again delivery of these high clustered VEGF heparin 

particles in combination with an optimized hydrogel could potentially have great therapeutic 

benefits.   

Another class of hydrogels that more closely mimic the heterogeneity of the native ECM 

are shear thinning hydrogels[125-131]. Shear thinning hydrogels are able to more precisely capture 

the dynamic and viscoelastic properties of the native ECM. A study conducted in a myocardiac 
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infarct tissue model by the Burdick lab showed that these shear thinning dynamic hydrogels had 

an improved outcome compared to traditional static hydrogels[131]. As the backbone of the 

hydrogel is already hyaluronic acid, this new class of hydrogel holds the potential to be readily 

translated into the brain for the purpose of neural regeneration.  

In conclusion, achieving brain repair after injury is a highly complex and multi-layered 

problem. Maneuvering the inflammatory response while trying to promote angiogenesis and 

neurogenesis has proven to be very difficult. Many have used hydrogels as delivery systems to 

inhibit the immune response or to stimulate the vascular and neural response. Moving forward, the 

hydrogel used needs to be further engineered to better mimic the ECM by incorporating 

microporosity and the dynamic properties of shear thinning hydrogels to maximize the hydrogel’s 

intrinsic capabilities for therapeutic repair. Next, the presentation of the growth factors or 

therapeutics delivered needs to be optimized to maximize the host tissue response. Thus, 

engineering biomaterials on multiple levels is required for neural repair.  
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III. Particle hydrogels based on hyaluronic acid building blocks 

3.1 Introduction 

Polymeric hydrogels have widely been researched in the field of biomedical engineering 

for their role as extracellular matrix (ECM) mimics. Hydrogels are composed of a crosslinked 

hydrophilic polymer network swollen with water and can be engineered to incorporate various 

chemical and physical bioactive cues to better mimic the ECM [132, 133]. Furthermore, hydrogels 

are formed via a sol-gel transition, meaning they can be injected in situ as a liquid and take the 

form of any mold or cavity before complete gelation. After gelation the hydrogel is a solid which 

depending on the chemistry used is elastic, viscoelastic, or stress relaxing. However, independent 

of the chemistry, these crosslinked materials are a swollen mesh with a mesh size in the tens to 

hundreds nanometers. Since cells are micrometers in size the material must be degraded before 

cellular infiltration can occur. Hydrogel degradation sites such as hydrolysable bonds or protease 

degradable peptides are often used to allow cellular infiltration [134]. Recently, non-covalent 

bonds that allow the material to be stress relaxing have been used to allow cellular infiltration into 

the material [135]. Since rapid cellular infiltration is essential for endogenous tissue integration, 

but rapid cellular infiltration is accompanied by scaffold degradation, a balance between 

degradability and long term mechanical support must be achieved. Further, slow degrading 

hydrogel materials can promote fibrotic encapsulation of the hydrogel [88], supporting the need 

for a balance between degradation and mechanical support.  

An alternative approach to traditional polymeric hydrogels that contain a nanometer size 

mesh is to introduce micron sized pores to the hydrogel during fabrication. The goal here is to have 

a path for cellular infiltration that is not linked to hydrogel degration. In vivo microporous hydrogel 

scaffolds have been shown to promote cellular infiltration and vascularization better than their 
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nanoporous hydrogel counterparts. Commonly employed methods for producing microporous 

scaffolds (e.g. salt leaching[60, 136, 137], gas foaming[138-140], lyophilization[141-144], and 

sphere templating[32, 145-147]) are cytotoxic and require post-fabrication cell seeding and 

implantation. This necessity eliminates the seamless boundary provided by injectable nanoporous 

hydrogels that form in situ.  Recently, we reported a new class of in situ forming microporous 

(Microporous Annealed Particle or MAP) hydrogel that allows cells to be cultured in microscale 

pores during formation. In this material, hydrogel microspheres are annealed to each other and 

pore size is determined by the random packing of the microspheres [1]. Because the cells can be 

mixed with the microsphere building blocks prior to gelation, cell loading of the scaffold and pore 

formation within the scaffold occurs simultaneously. Like their non-porous counterpart, this MAP 

hydrogel has the benefit of being entirely injectable, which allows for a seamless boundary in 

addition to microporosity.   

Our previous report of MAP scaffolds focused on the assembling of spherical building 

blocks using a poly(ethylene glycol) (PEG) based hydrogel backbone. Here, we demonstrate the 

formation of particle scaffolds based on hyaluronic acid (HA) based building blocks. While using 

a completely bioinert backbone can be useful in avoiding unwanted side effects, it can require 

significant addition of bioactive cues and the final degradation products are tens of thousands 

Daltons in size (e.g star PEGs typically used to generate hydrogels are 10-80kDa in size). HA is a 

non-sulfated glycosaminoglycan component of the natural extracellular matrix (ECM) that can be 

naturally metabolized and cleared in the body. HA backbones themselves can act as a bioactive 

cue in cell signaling and attachment, while bionert backbones such as PEG cannot [148]. Different 

molecular weight HA can be used to elicit different immune responses. It has been shown, that 

very low molecular weight HA (HA fragments and 5 kDa) elicits a pro-inflammatory response, 
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while very high molecular weight HA (800 and 3000 kDa) induces a pro-resolving response[82]. 

The authors also tested 60 kDa (the same molecular weight we use) and showed an intermediate 

response between the very low molecular weight and the very high molecular weight HA. Thus, 

depending on what inflammatory response is desired, the molecular weight of HA should be 

considered when choosing the hydrogel backbone. Additionally, degraded hyaluronic acid is 

cleared quickly and efficiently in the body[149]. The generation of particle scaffolds requires two 

orthogonal chemistries, one for µgel generation and one for µgel annealing and scaffold formation. 

Here we explore three orthogonal chemistries based on an enzymatic reaction, light based radical 

polymerization, and amine/carboxylic acid based crosslinking to generate the particle scaffold. We 

believe that hyaluronic acid based particle hydrogels will find wide applications in the fields of 

biomaterials and regenerative medicine. 

 

3.2 Materials and Methods 

3.2.1 Hyaluronic acid modification:  

Hyaluronic acid was functionalized with an acrylamide group using a previously described 

two-step synthesis [133] [47]. Briefly, HA (60,000 Da, Genzyme Corporation, Cambridge, MA) 

(2.0 g, 5.28 mmol) dissolved in water mixed with adipic dihydrazide (ADH, 18.0 g, 105.5 mmol) 

with 1-ethyl-3-(dimethylaminopropyl) carbodiimide hydrochloride (EDC, 4.0 g, 20 mmol) with  

pH adjusted to 4.75. This mixture was allowed to react overnight to form hydrazide-modified 

hyaluronic acid (HA-ADH). The next day purification was performed via dialysis (8000 MWCO) 

in deionized water for 2 days. The HA-ADH was then lyophilized. HA-ADH (1.9 g) was dissolved 

in 4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid (HEPES) buffer (10 mM HEPES, 150 mM 

NaCl, 10 mM EDTA, pH 7.4) and mixed with N-acryloxysuccinimide (NHS-AM, 1.33 g, 4.4 
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mmol) and allowed to react overnight. The next day purification was performed via dialysis against 

deionized water for 2 days, and HA-AM was lyophilized. The product was analyzed with 1H NMR 

(D20) and the percent modification (14%) was determined by dividing the multiplet peak at δ = 

6.2 (cis and trans acrylate hydrogens) by the singlet peak at δ = 1.6 (singlet peak of acetyl methyl 

protons in HA monomer). The HA-AM was stored under Argon at -20°C until used. 

 

3.2.2 Microfluidic Device Design and Fabrication: 

Microfluidic water-in-oil flow focusing molds were fabricated using soft lithography as 

previously described [1]. In brief, KMPR 1025 or 1050 photoresist (Microchem) was used to 

fabricate master molds on mechanical grade silicon wafers (University wafer). Using 

manufacturer’s suggestions for spinning photoresist, a channel height of 55 µm was obtained. 

Poly(dimethyl)siloxane (PDMS) Sylgard 184 kit (Dow Corning) devices were made from 

the master molds. A 10:1 ratio of base to crosslinker was used and poured over the mold. Once 

degassed the PDMS was allowed to cure at 60oC overnight. A glass microscope slide (VWR) and 

the PDMS molds were treated with oxygen plasma at 500 mTorr and 75W for 15 seconds and 

pressed together to seal the channels. Immediately following channel sealing, a solution of Rain-

X was infused into the device and allowed to react for 20 minutes at room temperature to 

functionalize the channels. The Rain-X was then aspirated from the channels and allowed to dry 

by air overnight. 

 

3.2.3 HA MAP Gel Formation and Purification:  

The HA-AM spherical microgels were formed using a four inlet, one outlet microfluidic 

droplet generator previously reported [1]. Two inlets were reserved for the “pinch” oil (1% v/v 
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span-80 in heavy mineral oil) and “outer” oil (5% v/v span-80 in heavy mineral oil) while the other 

two inlets allowed the HA-AM solution and the cross-linker solution to be mixed immediately 

before the “pinch” point. The HA-AM solution was freshly prepared before each run by first 

dissolving HA-AM in 0.3 M triethanolamine (TEOA) pH 8.8 at 7% w/v. This solution was then 

used to dissolve three thiol-containing pendent peptides: K-peptide (Ac-FKGGERCG-NH2), Q-

peptide (Ac-NQEQVSPLGGERCG-NH2), and RGD (Ac-RGDSPGERCG-NH2) at 500 µM, 500 

µM, and 1000 µM, respectively. Peptide conjugation efficiencies have been studied extensively by 

the Lutolf et. al [150, 151] The thiol-containing pendent peptides had been previously combined 

and lyophilized to a powder containing 0.2 µ-moles of K-peptide, 0.2 µ-moles of Q-peptide, and 

0.4 µ-moles of RGD so that 400 µL of the HA-AM solution could be prepared and loaded into the 

1 mL Hamilton Gas-tight syringe after a 30-minute incubation at 37°C to pre-reaction the thiol-

containing pendent peptides with the HA-AM. Meanwhile, the cross-linker solution was prepared 

by dissolving the di-thiol matrix metalloproteinase (MMP) sensitive linker peptide (Ac-

GCRDGPQGIWGQDRCG-NH2, Genscript) in distilled water at 7.8 mM followed by reacting 

with 10 µM Alexa-Fluor 488-maleimide (Life-Technologies) for 5 minutes. The cross-linker 

solution was then loaded into another 1 mL Hamilton Gas-tight syringe, total volume of 400 µL. 

Two syringe pumps were used to separately control the flow rates of the oils and the gel precursor 

solutions (see Figure 1D for specific flowrates used). The gel precursor solutions were co-flowed 

at a 1:1 volume to make the final microgel droplets and left overnight at 25°C. The final microgel 

composition was 3.5 wt% HA-AM, 250 µM K-peptide, 250 µM Q-peptide, 500 µM RGD, 5 µM 

Alexa-Fluor 488-maleimide, and 3.9 mM cross-linker (thiol:AM is 0.8). The microgels were 

transferred to micro-centrifuge tubes and HEPES buffer saline (pH 7.4 containing 10 µM CaCl2) 

was added to each tube. The tubes were then centrifuged at 18,000 G’s for 5 minutes, allowing for 
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a separation between the pelleted microgels and the oil plus surfactant. This supernatant was 

aspirated and the procedure above was repeated until all the oil and surfactant was removed from 

the microgels (~5 to 6 times). 

 

3.2.4 Cell Maintenance and Cell Culturing Molds: 

Human Dermal Fibroblasts (HDF, Life Technologies) were cultured in Dulbecco’s 

modified eagle’s medium (DMEM, Invitrogen) with 10% Fetal Bovine Serum (FBS, Invitrogen) 

and 0.1% penicillin/streptomycin (Invitrogen). They were cultured at 37 0C with 5% CO2 using 

standard protocols. Cell culturing in the MAP gel was done in custom PDMS molds. Briefly, a 

4mm biopsy punch was used to create a cylindrical hole in a 1cm thick PDMS slab to act as a site 

for MAP injection. A 10mm biopsy punch was used to create an overlapping well large enough 

for a sufficient volume of media (0.5 mL). The resulting mold was plasma bonded onto a glass 

coverslip (S Fig 3). Prior to gel injection, a solution of 1% F-127 Pluronic was pre-incubated within 

the molds for 30 minutes and then aspirated. This was done to prevent protein adsorption to the 

glass surface for prevention of cell-glass adherence. 

 

3.2.5 Generation of Scaffold from Microspheres and Cell Culture: 

FXIII: 

The solution of microgels were pelleted by centrifuging at 18,000 G and discarding the 

supernatant. 5 U/mL of FXIII and 1 U/mL of Thrombin were combined with the pelleted µgels 

before injection and allowed to incubate at 37 0C for 90 minutes in situ. For cell encapsulation, the 

µgels were incubated in media with serum before being dried and pelleted by centrifugation and 

aspiration of supernatant. 1500 cells/µL of gel was added to the microgels from a stock solution 
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of 150,000 cells/µL so that very little volume is added to the microgels. The FXIII and thrombin 

are then added and the scaffold allowed to anneal at 37 0C for 90 minutes in situ. Cells were fixed 

with 4% PFA at 4 0C overnight on Day 2 after injection. The scaffolds were stained for f-actin and 

nuclei using a Rhodamine-B conjugate of Phalloidin (Life Technologies) and DAPI, respectively, 

for 3 hours and imaged using a Nikon Ti Eclipse equipped with C2 laser LED excitation. 

Peg-NHS: 

Scaffold preparation was identical to the FXIII with the only modification being 

substitution of 1 µM of 4 arm Peg-NHS for the FXIII.  

Eosin Y: 

Scaffold preparation was identical to the FXIII with the only modifications being 

substitution of 10 µM Eosin Y and 500 µM L-Cysteine for the FXIII and substitution of exposure 

to white light for 1 minute for the 90 minute annealing incubation.  

 

3.2.6 Pore Size and Void Volume Measurement: 

Six scaffolds were made for each annealing mechanism (18 total). Using a Nikon Ti Eclipse 

mentioned above, 21 z-slices were taken in each gel, spanning a total distance of 150 µm. The 

images were analyzed for individual pore areas and total 2D void space using a custom Matlab 

script previously described [1]. To obtain characteristic pore length, the pore areas were treated 

mathematically as circles and the diameters of these circles were calculated.  

3.2.7 Instron Mechanical Testing: 

The mechanical testing on the hydrogel scaffolds was done using a 5500 series Instron. 

The hydrogel scaffold was prepared between two slides (1mm thickness) surface coated with 

sigmacote (Sigma-Aldrich) and allowed to anneal using the methods described earlier. The 
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hydrogel scaffolds were allowed to swell in HEPES buffer saline for 4 hours at room temperature. 

A 2.5N load cell with a 3.12mm tip in diameter was used at a compression strain rate of 1mm/min 

and the hydrogel scaffold was indented 0.8mm or 80% of its total thickness.  

3.2.8 Atomic Force Microscopy: 

AFM testing on the hydrogel microgels was previously described in [152]. Briefly, A 

NanoWizard II AFM (JPK Instruments) on an Axio Observer D.1 (Zeiss) was used to perform 

nanoindentation tests. Visualizing the swollen microgels by phase contrast microscopy during 

nanoindentation allows for positioning the AFM tip directly over the microgel. Measurements 

were conducted at 25 °C using a PetriDishHeater (JPK Instruments) sample chamber. Silicon 

nitride cantilever with a nominal spring constant 60 mN m−1 were used (NP-S Bruker). The 

approach and retract velocity was set to 2 µm s−1, the contact force to 0.5 nN, and the pulling range 

was 500 nm. Each data set was generated by probing 20 different spots on each sample and 10 

force–distance curves was recorded per spot. The data processing software provided by the AFM 

manufacturer (JPK Instruments) was used to calculate the Young's Modulus E from approach 

force–distance curves.  

 

3.2.9 Sheet Confocal Microscopy: 

Light sheet confocal microscopy was used to visualize the MAP gel structure. Briefly, 20 

µl of µgels were injected into a transparent 6mm in diameter tube open from both sides and allowed 

to anneal. The tubes were then filled with 0.1% agarose solution in 1XPBS on both sides of the 

MAP gel. After the agarose gel solidified, sheet confocal images were taken at 6.3x maginification 

for whole-mount samples (5µm step size, 300 images per sample). The 3D rendering of samples 

was processed in Amira and videos were exported from Image J. 
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3.3 Results and Discussion 

HA MAP microgels (µgel) were produced using water-in-oil emulsion within a flow-

focusing microfluidic device (Fig. 5A,B), allowing for control over microgel (µgel) size. Two 

aqueous hydrogel precursor solutions were infused, HA-acrylamide (HA-AM) and the matrix-

metalloprotease-2 (MMP-2) sensitive peptide cross-linker, Ac-GCRDGPQGIWGQDRCG-NH2 , 

and flowed into a single channel causing the two solutions to meet but not mix (Fig. 5 inset 1). 

The combined aqueous stream was then pinched into microscale droplets by heavy mineral oil 

with 1% surfactant and a second oil channel containing heavy mineral oil with 5% surfactant was 

introduced further downstream to stabilize the µgels against coalescing during crosslinking (Fig. 

5 inset 1). Though this process worked for PEG-based hydrogels, difficulties in bead formation 

arose due to the viscosity differences between the HA precursor solution and the crosslinker, as 

well as the decreased viscosity difference between the oil and the HA solution relative to the oil 

and the PEG solution (Fig. 5C). Increasing the viscosity difference between the two aqueous 

solutions increases the shear velocity difference between the two solutions. Moreover, the aqueous 

solution becomes more viscous, while the viscosity of the oil remains the same, causing bead 

formation to be unstable. Thus, using the same device and flow rate we previously reported for 

PEG based gels resulted in severely unstable bead formation (S Video 1).  To resolve this, we 

increased the width of the pinching channel in the device from 10 µm to 50µm. By increasing the 

width of the continuous flow channels at the flow-focusing junction, the reduced velocity of the 

continuous phase improved the stability of droplet generation (Fig. 5 inset 1). Moreover, as the 

viscosity of the solution increased, we found that the aqueous flow rate must decrease to maintain 

stable bead formation; we decreased our total aqueous flow rate from 2.0 µL/min to 1.0-1.2 µL/min 
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to account for this viscosity increase (Fig. 5D). Device failure can result from premature 

crosslinking. An additional advantage of the crosslinking chemistry used, acrylamide/thiol, is that 

the pseudo-Michael addition kinetics are slower than that previously used to for the PEG 

microbead generation, vinyl sulfone/thiol [153]. This allows for the device to run longer (>8 

hours), rather than fail after 2-4 hours due to gel formation at the interface between the two aqueous 

solutions upstream of the oil pinching point.  

