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ABSTRACT OF THE THESIS 

 

Hyaluronic Acid Hydrogels with Sustained Growth Factor Release for Use 

in Conjunction with Intracerebral Hemorrhage Evacuation 

 

by 

Victor Oshita 

 

Master of Science in Chemical Engineering 

University of California, Los Angeles, 2017 

Professor Tatiana Segura, Chair 

 

Current clinical trials for hemorrhagic stroke use minimally invasive surgery plus tissue 

plasminogen activator for intracerebral hemorrhage evacuation (MISTIE). Evacuation by 

catheter provides a great opportunity to also inject a therapeutic. The goal is to transplant 

oligodendrocyte progenitor cells in a delivery system that will promote survival and 

differentiation. As a preliminary study using a new mouse model, the delivery system was 

adapted without cells and with bioactive signals to promote angiogenesis, which has been tied to 

the migration of endogenous neural stem cells, rather than differentiation. The delivery system 

consists of a hyaluronic acid hydrogel crosslinked by matrix metalloproteinase-sensitive peptides 

with adhesion peptides to promote cell infiltration. VEGF and PDGF-BB are encapsulated in a 

plasmin-sensitive peptide shell for sustained release of growth factors to promote angiogenesis. 

This was injected into mice following stroke and stroke evacuation similar to the MISTIE 
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protocol. Analysis revealed difficulty working with the ICH model after stroke evacuation; 

stroke location was occasionally inconsistent, which may be partially due to the need for three 

separate injections for each mouse: stroke induction, stroke evacuation, and hydrogel injection. 

Because liquids are injected under pressure, a small difference in injection location can result in 

a significant difference in stroke or hydrogel location due to flow. 
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1. INTRODUCTION 

There are roughly 795,000 strokes in the United States every year with a 30-day survival 

rate of 89.5% and 24-year survival rate of 41.6%.1 Although a large number of stroke patients 

survive the initial injury, many patients will still require some form of assistance and stroke is 

the leading cause of long-term disability in the United States.2 In 2011, 56% of survivors 

required some form of home household services (12%), skilled nursing facilities (25%), or 

inpatient rehabilitation (19%) following discharge from the hospital.3 This places a large burden 

on both families and the healthcare system. Aside from the reduced quality of life, the annual 

direct medical cost of stroke in 2012 was $71.6 billion with the projected cost rising to $184.1 

billion in 2030.4  

Of the nearly 800,000 strokes that occur every year in the United States, 10% are 

intracerebral hemorrhage (ICH). ICH is the bursting of a blood vessel in the brain, which causes 

blood to fill the surrounding region leading to tissue damage. This differs from the more 

common ischemic stroke, which is a blood clot that disrupts blood flow in the brain. ICH has an 

increased 30-day mortality rate of 22.0% versus 3.6% for ischemic stroke. However, for 30-day 

ICH survivors, the mortality rate is only 2.9% at one year and 13.7% at 20 years, meaning many 

ICH patients survive and face the challenges of recovery from stroke.5 

The current understanding of ICH suggests that damage takes place in two stages: 

primary injury caused by the mechanical stress of blood flow outside of vessels and secondary 

injury caused by the subsequent biological response.6 As blood from the hemorrhage spreads in 

the brain, depending on pressure, it can shear or stretch axons in the first hour. This can lead to 

demyelination of axons around the stroke site.7 The secondary injury results in the development 
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of the edema or swelling. The mechanical stretch of axons leads to a cascade of events beginning 

with the release of glutamate, followed by an influx of calcium, which leads to mitochondrial 

dysfunction and the buildup of oxidative species.8,9 The clotted hemorrhage also begins to 

retract, forcing serum from within the clot into the surrounding stroke area.10 These events occur 

within hours after stroke. Then, in the two days following stroke, thrombin production is 

increased, which ensures the hemorrhage has stopped but also activates microglia cells. 