HA µgel building blocks exiting the device were collected (Fig. 5 inset 3) and allowed to 

further cross-link via pseudo-Michael addition while in the oil phase overnight (Fig. 5 inset 

4)[154]. HA µgel purification was performed through repeated centrifugation steps replacing the 

supernatant solution with a cell compatible buffer (Fig. 5E). To ensure this process yielded 

uniform gelation a fraction of the crosslinker peptide was tagged with a fluorophore; if the 

crosslinker not uniformly distributed, it would generate regions of high and low crosslinking and 

would show uneven fluorescence.  We find uniform fluorescence within the HA µgel building 

block, showing that sufficient mixing occurs before gelation (Fig. 5F). We next wanted to ensure 

that a narrow microparticle size distribution was achieved and determine the swelling difference 

for HA µgel building blocks. The size distribution for the µgels within the oil phase after gelation 

was observed to be between 45 and 54 µm (Fig. 5G). After purification and swelling the HA µgel 

building blocks have a narrow size distribution with a mean bead size of 74 µm and range from 63 

µm to 82 µm (Fig. 5H), which results in a greater than 3.4x volumetric increase from the bead size 

in the oil.  The resulting HA µgel building blocks are composed of hyaluronic acid and peptides. 

In addition to the crosslinker peptide, the HA backbone was modified with RGD (500 µM) and 

two Factor XIIIa peptide substrates, Ac-FKGGERCG-NH2 and Ac-NQEQVSPLGGERCG-NH2 
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(K and Q respectively, 250µM each), to promote integrin-mediated cell attachment and enzyme-

catalyzed annealing of the building blocks to generate the MAP scaffold, respectively.  

 

Figure 5. Microgel formation and purification. (A) Modified hyaluronic acid polymer backbone. 
(B) Schematic for the MMP sensitive cross-linker and HA backbone and the microfluidic design 
used. Inset 1, the two gel precursor solutions mix and are pinched by oil to form microspheres 
(scale bar: 200 µm). Inset 2, the beads shown downstream just before exiting the device (scale bar: 
200 µm). Inset 3, the fluorescent microspheres shown when exiting the device before gelation 
(scale bar: 20 µm). Inset 4, the fluorescent microgels shown in the oil phase after gelation (scale 
bar: 20 µm). Inset 5, the fluorescent microgels after purification in buffer (scale bar: 20 µm). (C) 
Viscosity of the 7% HA precursor solution compared with the buffer. (D) Flow rates used for all 
the solutions as well as the relevant device channel widths. (E) Schematic for purication of the 
microgels from the oil phase. (F) Highmagnification image of the microgels showing complete 
mixing of the two precursor solutions to form homogeneous microgels (scale bar: 50 µm). (g) 
Volume difference between microgels in aqueous buffer and microgels in the oil phase. (H) 
Microgel diameter distribution. 
 

HA µgel building blocks can be annealed to each other with a variety of chemistries to 

generate a MAP scaffold. Here we explored three approaches: enzymatic (as previously 
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published), light induced radical polymerization, and carbodiimide chemistry. These approaches 

can be performed with the same HA µgel building blocks without any additional modification of 

the µgels. HA MAP gel formation using an enzymatically-catalyzed reaction was achieved using 

activated Factor XIII (Fig. 6A FXIIIa), which is a transglutaminase enzyme that naturally 

stabilizes clots, and generates a non-canonical amide linkage between the K and Q peptides at the 

surface of adjacent particles [[155], [156], [157]]. HA MAP µgels are mixed with 5U/mL FXIII, 

1U/mL thrombin in the presence of 10 mM Ca+2. In situ activation of FXIII into FXIIIa allows 

enough mixing time and extends the life of the enzyme by eliminating the need for pre-activation. 

The MAP gel is then cast between two hydrophobic glass slides and allowed to crosslink for 90 

minutes at 37°C in a sterile humid environment. HA MAP gel formation using photo-initiated 

radicals was achieved by activating remaining acrylamides via radical formation with Eosin Y, L-

cysteine, and white light in the visible spectrum (Fig. 6A Eosin Y). HA µgel building blocks were 

mixed with 10µM Eosin Y and 500µM cysteine before being added between two glass slides. The 

MAP µgel precursors are then exposed to white light for 1 minute to promote radical formation 

and µgel annealing. Last, HA MAP gel formation using carbodiimide chemistry was achieved 

using the lysine side chain in the K peptide as the amine substrate for a four arm PEG-NHS (Figure 

6A star PEG-NHS). HA µgel building blocks were quickly mixed with 1µM PEG-NHS and 

incubated between two hydrophobic glass slides. All three chemistries generate annealing between 

HA µgel building blocks and result in the formation of a stable 3D scaffold.  

The pore interconnectivity, Young’s modulus in compression, void fraction, and pore size 

were determined for each scaffold type. Pore interconnectivity was determined incubating the 

different scaffolds with high molecular weight rhodamine-labeled Dextran, which can diffuse 

throughout the µpores but not within the nanopores of the µgel building blocks. 3D rendered 
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confocal microscopy as well as sheet confocal microscopy was utilized to visualize the location of 

the labeled dextran (Fig. 6B, and S Video 2-5). We show that the dextran dye inhabits all the 

empty spaces within the structure of the MAP gel, indicating that the pores are interconnected. 

Young’s modulus in compression was measured to ensure that the resulting structures were robust 

scaffolds and determine their mechanical properties. Young’s was determined by measuring the 

rate of change of strain as a function of stress using an Instron instrument (SVideo 6). The slope 

of the linear region was determined to arrive at the Young’s modulus in compression. The Young’s 

modulus in compression was statistically similar for the different gelation chemistries, ranging 

from 873 Pa to 1000 Pa (Fig. 6C).  To ensure that the mechanical properties and stress-strain 

curves obtained represented the mechanical properties of annealed beads and not densely packed 

beads we tested the mechanical properties of densely packed, but non-annealed, HA µgel building 

blocks (Fig. 6D). The stress-strain curve did not show a common stress-strain curve associated 

with bulk materials, displaying a very flat profile with no rupture point. Thus, when force is applied 

to a pile of µgels, the structure cannot resist the force applied, immediately dispersing from beneath 

the testing probe. By contrast, annealed µgels can resist the force applied by more than 13-fold 

compared to non-annealed beads until the force causes structure rupture.  

Next, we wanted to determine the relationship between bulk MAP gel properties and 

individual µgel properties. Atomic Force Microscopy (AFM) on individual beads gave an average 

Young’s Modulus in compression of 882 ± 144 Pa, which is statistically the same as the modulus 

of the bulk scaffold (Fig. 6E). This means, for the hydrogels reported here, that the stiffness of the 

microenvironment matches the stiffness of the scaffold as a whole. 
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Figure 6. Material properties of the annealed scaffold. (A) Three schematics showing the different 
annealing chemistries used. (B) Sheet confocal and 3D rendered confocal images of the scaffolds 
with a labeled dextran solution to show interconnected porosity (scale bar: 200 µm). (C) Young’s 
modulus in compression testing of annealed microgel scaffolds via Instron measurements. Black 
curve represents the raw stress−strain data and the magenta curve represents a line fitting the linear 
region (m = slope of magenta line). (D) Young’s modulus in compression testing of nonannealed 
microgels. Black curve represents the raw stress−strain data and the red curve represents a line 
fitting the linear region. (e) AFM measurements on individual microgels. 
 

Void fraction and characteristic pore size were determined using confocal microscopy of 

MAP gels formed with fluorescently labeled µgel building blocks. The negative, or empty, space 

between particles was analyzed with a MatLab program (Fig. 7A). The void fraction, ε, was 

calculated to be lower than for ideally packed solid spherical beads, ε =11-15% for MAP gels 

compared to ε = 25-47% for solid spheres (depending of the packing model used, Fig. 7B. 

Indicating that MAP gels have a higher density of solid than ideal solid spheres can achieve, likely 
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due to the elastic nature of hydrogels. Similar to void fraction, characteristic pore area and pore 

length were determined analyzing the negative space between fluorescent µgel building blocks 

using MatLab. Due to the random settling of the beads prior to or during gelation, a range of pore 

sizes is achieved for all three annealing mechanisms (Fig. 7B). For all three gelation chemistries 

75% or less of all the pores were less than 525µm2, which corresponds to a circle with a diameter 

of 26 µm (Fig. 7B). This indicates that compared to microporous scaffolds produced by sphere-

templating MAP-pores are significantly smaller than any previously reported porous hydrogel.  

Interestingly, we observed differences in void fraction and pore size changes for the 

annealing methods, with relative void fraction and pore area differences following a common 

trend: Eosin Y > star PEG-NHS  ≥ FXIIIa (Fig. 7B). Though there was no statistically increased 

mechanical stiffness of light crosslinked gels, there was a non-statistical increase, which may 

explain the closer to ideal packing of solid/non-elastic spheres. However, the differences could 

also be due to differences in packing prior to gelation. Since FXIIIa and star PEG-NHS mediated 

annealing takes 90 minutes to completely anneal, µgel building blocks have more time to settle, 

which reduces void fraction. In contrast, light annealing with Eosin Y requires only a one-minute 

exposure time, leaving very little time for beads to settle and a significantly higher average void 

space of 15.82%. To test this hypothesis we made Eosin Y crosslink gels as previously described 

but allowing the µgels to settle for different times prior to light-mediated annealing. If our 

hypothesis were correct, µgels that are allowed to settle longer prior to annealing would have a 

reduced void fraction and pore area. As expected, allowing the beads to settle decreases the percent 

void space of Eosin Y annealed scaffolds to the values seen with the FXIIIa and star PEG-NHS 

annealed scaffolds (Fig. 7C). This shows that although the pores are created due to the “random” 

packing of the microspheres, we are still able to impose a >30% control over the void space (~15% 
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to ~10%) and the corresponding difference in pore sizes, 26µm diameter for short incubation time 

to 20µm diameter for long incubation time, all using the same 74µm µgel building blocks.  

 

Figure 7. (A) MatLab image process diagram from original image to labelled pores. (B) Void 
volume and pore area and diameter analysis on scaffolds annealed via the three different 
chemistries. The mean void space percentage and standard deviation is shown for all annealing 
mechanisms. 25% of pore diameters were less than 11.2 µm, 11.7 µm, and 10.9 µm for FXIII, 
Eosin Y, and star PEG-NHS, respectively. 50% of the pore diameters were less than 16.6 µm, 17.8 
µm. and 15.0 µm for FXIII, Eosin Y, and star PEG-NHS, respectively. 75% of the pore diameters 
were less than 22.9 µm, 25.9 µm. and 20.5 µm for FXIII, Eosin Y, and star PEG-NHS, respectively. 
(C) Void volume analysis on eosin y annealed scaffolds allowing for different time of µgel settling 
before light exposure. 
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Next, we set out to determine if HDFs can grow and spread in the HA based MAP scaffolds 

and if there are any differences in spreading for cells cultured in scaffolds annealed using different 

chemistries. First, to ensure that radicals generated by the Eosin Y/white light reaction were no 

harmful to human dermal fibroblast (HDF) cells and the tolerable concentration of Eosin Y, a 

toxicity test was performed (SFig. 1). This test showed that Eosin Y at a concentration up to 10 

µM had no significant effect on cell metabolism, but higher concentrations decreased cell 

metabolism. Thus, the concentration of Eosin Y was kept at 10µM. HDFs were cultured in HA 

MAP gels annealed by either FXIIIa, Eosin Y, or star PEG-NHS. Cells are seeded within MAP 

scaffolds by mixing the cells with HA µgel building blocks before annealing. Thus, the cells are 

distributed uniformly in the different pore sizes at the beginning of the culture. All three annealing 

mechanisms provided viable scaffolds for cell culture. To investigate the initial cell response to 

the material HDFs were cultured at a density of 1500 cells per µL of gel for two days before being 

fixed, stained for actin and nuclei, and imaged using a confocal microscope as well as sheet 

confocal microscope (Fig. 8, SVideo 7-9). Cell spreading was evident for all conditions at day 2, 

proving that the three annealing mechanisms were biocompatible with cells and that our HA 

particle scaffold can promote substantial cell spreading in only two days. 
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Figure 8. Cell behavior in the annealed scaffolds. Cells were homogeneously mixed with the µgels 
before annealing. µgels were then allowed to anneal before culture media was added. Maximum 
intensity projections and 3D renders of HDFs in MAP scaffolds annealed with different 
chemistries after 2 days of culture is shown (scale bar: 50 µm). 
 

3.4 Conclusions 

In this report, we have demonstrated a novel method to create an HA based injectable micro-porous 

scaffold that can be loaded with cells during scaffold formation, avoiding the seeding limitation of 

pre-cast porous scaffolds. We provide deeper characterization of the individual µgels through 

AFM as well as further exploration of the scaffold created from two novel annealing mechanism 

and one annealing mechanism published previously through sheet confocal microscopy and instron 

mechanical testing. The HA MAP gels reported here are constructed with ~80µm diameter µgel 

building blocks and generate a range of pore sizes upon annealing. The majority of pore sizes 

generated via this technique are smaller than those demonstrated by most porous scaffolds seen in 

the literature. We show that annealing of these beads is required to produce a mechanically stable 
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scaffold and that the mechanical properties of the scaffold are similar to the individual µgels 

building blocks. Furthermore, we show pore interconnectivity between the µgels (important for 

oxygen and nutrient transport throughout the scaffold) and how to control the pore diameter by 

controlling the packing density of the beads prior to gelation. Finally, we show that when loaded 

in a porous scaffold, HDFs spread by day 2 for all the annealing mechanisms described. 
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IV. Injectable and Spatially Patterned Microporous Annealed Particle Hydrogels for 

Tissue Repair Applications 

 
4.1 Introduction 

The extracellular matrix (ECM) is a heterogeneous network of biopolymers including 

complex proteins and sulfated and non-sulfated glycosaminoglycans that provide mechanical 

support and organization to the tissue, and spatiotemporal presentation of chemical cues [158]. 

Collectively, these features control cell growth, migration, and differentiation, which lead to tissue 

homeostasis. After injury, the ECM is broken down by mechanical forces and proteases released 

by inflammatory cells [159]. While in normal skin wound healing, temporary matrix degradation 

ensures that the wound is clean and ready for new tissue deposition, in non-healing chronic 

wounds, matrix degradation limits the physical and chemical support provided by the surrounding 

ECM to promote new tissue deposition [160, 161]. In the brain, injury causes not only matrix 

degradation, but also the formation of an impermeable astrocytic scar that engulfs the injured area 

[37]. While this prevents further brain damage, it also prevents new matrix deposition in this area.  

In an effort to accelerate wound closure and promote healing in non-healing skin or brain wounds, 

the field of tissue repair has investigated the use of artificial ECM matrices, which recapitulate 

aspects of the natural ECM, and can be utilized by residing cells as a scaffold for tissue growth 

[162]. The goal is to recapitulate sufficient aspects of the matrix to promote tissue repair such 

promoting infiltration of  residing cells that can build their own native ECM as the temporary 

synthetic ECM degrades away.  

Over the past several decades, polymeric hydrogels containing physical and bioactive cues 

have been developed as ECM mimics [163]. Specifically, injectable hydrogels which form via a 

sol−gel transition are highly translatable as they can be injected and take on the form of any wound 
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or cavity before complete gelation in situ. However, most injectable hydrogels are physically and 

chemically homogeneous, a property not observed in the native ECM[162]. Physical or chemical 

gradients are often necessary to recruit cells to a specific location like a wound or stroke 

cavity[164-167]. An RGD gradient has previously been shown to direct cell alignment and 

migration in vitro[168]. Yet the most common method of incorporating either a physical or 

chemical gradient in a hydrogel is by using photo-polymerization, which results in a hydrogel that 

cannot be injected and is significantly limited in its use in the clinic [169-173]. The development 

of an injectable hydrogel with defined gradients still poses a major challenge in the field.  

We previously engineered the first class of injectable synthetic porous hydrogels, termed 

microporous annealed particle (MAP) hydrogels [1, 57, 174]. MAP hydrogels are granular 

materials constructed from micron sized hydrogel particles that are annealed to each other post 

injection. These granular hydrogels contain an interconnected micron sized porous network due to 

the uneven packing of the building blocks. Although the use of granular MAP scaffolds in tissue 

repair and regeneration is just beginning, their ability to accelerate wound healing [1] and reduce 

inflammation [174], makes them ideal artificial ECM scaffolds for tissue repair applications. 

However, so far the building blocks have been uniformly mixed generating a random configuration 

of building blocks. Herein, we show spatial patterning of granular hydrogel materials can be 

achieved by taking advantage of jammed layered particle structures, which when injected at 

appropriate flowrates, retain their layered structures after injection and anneal into the 

subcutaneous space, skin wounds, and brain stroke wounds, demonstrating the versatility of the 

approach.  

 

4.2 Results and Discussion 
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Microgel (µgel) hydrogel building blocks with ~100µm diameter were generated using a 

flow focusing microfluidic device as previously described [57]. µgels were labeled during 

fabrication with three different fluorophores (555nm, 488nm, 647nm shown as red, green, white, 

respectively) such that the layers could be visualized with fluorescent confocal microscopy.  The 

µgels also contained two peptides which are substrates of factor XIIIa (FXIIIa), such that annealing 

can occur through this enzymatic reaction as previously demonstrated [1, 57, 174].  We first tested 

if injecting sequential granular MAP scaffolds next to each other would allow distinct layers to be 

formed without mixing. In vitro, µgels in equal volumes were injected into a PDMS mold (Figure 

9A) from left to right in rapid succession (green, followed by red, followed by far-red µgels). 

ImageJ analysis confirmed an intensity profile from left to right showing a peak in green pixels 

first, followed by red pixels, and white pixels last, indicating that the µgels retain their position 

after injection. Analysis of the percent of each color in each layer reveals that a large majority of 

µgels for each of the layers contained the color injected in that layer, with 89% green µgels found 

in the first layer injected, 80% of red µgels found in the second layer injected and 69% of far-red 

µgels found in the last layer injected. The red region is in equal contact with both the green and 

white regions and was found to contain equal percentage of white and green µgels. For both the 

green and far red regions, very few of the white and green µgels were found in each other’s regions 

because the white and green regions are not in contact with each other. This data shows that in 

vitro a straight left to right pattern could be achieved through sequential injections followed by 

annealing. This linear pattern can be useful in vitro to study cell migration through different layers. 