Microglia cells release signals such as tumor necrosis factor-alpha (TNF-α), ultimately leading to 

an increase in matrix metalloproteinases (MMPs), which further disrupt the blood-brain barrier 

(BBB).11-13 Additionally, as the clot is broken down through resorption, further mechanical and 

oxidative stress can occur, feeding the cycle of BBB disruption.14,15 

The volume of the hemorrhage is strongly correlated with mortality.16 Larger hematomas 

show increased blood brain barrier leakage as measured by magnetic resonance imaging.17 

Therefore, one aim for potential treatments is to reduce hematoma volume after stroke. For ICH 

located near the surface of the brain, surgical removal is a good option because access to the clot 

is easy and safe.18 For ICH located deeper into the brain, early studies showed promising results 

for minimally invasive image-guided stereotaxic endoscopic hematoma removal.19-21 To improve 

hematoma removal efficiency, studies are utilizing enzymatic breakdown of the clot to improve 

evacuation. Current Phase III clinical trials called minimally invasive surgery plus tissue 

plasminogen activator for ICH evacuation (MISTIE) show promise for increased hematoma 

evacuation efficiency and improved patient outcomes. A catheter is inserted directly to the stroke 

region and tissue plasminogen activator (tPA) is administered every eight hours until the 

hematoma volume is smaller than 10 ml or for up to 72 hours.22 The Phase II clinical trial found 

that hematoma volume was decreased by 50% with tPA versus 6% without tPA. There was an 
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increase in the chance of symptomatic bleeding (23% from 6%), but a dose of 1 mg of tPA was 

found to be both safe and beneficial.23 An alternative to enzymatic thrombolysis uses 

sonothrombolysis by magnetic resonance guided ultrasound to reduce hematoma volume in 

swine without tPA.24,25 In a small clinical trial using sonothrombolysis in addition to tPA, the 

rate of lysis was increased.26 

While the current promising therapies aim to reduce ICH damage by decreasing 

hematoma volume, future therapies may aim to increase recovery by enhancing the brain’s 

natural wound healing mechanisms or transplanting cells to replace damaged tissue. Following 

stroke, proliferation of neural progenitor cells (NPCs) in the subventricular zone increases and 

the cells begin to migrate toward the site of injury.27,28 However, very few of the tens of 

thousands of migrating cells mature and survive long-term.29  

Biomaterials can be used both as a delivery system for signals to promote cell migration, 

survival, or differentiation and as a scaffold to support cell growth by replacing the extracellular 

matrix (ECM). Hyaluronic acid-methylcellulose hydrogels have been used as a delivery system 

in the brain for epidermal growth factor (EGF), erythropoietin (EPO), and Cyclosporin A.30-32 

Peptide and hyaluronic acid-gelatin hydrogels have both been used to transplant neural stem cells 

and oligodendrocyte progenitor cells in mice with increased cell viability.33,34 Hyaluronic acid 

hydrogels have been shown to increase cell survival and differentiation of NPCs derived from 

induced pluripotent stem cells (iPS-NPCs) transplanted after ischemic stroke with optimal 

concentrations of RGD, IKVAV, and YIGSR adhesion peptides resulting in further increased 

survival and differentiation.35 Because ICH displays significant blood-brain barrier damage, ICH 

therapies will attempt to focus on recovery of glial cells rather than neurons.  

In vitro maturation of oligodendrocytes requires platelet-derived growth factor AA 
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(PDGF-AA) to maintain oligodendrocyte progenitor cells (OPCs) and triiodothyronine (T3) to 

differentiate into mature oligodendrocytes.36 The state of cell maturation is important because 

fully mature cells show the lowest levels of survival, while stem cells show high survival but 

may not follow the desired differentiation pathway. Tumor necrosis factor alpha (TNF-α) has 

been associated with disorders involving demyelination, such as multiple sclerosis and studies 

show elevated TNF-α levels following ICH.11,37 Insulin-like growth factor I (IGF-I) was found to 

reduce the demyelination caused by TNF-α.38 

Because differentiation requires different signals at different times, sequential 

presentation of signals would provide the ideal cell signaling. Two current methods of sequential 

growth factor delivery use encapsulation and binding. EGF promotes proliferation of NPCs and 

EPO is neuroprotective, so the desired sequential release profile would release EGF for the first 7 

days and EPO for the following 7 days. This is achieved by encapsulating EGF in PLGA 

nanoparticles and EPO in PLGA and poly(sebacic acid) nanoparticles.39 Following bone fracture, 

sequential administration of bone morphogenic protein 2 (BMP-2) followed by MBP-7 was 

shown to facilitate differentiation of mesenchymal stem cells into osteoblasts. A sequential 

delivery system was designed by loading BMP-2 to heparinized collagen and binding BMP-7 to 

the heparinized collagen. This resulted in significantly increased new bone formation in rats.40 

These two studies give examples of sequential signal availability and show the expected 

improved results over simultaneous signal availability. 

Using the above design criteria, this system will consist of transplanted iPS-OPCs with a 

scaffold designed to promote cell survival and with bioactive signals to promote OPC 

differentiation to mature oligodendrocytes, as shown in Figure 1.  
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Figure 1: Schematic of delivery system for use in conjunction with MISTIE. (A) The 
hydrogel scaffold is made up of naturally occurring, degradable HA crosslinked by a 
protease sensitive peptide crosslinker. Adhesion peptides RGD, IKVAV, and YIGSR 
provide sites for cell attachment and K peptide provides sites for attachment to 
surrounding tissue. (B) iPS-OPCs are delivered with the goal of replacing damaged 
oligodendrocytes in the stroke site. (C) Bioactive signals, PDGF-AA, IGF-1, and T3, are 
incorporated using delivery methods that aim to provide the optimal release profile to 
promote the maturation of delivered cells. 
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2. MATERIALS AND METHODS 

2.1. MATERIALS 

Sodium hyaluronate was purchased from Lifecore Biomedical (Chaska, MN) at 

molecular weight 66kDa – 99kDa. RGD (Ac-GCGYGRGDSPG-NH2), IKVAV (Ac-

IKVAVGYGCG-NH2), YIGSR (Ac-GCGYGYIGSR-NH2), K (Ac-FKGGERCG-NH2), and 

MMP-sensitive crosslinker (Ac-GCRDGPQGIWGQDRCG-NH2) peptides were purchased from 

GenScript (Piscataway, NJ). Vascular endothelial growth factor (VEGF) was a gift from 

Genentech and platelet-derived growth factor BB (PDGF-BB) was purchased from R&D 

Systems (Minneapolis, MN). All other chemicals were purchased from Sigma Aldrich (St. Louis, 

MO) or Fisher Scientific (Pittsburgh, PA) unless otherwise noted. 

 

2.2. HYALURONIC ACID HYDROGELS 

2.2.1. HA-AC MODIFICATION 

Sodium hyaluronate (HA), a naturally occurring glycosaminoglycan was modified to 

contain acryloyl groups as previously described.41 Briefly, 2.0 g of HA was dissolved at 5 

mg/mL in MilliQ water and reacted with 36.8 g of adipic dihydrazide (ADH) for a ratio of 40 

ADH hydrazide to each HA carboxyl group and 4.0 g of 1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) for a ratio of 3.95 EDC to each HA carboxyl group. 

pH was maintained at 4.75 overnight and then the reaction was dialyzed against 100, 75, 50, 25 

and 0 mM NaCl for 4 days total using 8000 MWCO dialysis tubing. Purified product (HA-ADH) 

was lyophilized and analyzed using 1H-NMR in D2O. Lyophilized product was dissolved in 400 

mL of 10 mM (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 10 mM 
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Ethylenediaminetetraacetic acid (EDTA), 150 mM NaCl, and pH 7.4. N-Acryloxysuccinimide 

(NHS-AC) was added at 4.46 g for a ratio of 5 NHS-AC to each HA carboxyl group in dimethyl 

sulfoxide at 100 mg/mL. pH was maintained at 6.0 overnight and then the reaction was dialyzed 

against 100, 75, 50, 25, and 0 mM NaCl for 4 days total using 8000 MWCO dialysis tubing. The 

product (HA-AC) was sterile filtered and lyophilized and then characterized using 1H-NMR in 

D2O. 

 

2.2.2. HA HYDROGEL FORMATION 

HA hydrogels were formed by dissolving lyophilized HA-AC at 8% (w/v) in 0.4 M 

HEPES at pH 8.2. Lyophilized peptides RGD, IKVAV, YIGSR, and K were dissolved in MilliQ 

water and incubated with the HA-AC for 15 min for final concentrations of 100 µM, 300 µM, 48 

µM, and 1000 µM, respectively. Factor XIIIa was added for a final concentration of 10 U/mL. 

HA-AC solution was crosslinked with an MMP degradable bis-cysteine peptide crosslinker in 

MilliQ water with an r ratio (SH/AC) of 0.45 at a final HA-AC concentration of 3.5% (w/v) and 

HEPES concentration of 0.3 M.  