Further, this strategy of creating layers is not limited to just three equal volume layers as more 

layers can be created.   
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Next we tested our patterned hydrogel in an in vivo skin wound model. A biopsy punch  

was used to create a cylindrical skin wound on the backs of the mice (~6-mm diameter x 1mm 

high). Similar to the sequential injection strategy used to create side-by-side layers, here multiple 

injections were used to create a radial pattern. The first layer injected was the outmost layer and 

the last was the center (Figure 9D). Three-days post layered gel injection, the skin was cut in half 

and imaged along the center using confocal microscopy. As expected, a radial pattern could be 

observed with white µgels on both ends, red µgels adjacent to them, and green µgels in the center. 

An intensity profile from left to right quantitatively defined two white pixel peaks on the edges, 

one green pixel peak in the middle, and two red pixel peaks between the white and green peaks. 

Similar to the in vitro data, three clear regions are observed with 88% of white, 62% of red, and 

69% of green µgels are located in the white, red, and green regions, respectively (Figure 9E, 9F). 

The middle region (red µgels) is the most heterogeneous given it is the middle layer in contact 

with both other regions, the layer is still comprised of a majority of red µgels (61.72% +/- 18.84%). 

Together this data shows that a radial pattern consisting of distinct layers can successfully be 

achieved in vivo through sequential injections of MAP µgels.  
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Figure 9. Wound healing in-vitro and in-vivo in-situ patterning. (A) Schematic of patterning 
method pipetting one color µgel at a time into a rectangular glass bottom PDMS well. Fluorescent 
images taken on the Nikon C2 analyzed in ImageJ to generated the intensity profile plot of each 
color µgel. The dashed lines indicate each color region. The numbers indicated the order of 
injection from the pipette. (B) Percent of the total µgels of a given color within its respective color 
region is  74.15%, 72.74%, and 91.33% for white, red and green respectively. (C) Color region 
µgel composition is dominated by the regions color as 68.84%, 80.34%, and 88.59% of white, red, 
and green µgels within the white, red, and green region. (D) Schematic of patterning method 
pipetting one color µgel at a time, outside to inside, into a 6 mm full thickness dermal wound on 
the back of a mouse. On day 3 the tissue was collected, fixed, cut in half (depicted by the dashed 
white line) and images on the Nikon C2. The intensity profile plot of each color µgel along the 
cross-section was generated. The dashed lines indicate each color region. The numbers indicated 
the order of injection from the pipette. (E) Percent of the total µgels of a given color within its 
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respective color region is  74.19%, 67.33%, and 70.97% for white, red and green respectively. (F) 
Color region µgel composition is dominated by the regions color as 88.23%, 61.72%, and 68.69% 
of white, red, and green µgels within the white, red, and green region. Tukey’s multiple 
comparison test (P < 0.05). Unless specified otherwise (N = 3). 
 

For many applications such as injection into the subcutaneous space or in the brain, the 

desired location of the layered scaffold is not as easily accessible as it was in the wound healing 

model. For these situations, it is necessary to obtain layers with a single injection. We tested our 

hypothesis that layers of MAP µgels could be formed through a single injection if the syringe is 

sequentially loaded with the desired layers. 15 µl of each colored particle was sequentially pipetted 

up to obtain 45µL of total gel in the pipette and then backloaded into a syringe to maintain the 

same pattern (Figure 10A). A controlled syringe dispenser was then used to inject the hydrogel 

between two cover slips from the side, imitating a subcutaneous injection  to obtain a radial pattern. 

The resulting hydrogel scaffold was imaged by confocal microscopy and observed to indeed have 

a radial spatial pattern. Since the white µgels were pulled up first they came out of the syringe last, 

while the red µgel were pulled up last and were first to come out of the syringe. The pattern in 

figure 2A shows that the red µgel were radially “pushed” outward by the green µgels who in turn 

were then radially “pushed” outward by the white µgel, creating three distinct layers within a single 

hydrogel scaffold with little mixing between the layers. Although the same volume of each color 

gel was injected, the outer surface occupied by each layer is variable, resulting in layers with 

different thickness. If equal layer thickness were desired, the volume of each injected gel would 

have to scale with the outer surface area occupied by that layer color.  

Upon analysis of the various layer distribution using ImageJ software analysis (Figure 

10B,10C), it was found that the majority of each colored µgel type was found within its own layer, 

without significant spreading to adjacent layers. Specifically, 72% of white, 69% of green, and 

86% of red µgels were found in the white, green, and red layers, respectively. Moreover, it was 
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observed that the majority of mixing occurred from the direct neighboring layering. As a result, 

very few white µgels were pushed to the outer red layer and similarly, very few red µgels remained 

in the white region.  

Next, to model injection into a stroke cavity the same two cover slip model was used, 

however, a syringe pump with a continuous injection rate of 1µL/min was used to inject the 

hydrogel. (a rate previously used in vivo[174]. Here, the green µgels exited the syringe first 

forming the outer layer, followed by the red µgels forming the middle layer, with the white µgels 

exiting last forming the inner layer (Figure 10D). As before, ImageJ software was used to analyze 

the resulting images obtained from confocal imaging.  The obtained results were improved to those 

obtained for in vitro subcutaneous injections (Figure 10A), showing that using a slower injection 

rate compared to a bolus injection results in less mixing and stronger patterns (Figure 10E,10F). 

It was observed that 83% of white, 80% of red, and 91% of green µgels are in the white, red, and 

green regions, respectively. This shows that strong layering can still be achieved in the middle 

layer which is in contact with both the inner and outer layers. In fact, decreasing the injection rate 

improved the layering in the middle layer from 69.03% to 79.55% of all red µgels remaining within 

the middle red layer.  
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Figure 10. In-vitro patterning method for SubQ injection and PT stroke model. (A) Schematic of 
patterning method by  (1) loading the pipette in the order indicated by increasing number, (2) back 
loading the syringe, which reversed the order of injection, and (3) injecting between two glass 
slides by repeatably pressing the controlled syringe despensor. The dashed lines indicate each color 
region. The numbers indicated the order loaded into the pipette. (B) Percent of the total µgels of a 
given color within its respective color region is  83.21%, 62.26%, and 78.53% for white, red and 
green respectively. (C) Color region µgel composition is dominated by the regions color as 
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71.59%, 86.04%, and 69.03% of white, red, and green µgels within the white, red, and green 
region. (D) Schematic of patterning method using the same step one and two as in part (A) but 
injecting between two glass slides using a pump at 1 µL/min. The dashed lines indicate each color 
region. The numbers indicated the order loaded into the pipette. (E) Percent of the total µgels of a 
given color within its respective color region is  80.79%, 76.29%, and 90.67% for white, red and 
green respectively. (F) Color region µgel composition is dominated by the regions color as 83.22%, 
91.17%, and 79.55% of white, red, and green µgels within the white, red, and green region. 
Tukey’s multiple comparison test (P < 0.05). Unless specified otherwise (N = 3). Scale bars = 
100µm.  

After the in vitro data modeling a subcutaneous injection yielded positive results, we tested 

our patterned hydrogel in vivo. We followed the same procedure to load the syringe as in vitro and 

we injected subcutaneously into a mouse (Figure 11A). The skin was collected after three days, 

fixed using paraformaldehyde, and imaged. Here, we did not notice a radial pattern like we did in 

vitro, likely as a result of the angled injection into a defined space. However, distinct white, red, 

and green regions could still be observed. Upon analysis of the layers, it was similarly shown that 

65% of white, 69% of green, and 55% of red µgels were found in the white, green, and red layers, 

respectively. (Figure 11B,11C). It was also found that in the inner white region the majority of 

the mixed µgels were from the neighboring green region, while in the middle green region, a 

similar number of white and red µgels were found mixed in. Finally, in the outer red region, the 

majority of µgels mixed in were from the middle green region, similar to the results found in vitro. 

With these results, we are able to achieve a spatially patterned injectable hydrogel with three 

distinct regions in vivo using a subcutaneous implant model.  

Finally, we evaluated the in situ patterning in a mouse stroke model using a single, 

controlled injection of multiple MAP subunits. A photothrombotic stroke model to cause ischemia 

in the motor cortex was used to form a stroke cavity. Five days post stroke induction, the patterned 

hydrogel (6µl total) was injected at 1µl/min and allowed to anneal. Two weeks later (a time point 

used previously for tissue analysis [174]) the brains were collected for tissue processing and 

cryosectioning. Each brain sample was sectioned until  the middle of the stroke lesion containing 
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the largest hydrogel cross-sectional area could be observed. The remaining brain was imaged under 

a confocal (Figure 11D). Interestingly, unlike what was observed for the in vivo subcutaneous 

injections, a radial pattern was observed within the stroke cavity. Once again the layers are of 

different thickness because the same volume of each color subunit was injected and in a radial 

pattern the outer surface area occupied by each layer is different. Distinct layering was observed 

with the inner and middle region, white and green, respectively. The outer red region was more 

mixed containing both red and green µgels. Specifically, 76% of white, 76% of green, while only 

54% of red were observed in the white, green, and red regions, respectively (Figure 11E,11F).  

We likely do not see as much of a separation of the green and red µgels in the green region because 

of the thinness of the green region. Regardless, we do observe excellent layering the white and 

green regions, and a majority separation in the red region.  
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Figure 11. In-vivo patterning method for SubQ injection and PT stroke model. (A) Schematic of 
patterning method using the same step one and two as in Figure 10A and then injecting into the 
subcutaneous layer of the mouse hind skin by repeatably pressing the controlled syringe despensor. 
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On day 3 the tissue was collected and imaged on a glass slide, dermal layer up.   The dashed lines 
indicate each color region. The numbers indicated the order loaded into the pipette.  (B) Percent 
of the total µgels of a given color within its respective color region is  74.69%, 66.11%, and 46.25% 
for white, red and green respectively. (C) Color region µgel composition is dominated by the 
regions color as 65.29%, 69.30%, and 54.76% of white, red, and green µgels within the white, red, 
and green region. (D) Schematic of patterning method using the same step one and two as in Figure 
2A  and then injecting into a PT stroked mouse at 1 µL/min. The dashed lines indicate each color 
region. The numbers indicated the order loaded into the pipette. (E) Percent of the total µgels of a 
given color within its respective color region is  87.86%, 60.98%, and 58.42% for white, red and 
green respectively. (F) Color region µgel composition is dominated by the regions color as 76.11%, 
54.29%, and 75.90% of white, red, and green µgels within the white, red, and green region. 
Tukey’s multiple comparison test (P < 0.05). Unless specified otherwise (N = 3). Scale bars = 
100µm. 

Similar to wound healing, we have previously shown that MAP gel can reduce 

inflammation and recruit neural progenitor cells to the stroke. However, the inclusion of a physical 

or biochemical pattern to better guide cells to the middle of the stroke lesion is predicted to further 

improve the biological response and lead to better stroke repair[174]. Here, we showed that it is 

possible to create a pattern using different colored MAP subunits with a single injection or by 

sequential injection into an open wound. Given the tenability of these subunits, additional studies 

can evaluate the impact of brain regeneration or skin wound healing following stroke using various 

MAP subunits containing different stiffnesses or densities of peptides (i.e. RGD, etc.) or growth 

factors (i.e. VEGF, BDNF, etc.) to further guide neuronal or keratinocyte cell migration. Stiffness 

gradients can be created by changing the stiffness of each µgel layer have shown to promote 

cellular migration with various cell types [175, 176]. Growth factor gradients can similarly be 

created by encapsulating different concentration of growth factor in each layer and also have been 

shown to significantly affect cellular behavior [177, 178]. 

 

4.3 Conclusion 

Here we engineer MAP hydrogels into injectable, gradient hydrogels in the skin and brain. 

To the best of our knowledge, this is the first example of an injectable, porous, gradient hydrogel 
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with the potential for use in vivo. It was shown that a variety of building blocks can be used to 

create MAP hydrogels and the spatial presentation of the building blocks can be controlled to 

create layers. Both sequential injections and single injections can be used to establish gradients of 

different colored MAP subunits in vitro and in three models in vivo, wound healing, subcutaneous 

space, stroke cavity. Only a low degree of spreading was observed between adjacent layers, that 

was further improved through controlled injection rates via syringe pumps. We believe this 

platform can have widespread use in the field of regenerative medicine as it can be adapted to 

multiple organs. Moreover, a variety of gradients can be created using this hydrogel technique as 

the MAP subunits are highly tunable.  

 

4.4 Materials and Methods 

4.4.1 Hyaluronic Acid Modification:  

Hyaluronic acid was functionalized with an acrylate group using a previously described 

two-step reaction[47]. Briefly, HA (60,000 Da, Genzyme Corporation, Cambridge, MA) (2.0 g, 

5.28 mmol) was dissolved in water mixed with adipic dihydrazide (ADH, 18.0 g, 105.5 mmol) 

with 1-ethyl-3-(dimethylaminopropyl) carbodiimide hydrochloride (EDC, 4.0 g, 20 mmol) with 

pH adjustment to 4.75. This mixture reacted overnight to form hydrazide-modified hyaluronic acid 

(HA-ADH). Purification via dialysis (8000 MWCO) was completed in deionized water for 2 days. 

The HA-ADH was then flash-frozen and lyophilized. HA-ADH (1.9 g) was dissolved in 4-(2-

hydroxyethyl)-1-piperazine ethanesulfonic acid (HEPES) buffer (10 mM HEPES, 150 mM NaCl, 

10 mM EDTA, pH 7.4) and mixed with N-acryloxysuccinimide (NHS-AM, 1.33 g, 4.4 mmol) and 

reacted overnight. Purification via dialysis against deionized water for 2 days was completed, and 

HA-acrylate was flash-frozen and lyophilized. The product was analyzed with 1 H NMR (D20) 
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and the percent modification (14%) was determined by dividing the multiplet peak at δ = 6.2 (cis 

and trans acrylate hydrogens) by the singlet peak at δ = 1.6 (singlet peak of acetyl methyl protons 

in HA monomer). The HA-acrylate was stored at −20 °C until used. 

 

4.4.2 Microfluidic Device Design and Fabrication: 

Water-in-oil flow focusing microfluidic molds were fabricated using soft lithography as 

previously described[1]. In brief, KMPR 1025 or 1050 photoresist (Microchem) was used to create 

master molds on mechanical grade silicon wafers (University wafer). Manufacturer’s suggestions 

were used for spinning photoresist to obtain a channel height of 55µm. Poly(dimethyl)siloxane 

(PDMS) Sylgard 184 kit (Dow Corning) devices were made from the master molds. A 10:1 ratio 

of base to crosslinker was used and added over the mold. Once degassed the PDMS cured at 60 

°C overnight. A glass microscope slide (VWR) and the PDMS molds were treated with oxygen 

plasma at 500 mTorr and 75W for 15 s and pressed together to seal the channels. Immediately 

following channel sealing, Rain-X was infused into the device and allowed to react for 20 min at 

room temperature. The Rain-X was aspirated from the channels and the device was allowed to dry 

by air overnight. 

 

4.4.3 HA MAP Gel Formation, Purification, and Annealing: 

The HA microgels were formed using a four inlet, one outlet microfluidic device 

previously reported[57]. Briefly, two inlets were used for the “inner pinching” oil (1% v/v span-

80 in heavy mineral oil) and “outer” oil (5% v/v span-80 in heavy mineral oil) while the other two 

inlets allowed the HA solution and the cross-linker solution to be mixed immediately before the 

“pinching” occured. The HA solution was freshly prepared by first dissolving HA-acrylate in 0.3 
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M triethanolamine (TEOA) pH 8.8 at 7% w/v. This solution was then used to dissolve three thiol-

containing pendent peptides: K-peptide (Ac-FKGGERCG-NH2), Q-peptide (Ac-

NQEQVSPLGGERCG-NH2), and RGD (AcRGDSPGERCG-NH2) at 500, 500, and 1000 µM, 

respectively. The solution was then loaded into the 1 mL Hamilton Gas-tight syringe after a 30 

min incubation at 37 °C to pre-react the thiol-containing pendent peptides with the HA-Acrylate. 

Meanwhile, the cross-linker solution was prepared by dissolving the dithiol matrix 

metalloproteinase (MMP) sensitive linker peptide (AcGCRDGPQGIWGQDRCG-NH2, 

Genscript) in distilled water at 7.8 mM followed by reacting with 10 µM Alexa-Fluor 488-

maleimide (LifeTechnologies) for green µgels, 10 µM Alexa-Fluor 555-maleimide for red µgels, 

and 10 µM Alexa-Fluor 647-maleimide for white µgels for 5 minutes. The cross-linker solution 

was then loaded into another 1 mL Hamilton Gas-tight syringe. Two syringe pumps were used to 

separately control the flow rates of the oils and the gel precursor solutions. The gel precursor 

solutions were coflowed at a 1:1 volume to form microgel droplets and left overnight at 25 °C to 

fully cross-link. The final microgel composition was 3.5 wt % HA-AM, 250 µM K-peptide, 250 

µM Q-peptide, 500 µM RGD, 5 µM Alexa-Fluor (488,555,647)-maleimide, and 3.9 mM cross-

linker (thiol:AM is 0.8). The microgels were transferred to microcentrifuge tubes and HEPES 

buffer saline (pH 7.4 containing 10 mM CaCl2) was added to each tube. The tubes were then 

centrifuged at 18,000 G’s for 5 min, to create a separation between the pelleted microgels and the 

oil and surfactant. The supernatant was aspirated and the procedure above was repeated until all 

the oil and surfactant was removed from the microgels (∼6 times). To anneal, pelleted microgels 

were mixed with 200 units/mL of activated factor XIII (FXIIIa) and after injection were incubated 

at 37oC for 90 minutes to undergo a transglutaminase reaction between the K and Q peptides as 

previously described[1]. 
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4.4.4 In Vitro Wound Healing Model: 

Wound healing model molds were created by curing PDMS at 60°C overnight. 2cm x 4cm 

rectangles were cut out of the PDMS and the resulting frames were bonded to a glass coverslip 

using plasma oxygen. 15µL of green microgels mixed with 200 units/mL of FXIIIa was injected 

on one side of the mold. Immediately after, 15µL of red microgels mixed with 200 units/mL of 

FXIIIa was injected in the middle and then 15µL of white microgels mixed with 200 units/mL of 

FXIIIa was injected on the end. Scaffolds were allowed to anneal at 37oC for 90 minutes and then 

imaged using a Nikon Ti Eclipse equipped with C2 laser LED excitation.  