 

2.2.3. HA HYDROGEL MECHANICAL PROPERTIES CHARACTERIZATION 

The storage and loss moduli of HA hydrogels was measured using plate-to-plate 

rheometer (Physica MCR 301, Anton Paar, Ashland, VA). Hydrogels were formed as 1.0 mm 

thick discs in a humidified 37˚C incubator for 30 min. After overnight swelling, hydrogels were 

cut to 8 mm circles using a biopsy punch. The modulus was measured at a frequency range of 

0.2-10 rad/s at 1% strain at 37˚C using an 8 mm plate with an evaporation blocker system. 
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2.3. GROWTH FACTOR NANOCAPSULES 

2.3.1. NANOCAPSULE CROSSLINKER SYNTHESIS 

KNRVK peptide was synthesized by solid-phase peptide synthesis using Fmoc-Rink 

Amide MBHA resin and Fmoc protected amino acids (Anaspec, Fremont, CA). The N-terminal 

was acetylated with acetyl anhydride and the peptide product was confirmed by electrospray 

ionization mass spectrometry (ESI MS). The acetyl-KNRVK-amide crosslinker was then 

modified to contain acryloyl groups at each lysine primary amine. The peptide was dissolved in 

10 mM HEPES, 10 mM EDTA, 150 mM NaCl, and pH 7.4 at 5 mg/mL and reacted with NHS-

AC at 100 mg/mL in acetonitrile for a ratio of 10 NHS-AC to each lysine amine. pH was 

maintained at 6.0 overnight and the product molecular weight was determined using ESI MS. 

After confirmation of double acrylation, product was purified by high performance liquid 

chromatography (HPLC). Fractions with measured absorbance at 229 nm were collected and the 

presence of crosslinker was verified again by ESI MS. Crosslinker was lyophilized, weighed, 

dissolved, aliquoted, and lyophilized for future use. 

 

2.3.2. GROWTH FACTOR NANOCAPSULE FORMATION 

Growth factor nanocapsules were formed by charged acrylamide monomer surface 

adsorption followed by free radical polymerization with the bis-acrylamide plasmin degradable 

peptide crosslinker, as previously described.42 Briefly, VEGF was mixed with positively charged 

N-3-aminopropyl methacrylamide (APM), neutral acrylamide, and the L- or D- chiral form of 

the AC-NRV-AC crosslinker in 0.01 M NaHCO3 buffer at pH 8.55 at a growth 

factor:APM:acrylamide:crosslinker ratio of 1:3000:3000:600. PDGF-BB nanocapsules were 

formed using a similar protocol but with negatively charged 2-acrylamido-2-methyl-1-
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propanesulfonate in phosphate buffer saline (PBS) at pH 7.4 at a ratio of 1:1500:4500:600. 

Polymerization was initiated by ammonium persulfate (APS) and tetramethylethylenediamine 

(TEMED) at a growth factor:APS:TEMED ratio of 1:745:45000 and incubated at 4˚C for 1.5 

hours. Then, growth factor nanocapsules were dialyzed with MWCO 10,000 against 0.4 M 

HEPES at pH 8.2. Growth factor nanocapsules were added to HA hydrogels by replacing the 0.4 

M HEPES during HA hydrogel formation with the nanocapsules in the same buffer. 

 

2.3.3. GROWTH FACTOR NANOCAPSULE SIZE CHARACTERIZATION 

Nanocapsule size was determined using dynamic light scattering (DLS) and transmission 

electron microscopy (TEM). DLS diameter measurements were taken after dialysis using 

Zetasizer ZS (Malvern Instruments) at 173˚ backscatter in a quartz SUPRASIL® precision cell 

(Hellma). Nanocapsule samples were prepared for TEM on a copper grid and stained with 2% 

(v/v) phosphotungstic acid for 1 min. TEM images were obtained using a T12 cryo-electron 

microscope. 

 

2.4. T3 PLGA NANOPARTICLES 

2.4.1. PLGA NANOPARTICLE FORMATION 

PLGA nanoparticles containing T3 were formed by a nanoprecipitation method. PLGA 

and T3 were dissolved in DMSO at 40 mg/mL and 1.67 mg/mL, respectively. While vortexing, 

1.5 mL of PLGA and T3 in DMSO was added dropwise into 3 mL of 0.3% d-α-Tocopheryl 

polyethylene glycol 1000 succinate (Vitamin E TPGS) in water. The mixture was the sonicated 

at 10% for 10 seconds three times with 1 min between sonications. After sonication, the particles 
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were incubated with shaking at 50˚C for 2 hours. The nanoparticles were washed with 5 mL of 

water by centrifugation 3 times at 17,000 g for 45 min and finally collected in 1 mL of water. 

 

2.4.2. PLGA NANOPARTICLE SIZE CHARACTERIZATION 

PLGA nanoparticle size was determined using dynamic light scattering (DLS) and 

transmission electron microscopy (TEM). Nanoparticles were diluted 1:50 in PBS and DLS 

diameter measurements were taken using a Zetasizer ZS (Malvern Instruments) at 173˚ 

backscatter in a quartz SUPRASIL® precision cell (Hellma). Nanoparticles were diluted 1:50 and 

prepared for TEM by incubating 10 µL on a copper grid for 10 min and then staining with 2% 

(v/v) phosphotungstic acid for 1 min. TEM images were obtained using a T12 cryo-electron 

microscope. 

 

2.5. IN VIVO ICH MODEL 

2.5.1. ICH/MISTIE MOUSE MODEL 

ICH was induced in C57/BL6 mice as previously described.43 Briefly, 12 µL of blood 

drawn from the tail vein was injected into the striatum in two 6 µL injections at A/P 1.1 and A/P 

0.8 to bregma at a 10˚ angle from vertical to D/V -3.0. To simulate the MISTIE clinical trial, 

tissue Plasminogen Activator (tPA) analog urokinase was injected 24 hours after stroke. Then, 

after allowing 1 hour for breakdown of the blood clot, the stroke was evacuated.  

 

2.5.2. IN VIVO HA HYDROGEL INJECTION 

Hydrogels to be injected in vivo were formed as described in Section 2.2.2. Immediately 

following the addition of the degradable peptide crosslinker, the hydrogel solution was 
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transferred to a 25 µL Hamilton syringe and placed at the stroke site. After 5 min, 3 µL of 

hydrogel was injected at 0.3 µL/min. Following injection, the needle was left in place for 15 min 

before being removed. 

 

2.5.3. TISSUE PROCESSING AND IMMUNOSTAINING 

Mice were sacrificed at 7 or 28 days post-hydrogel injection as described previously.35 

Briefly, mice were sacrificed by perfusion with PBS followed by 4% paraformaldehyde and then 

brains were fixed, frozen, and sectioned. Immunostaining began with 2 washes with PBS 

followed by blocking with PBS with 10% normal donkey serum and 0.3% Triton X-100 for 1 

hour. Primary antibodies from Abcam (Cambridge, MA), rabbit anti-GLUT1 (glucose 

transporter 1, 1:2000), goat anti-PDGFRB (PDGF receptor beta, 1:200), and rat anti-GFAP (glial 

fibrillary acidic protein, 1:1000) were added in blocking solution overnight. After 3 washes with 

PBS, slides were dehydrated using ethanol and xylene rinses and coverslipped. 
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3. RESULTS AND DISCUSSION 

3.1. HA-AC SYNTHESIS 

 

Figure 2: HA-AC synthesis and hydrogel characterization. (A) HA is modified by a two-
step reaction with ADH followed by NHS-AC. (B) 1H-NMR after the first step of the 
reaction shows 58% modification by comparing hydorgens b and c from ADH with 
hydrogens a from the acetyl of HA. (C) 1H-NMR after the second step shows 11% 
modification by comparing hydrogens d and e from the acryloyl group with hydrogens a 
from the acetyl of HA. (D) Storage and loss modulus of r=0.45 HA hydrogels at a strain 
of 1%. (E) Storage modulus of HA hydrogels at varying r ratios. 
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Early in vitro studies growing cells in three-dimensional environments in vitro used 

decellularized tissue to provide necessary extracellular components.44 This would contain 

proteins such as laminin and collagen with proteases and growth factors, but because of variation 

in starting material, the composition of decellularized ECMs cannot be fully defined. The 

advantage of a synthetic matrix is that it can be fully defined and engineered with specific 

characteristics. HA is a naturally occurring glycosaminoglycan, with molecular weights of up to 

1 million Daltons. HA is broken down and cleared by the body, with a tissue half-life of 2 to 3 

days in humans.45 This makes HA a suitable choice as a hydrogel backbone polymer because it 

can be broken down when the hydrogel scaffold is no longer needed. This is especially 

applicable for uses in the brain because a successful therapy would restore blood-brain barrier 

function, making clearance of the remaining scaffold more difficult. Many studies use 

polyethylene glycol (PEG) as the polymer backbone for hydrogel scaffolds due to its well-

defined and inert characteristics.46 However, these inert characteristics also mean that PEG must 

be cleared from the body at its full molecular size as the hydrogel breaks down. 