 

4.4.5 In Vivo Wound Healing Model 

Animal procedures were performed in accordance with the US National Institutes of Health 

Animal Protection Guidelines and the University of California Los Angeles Chancellor's Animal 

Research Committee. CLR:Skh1-Hrhr mice (Charles River Laboratories) were anesthetized using 

aerosolized isofluorane (1.5 vol%) throughout the duration of the procedure. The skin was 

disinfected with sequential washes of povidone-iodine and 70% ethanol. The mice were placed on 

their side and dorsal skin was pinched along the midline. A sterile 4 mm biopsy punch was used 

to create two clean-cut, symmetrical, full-thickness excisional wounds on either side of the dorsal 

midline. First, 10µL of red µgels were added to the periphery of the skin wound using a positive 

displacement pipette (Gilson). Immediately after, 10µL of green µgels were added in a circular 

motion inside the outer red layer to form the middle layer. Finaly, 10µL of white µgels were added 

to the center of the wound to form the inside layer. The mice were left under anesthesia for another 

30 minutes to allow the hydrogel to anneal. Three days later, mice were sacrificed by isofluorane 
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overdose and cervical dislocation. The skin samples were retrieved and cut in half through the 

wound and then imaged using a Nikon Ti Eclipse equipped with C2 laser LED excitation. 

 

4.4.6 In vitro Subcutaneous and Stroke Models: 

To create the molds, one two millimeter thick spacer was placed on each end of a coverslip. 

Another coverslip was placed on top of the spacers and clipped together using a small paperclip 

on each end. Using a positive displacement pipette (Gilson), 15µL of white µgels were pulled up. 

The pipette volume was then changed to 30µL and 15µL of green µgels were pulled up. Finally, 

the pipette volume was changed to 45µL and 15µL of red µgels were pulled up resulting in 45µL 

of MAP gel in the pipette. Next, the gel was transferred to a 100µL Hamilton Syringe by back-

loading to maintain the same pattern. For the subcutaneous injections, a controlled syringe 

dispenser (Hamilton) was used to inject the entire 45µL MAP hydrogel between the two coverslips. 

The resulting MAP gel was allowed to anneal at 37oC for 90 minutes and then imaged using a 

Nikon Ti Eclipse equipped with C2 laser LED excitation. For the stroke injections, the 100µL 

syringe was loaded onto a Nexus 3000 syringe pump (Chemyx) and injected between two 

coverslips at a 1µL/min injection rate. The resulting MAP gel was allowed to anneal at 37oC for 

90 minutes and then imaged using a Nikon Ti Eclipse equipped with C2 laser LED excitation. 

 

4.4.7 In vivo Subcutaneous Implant Model: 

All in vivo studies were conducted in compliance with the NIH Guide for Care and Use 

of Laboratory Animals and UCLA ARC standards. Similar to the in vitro procedure, using a 

positive displacement pipette (Gilson), 15µL of white µgels were pulled up. The pipette volume 

was then changed to 30µL and 15µL of green µgels were pulled up. Finally, the pipette volume 
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was changed to 45µL and 15µL of red µgels were pulled up resulting in 45µL of MAP gel in the 

pipette. Next, the gel was transferred to a 100µL Hamilton Syringe by back-loading to maintain 

the same pattern. A controlled syringe dispenser (Hamilton) was used to inject the entire 45µL 

MAP hydrogel subcutaneously into the mice. The mice were left under anesthesia for another 30 

minutes to allow the hydrogel to anneal. Three days later, mice were sacrificed by isofluorane 

overdose and cervical dislocation. The skin samples were retrieved and imaged using a Nikon Ti 

Eclipse equipped with C2 laser LED excitation. 

4.4.8 In vivo Photothrombotic Stroke Model: 

Animal procedures were performed in accordance with the US National Institutes of Health 

Animal Protection Guidelines and the University of California Los Angeles Chancellor’s Animal 

Research Committee. A cortical photothrombotic stroke was induced on 8-12week male C57BL/6 

mice obtained from Jackson laboratories (Bar Harbor, ME). The mice were anesthetized with 2.5% 

isoflurane and placed onto a stereotactic setup. The mice were kept at 2.5% isoflurane in N2O:O2 

for the duration of the surgery. A midline incision was made and Rose Bengal (10 mg/mL, Sigma-

Aldrich) was injected intraperitoneally at 10 µL/g of mouse body weight. After 5 minutes of Rose 

Bengal injection, a 2-mm diameter cold fiberoptic light source was centered at 0 mm anterior/1.5 

mm lateral left of the bregma for 18 minutes and a burr hole was drilled through the skull in the 

same location. All mice were given sulfamethoxazole and trimethoprim oral suspension (TMS, 

303 mL TMS/250 mL H20, Amityville, NY) every 5 days for the entire length of the experiment. 

Using a positive displacement pipette (Gilson), 2µL of white µgels were pulled up. The pipette 

volume was then changed to 4µL and 2µL of green µgels were pulled up. The pipette volume was 

then changed to 6µL and 2µL of red µgels were pulled. This was repeated once more to create a 
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total volume of 12µL. Next, the gel was transferred to a 25µL Hamilton Syringe by back-loading 

to maintain the same pattern. Five days post-stroke, the Hamilton syringe containing the patterned 

gel was connected to a pump and 6 µL of MAP was injected into the stroke cavity using a 30 gauge 

needle at a depth of 0.8 mm and the same stereotaxic coordinates as above at an infusion speed of 

1 µL/min. The needle was withdrawn from the mouse brain 5 min after the injection to allow for 

annealing of the microgels. Ten days post-injection, mice were sacrificed via transcardial perfusion 

of 1xPBS followed by 40 mL of 4% PFA. The brains were isolated and post-fixed in 4% PFA 

overnight and submerged in 30 (w/v) % sucrose solution for 48 h. Tangential cortical sections of 

100 µm thickness were sliced using a cryostat until halfway into the stroke. The remaining half of 

the brain was unmounted and imaged using a Nikon Ti Eclipse equipped with C2 laser LED 

excitation. 

4.4.9 Image Analysis using ImageJ Software: 

All images were analyzed using ImageJ software. In each image, three regions were traced 

to separate the white, red, and green regions. Each region was analyzed by obtaining the percent 

area occupied by the white, red, and green µgels. Moreover, each µgel color was analyzed to obtain 

the percent distribution of the µgel color in each region.  
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V. Brain Transplantation of Microporous Particle Hydrogel after Stroke Promotes 

Tissue Repair and Endogenous NPC Recruitment to the Lesion 
 

5.1 Introduction 

To date, intravenous thrombolysis and reperfusion therapies using intravenously 

administered recombinant tissue plasminogen activator (tPA) are the only effective therapies to 

treat stroke[6]. However, tPA is only effective during the first 4.5 hours after stroke onset, resulting 

in only about 5% of stroke patients benefiting from this treatment and leaving the majority of 

patients with long term disability[179, 180]. Besides physical therapy, there are no FDA approved 

therapies that promote recovery from the long-term disability caused by stroke, leaving an 

increasing number of patients with limited options[63, 64]. Over the past few years, new strategies 

aimed at enhancing post-stroke brain plasticity have utilized trophic factors, stem cell therapies or 

combinations of the two in an effort to decrease the disability burden[65]. One goal in these 

therapies is to promote neural progenitor cell (NPC) migration towards the stroke site in efforts to 

promote neurogenesis in and around the lesion. NPCs hold great promise for stroke repair because 

of their potential to generate all neural cell types present in the brain[35, 36]. The stroke alone 

causes a substantial increase in NPC proliferation in the SVZ[72, 181]; however, these NPCs do 

not reach the stroke site itself in large numbers if it is distant to the SVZ[182]. Thus, approaches 

to further guide NPC migration towards the stroke site do so by delivering exogenous growth 

factors and cytokines to stimulate migration towards the stroke site, and differentiation into 

neurons[183, 184]. Although improved NPC numbers in the peri-infarct area are observed, these 

NPCs are do not localize within the close damage to the stroke or into the stroke cavity[182].  

Herein, we present a material that for the first time promotes the infiltration of endogenous NPCs 

from the SVZ into the stroke cavity. 



	 75	

Stroke offers a unique opportunity for a tissue engineering neural repair therapy. After 

initial cell death in stroke, the clearance of debris in the lesion leaves a compartmentalized cavity 

that can accept a large volume transplant without further damaging the surrounding healthy 

parenchyma [67, 185]. This stroke cavity is situated directly adjacent to the peri-infarct tissue, the 

region of the brain that undergoes the most substantial repair and recovery, meaning that any 

therapeutic delivered to the cavity will have direct access to the tissue target for repair [186]. Our 

laboratory and others have investigated the use of injectable hydrogels injected post stroke to 

promote brain repair. These hydrogels are delivered to the mentioned stroke cavity, to the peri-

infarct area or to the brain surface loaded with cells, trophic factors and/or growth factors[187, 

188]. Hyaluronic acid (HA) is an ideal choice to generate materials for brain repair. HA, unlike 

collagen, is abundantly found in the brain, particularly in the endogenous environment for neural 

progenitor cells (NPCs) [71] and is both a biocompatible and bioresorbable material[189]. We 

have previously reported the use of nonporous hyaluronic acid hydrogels crosslinked in situ via 

thiol/acrylamide Michael type addition for brain repair[65, 84, 190]. These materials demonstrated 

biocompatibility after transplantation in vivo when degradable soft materials were used, and the 

ability to promote vascular infiltration within the stroke cavity through delivery of vascular 

endothelial growth factor [190] or cells into the stroke cavity[65, 84]. However, these approaches 

did not result in enhanced endogenous NPC migration to the stroke cavity. Similar approaches 

using hyaluronic acid hydrogels that sustain delivery of a direct neurogenesis-inducing growth 

factors, such as brain-derived neurotrophic factor, do not induce neuroblast migration into the 

stroke cavity[185]. 

 

5.2 Results and Discussion 
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Here, we demonstrate that injectable particle hydrogels—termed “Microporous Annealed 

Particle” or MAP hydrogels—induce a tissue response that unlike nonporous materials leads to 

progenitor cell migration into the stroke cavity. In this material, hydrogel microspheres are 

annealed to each other to form a bulk scaffold and pore size is determined by the random packing 

of the microspheres. Like their non-porous counterpart, this MAP hydrogel has the benefit of being 

entirely injectable, which allows for a seamless boundary in addition to microporosity. Our particle 

hydrogel is injected as a µgel particle slurry directly to the stroke cavity, anneals in situ, and forms 

an interconnected porous scaffold that fills the entire cavity. This porous scaffold interacts with 

cells through integrin adhesion peptides and mediates rapid cellular infiltration through 

microporosity of the scaffold without the need for bulk scaffold degradation. Previously 

poly(ethylene glycol) based particle hydrogels where shown to form mechanically stable scaffolds 

that enhanced cutaneous healing in vivo[1]. Here, HA MAP gels reduce brain inflammation post 

stroke, by promoting astrocyte infiltration into the stroke cavity rather than scar formation and 

reducing the total number of reactive microglia within the infarct. These events lead to an 

environment that allows neuroprogenitor cell migration into the material and stroke cavity. 

HA MAP hydrogels were synthesized in three stages as previously described[2]. First, 

hyaluronic acid was modified through carbodiimide chemistry to introduce crosslinkable 

acrylamide groups (HA-Ac) on the HA backbone. Second, this polymer was modified with three 

peptides (adhesion peptide RGD and two Factor XIIIa substrates: Ac-FKGGERCG-NH2, K-

peptide and Ac-NQEQVSPLGGERCG-NH2, Q-peptide), and then crosslinked through Michael-

type addition using a dicysteine-containing matrix metalloproteinase degradable peptide. The 

crosslinking takes place in an oil-coated aqueous droplet generated in a microfluidic device, 

resulting in highly monodisperse beads, or microgels (µgels), that will serve as MAP-gel building 
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blocks (Scheme. 1). These µgels were purified to remove oil and surfactants using repeated 

washing with buffer and centrifugation. Third, the µgels were linked to each other with factor 

XIIIa to form an annealed solid with void spaces (Figure 12). The MAP hydrogel was labeled 

during µgel generation (step two described above) using a malemide-containing fluorophore such 

that the MAP scaffold can be imaged with standard confocal microscopy after sectioning (Scheme 

1A). 

 

 

 

Scheme 1: A. Schematic illustration of flow focusing microfluidic device to produce µgels that 
can be annealed to each other using enzyme factor XIII to form a scaffold. B. Important flow rates 
and device parameters to produce the µgels. C. Distribution of µgels diameters produced using the 
microfluidic device. D. Young’s Modulus in compression calculated using Instron mechanical 
tests showing scaffold stiffness similar to brain cortex.  
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The droplet microfluidic device is show in (Scheme 1A). HA-Ac solution pre-reacted with 

the K, Q, and RGD peptides was flowed through one channel and MMP sensitive cross-linker was 

flowed in the second channel. These two channels merge to form the hydrogel precursor solution, 

which is quickly pinched by heavy mineral oil containing 1% surfactant to form µgels. The flow 

regime used (1 µL/min for the aqueous flow and 8 µL/min for the oil flow) produced a relatively 

narrow range of µgel sizes with an average µgel diameter of 45µm (Scheme 1B,C). To determine 

the mechanical properties of annealed scaffolds purified µgels were mixed with activated FXIII 

(FXIIIa) and allowed to anneal for 90 minutes. Instron mechanical testing on the resulting annealed 

scaffold revealed a Young’s Modulus of 1510 Pa (Scheme 1D), which closely matches the 

stiffness of native cortex tissue of the brain[84] Moreover, a concentrated solution of non-annealed 

microgels does not exhibit the mechanical properties of an annealed scaffold (Figure 12D). 

Further, through Atomic Fluorescence Microscopy (AFM) of individual microgels and instron 

mechanical testing of annealed scaffold we have shown that the mechanical stiffness of individual 

microgels closely matches the mechanical stiffness of annealed scaffolds. Finally, we have 

previously conducted degradation studies and have shown that the microgels degrade in the 

presence of collagenase I[2].  
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Figure 12: A. Total void fraction and B. pore sizes of the MAP gel were measured using a custom 
written MatLab script previously described[1, 2]. The mean void fraction of the MAP scaffold is 
10.43% meaning that 89.67% of the scaffold volume is hydrogel. The median pore diameter is 
17µm. C. Rheology on nanoporous hydrogel showed a storage modulus (G’) of 300 Pa. D. Instron 
mechanical testing comparison between non-annealed microgels, annealed microgels (MAP 
scaffolds) and nanoporous hydrogel. Annealed microgels show a 10x difference compared to non-
annealed microgels and no difference compared with the nanoporous hydrogel. 

 

Our goal is to design HA MAP gels to promote brain tissue repair after stroke. Thus, we 

first studied the hydrogel injection and immune reaction toward HA MAP scaffolds to ensure that 

they will not further aggravate the brain damage after stroke. Brain ischemic strokes in the 

sensorimotor cortex were created using a middle cerebral artery occlusion (MCAo) model[191]. 

HA MAP or HA nanoporous (HA NP) hydrogels (6µL) were injected into the cavity five days post 

stroke and animals were sacrificed 10 days post injection. A group of mice with stroke but no gel 

injection (No Gel) was used as a negative control. MAP injection into the stroke cavity did not 

cause brain swelling or deformation and filled the entire cavity (Figures 13A and 15A), indicating 
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that the gel injection and hydrogel annealing in situ did not affect the brain structure. We next 

analyzed the inflammatory response to hydrogels by assessing astrogliosis (Figure 13B) and 

microgliosis (Figure 13C) 10-days post injection. Astrogliosis was assessed through GFAP (Glial 

Fibrillary Acidic Protein) staining by measuring the astrocytic scar thickness and total percent 

positive signal in the infarct (within the stroke) and peri-infarct (around the stroke) regions. We 

observed a drastic decrease in the astrocytic scar thickness surrounding the MAP gel compared to 

the nano-porous (npore) gel and the No gel condition (No Gel) (Figure 13D). The scar in the MAP 

condition was only 43±8 µm thick while in the nano-porous gel and No gel conditions, the scar 

was 234±54 and 325±69 µm thick, respectively, almost a 6x difference. This led to a lower 

percentage of astrocytes in the peri-infarct area of the MAP gel condition (Figure 13C). These 

results show that introducing a hydrogel decreases the scar thickness, while introducing 

microporosity in the hydrogel drastically reduces the scar thickness. However, analysis of the 

GFAP signal within the stroke cavity revealed a statistical increase for both the MAP condition 

and the nano-porous condition compared to the No gel control (Figure 13D). This observation was 

surprising as we have not previously observed substantial GFAP positive cells infiltrating the 

stroke cavity. Further analysis showed that MAP gel injection promoted astrocyte infiltration into 

the infarct with an average infiltration length of 279±71 µm compared to only 42±19 µm in the 

nano-porous condition causing a higher percentage of astrocytes to occupy the infarct area in the 

MAP gel condition (Figure 13D). Interestingly these differences in astrocyte infiltration are due 

to the topography of the scaffold alone as the MAP and nano-porous scaffolds have the exact same 

biochemical signals and bulk moduli. To our knowledge this is the first time a porous hydrogel 

has been injected into the brain.  
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Similarly, significant differences in microglial response, assessed by the Iba-1 (Ionized 

calcium binding adaptor molecule-1) signal were observed (Figure 13E). The percent area 

occupied by the microglia was significantly reduced in both the infarct and peri-infarct areas in the 

MAP gel condition compared to the nano-porous and No gel conditions. While only 19% of the 

infarct area was positive for microglia in the MAP condition, 58% of the infarct area in the nano-

porous condition and 50% in the No gel conditions were positive for Iba-1. Again the differences 

observed are solely due to the porosity of the gel and further support previous findings that the 

transplantation of porous materials in other tissues lead to a decrease in inflammatory cells in and 

around the scaffold implant site[1, 18, 192, 193]. Taken together we show that both astrogliosis 

and microgliosis are significantly reduced in animals injected with MAP gels resulting in reduced 

scar thickness and decreased reactive microglia.  
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Figure 13: A. Schematic illustration of a coronal mouse brain section showing the location of the 
cortical stroke cavity. The magnified schematics illustrate the no gel, the nano-porous and the 
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MAP hydrogel injection conditions. B. Fluorescent images of GFAP staining showing post-stroke 
astrocytic response in the different conditions (scale 100 µm). C. Iba-1 staining showing post-
stroke microglial response in the different conditions (scale 100 µm). D. Analysis of the GFAP 
positive response in terms of scar thickness, astrocytic infiltration in the infarct area and the 
positive area for GFAP signal in both infarct and peri-infarct regions. E. Analysis of the Iba-1 
positive response in terms of positive area for GFAP signal in both infarct and peri-infarct regions. 
*, ** and **** indicate P < 0.05, P < 0.01 and P < 0.0001, respectively (Anova 1 way, Tukey’s 
opst-hoc test). 
 