Hydrogel formation relies on crosslinking of the polymer for gelation. The thiol-ene 

reaction is suitable for hydrogel crosslinking due to its specificity, similar to click reactions. This 

reaction occurs by a Michael-type addition mechanism between a thiolate and vinyl group.47,48 

Free thiolates are rare in biology, since cysteine is one of the least abundant amino acids and 

many cysteines form disulfide bonds in conserved, structurally important regions of proteins.49 

Also, vinyl groups are not commonly found in biology, so thiol-ene reactions are a good choice 

for orthogonal chemistry for hydrogel crosslinking. 

Therefore, HA was modified using a two-step process described in Section 2.2.1 to 

contain acryloyl groups. The products of each step are shown in Figure 2A. After each step, 1H-
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NMR was used to quantify the modification of hydrazide and acryloyl groups, respectively. 

ADH modification was determined to be 58% by comparing the ratio of the peaks at δ = 1.6 and 

2.3 corresponding to the eight hydrogens of the methylene groups of ADH to the peak at δ = 1.9 

corresponding to the three hydrogens of the acetyl methyl group of HA (Figure 2B). AC 

modification was determined to be 11% by comparing the ratio of the multiplet peak at δ = 6.2 

corresponding to the cis- and trans- hydrogens of the acrylamide group to the peak at δ = 1.9 

corresponding to the three hydrogens of the acetyl methyl group of HA (Figure 2C). 

 

3.2. HA HYDROGEL CHARACTERIZATION 

In order to utilize the Michael addition thiol-ene reaction, a dithiol crosslinker is required 

for reaction with the functionalized HA-AC polymer backbone. A protease-cleavable bis-

cysteine peptide was used to allow hydrogel degradation as cells grow. Endothelial cells 

stimulated with VEGF show increased MMP-2 production, so the cleavage sequence of 

GPQGIWGQ was chosen as the linker.50 The Michael addition reaction requires a deprotonated 

cysteine thiolate, so reaction efficiency is increased at higher pH. Alternatively, the pKa of the 

thiol can be altered by substituting the adjacent amino acids, ranging from 8.1 for CRR to 9.4 for 

ECEE.51,52 The crosslinker end sequence of GCRD was chosen for its neutral charge to prevent 

repulsion interaction with the highly negatively charged HA. The full crosslinker sequence of 

Ac-GCRDGPQGIWGQDRCG-NH2 was shown to increase migration of fibroblasts in PEG 

hydrogels.53 

In order for a synthetic matrix to function as a replacement for the natural ECM and 

provide structural support, cells must be able to attach to the matrix. Common ECM proteins 

involved in cell adhesion include fibronectin, laminin, and collagen. The RGD binding region of 
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fibronectin was the first peptide utilized synthetically.54 IKVAV and YIGSR peptides from 

laminin have also been utilized as cell adhesion sites. 55-57 It was found by design of experiments 

optimization that 100µM RGD, 48µM YIGSR, and 300µM IKVAV was optimal for cell survival 

and differentiation in vivo transplanted neural progenitor cells from induced pluripotent stem 

cells.58 

As part of the clotting cascade, Factor XIIIa covalently links specific sequences 

containing lysine and with sequences containing glutamine in a transglutaminase reaction.59 The 

lysine containing peptide substrate region was chosen to be FKG for its high reactivity.60 The 

complementary glutamine containing sequence will be found in the tissue so that the K peptide 

containing hydrogel can attach to tissue to form a continuous interface. 

HA hydrogel mechanical stiffness was measured by forming hydrogels as described in 

Section 2.2.2 and using a plate-to-plate rheometer as described in Section 2.2.3. Figure 2D shows 

the storage (G’) and loss (G’’) moduli over a frequency range of 0.2-10 rad/s at 1% strain for a 

hydrogel with r ratio 0.45. The storage modulus remains constant over this frequency range with 

an average modulus of 317 Pa. Storage moduli of hydrogels with r ratios 0.4, 0.45, 0.5, and 0.6 

are shown in Figure 2E. The average modulus of r ratios 0.4, 0.5, and 0.6 were 219, 436, and 587 

Pa, respectively. R ratio of 0.45 was chosen for further studies because it exhibited a stiffness 

most similar to the 330 Pa of the brain.61 
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3.3. NANOCAPSULE CROSSLINKER SYNTHESIS 

 

Figure 3: Plasmin degradable, free-radical polymerizable crosslinker. (A) MS spectrum 
of solid-phase peptide synthesized KNRVK peptide showing peaks for singly and doubly 
charged peptide. (B) MS spectrum of modified AC-NRV-AC peptide showing a peak for 
the singly charged peptide. 