Once we had examined the inflammatory response, we observed cells within the infarct of 

the MAP condition that were not stained for astrocytes or microglia. Therefore, we wanted to 

determine the phenotype of those cells by investigating the vascular (Figure 14A) and axonal 

infiltration (Figure 14B) in both conditions. Based on our experience with MAP gels in skin[1] 

we expected to observe significant vascular ingrowth into the MAP scaffold but not in the nano-

porous scaffold. However, we found very little vascular infiltration into the stroke/hydrogel region 

in all three conditions. Further analysis showed a significantly higher percentage of vessels in the 

peri-infarct area of the MAP gel (22%) compared to both nano-porous gel and No gel conditions 

(6%) (Figure 14B). These results highlight the fact that different tissues have substantially 

different post-implantation reactions to the same material. Brain tissue remodels slower than skin 

tissue and will likely require other bioactive signals beyond the scaffold for revascularization such 

as growth factors. The increase of vessels in the peri-infarct area for MAP over nano-porous is 

interesting because the material has no contact with this area. This implies that the inflammatory 

reaction in the MAP-treated animals lead to a pro-angiogenic peri-infarct environment. To assess 

axonal infiltration, we stained for the axonal marker NF200, which stains for the neurofilament 

cytoskeleton of axons and quantified the positive signal within the infarct area. We observed no 

differences in axonal processes into the stroke site (Figure 14D). 
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Figure 14: A. Vessel (Glut1) fluorescent images and B. quantifications showing increased 
vasculature in the MAP condition in the peri-infarct area. C. NF200 (axonal proecsses) fluorescent 
images and D. quantifications showing increased neuronal axons in the MAP condition compared 
to the sham condition but no difference compared with the nanoporous condition. Scale bars, 
100µm. 
 

Progenitor cell migration towards the damaged tissue is a post-stroke spontaneous 

endogenous response to promote tissue repair. However, due to inhibitory environmental cues at 

the injury site these progenitor cells do not always reach the diseased tissue nor lead to tissue 

repair[182]. In the brain, neural progenitor cells (NPCs) reside in the subventricular zone (SVZ) 

and the dentate gyrus (DG) and are activated after injury to proliferate, migrate and differentiate 

toward the injured tissue[194]. Thus, we next investigated NPC activation and whether our 
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material increased their proliferation and migration from the SVZ (Figure 15). To identify the 

NPCs we stained for doublecortin (DCX) and for proliferating cells using Ki67. Cells that are 

double positive for DCX and Ki67 are considered proliferating NPCs (Figure 15A). Three 

separate analyses were performed to characterize NPC activation: the cell number along the 

ventricle wall, the migrating cell number, and the migration distance from the SVZ (Figure 15B). 

Upon injury the NPC population begins to divide to self-renew[72, 181]. We found that for animals 

injected with MAP hydrogels there was an average of 34±6 NPCs per section along the ventricle 

wall, while the nano-porous treated animals had a significantly lower average of 18±3 NPCs, a 

number similar to the No Gel condition (Figure 15C). As expected, NPCs were observed 

migrating along the corpus callosum towards the infarct. Almost triple the amount of proliferating 

NPCs were counted migrating towards the damaged tissue in the MAP condition versus the nano-

porous and No gel condition. The analysis of the migration distance from the tip of the ventricle 

toward the leading edge of the migrating cells revealed that the NPCs in the MAP condition 

migrated an average of 1mm compared to less than 0.5 mm in the nano-porous condition. No 

differences were observed in both the NPC cell number along the ventricle wall and the migrating 

cell number between the nano-porous and No Gel condition, however, in the No Gel condition, 

the NPCs migrated less than 0.23 mmn, less than half of the nano-porous condition (Figure 15C). 
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Figure 15: A. Full section fluorescent image and magnification showing DCX positively labeled 
NPCs (green) migrating from the ipsilateral ventricle to the stroke area (scale 0.5mm). B. Co-
staining of Ki67 (green) and DCX positive NPCs (white) (scale 100µm). C. Analysis of KI67 / 
DCX total cell number and migrating distance. *, *** and **** indicate P < 0.05, P < 0.001 and 
P < 0.0001, respectively (Anova 1 way, Tukey’s opst-hoc test). 
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We next examined the peri-infarct and infarct areas to determine if NPCs were able to 

reach the infarct site at 10-days post implantation (Figure 16). To our surprise we observed NPCs 

not only in the peri-infarct area but also in the infarct area of the MAP hydrogel condition only 

(Figure 16A, B). Indeed, no NPCs migration into the stroke area was observed in both the nano-

porous and the No gel conditions. This is an interesting piece of data as migrating NPCs into a 

damaged post-stroke site has never been observed before. The NPCs migrated as far as 300 µm 

into the MAP scaffold and occupied 3.75%±1.2 of the stroke surface (Figure 16C). Interestingly, 

the migration pattern and distance appeared to be similar to that observed for astrocytes.  Co-

staining for NPC and astrocytes showed that the NPCs co-localized with the infiltrating astrocytes, 

suggesting that astrocyte penetration is paving a path for NPC infiltration. More studies need to be 

performed to better understand how astrocytes are guiding NPC migration into the damaged site 

and whether the astrocyte and NPC infiltration happens simultaneously or in sequence.  
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Figure 16: A. Fluorescent images and B. magnification of the stroke area in both the nanoporous 
and the MAP gel condition showing DCX positive cells (green) in the lesion site of the MAP–
treated animals only (scale 100 µm). C. Analysis of the positive area for DCX signal in the stroke 
site in the different conditions. **** indicates P < 0.0001 (Anova 1 way, Tukey’s opst-hoc test). 
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In conclusion, we demonstrate that injectable particle hydrogels—MAP hydrogels—

accelerate brain repair processes by altering post-stroke astroglyosis and inflammation, changes 

that lead to enhanced vascularization at the peri-infarct cavity and neural progenitor cell migration 

within the damaged site. The present material contains hyaluronic acid, MMP, K, Q and RGD 

peptides as bioactive signals. Although it is likely that during the FXIIIa enzyme mediated 

annealing process, endogenous proteins present in the stroke cavity are incorporated into the 

material via the same chemistry, we do not believe this is the reason for the observed differences 

in inflammatory response upon material injection because FXIIIa enzyme was also added to the 

HA non porous condition. Rather, we believe that the porosity of the scaffold allows for a cell 

infiltration into the MAP hydrogel independently of scaffold degradation. The nano-porous 

hydrogel contains the same bioactive components and it did not result in reduced inflammatory 

reaction or NPC infiltration.  

 

5.3 Materials and Methods 

 

5.3.1 Microgel Production and Purification: 

Microfluidic devices[1] and microgels[2] were produced as previously described. Briefly, 

an acrylate functionalized hyaluronic acid (HA) was dissolved at 7% (w/v) in 0.3M triethyloamine 

(TEOA) pH 8.8 and pre-reacted with K-peptide (Ac-FKGGERCG-NH2), Q-peptide (Ac-

NQEQVSPLGGERCG-NH2), and RGD (Ac-RGDSPGERCG-NH2) at a final hydrogel 

concentration of 250µM, 250µM, and 500µM, respectively. Meanwhile, the cross-linker solution 

was prepared by dissolving the di-thiol matrix metalloproteinase (MMP) sensitive linker peptide 
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(Ac-GCRDGPQGIWGQDRCG-NH2, Genscript) in distilled water at 7.8 mM and reacted with 10 

µM Alexa-Fluor 488-maleimide (Life-Technologies) for 5 minutes. These solutions were mixed 

in a flow focusing microfluidic device and then immediately pinched by 1% span-80 in heavy 

mineral oil to form microspheres. These microspheres are collected and allowed to gel overnight 

to form microgels. The microgels are then purified by repeated washes with buffer and 

centrifugation. We’ve previously characterized the swelling ratio of microgels when purified from 

the oil phase to the aqueous phase and found a 3.4x volumetric increase[2]. 

 

5.3.2 Generation of scaffold from microgels and mechanical testing: 

The microgels were pelleted by centrifuging at 18,000 G and discarding the supernatant to 

form a concentrated solution of microgels. 5 U/mL of FXIII and 1 U/mL of Thrombin were 

combined in the presence of 10mM Ca2+ with the pelleted µgels and mixed via thorough pipetting 

before injection and allowed to incubate at 37 0C for 90 minutes between two slides (1mm 

thickness) surface coated with sigmacote (Sigma-Aldrich). The mechanical testing on the hydrogel 

scaffolds was done using a 5500 series Instron. After annealing, the scaffolds were allowed to 

swell in HEPES buffer saline for 4 hours at room temperature. A 2.5N load cell with a 3.12mm tip 

in diameter was used at a compression strain rate of 1mm/min and the hydrogel scaffold was 

indented 0.8mm or 80% of its total thickness. 

 

5.3.3 Nanoporous Hydrogel Production: 

Nanoporous hydrogel precursor solutions were exactly the same as the microgel precursor 

solutions. As described in the Microgel Production and Purification experimental section, an 

acrylate functionalized hyaluronic acid (HA) was dissolved at 7% (w/v) in 0.3M triethyloamine 
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(TEOA) pH 8.8 and pre-reacted with K-peptide (Ac-FKGGERCG-NH2), Q-peptide (Ac-

NQEQVSPLGGERCG-NH2), and RGD (Ac-RGDSPGERCG-NH2) at a final hydrogel 

concentration of 250µM, 250µM, and 500µM, respectively. The molar ratio of acrylates to HA 

was 18.32, giving a concentration of 10.39mM of total acrylates. The total concentration of 

peptides was 1mM, giving a molar ratio 0.0962 moles of peptides per moles of acrylate. Finally, 

the molar ratio of thiols from cross-linker to moles of initial acrylates was 0.8, which gave a 

concentration of 8.31mM of thiols from cross-linker. The molar ratio of thiols from cross-linker 

to acrylates available after peptide conjugation was 0.88. The HA precursor solution was mixed 

with the peptides and allowed to react for 30 minutes before adding the cross-linker, FXIII, and 

thrombin. Using the precursor solution with the same concentration of peptides as the precursor 

solution to the microgels ensures that the concentration of peptides in the nanoporous hydrogel is 

the same as in the microgels. Moreover, the same cross-linker solution was prepared by dissolving 

the di-thiol MMP sensitive linker peptide in distilled water at 7.8 mM and reacted with 10 µM 

Alexa-Fluor 647-maleimide for 5 minutes. These two solutions were thoroughly mixed in an 

Eppendorf tube by vortexing and pipetting. 5 U/mL of FXIII and 1 U/mL of Thrombin were added 

to the solution and the nanoporous hydrogel was allowed to gel in situ via the same Michael type 

addition in which the microgels were individually formed. The purpose of the addition of FXIII 

and thrombin was to mimic the microgel injections and to ensure that any phenomenon we observe 

was not because of the added enzymes. Furthermore, scanning electron microscopy (SEM) has 

been previously used to visualize the mesh size of these HA nanoporous hydrogels[195].  

 

5.3.4 Animal stroke model and immunohistological staining: 
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Animal procedures were performed in accordance with the US National Institutes of Health 

Animal Protection Guidelines and the University of California Los Angeles Chancellor’s Animal 

Research Committee. The mouse model of stroke was performed as previously described [77]. 

Briefly, a permanent cortical stroke was induced by a middle cerebral artery occlusion (MCAo) 

on young adult C57BL/6 male mice (8-12 weeks) obtained from Jackson laboratories. Briefly, 

under anesthesia, a small craniotomy was made over the left parietal cortex where an anterior 

branch of the distal middle cerebral artery was then exposed, electrocoagulated, cut to be 

permanently occluded, and bilateral jugular veins were clamped for 15 min. Five days following 

stroke surgery, microgels with FXIIIa were loaded into a Hamilton syringe (Hamilton Reno, NV) 

connected to a pump and 6 µL of microgels were injected into the stroke cavity using a 30-gauge 

needle at stereotaxic coordinates 0.26 mm anterior/posterior (AP), 3 mm medial/lateral (ML), and 

1 mm dorsal/ventral (DV) with an infusion speed of 1µL/min. The needle was withdrawn from the 

mouse brain 5 minutes after the injection to allow for microgel annealing. Before injection, 

microgels were kept on ice to ensure that very little to no annealing would take place in the syringe 

during injection and all the annealing would occur in situ since FXIIIa has its highest activity at 

37oC. This was done to maintain consistency between the nanoporous and MAP conditions since 

it has been the shown that the mode of implantation plays a drastic role in the tissue response[196]. 

Preliminary observations showed that withdrawing the needle from the brain immediately after 

MAP gel injection was associated with a rapid and instant backflow of the gel, suggesting that the 

injected gel had not annealed by the end of the injection time (S Video 1). However, leaving the 

needle in place for 5 minutes after gel injection was not associated with any backflow, suggesting 

that the injected gel had begun annealing and forming a scaffold in the stroke cavity. For the 

nanoporous condition, 6 µL of hydrogel precursor solution (HA-Acrylate + Peptides + MMP 
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sensitive cross-linker) with FXIIIa were injected into the stroke cavity using a 30-gauge needle at 

stereotaxic coordinates 0.26 mm anterior/posterior (AP), 3 mm medial/lateral (ML), and 1 mm 

dorsal/ventral (DV) with an infusion speed of 1µL/min. Ten days following the hydrogel 

transplantation, mice were sacrificed via transcardial perfusion of 0.1 M PBS followed by 40 mL 

of 4 (w/v) % PFA. The brains were isolated and post-fixed in 4% PFA overnight and submerged 

in 30 (w/v) % sucrose solution for 24 hours. Tangential cortical sections of 30 µm-thickness were 

sliced using a cryostat and directly mounted on gelatin-subbed glass slides for immunohistological 

staining of GFAP (glial fibrillary acidic protein, Abcam, Cambridge, MA, USA) for astrocytes, 

Iba1 (ionized calcium binding adaptor molecule, Abcam, Cambridge, MA, USA) for microglial 

cells, Glut-1 (Glucose Transporter-1, Abcam, Cambridge, MA, USA) for endothelial cells, NF200 

(Neurofilament 200, Abcam, Cambridge, MA, USA) for axonal processes, DCX (doublecortin, 

Abcam, Cambridge, MA, USA) for NPCs, Ki67 (Abcam, Cambridge, MA, USA) for proliferating 

cells, and DAPI (1:500 Invitrogen) for nuclei. Primary antibodies (1:100) were incubated 

overnight at 4°C and secondary antibodies (1:1000) were incubated at room temperature for two 

hours. A Nikon C2 confocal microscope was used to take fluorescent images.  

 

5.3.5 Image analysis: 

Analyses were performed on microscope images of 3 coronal brain levels at +0.80 mm, -

0.80 mm and -1.20 mm according to bregma, which consistently contained the cortical infarct area. 

Each image represents a maximum intensity projection of 10 to 12 Z-stacks, 1 um apart, captured 

at a 20x magnification with a Nikon C2 confocal microscope using the NIS Element software.  

The endothelial (Glut-1), astrocytic (GFAP) and inflammation (Iba-1) positive area in the 

infarct and peri-infarct areas were quantified in 4 to 8 randomly chosen regions of interest (ROI of 
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0.3 mm2). In each ROI, the positive area was measured using pixel threshold on 8-bit converted 

images using ImageJ (Image J v1.43, Bethesda, Maryland, USA) and expressed as the area fraction 

of positive signal per ROI (%). Values were then averaged across all ROI and sections, and 

expressed as the average positive area per animal. 

The thickness of scar was measured on the ischemic boundary zone within the ipsilateral 

hemisphere on 3 sections stained for GFAP. The proliferating NPC cell count and migrating 

distance were measured on the ipsilateral hemisphere and represents the total number of doubele 

labeled Dcx/Ki67 positive cells present on the ventricle wall and migrating toward the infarcted 

zone, the maximum migration distance of NPCs was measured between the upper corner of the 

ipsilateral wall on the corpus callosum and the furthest Dcx/Ki67 positive cell on the migrating 

path toward the stroke site. 
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VI. Hyaluronic acid particle hydrogels decrease cerebral atrophy and promotes 

pro-reparative astrocytes/axonal infiltration in the core after ischemic stroke 

 

6.1 Introduction  

With time the ischemic stroke core is devoid of vessels and axons and cerebral atrophy occurs 

(brain shrinkage). Atrophy in the motor cortex accounts for at least a portion motor deficit in stroke 

patients [197] and occurs at a rate of 0.95% of initial volume in the stroke hemisphere [198]. There 

is currently no therapies to prevent or treat cerebral atrophy, which is correlated with dementia 

[199], depression [200], and reduced motor function [197]  

 

Astrocytes can both aid and obstruct stroke recovery  [8, 9], with complete ablation of astrocytes 

resulting  in worse outcome after stroke [10].  Astrocytes are able to communicate with multiple 

neurons via secreted and contact-mediated signals, can coordinate the development of synapses 

[11-15] and neural circuits [16], yet astrocytes can limit long term repair and regeneration when a 

pro-inflammatory phenotype is adopted and a scar is formed [8, 9]. Recently others [201-203] and 

we [100, 204] have published a number of publications injecting hydrogels into the stroke cavity. 

These studies have demonstrated that the stroke core can accept a significant gel injection volume 

without damage and that these gels can vary widely in composition ranging from hydrogels formed 

from decellularized native tissue [205], to peptide derived hydrogels [206], to synthetic hydrogels 

[207]. Although biomaterial strategies for brain repair have investigated astrocytes after stroke in 

the context of the glial scar, no biomaterial has been described that can modulate the astrocyte 

phenotype from inflammatory to pro-regenerative. Herein, we explore the use of microporous 
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annealed particle (MAP) hydrogels to modulate astrocyte and microglia phenotype towards a pro-

repair phenotype and the evaluation of the resulting reparative response. 

 

6.2 Results and Discussion 

6.2.1 Characterization of MAP hydrogel and stroke tissue 

Granular hydrogels are materials generated from hydrogel microparticle (HMP) building 

blocks, generated using a droplet generator flow focusing microfluidic device (Figure 17A). 

HMPs used in this study are ~80µm diameter HMPs (Figure 17B, C), generated using a hyaluronic 

acid (HA) backbone, and peptides as crosslinkers (MMP degradable) and ligands for integrin 

binding (RGD). We crosslink HMPs to each other using the coagulation enzyme factor XIIIa 

(FXIIIa) to generate a stable scaffold, with a Young’s Modulus of ~927 Pa (Figure 17D).  We 

termed these linked HMP hydrogels microporous annealed particle (MAP) scaffolds. MAP 

scaffolds have micron sized voids (pores) formed in between packed beads (Figure 17E). Others 

and we have utilized MAP scaffolds for cell culture in vitro [1, 100, 208-213] and support tissue 

ingrowth in vivo[1, 100, 209, 210]. HA-MAP scaffolds can be injected into the stroke core at 5-

days post wounding without deforming the recipient hemisphere (Figure 17F, G). HA-MAP 

completely fills the stroke core as can be seeing on the serial sections (Figure 17 H-K).  
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Figure 17. A. Flow-focusing microfluidic device. B. HMPs in HEPES solution. Scale bar = 100µm 
C. Histogram of HMP sizes. D. High molecular weight fluorescent dextran between the MAP void 
spaces. E. Instron mechanical testing of MAP scaffolds. F. Injection schematic into PT stroke. G. 
Large section image of stroke with MAP. H-K. Images of MAP in serial sections of single brain 
with stroke. 
 
To model ischemic stroke, we used a photothrombotic (PT) stroke model. This model allows 

examination of the brain tissue’s response at short term (5-15 days post stroke) and long term time 

points (30). Time course analysis of macrophage/microglia and astrocytes in the infarct and peri-

infarct spaces reveals an early peak (7-days) of Iba1+ cells in the core of the infarct, which 

subsequently subsides reaching a significantly lower level by 30-days (Figure 18). The peri-infarct 

percent area of iba1+ cells and GFAP+ cells increase by 7-days and subsequently plateaus through 

30-days. These data mirror the expected dogma of an early inflammatory response that subsides 

over time. Analysis of vessels and axons in the peri-infarct space reveals that the vessel area 

remains relatively constant over time, while the axonal area significantly decreases over time 

reaching a plateau at 7-days post stroke. These data show that in the absence of any treatment, 

little recovery of the peri-infarct axons and vessels is found in this model.  
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Figure 18: Progression of inflammation (astrocytes and microglia/macrophages), axons, and 
vasculature beginning with healthy tissue and progressing to 5, 7, 15, 30, and 120 days after 
stroke.  
 
6.2.2 Injection of MAP hydrogel preserves long term structural integrity and function: 

In order to understand the feasibility of using HA-MAP hydrogel for brain repair, we first 

investigated how long the gel lasts in the brain after implantation and if they are any detrimental 

effects of hydrogel injection over time (Figure 19A). We injected HA-MAP hydrogel 5-days after 

stroke and assessed for hydrogel degradation by monitoring hydrogel fluorescence at days 2, 10, 

30, 120 days post injection (Figure 19B). We find that HA-MAP hydrogel does not degrade 

significantly until 120-days post implantation with a significantly decreased fluorescence 

indicating that the HA-MAP scaffolds can provide long lasting mechanical support to the tissue.  

 

Further analyzing the brain tissue at our longest timepoint of 120-days post injection, we find that 

the long-lasting mechanical support is accompanied by maintenance of brain shape over time, 

which is significantly different from sham (Figure 19C & 19D). In particular, we observe that in 
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the sham group the scar tissue imposes considerable fibrotic response to the brain tissue resulting 

in cerebral atrophy, whereby the ventricle is pulled upward toward the cortex effectively shrinking 

the cortex (Figure 19E). In contrast, mice treated with HA-MAP hydrogel 5-days post stroke 

effectively decreased the fibrotic response, which significantly prevented the deformation of the 

stroke cavity. In human patients’ cerebral atrophy in the motor cortex accounts for at least a portion 

of the worsening motor deficit in stroke patients over time [197]. We next tested if the density of 

axons at 120-days post stroke was different between sham and HA-MAP treated groups.  We 

looked at the area between the top of the ventricle to the surface of the cortex. We find that the 

axonal area (NF200+) was significantly higher for the HA-MAP treated mice compared to sham, 

further supporting our findings of reduced cerebral atrophy, which is associated with decreased 

neuronal cell area [198].  
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Figure 19. A. Schematic of MAP scaffold in stroke cavity. B. Hydrogel degradation in vivo over 
time. C. Ventricular hypertrophy and reduction of nigrostriatal bundles in the sham condition. D. 
Preservation of prei-infarct area and nigrostriatal bundles in MAP condition. E. Quantification of 
ventricular hypertrophy. F. Quantification of nigrostriatal bundle area. G. Quantification of axon 
percent area above ventricle. All scale bars = 100µm. P<0.05. 
 

Atrophy is commonly observed in stroke patients and this effect is known to cause effects at 

regions far away from the stroke core [198]. Thus, we wanted to get a sense if there are other 

visible effects of a long-lasting hydrogel in the brain post stroke and reduced cerebral atrophy in 

mice. We find that the nigrostriatal bundles, which are visible with NF200 staining, are more 

preserved in the brains treated with HA-MAP hydrogel compared to sham brains (Figure 19F). 

Quantification of the percent positive area of NF200 stain in the bundle area revealed that brains 

treated with HA-MAP hydrogel more than double the percent area of the sham condition.  
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Nigrostriatal bundles are a dopaminergic pathway that travels from the substantia nigra to the 

striatum and loss of these bundles is associated with decreased motor function and is commonly 

observed in Parkinson’s patients [214, 215]. Parkinson patients also observe significant cerebral 

atrophy, associated with worsening disease state [216]. Taken together the reduced cerebral 

atrophy Thus, preservation of these bundles suggests that the MAP gel would better preserve the 

motor function associated with these bundles.  

 

6.2.3 Highly reactive, scar forming, astrocytes are reduced after HA-MAP injection 

We next moved to explore the use of HA-MAP hydrogels to modulate astrocyte phenotype. HA-

MAP hydrogel was injected 5-days post stroke and tissue was collected 2-days post injection to 

assess the early reaction to the material (Figure 20A,B). In the peri-infarct area, we observe a 

significantly higher percentage of reactive astrocytes in the sham condition expressing pERK1/2 

(~56% compared to ~25% in MAP) (Figure 20C), an astrocytic downstream pathway  for high 

reactivity, while genetic deletion of upstream receptor KCa3.1 has been shown to attenuate 

astrogliosis [217]. Moreover, significantly fewer infiltrating astrocytes express pERK1/2 

compared to those in the peri-infarct (~12% in the infarct compared to ~25% in the peri-infarct) 

(Figure 20D). This data suggests that the astrocytes that are infiltrating the MAP gel are far less 

reactive and more pro-reparative. We also observe a significantly higher percentage of reactive 

astrocytes expressing S100β in the sham condition(~69%) compared to the 3.5% MAP gel (~26%), 

with high expression of S100β considered pathological[218, 219] (Figure 20E). Similar to pERK 

expression, the infiltrating astrocytes expressing S100β (~15%) were significantly less that in the 

peri-infarct area (~26%). Additionally, we used in situ hybridization to dive deeper into the 

reactive astrocyte phenotype (Figure 20F). Using RNA markers, we probed for C3, a marker 
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shown to be upregulated in neurotoxic reactive astrocytes, and SLC1A2, a marker for all astrocytes 

[9]. Using a ratio of C3/SLC1A2 to analyze what percentage of astrocytes are highly reactive, we 

observed 54.2% of all astrocytes are reactive in the sham condition, while only 25.2% of all 

astrocytes are reactive in the 3.5% MAP gel peri-infarct condition. Comparing the peri-infarct of 

the MAP gel (~25.2%) to the infarct of the MAP gel (~10.7) once again further suggests that the 

infiltrating astrocytes have a pro-regenerative phenotype (Figure 20G). All these results indicate 

the MAP gel is able to attenuate astrocyte reactivity just two days after injection by reducing the 

number of highly reactive neurotoxic astrocytes by greater than 2-fold, promoting a less pro-

inflammatory environment in the peri-infarct area and stimulating pro-recovery astrocyte 

infiltration in the infarct. Since inflammatory responses occur early after injury and initial 

inflammatory responses have long lasting effects in the tissue [37], we expect that early modulation 

of the astrogliotic response will have long lasting effects.  
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Figure 20. A. Schematic of experimental timeline. B. Schematic of analysis setup. C. IHC images 
showing astrocyte reactivity through pERK and S100β. D. Quantification of pERK/GFAP percent 
of astrocytes that are highly reactive. E. Quantification of S100β/GFAP percent of astrocytes that 
are highly reactive. F. In situ hybridization images of astrocyte reactivity through C3 and SLC1A2 
probing. G. Quantification of C3/SLC1A2 percent of astrocytes that are highly reactive. H. IHC 
images of microglia reactivy through CD11b, Arg1, and iNOS. I. Quantification of iNOS/Dapi for 
determination of microglial pro-inflammatory phenotype. J. Quantification of Arg1/Dapi for 
determination of microglial pro-repair phenotype. All scale bar = 100µm. P<0.05 
 
6.2.4 Microglia up-regulates pro-repair marker Arg1 in HA-MAP  

Microglial polarization directly affects astrocyte reactivity, with microglia that exhibit the more 

reactive M1 phenotype influence astrocytes to a more highly reactive state [9]. Similar to the 
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astrocyte experiments HA-MAP hydrogel was injected 5-days post stroke and tissue analyzed 2-

days later (Figure 20H). We broadly defined pro-repair microglia/macrophages as expressing 

Arg1, while pro-inflammatory microglia/macrophages expressing iNOS phenotype [220]. 

Interestingly, the percentage of microglia/macrophages expressing the M1 pro-inflammatory 

phenotype is similar across both conditions in the peri-infarct and in the infarct (Figure 20I). 

Further, the percentage of microglia/macrophages expressing the M2 pro-repair phenotype is 

similar across both conditions in the peri-infarct area. However, the percentage of pro-repair 

microglia/macrophages in the infarct, where the cells are encapsulated within the material during 

injection, is almost 3-fold higher in the MAP gel condition compared to sham condition (Figure 

20J). This suggests that the infarct in the MAP gel has a more pro-reparative environment than the 

infarct in the sham condition. Confinement of macrophages has been shown to prevent LPS 

polarized M1 macrophages to activate late stage inflammatory genes [221]. These findings 

combined with our findings of increased percentage of Arg1+ cells, suggests that microporous 

hydrogels formed using ~80 µm HMPs have pore sizes that can spatially confine the microglia and 

lower M1 polarization. Chondroitin sulfate proteoglycans (CSPGs) have been linked to decreased 

regenerative potential in the CNS [refs]. We find that the amount of CSPGs in the HA-MAP treated 

mice significantly decreases in both the infarct (~5.3%) and peri-infarct (~9.8%) compared to sham 

infarct (~59.7%) and peri-infarct (~38%) (Figure 21). Several studies have delivered 

Chondroitinase ABC to digest the high release of CSPG after brain injury and shown behavioral 

functional benefits[222, 223]. Thus, a material such as HA-MAP that can decrease the CSPG level 

without additional enzyme delivery would be advantageous.  
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Figure 21. Quantification of CSPG in peri-infarct and infarct comparing sham to MAP gel. All 
scale bars = 100µm. P<0.05 
 
6.2.5 Astrocytes continue to infiltrate lesion over time: 

One key difference between injection of HA-MAP into the stroke cavity compared to any other 

hydrogel that we have tested [20, 204] is that it elicits astrocyte infiltration into the stroke cavity. 

Thus, rather than astrocytes forming a scar around the stroke core, as occurs in sham conditions, 

astrocytes change their morphology and begin to infiltrate. We observed this previously using a 

MCAo model [100] and in data presented here with a PT stroke model, indicating the finding is 

not model or cortex location specific. To investigate if this change in morphology affects the scar 

thickness and if astrocyte infiltration is continuous over time, we injected HA-MAP 5-days after 

stroke and assessed scar thickness and astrocyte infiltration over time (7, 15, 30-days post stroke) 

by quantifying the thickness of the GFAP+ dense layer surrounding the stroke and infiltration 

distance of GFAP+ cells starting from the stroke border (Figure 22A). As expected, sham animals 

have scar thicknesses and peri-infarct % GFAP+ area that increases over time (7-30 days after 

stroke) (Figure 22B), indicative of a developing scar [224]. In contrast, injection of HA-MAP 
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hydrogel into the stroke cavity significantly reduces the scar thickness and peri-infarct % GFAP+ 

area within 2-days of implantation and remains low throughout (Figure 22C-E).  

 

Figure 22. A. IHC images showing reactive astrocytes and microglia of healthy tissue and 5 days 
post stroke. B. Schematic of experimental timeline. C. IHC images of Sham stroke tissue showing 
reactive astrocytes and microglia at 7, 15, and 30 days post stroke. D. IHC images of MAP gel 
treated stroke tissue showing reactive astrocytes and microglia at 7,15, and 30 days post stroke, E. 
Quantification of scar thickness over time. F. Quantification of percent area of reactive astrocytes 
in the peri-infarct. G. Quantification of astrocyte infiltration into infarct. H. Quantification of 
percent area of reactive microglia in peri-infarct area. I. Quantification of percent area of reactive 
microglia in infarct. All scale bars = 100µm. P<0.05. 
 

We next examined astrocyte (GFAP+) cell infiltration over time. We find that astrocyte infiltration 

begins within 2-days of hydrogel injection and continues to increase from 7-30-days post stroke, 
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reaching close to 500µm into the lesion by day 30 (Figure 22F). The infiltration into pattern 

closely mimics what we expect is the void structure of the hydrogel (Figure 22D), indicating that 

the cells infiltrate through the void space rather than through the HMPs. This infiltration pattern 

further suggests that significant gel degradation is not required for astrocyte infiltration and that 

any degraded extracellular matrix (ECM) or new ECM deposition within the void space of HA-

MAP does not prevent infiltration of astrocytes. We believe that promoting infiltration of pro-

regenerative astrocytes into the infarct can be beneficial towards recovery [225]. This data also 

shows that the MAP gel sustains astrocyte infiltration over time without the need for biologic 

delivery such as growth factors or small molecules. 

 

6.2.6 Microglia percent decreases over time for hydrogel injection: 

Next, we examined microglia/macrophage reactivity over time using Iba-1 staining (Figure 22B 

& C). The absolute number of reactive microglia 2 days after injection is greater than 3-fold more 

in the peri-infarct of the sham condition (Figure 22G), while, we observe a 6-fold decrease in the 

infarct of the MAP compared to the infarct of the sham (Figure 22H). As previously mentioned, 

reactive microglia have been shown to contribute to highly reactive astrocytes [9]. Further 

examination into microglial progression shows a very elevated total number of reactive microglia 

even 30 days post stroke (Figure 22G & 22H). Remarkably, the total number of reactive microglia 

at 30 days post stroke in the infarct of the sham condition is still 3-fold higher than the infarct of 

the MAP condition at 7 days post stroke.  

 

6.2.7 Astrocytes and axons co-infiltrate the stroke core after HA-MAP injection: 
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Given the significant impact that HA-MAP has on the phenotype of astrocytes and the number of 

microglia, we wanted to assess if changes in the stroke environment were accompanied with 

increases in axonogenesis. As before, HA-MAP hydrogel was injected into the stroke cavity 5-

days after stroke and axonal area (NF200+) in the peri-infarct as well as infiltration distance in the 

infarct quantified. The peri-infarct percent NF200+ area decreases from 53.2% to 20.4% 

comparing un-injured brain and stroke brain at 5-days, indicating the rapid loss of neurofilaments 

in the peri-infarct space after stroke (Figure 23A). The stroke cavity is devoid of neurofilaments 

at this timepoint. We find that axons (NF200+) increase in the peri-infarct space following 

injection of HA-MAP hydrogel, with a significant increase at 7-days post stroke compared with 

sham (Figure 23B-D). However, this increase becomes non-significant at the 15- and 30-day 

timepoints. This data suggests that the lower number of reactive astrocytes combined with the 

decreased number in macrophage/microglia in the HA-MAP condition, promotes a pro-reparative 

environment early after HA-MAP injection that promotes axonal sprouting, but this environment 

cannot be maintained. However, our earlier data at 120-days shows that as cerebral atrophy occurs, 

axons are maintained in the HA-MAP condition but reduced in sham (Figure 20C-H).  
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Figure 23. A. IHC images showing reactive astrocytes and axons of healthy tissue and 5 days post 
stroke. B. Schematic of experimental timeline. C. IHC images of Sham stroke tissue showing 
reactive astrocytes and axons at 7, 15, and 30 days post stroke. D. IHC images of MAP gel treated 
stroke tissue showing reactive astrocytes and axons at 7,15, and 30 days post stroke, E. 
Quantification of percent area of axons in the peri-infarct. F. Quantification of percent area of 
axons in the infarct. G. Quantification of axon infiltration into infarct. H. IHC images of co-
residing astrocytes and axons at 30 days post stroke. I. IHC images of co-residing astrocytes and 
axons at 120 days post stroke. All scale bars = 100µm. P<0.05. 
 

In the infarct cavity we observe axonal infiltration for the HA-MAP hydrogel treated groups, but 

not in the sham groups. The path of infiltration is similar to what the astrocytes follow, navigating 

between the HMPs rather than through the HMPs (Figure 23G). The infiltration distance of axons 

steadily increases over time reaching ~450µm by day 30 (Figure 23F). Staining for both astrocytes 



	 110	

(GFAP) and axons (NF200) revealed that not only do the axons follow the same path, but the axons 

appear to localize closely with the infiltrating astrocytes (Figure 23G & 23H). High image 

analysis revealed that although GFAP stain exists without axonal stain, the reverse is not true, 

whenever an axonal stain was present it was closely associated with GFAP staining. Examining 

the HA-MAP hydrogel condition at 4-month reveals that the closely association of axons and 

NF200 is maintained and that it is also accompanied by progenitor cells (SOX2+) (Figure 23H). 

Although these images cannot determine the ratio of GFAP+, NF200+, and GFAP+/SOX2+ cells, 

we likely have all three cell types present within HA-MAP hydrogel at 4 months post injection. 

Both recruitment of endogenous NPCs and transplantation of exogenous NPCs have been used as 

strategies to promote stroke repair and shown increase behavioral response[226]. This 

astrocyte/axon correlation suggests that the astrocytes are crucial for the axon penetration and 

maintenance, supporting our rationale that promotion of pro-repair astrocyte infiltration will be 

beneficial for downstream tissue repair. As prior studies have shown, these penetrating astrocytes, 

in very near proximity to axons could be crucial in forming synapses [11, 12, 15] and neuronal 

circuits directly in the lesion site [14, 16], where such recovery is not normally observed after 

stroke [37]. Although other molecules and cell types maybe needed to generate the desired 

circuitry, having astrocytes, axons and NPCs in this same space can be now further manipulated 

to achieve this. Our results demonstrate that injection of HA-MAP hydrogel into the stroke cavity 

is generating a permissible environment in the peri-infarct and infarct spaces that leads to axonal 

infiltration into the stroke core.  