 

Plasmin degradable bisacrylamide crosslinker was synthesized as described in Section 

2.3.1. After solid phase peptide synthesis, the acetyl-KNRVK-amide peptide was confirmed by 

mass spectrometry and the spectrum is shown in Figure 3A. The peptide has a molecular weight 
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of 684.8 and the spectrum has peaks at 343.4 and 685.8, corresponding to the doubly and singly 

charged peptide respectively. After the acryloyl modification reaction, liquid chromatography 

mass spectrometry (LCMS) was used to confirm double modification and determine the order of 

elution of product and reactant peaks. A single acryloyl modification would result in a molecular 

weight of 738.9 while the desired double modification would result in a molecular weight of 

792.9. HPLC was used to purify the fully modified crosslinker. Fractions with absorbance at 214 

nm were analyzed with ESI MS to confirm the product. The spectrum is shown in Figure 3B 

with the peak at 793.3 indicating the bisacrylamide crosslinker. 

 

3.4. GROWTH FACTOR NANOCAPSULE CHARACTERIZATION 

Before moving into the proposed system of deliver iPS-OPCs with the signals to promote 

differentiation, we first used a hydrogel system that contained only growth factors. Encapsulated 

VEGF and PDGF-BB have been previously used to promote angiogenesis in wound healing 

models.42,62 Angiogenesis has been tied to immature neurons following stroke; the VEGF 

independent angiogenesis inhibitor, endostatin was also shown to inhibit the migration of 

immature neurons to the stroke site.63 Therefore, promoting angiogenesis within the stroke site 

can lead to improved migration of endogenous immature neurons, reducing the need to transplant 

cells. 

The system is shown in Figure 4A, where the HA polymer backbone and MMP 

degradable crosslinker is shown with adhesion peptides and encapsulated VEGF and PDGF-BB. 

While growth factors are encapsulated, they are shielded from both proteases and cells; 

therefore, they will not be degraded or available for cell signaling.64 By engineering the 

encapsulating shell to be sensitive to different proteases, the release can be tuned. Plasmin is 
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present in wound sites and is responsible for activation of MMP-2.65 Therefore, the plasmin-

sensitive sequence NRV was chosen as the peptide crosslinker. The rate of plasmin cleavage can 

be modulated by substituting a portion of the crosslinker with D chiral amino acids.42 The D 

chiral sequence will still be cleaved but at a slower rate, resulting in delayed release. 

 

Figure 4: Delivery of proangiogenic system for use in conjunction with MISTIE. (A) The 
system contains HA backbone and MMP sensitive crosslinking with adhesion peptides. 
VEGF and PDGF-BB are delivered in an encapsulated peptide shell to sustain growth 
factor release. (B) DLS diameter measurements of nVEGF and nPDGFBB nanocapsules 
confirm formation with a diameter of about 40nm for VEGF and 60nm for PDGFBB. 
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Growth factor nanocapsules were formed by the free radical polymerization method 

described in Section 2.3.2. Nanocapsule diameter was determined by DLS as described in 

Section 2.3.3. The frequency distribution of diameter by number of particles is shown in Figure 

4B for 100% and 25% L- chirality crosslinker for both VEGF and PDGF-BB. DLS shows similar 

particle diameter for each type of encapsulated growth factor. The delivery of this mixture of 

nanocapsules results in early release of both VEGF and PDGF-BB from the 100% L- chirality 

crosslinked nanocapsules and sustained release from the more slowly degraded 25% L- chirality 

(75% D- chirality) crosslinked nanocapsules. 

Growth factor nanocapsules are between 40 and 60nm in diameter, so each nanocapsule 

contains a small number of individual proteins. Therefore, when the shell is degraded, the release 

from one particle will not result in a spike in local concentration. For delivery vehicles on the 

micron scale, the space between particles and individual particle release can result in local 

growth factor concentration gradients. Growth factor gradients signal cells differently than bulk 

growth factor, often resulting in cell migration.66 In this system, the only growth factor gradients 

present will be between inside the hydrogel and the surrounding tissue. 