 

6.2.8 Vessel infiltration does not coincide with astrocyte/axonal infiltration: 
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Similar to axonal density, we observed an initial increase in vessel density (Glut-1+) in the peri-

infarct space, which was statistically significant at the 15-day time-point compared to sham mice 

(Figure 24A-C). This result is consistent with other reports of stroke induced angiogenesis in the 

peri-infarct space [183]. However, by 30-days post stroke, there is no statistical significance in 

vessel density between HA-MAP hydrogel injection and sham. Thus, similar to our axonal 

sprouting data, the increase in angiogenesis suggest that the lower microphage/microglia number 

and reduced reactive astrocytes in the peri-infarct space generates an environment that further 

promotes angiogenesis early after HA-MAP gel injection, but that cannot be maintained long term.  

 

Figure 24. A. IHC images showing reactive astrocytes and vessels of healthy tissue and 5 days 
post stroke. B.. IHC images of Sham stroke tissue showing reactive astrocytes and vessels at 7, 15, 



	 112	

and 30 days post stroke. C. IHC images of MAP gel treated stroke tissue showing reactive 
astrocytes and vessels at 7,15, and 30 days post stroke, D. Quantification of percent area of vessels 
in the peri-infarct, infarct, and infiltration into infarct. All scale bars = 100µm. P<0.05 
 
 
After observing significant astrocyte/axonal infiltration into the stroke core, we tested if vessels 

also infiltrate the stroke core and if they follow a similar infiltration pattern (Figure 24D & 24E). 

We find that vessels infiltrate the stroke core, reaching a statistically significant difference of 

infiltrating vessels between brains treated with HA-MAP and sham groups at 30-days post 

injection. The infiltration path is similar to that of astrocytes and axons, following the void space 

between HMPs, but there appears to be no correlation between astrocyte infiltration and vessel 

infiltration, unlike what was observed for axonal infiltration. The vessel stain Glut-1 does not 

coincide with the astrocyte stain GFAP, indicating that vessels invade the stroke core 

independently. Further, we find that the vessel infiltration distance is significantly lower compared 

to what was found for astrocytes and axons (Figure 25). The average infiltration distance at 30-

days for vessels is ~207µm while it is ~467µm for axons and astrocytes. This difference in 

infiltration distance is perplexing as HA-MAP hydrogel contains no releasable bioactive signals 

that would promote the infiltration of astrocytes and axons but not vessels. A few possibilities for 

the reduced infiltration distance for vessels are the physical properties of the gel, mechanical 

properties, and porosity. It is difficult to know what the mechanical properties of the gel are over 

time; however, the initial HA-MAP gel Young’s modulus is ~1000Pa. It is possible that the 

mechanical modulus of the gel is not optimal for vessel infiltration, though others, including our 

lab, have used soft hydrogels for vascularization in the brain [1], skin [1], and bone [227]. Thus, 

mechanical properties are not likely to be the reason. The porosity of the scaffold is another 

possibility; HA-MAP gels with HMPs of 80-100µm in diameter have a median pore area of 

~200µm2 which would correspond to 15-20µm when measured per z-stack [1, 228]. Although we 
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have previously shown that PEG-MAP gels with 80µm diameter HMPs promote vascularization 

and rapid wound closure in skin wounds [1], others have shown that in cardiac engineering there 

is limited vessel penetration in scaffolds with 20µm pores[32]. Thus, the effect in pore size in 

vascularization maybe tissue specific. Regardless of the reason, we have previously demonstrated 

that a robust vascular network within the stroke, promotes the formation of a neurovascular niche 

that leads to effective axonogenesis and behavioral improvement [204]. Thus, efforts should be 

made to introduce pro-angiogenic cues into HA-MAP to promote vascularization.  

 

Figure 25. Overlay of infiltration of astrocytes, axons, and vessels into the infarct.  

 

An additional rationale for further promoting vascularization is the fact that astrocytes and axons 

stopped infiltrating 200µm away from vessels, which is the oxygen diffusion limit [229]. Thus, 

lack of vascular infiltration, likely limited the range of astrocyte and axonal infiltration.  

 

6.2.9 Moderate hydrogel stiffness changes do not affect astrocyte behavior: 

Biomaterial and substrate stiffness has been previously shown to regulate astrocyte reactivity with 

softer substrates promoting astrocyte quiescence, suggesting that softer substrates should be used 

to better modulate astrocytes following stroke[176]. Stiffness has also been implicated in axonal 

sprouting, vessel sprouting and microglia polarization. We tested a moderately stiffer HA-MAP 

hydrogel (3.5% = 1000Pa, 4.5% = 1500Pa) to determine if this stiffness changes can affect 
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astrocyte behavior. All other parameters, RGD concentration, HMP diameter, and void fraction 

were kept constant. Overall, the 4.5% MAP hydrogel produced very similar results compared to 

the 3.5% hydrogel for astrocyte infiltration and scar thickness (Figure 26A & 26B). However, we 

did observe an increased number of reactive microglia in the infarct and in the peri-infarct at 15 

days post stroke, but no significant differences were observed at 30 days post stroke (Figure 26C 

& 26D). Interestingly, these increased microglia response may have caused some downstream 

effects as we observe a slight decrease in axon penetration compared to the 3.5% condition (Figure 

26E). It is possible that the increased number of microglia in the 4.5% condition created a more 

cytotoxic environment that affected the axon penetration. Overall, the difference between 1000Pa 

and 1500Pa modulus gels may be too small to see more significant responses.  
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Figure 26. A. Quantification of scar thickness over time comparing 4.5% MAP and 3.5% MAP. 
B. Quantification of astrocyte infiltration into the infarct over time comparing 4.5% MAP and 
3.5% MAP. C. Quantification of reactive microglia percent area in the peri-infarct over time 
comparing 4.5% MAP and 3.5% MAP. D. Quantification of reactive microglia percent area in 
the infarct over time comparing 4.5% MAP and 3.5% MAP. E. Quantification of axon 
infiltration into the infarct over time comparing 4.5% MAP and 3.5% MAP. F. Quantification of 
vessel infiltration into the infarct over time comparing 4.5% MAP and 3.5% MAP. P<0.05 
 

6.2.10 Porosity, hyaluronic acid, and RGD are crucial for astrocyte infiltration: 

We next wanted to examine if the observed responses are specific to the HA-MAP formulation 

tested. HA-MAP are produced from ~80µm HMPs, which contain HA (70,000 Da, 3.5%), RGD 

(500µM), K and Q peptides (250µM), and 7.8mM of MMP crosslinker. The MAP gel is 
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crosslinked using FXIIIa (5U/mL) and 1U/mL of thrombin. To test the role of microstructure on 

the observed findings, we compared the results from HA-MAP to those of a hydrogel with identical 

composition but crosslinked as a bulk gel (non-porous) (Figure 27A). As a comparison we tested 

the ability of these gels to promote astrocyte infiltration, reduce scar thickness and reduce the 

number of microphage/microglia in the peri-infarct and infarct spaces. We find that the scar 

thickness in the non-porous group is significantly reduced compared to sham but significantly 

larger compared to HA-MAP (Figure 27B). There is also no infiltration of astrocytes into the 

stroke cavity, suggesting that the microstructure of MAP is critical to this process. 

Microglia/macrophage area was significantly decreased in the infarct but not the peri-infarct 

compared to sham; however, the decrease was not as great as that observed with HA-MAP.  
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Figure 27. A. IHC images of reactive astrocytes and microglia for sham, non-porous, HA-MAP, 
PEG MAP (-RGD), HA MAP (-RGD), PEG MAP. B. Quantification of reactive astrocytes and 
microglia testing for role of hydrogel microstructure, RGD, and backbone. All scale bars = 100µm. 
P<0.05. 
 
We next tested the effect of the integrin binding ligand RGD. Injection of HA-MAP(-RGD) 

revealed that the scar thickness was again lower than sham, but not as low as HA-MAP. Similar 

to HA non-porous there was no infiltration of astrocytes into the stroke cavity, pointing to the 

importance of RGD in this process. The number of reactive microglia for HA-MAP(-RGD) is 
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similar to HA-MAP for the peri-infarct space, but significantly higher for infarct (Figure 27C). 

Overall, we see that RGD has a major effect in the ability of HA-MAP to modulate astrocyte and 

microglia phenotype. 

 

Last, we tested the role of the hydrogel backbone and compared HA to polyethylene glycol (PEG). 

PEG-vinyl sulfone (20,000Da) was used to generate HMPs using the same concentration of K, Q 

and MMP peptides. PEG HMPs were generated with RGD or no RGD. PEG HMPs have the same 

diameter as HA HMPs (Figure 28) and the storage modulus is the same as HA-MAP (Figure 28). 

We find that having a PEG backbone in the HMPs significantly reduces the effect observed with 

HA-MAP. Scar thickness is significantly thinner than sham, but larger than HA-MAP and there is 

no significant difference between PEG-MAP and PEG-MAP(-RGD) (Figure 27D). Astrocyte 

infiltration in the PEG-MAP or PEG-MAP(-RGD) conditions is also close to zero. Finally, the 

microphage/microglia area is significantly decreased in the infarct for both PEG-MAP or PEG-

MAP(-RGD), but not statistically different from sham in the peri-infarct space. Overall, we find 

that HA is an essential component to promote infiltration of astrocytes into the infarct core.  

 

Figure 28. Quantification of Young’s modulus for 3.5% HA MAP, 4.5% HA MAP, and PEG MAP. 
Microgel size distribution for 3.5% HA MAP, 4.5% HA MAP, and PEG MAP. 
 
Taken together this data shows that HA-MAP composition and microstructure is essential for the 

observed astrocyte infiltration, reduced scar thickness, and reduced microphage/microglia in the 
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peri-infarct and infarct spaces. No other condition tested was equally effective as HA-MAP. 

Importantly, all the conditions that used HA as the backbone significantly decreased the scar 

thickness compared to conditions that used PEG as the backbone, demonstrating that the biological 

activity of HA plays an important role in this process.  After stroke, CD44 expression is elevated 

in reactive astrocytes [230]. Thus, receptor mediated astrocyte/HA binding maybe responsible for 

the infiltration in HA-MAP but not PEG-MAP. Previous studies implanting porous HA-RGD 

hydrogels into cortex, demonstrated that RGD increased astrocyte infiltration into the cortex 

wound [231]. These results agree with our finding that HA-MAP but not HA-MAP(-RGD) 

promoted astrocyte infiltration. It is surprising that PEG-MAP and HA-MAP resulted in different 

tissue responses. These materials have the same microstructures and same concentration of RGD. 

Given the large number of studies conducted using PEG hydrogels for tissue repair applications, 

it is possible that the results observed here are particular to brain and not generalizable to all tissues. 

In our own laboratory, we have used PEG-MAP to treat skin wounds and shown substantial cellular 

infiltration and wound closure just 5-days after implantation [1].  

 

6.3 Conclusions 

Astrocytes have previously been thought to exacerbate the inflammation after stroke and be 

detrimental to recovery [38], however, recent studies show astrocytes with pro-regenerative 

phenotypes can be beneficial to the repair process[9]. When injected directly into the stroke cavity, 

the HA-MAP hydrogel, a microporous scaffold assembled from the imperfect stacking of uniform 

particle hydrogels produced in a flow-focusing microfluidic device, drastically affects the 

phenotype and reactivity state of the astrocytes just two days after injection. Using markers of 

highly reactive astrocytes, we show that the HA MAP hydrogel significantly reduces highly 
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reactive astrocytic phenotype compared to sham, while also promoting the infiltration of less 

reactive astrocytes into the lesion. Examination into microglial polarity suggested a more pro-

repair environment compared to sham. Taken together, the HA-MAP is able to modulate the 

brain’s inflammatory response to the stroke by reducing highly reactive astrocytes and promoting 

infiltration of cells with a pro-reparative phenotype. The HA-MAP hydrogel is able to sustain 

decreased inflammation over time by maintaining a reduced astrocytic scar, preventing a large 

influx of reactive microglia/macrophages, while extending astrocyte infiltration into the lesion. 

The ability of the HA-MAP gel to modulate inflammation could transform treatments of severe 

inflammation in the brain. 

 

By decreasing inflammation and promoting astrocytic infiltration, the HA MAP hydrogel is able 

to influence axonal penetration at the injured site. Every axon penetrating in the lesion is observed 

to be co-residing next to an infiltrating astrocyte. Meanwhile in the sham we observe minimal 

astrocyte and axon infiltration. This suggests that the less reactive astrocytes infiltrating into the 

lesion are partaking in the recovery process by supporting axonal infiltration. Thus, the anti-

inflammatory effects of the HA-MAP hydrogel has downstream benefits by promoting increasing 

axonal penetration over time. Looking further downstream, we observe that the injection of the 

HA-MAP hydrogel is able to provide mechanical support to the surrounding brain tissue by 

preventing the fibrotic pulling of the ventricle known as cerebral atrophy. With the combination 

of early on decreased inflammation and increased mechanical support provided by the HA-MAP 

gel, the striatal pathway bundles, associated with motor function [214], are much better preserved 

compared to sham. This suggests that the ability of the HA-MAP gel to modulate inflammation 
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and support the tissue long term has significant downstream benefits and can lead to improved 

motor function. 

 

Systematically testing effect of microstructure, RGD, and polymer backbone, we show that all 

three play crucial roles in modulating astrocyte infiltration. All injected hydrogels decreased 

inflammation to some extent, however, the HA-MAP hydrogel significantly decreased the reactive 

microglial and astrocytic population the most. Moreover, only the HA-MAP hydrogel was able to 

promote astrocyte infiltration into the lesion. This suggests that porosity and RGD are required for 

astrocyte infiltration, while receptor mediated astrocyte/HA binding could also be critical to 

infiltration.  

 

The HA MAP hydrogel does have vascular limitation and further engineering is required of the 

material to improve the vascular response. Vascularization is critical to providing oxygen and 

nutrients to neighboring cells as its been shown that the oxygen diffusion limit is ~200µm. We 

observe the astrocytes and axons to be infiltrating ~200µm further than the infiltrating vessels. 

This suggests that the limiting factor to further astrocyte/axonal infiltration is the vessel response. 

Likely introducing delivery of angiogenic factors is required to improve the vasculature, 

infiltration and thereby, improving astrocyte/axonal infiltration. 

 

6.4 Material and Methods 

6.4.1 Microgel Production and Purification: 
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Microfluidic devices[1] and 3.5% microgels[2] were produced as previously described. Briefly, 

hyaluronic acid (HA) functionalized with an acrylate was dissolved at 7% (w/v) in 0.3M 

triethyloamine (TEOA) pH 8.8 and pre-reacted with K-peptide (Ac-FKGGERCG-NH2) and Q-

peptide (Ac-NQEQVSPLGGERCG-NH2) at a final hydrogel concentration of 250µM, and RGD 

(Ac-RGDSPGERCG-NH2) at a final hydrogel concentration of 500µM. Concurrently, the cross-

linker solution was prepared by dissolving the di-thiol matrix metalloproteinase (MMP) sensitive 

peptide (Ac-GCRDGPQGIWGQDRCG-NH2, Genscript) in distilled water at 7.8 mM and reacted 

with 10 µM Alexa-Fluor 647-maleimide (Life-Technologies) for 5 minutes. These solutions were 

mixed in a flow focusing microfluidic device and then immediately pinched by 1% span-80 in 

heavy mineral oil to form microspheres. These microspheres were collected and allowed to gel 

overnight at room temperature to form microgels. The microgels were then purified by repeated 

washes with HEPES buffer (pH 7.4 containing 10mM CaCl2) and centrifugation. 4.5% microgels 

were produced in the same manner, however, the HA-acrylate precursor solution was dissolved at 

9% (w/v). The HA without RGD microgels were produced with the same precursor solution as the 

3.5% HA, however, no RGD was added. The PEG microgels were produced as previously 

described[1]. Briefly, 4-arm PEG-Vinyl sulfone (Jenkem) was dissolved at 10% (w/v) and the 

peptide concentrations were the same as the HA solutions.  

 

6.4.2 Generation of scaffold from microgels and mechanical testing: 

 

The microgels were pelleted by centrifuging at 18,000 G and the supernatant was discarded to 

form a concentrated solution of microgels. 5 U/mL of FXIII and 1 U/mL of Thrombin were 

combined in the presence of 10mM Ca2+ with the pelleted µgels and allowed to incubate at 37 0C 
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for 90 minutes between two glass slides (1mm thickness) surface coated with sigmacote (Sigma-

Aldrich). The mechanical testing on the hydrogel scaffolds was done using a 5500 series Instron. 

After annealing, the scaffolds were allowed to swell in HEPES buffer saline for 4 hours at room 

temperature. A 2.5N load cell with a 3.12mm tip in diameter was used at a compression strain rate 

of 1mm/min and the hydrogel scaffold was indented 0.8mm or 80% of its total thickness. 

 

6.4.3 Nanoporous Hydrogel Production: 

 

Nanoporous hydrogel precursor solutions were exactly the same as the microgel precursor 

solutions. Additionally, the same enzyme sensitive di-thiol cross-linker solution was prepared. 

These two solutions were thoroughly mixed in an Eppendorf tube by vortexing and pipetting. 5 

U/mL of FXIII and 1 U/mL of Thrombin were added to the solution and the nanoporous hydrogel 

was allowed to gel in situ via the same Michael type addition in which the microgels were 

individually formed. 

 

6.4.4 In vivo Photothrombotic Stroke Model: 

Animal procedures were performed in accordance with the US National Institutes of Health 

Animal Protection Guidelines and the University of California Los Angeles Chancellor’s Animal 

Research Committee. A cortical photothrombotic stroke was induced on 8-12 week male 

C57BL/6 mice obtained from Jackson laboratories (Bar Harbor, ME). The mice were 

anesthetized with 2.5% isoflurane and placed onto a stereotactic setup. The mice were kept at 

2.5% isoflurane in N2O:O2 for the duration of the surgery. A midline incision was made and 
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Rose Bengal (10 mg/mL, Sigma-Aldrich) was injected intraperitoneally at 10 µL/g of mouse 

body weight. After 5 minutes of Rose Bengal injection, a 2-mm diameter cold fiberoptic light 

source was centered at 0 mm anterior/1.5 mm lateral left of the bregma for 18 minutes and a burr 

hole was drilled through the skull in the same location. All mice were given sulfamethoxazole 

and trimethoprim oral suspension (TMS, 303 mL TMS/250 mL H20, Amityville, NY) every 5 

days for the entire length of the experiment. Five days following stroke surgery, microgels with 

FXIII were loaded into a Hamilton syringe (Hamilton Reno, NV) connected to a pump and 6 µL 

of microgels were injected into the stroke cavity using a 30-gauge needle at stereotaxic 

coordinates 0.26 mm anterior/posterior (AP), 3 mm medial/lateral (ML), and 1 mm 

dorsal/ventral (DV) with an infusion speed of 1µL/min. The needle was withdrawn from the 

mouse brain 5 minutes after the injection to allow for microgel annealing. For each condition a 

minimum of 5 mice was used.  

Seven days, Fifteen days, thirty days, and one hundred twenty days following stroke, mice were 

sacrificed via transcardial perfusion of 0.1 M PBS followed by 40 mL of 4 (w/v) % PFA. The 

brains were isolated and post-fixed in 4% PFA overnight and submerged in 30 (w/v) % sucrose 

solution for 24 hours. Tangential cortical sections of 30 µm-thickness were sliced using a 

cryostat and directly mounted on gelatin-subbed glass slides for immunohistological staining of 

GFAP (glial fibrillary acidic protein, Abcam, Cambridge, MA, USA) for astrocytes, Iba1 

(ionized calcium binding adaptor molecule, Abcam, Cambridge, MA, USA) for microglial cells, 

Glut-1 (Glucose Transporter-1, Abcam, Cambridge, MA, USA) for endothelial cells, NF200 

(Neurofilament 200, Abcam, Cambridge, MA, USA) for axonal processes, pERK (Cell 

Signaling) for highly reactive astrocytes, S100β (thermofisher) for highly reactive astrocytes, 

CD11b (Abcam) for immune cells, Arginase 1 (Santa Cruz) for Pro-repair 
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microglia/macrophages, NOS2 (Santa Cruz) for pro-inflammatory microglia/macrophages, Sox2 

(Santa Cruz) for neural progenitor cells, and DAPI (1:500 Invitrogen) for nuclei. Primary 

antibodies (1:100) were incubated overnight at 4°C and secondary antibodies (1:1000) were 

incubated at room temperature for two hours. A Nikon C2 confocal microscope was used to take 

fluorescent images.  

 

6.4.5 Image analysis: 

 

The Iba-1, GFAP, pERK, S100β, CD11b, Arg1, iNOS, NF200, and Glut-1 astrocytic (GFAP) and 

positive area in the infarct and peri-infarct areas were quantified in 4 to 8 randomly chosen regions 

of interest (ROI of 0.3 mm2) at a maximum distance of 300µm from the infarct for the peri-infarct 

analysis. In each ROI, the positive area was measured  

 

6.4.6 Ventricular Hypertrophy and Nigrostriatal Bundles analysis: 

Cryofrozen sections were allowed to thaw at room temperature. Sections were washed with PBS 

for 5 minutes with 3 repetitive washes. Sections were incubated with a 10% donkey serum and 

PBS with 0.3% triton at room temperature for one hour. The liquid was wicked away and primary 

antibodies of GFAP (glial fibrillary acidic protein, Abcam, Cambridge, MA, USA) for astrocytes 

and NF200 (Neurofilament 200, Abcam, Cambridge, MA, USA) for axonal processes at 1:100 

dilution in PBS with 0.3% triton and 10% donkey serum were added and incubated overnight at 

4o C. The next day the primaries were washed with 3 repeated PBS washes of 5 minutes each. 

Secondary antibodies with donkey hosts along with Dapi at 1:1000 dilution in PBS with 0.3% 

triton and 10% donkey serum were added and incubated at room temperature for 2 hours. After 
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two hours, the secondary antibodies were washed away with 3 repeated PBS washes of 5 minutes 

each. The sections were allowed to dry at room temperature and mounted using DPX mounting 

medium. Analyses were performed on microscope images of 3 coronal brain levels at +0.80 mm, 

-0.80 mm and -1.20 mm according to bregma, which consistently contained the cortical infarct 

area. Large scale 10x images of each section was taken and analyzed for ventricular hypertrophy. 

The ratio of the ipsilateral length from the top of the section to the top of the ventricle was divided 

by the ratio of the contralateral length from the top of the section to the top of the ventricle was 

taken to get a quantitative number for the ventricular hypertrophy. Large scale 20x images were 

taken by the side of ventricle to analyze for nigrostriatal bundle area. Using pixel threshold on 8-

bit converted images using ImageJ (Image J v1.43, Bethesda, Maryland, USA) and expressed as 

the area fraction of positive signal per area (%). Values were then averaged across all areas and 

sections, and expressed as the average positive area per animal. The percent area positive for 

NF200 was analyzed 0-1mm out from the ventricle. 

 

6.4.7 Astrocyte Reactivity, IHC: 

Cryofrozen sections were allowed to thaw at room temperature. Sections were washed with PBS 

for 5 minutes with 3 repetitive washes. Sections were incubated with a 10% donkey serum and 

PBS with 0.3% triton at room temperature for one hour. The liquid was wicked away and primary 

antibodies of GFAP (glial fibrillary acidic protein, Abcam, Cambridge, MA, USA) for astrocytes 

and pERK (Cell Signaling) for highly reactive astrocytes at 1:100 dilution in PBS with 0.3% triton 

and 10% donkey serum were added and incubated overnight at 4o C. The next day the primaries 

were washed with 3 repeated PBS washes of 5 minutes each. Secondary antibodies with donkey 

hosts along with Dapi at 1:1000 dilution in PBS with 0.3% triton and 10% donkey serum were 
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added and incubated at room temperature for 2 hours. After two hours, the secondary antibodies 

were washed away with 3 repeated PBS washes of 5 minutes each. The sections were allowed to 

dry at room temperature and mounted using DPX mounting medium. Analyses were performed on 

microscope images of 3 coronal brain levels at +0.80 mm, -0.80 mm and -1.20 mm according to 

bregma, which consistently contained the cortical infarct area. Each image represents a maximum 

intensity projection of 10 to 12 Z-stacks, 1 µm apart, captured at a 20x magnification with a Nikon 

C2 confocal microscope using the NIS Element software. For the sham sections, using ImageJ and 

converting to 8-bit, a ratio of positive pERK area divided by positive GFAP area within the same 

area was taken to get percent of reactive astrocytes that are highly reactive in the peri-infarct area 

0-300µm from the infarct border. For the HA MAP sections,  the peri-infarct were analyzed 

similarly to sham. The infarct was analyzed by taking 0-100µm infiltration into the lesion. S100β 

(thermofisher) was stained, imaged, and analyzed similarly to pERK. 

 

6.4.8 Astrocyte Reactivity, HCR: 

In situ hybridization probes for C3 and SLC1A2 were purchased from Molecular Instruments and 

the protocol published on the molecular instrument website was used to probe the sections. 

Analyses were performed on microscope images of 3 coronal brain levels at +0.80 mm, -0.80 mm 

and -1.20 mm according to bregma, which consistently contained the cortical infarct area. Large 

scale 40x images were taken using a Nikon C2 confocal along the stroke border. The images were 

than analyzed similar to pERK and S100β. 

 

6.4.9 Microglial Reactivity: 



	 128	

Cryofrozen sections were allowed to thaw at room temperature. Sections were washed with PBS 

for 5 minutes with 3 repetitive washes. Sections were incubated with a 10% donkey serum and 

PBS with 0.3% triton at room temperature for one hour. The liquid was wicked away and primary 

antibodies of CD11b (Abcam) for immune cells, Arginase 1 (Santa Cruz) for Pro-repair 

microglia/macrophages, NOS2 (Santa Cruz) for pro-inflammatory microglia/macrophages at 

1:100 dilution in PBS with 0.3% triton and 10% donkey serum were added and incubated overnight 

at 4o C. The next day the primaries were washed with 3 repeated PBS washes of 5 minutes each. 

Secondary antibodies with donkey hosts along with Dapi at 1:1000 dilution in PBS with 0.3% 

triton and 10% donkey serum were added and incubated at room temperature for 2 hours. After 

two hours, the secondary antibodies were washed away with 3 repeated PBS washes of 5 minutes 

each. The sections were allowed to dry at room temperature and mounted using DPX mounting 

medium. Analyses were performed on microscope images of 3 coronal brain levels at +0.80 mm, 

-0.80 mm and -1.20 mm according to bregma, which consistently contained the cortical infarct 

area. Each image represents a maximum intensity projection of 10 to 12 Z-stacks, 1 µm apart, 

captured at a 20x magnification with a Nikon C2 confocal microscope using the NIS Element 

software. In the peri-infarct for both sham and HA MAP, the ratio of the positive area of iNOS or 

Arg1 was divided by the positive area for CD11b from 0-300µm from the infarct border. In the 

infarct, the ratio of the positive area of iNOS or Arg1 was divided by the positive area for CD11b 

from 0-300µm from the infarct border. 

 

6.4.10 Astrocyte and Microglial progession analysis: 

Cryofrozen sections were allowed to thaw at room temperature. Sections were washed with PBS 

for 5 minutes with 3 repetitive washes. Sections were incubated with a 10% donkey serum and 
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PBS with 0.3% triton at room temperature for one hour. The liquid was wicked away and primary 

antibodies of GFAP (glial fibrillary acidic protein, Abcam, Cambridge, MA, USA) for astrocytes, 

Iba1 (ionized calcium binding adaptor molecule, Abcam, Cambridge, MA, USA) for reactive 

microglia/macrophages at 1:100 dilution in PBS with 0.3% triton and 10% donkey serum were 

added and incubated overnight at 4o C. The next day the primaries were washed with 3 repeated 

PBS washes of 5 minutes each. Secondary antibodies with donkey hosts along with Dapi at 1:1000 

dilution in PBS with 0.3% triton and 10% donkey serum were added and incubated at room 

temperature for 2 hours. After two hours, the secondary antibodies were washed away with 3 

repeated PBS washes of 5 minutes each. The sections were allowed to dry at room temperature 

and mounted using DPX mounting medium. Analyses were performed on microscope images of 

3 coronal brain levels at +0.80 mm, -0.80 mm and -1.20 mm according to bregma, which 

consistently contained the cortical infarct area. Each image represents a maximum intensity 

projection of 10 to 12 Z-stacks, 1 µm apart, captured at a 20x magnification with a Nikon C2 

confocal microscope using the NIS Element software. Scar thickness was analyzed as distance 

from stroke border using astrocyte morphology changes to signify end of scar. Astrocyte 

infiltration was measured as longest infiltrating astrocyte from stroke border.  In the peri-infarct 

for both sham and HA MAP, the percent positive for Iba1 was measured 0-300µm from the infarct 

border. In the infarct, the percent positive for Iba1 was measured 0-300µm from the infarct border. 

 

6.4.11 Axon progression: 

Cryofrozen sections were allowed to thaw at room temperature. Sections were washed with PBS 

for 5 minutes with 3 repetitive washes. Sections were incubated with a 10% donkey serum and 

PBS with 0.3% triton at room temperature for one hour. The liquid was wicked away and primary 
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antibodies of GFAP (glial fibrillary acidic protein, Abcam, Cambridge, MA, USA) for astrocytes 

and NF200 (Neurofilament 200, Abcam, Cambridge, MA, USA) for axonal processes at 1:100 

dilution in PBS with 0.3% triton and 10% donkey serum were added and incubated overnight at 

4o C. The next day the primaries were washed with 3 repeated PBS washes of 5 minutes each. 

Secondary antibodies with donkey hosts along with Dapi at 1:1000 dilution in PBS with 0.3% 

triton and 10% donkey serum were added and incubated at room temperature for 2 hours. After 

two hours, the secondary antibodies were washed away with 3 repeated PBS washes of 5 minutes 

each. The sections were allowed to dry at room temperature and mounted using DPX mounting 

medium. Analyses were performed on microscope images of 3 coronal brain levels at +0.80 mm, 

-0.80 mm and -1.20 mm according to bregma, which consistently contained the cortical infarct 

area. Each image represents a maximum intensity projection of 10 to 12 Z-stacks, 1 µm apart, 

captured at a 20x magnification with a Nikon C2 confocal microscope using the NIS Element 

software. Axon infiltration was measured as longest infiltrating neurofilament from stroke border.  

In the peri-infarct for both sham and HA MAP, the percent positive for NF200 was measured 0-

300µm from the infarct border. In the infarct, the percent positive for NF200 was measured 0-

300µm from the infarct border. 

 

6.4.12 Vessel Progression 

Cryofrozen sections were allowed to thaw at room temperature. Sections were washed with PBS 

for 5 minutes with 3 repetitive washes. Sections were incubated with a 10% donkey serum and 

PBS with 0.3% triton at room temperature for one hour. The liquid was wicked away and primary 

antibodies of GFAP (glial fibrillary acidic protein, Abcam, Cambridge, MA, USA) for astrocytes 

and Glut-1 (Glucose Transporter-1, Abcam, Cambridge, MA, USA) for endothelial cells at 1:100 
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dilution in PBS with 0.3% triton and 10% donkey serum were added and incubated overnight at 

4o C. The next day the primaries were washed with 3 repeated PBS washes of 5 minutes each. 

Secondary antibodies with donkey hosts along with Dapi at 1:1000 dilution in PBS with 0.3% 

triton and 10% donkey serum were added and incubated at room temperature for 2 hours. After 

two hours, the secondary antibodies were washed away with 3 repeated PBS washes of 5 minutes 

each. The sections were allowed to dry at room temperature and mounted using DPX mounting 

medium. Analyses were performed on microscope images of 3 coronal brain levels at +0.80 mm, 

-0.80 mm and -1.20 mm according to bregma, which consistently contained the cortical infarct 

area. Each image represents a maximum intensity projection of 10 to 12 Z-stacks, 1 µm apart, 

captured at a 20x magnification with a Nikon C2 confocal microscope using the NIS Element 

software.  Vessel infiltration was measured as longest infiltrating vessel from stroke border.  In 

the peri-infarct for both sham and HA MAP, the percent positive for Glut1 was measured 0-300µm 

from the infarct border. In the infarct, the percent positive for Glut1 was measured 0-300µm from 

the infarct border. 

 

6.4.13 Statistical Analysis 

 

Statistical analyses were performed as previously described[232]. For histology a minimum of n=5 

was used. The results are expressed as mean ± s.e.m. A P value < 0.05 was considered statistically 

significant. 
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VII. Conclusions and Future Directions  
 
7.1 Conclusions 
 

Biomaterial scaffolds for stroke repair have a lot of room for growth. Most hydrogels 

utilized for stroke repair are used solely as delivery vehicles. However, in other tissues such as the 

skin or heart, the hydrogel’s physical and chemical properties have been optimized [1, 233]. The 

purpose of this dissertation was to emphasize biomaterial engineering to unlock the therapeutic 

capabilities of hydrogels for the purpose of stroke repair.  

  Many hurdles need to be overcome to induce repair after stroke. One such hurdle is the 

severe inflammatory response induced by stroke. There is much debate whether the inflammation 

after stroke, specifically the reactivity of astrocytes, is detrimental or beneficial to repair. Plenty 

examples show high inflammation leading to further neuronal death[234]. However, there are an 

increasing amount of studies showing astrocytes are crucial in synaptogenesis and coordinating 

neural circuits[13, 16, 235]. Thus, there is a balance where highly reactive astrocytes are 

detrimental, while pro-recovery astrocytes are beneficial. The overall goal of this dissertation was 

to engineer a biomaterial capable of decreasing highly reactive astrocytes while increasing 

infiltration of pro-recovery astrocytes. This goal was sub-divided into three aims. 

Aim 1: 

 The first step to hydrogel engineering for stroke repair is to choose the correct polymer 

backbone. HA emerges as a good candidate because it is commonly found in the brain’s ECM and 

can have anti-inflammatory properties[19]. Moreover, as there is a clearance of cellular debris after 

stroke, the injected biomaterial should include microporosity to facilitate quick cellular infiltration 

into the hydrogel/lesion. A PEG based MAP hydrogel was shown to allow for rapid cellular 

infiltration and promoted accelerated wound closure in the skin[1]. Using a similar flow focusing 
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microfluidic device, these PEG based MAP hydrogels can be transitioned to HA based MAP 

hydrogels, designed specifically for brain tissue[100, 228]. These hydrogels were fully 

characterized and engineered to match the mechanical properties of brain tissue.  

Aim 2: 

 When injected into the stroke cavity, the MAP hydrogels exhibit anti-inflammatory and 

pro-recovery properties[100]. Deeper investigation into the astrocyte reactivity shows the MAP 

hydrogel is capable of decreasing highly reactive astrocytes. Simultaneously, the MAP hydrogel 

promotes infiltration of astrocytes. To show possible recovery, we examined the axonal response 

and long-term brain shape and function. The penetrating axons in the MAP gel directly coincide 

with the astrocytes infiltrating, suggesting that the infiltrating astrocytes are capable of providing 

a therapeutic benefit. Furthermore, examination into the overall brain shape shows decreased brain 

atrophy and preservation of nigrostriatal bundles, shown to directly correlate with motor 

function[214], Thus, solely utilizing an optimized MAP hydrogel capable of limiting inflammation 

and promoting pro-recovery astrocytic infiltration leads to downstream therapeutic benefits.  

Aim 3: 

 Several biomaterials were tested in vivo to determine which hydrogel components, 

specifically, polymer backbone, porosity, and RGD, lead to decreased inflammation and promote 

astrocyte infiltration. Interestingly, all the hydrogels we tested decreased inflammation compared 

to sham no treatment conditions. However, hydrogels that included porosity, HA, and RGD 

decreased inflammation the most and were also able to promote astrocyte infiltration. It is the 

infiltrating astrocytes that co-reside with the axons, suggesting that promoting astrocyte infiltration 

is crucial to repair. Thus, porous HA hydrogels with RGD, or HA-MAP hydrogels, are able to best 
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modulate inflammation and promote downstream tissue repair compared to all other hydrogels we 

tested. 

 

7.2 Future Directions 

 Although we have been able to show a therapeutic benefit to using an optimized hydrogel 

for stroke repair, more biomaterial engineering is required. The MAP hydrogel provides a base 

optimized material that can now be combined with other biologics to increase the therapeutic 

potential. One such biologic that can be utilized is VEGF because the vascular response to the 

MAP hydrogel needs to be improved. Correctly presented VEGF has been shown to significantly 

increase vasculature and promote behavioral recovery[204]. Thus, VEGF can be incorporated into 

the MAP hydrogel to create a material capable of decreasing inflammation, increasing vasculature, 

and promoting axonal infiltration. Further, we have shown engineering of the MAP gel into 

stepwise gradients[236]. These layered hydrogels along with increasing VEGF concentration can 

possibly promote a fully vascularized lesion.   
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