 

3.5. PLGA NANOPARTICLE CHARACTERIZATION 

Because T3 is a small hydrophobic molecule, it requires a different delivery system than 

protein growth factors. In in vitro mouse iPS-OPC differentiation studies, T3 is required for a 

sustained period of 6 days at a concentration of 30ng/mL.36 Also, T3 has very low solubility in 

water, so the total amount that can be loaded in aqueous systems may be a concern. 
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Figure 5: T3 loaded PLGA nanoparticles. (A) Particles are made by a nanoprecipitation 
method by dropwise adding T3 and PLGA in an organic phase into an aqueous phase. T3 
releases from particles as PLGA degrades by hydrolysis. (B) TEM images of 
nanoparticles show spherical particles of approximately 90nm. (C) DLS diameter 
measurements of nanoparticles indicate a diameter of about 100nm. 

 

In order to obtain sustained release and sufficient total loading, PLGA nanoparticles were 

chosen because PLGA degradation can be tuned by varying the lactide and glycolide ratios and 

the use of the organic phase allows for high T3 loading. PLGA nanoparticles containing T3 were 
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formed by the nanoprecipitation method described in Section 2.4.1 and depicted in Figure 5A. 

Particle diameter was determined by TEM and DLS as described in Section 2.4.2. The upper 

image in Figure 4B shows a sparse spread of particles indicating a diameter similar to the 0.1 µm 

scale bar and the lower image shows an increased magnification on a single particle about 100 

nm in diameter. The frequency distribution of diameter by number of particles as measured by 

DLS is shown in Figure 5C. 

Determination of the loaded amount of T3 was attempted by UV-Vis spectroscopy and 

mass spectrometry. T3 has a small UV absorbance around 300 nm that can be measured when 

dry T3 PLGA particles are redissolved in an organic solvent such as DMSO. However, 

background absorbance from emulsifiers PVA and vitamin E TPGS does not allow for 

quantification by this method. LCMS can be used on redissolved T3 PLGA nanoparticles to 

separate and determine components but the intensity of MS measurements is based on the 

ionization efficiency of the target relative to everything else measured at the same instant so it 

cannot be used to quantify amounts. Also, samples are not large enough for purification by liquid 

chromatography and weighing the dried fractions for a simple mass measurement. 

 

3.6. ICH MOUSE MODEL 

The hemorrhagic stroke model used here was established previously, but is much newer 

than the photothrombotic (PT) 35,67,68 and middle cerebral artery occlusion (MCAo) 69,70 models 

or naïve mice 71 that this lab has also worked with. Figure 6 shows the general differences 

between the ICH and PT models. The ICH image is stained for nuclei (DAPI), activated 

astrocytes (GFAP), endothelial cells (GLUT-1), and pericytes (PDGFRB) and the PT image is 

stained for nuclei, activated astrocytes, and cell proliferation and migration (yes-associated 
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protein, YAP). The images shown are large scan images to observe the general differences 

between the stroke models. In the ICH model, the stroke is located in the striatum but will 

sometimes reach the ventricle or the white matter of the corpus callosum. In the PT model, the 

stroke is located at the surface of the brain in the cortex because it is induced by intravenous 

injection of Rose Bengal and surface exposure to light. Also, the ICH stroke experiments use a 

MISTIE analogous protocol so the site is evacuated 24 hours after stroke. Even at 28 days after 

evacuation, the stroke site remains open; mice without a hydrogel look as above and mice with a 

hydrogel show very limited cell infiltration into the gel. Meanwhile, in the PT stroke, the tissue 

is damaged but will remain in place. 

The lack of cells in the stroke region and occasional inconsistency of the stroke location 

make analysis of the ICH model difficult. Typically in PT stroke, brain sections will be stained 

and a region of interest will be imaged. Then, a threshold will be used to measure a positively 

stained area. In the ICH stroke, choosing a consistent region of interest inside the stroke site is 

difficult because there is not enough cell infiltration to prevent the gel from collapsing during 

dehydration while staining. The dehydration process is necessary because it also removes the fat, 

making the opaque brain sections transparent. Therefore, even when there are cells, they are 

arranged in the web-like pattern of the collapsed gel and the image quantification is heavily 

dependent on region of interest selection. Also, the surrounding peri-infarct area can vary 

depending on the location of the stroke; regions of interest may contain sections of corpus 

callosum or ventricles. 
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Figure 6: ICH vs. Photothrombotic Stroke Models. Stroke regions differ with ICH 
occurring in the striatum and PT occurring in the cortex. The ICH stroke site remains 
empty even 28 days after evacuation. PT stroke site is densely populated with cells at 7 
days after stroke. 
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4. CONCLUSION 

The original aim of this study was to deliver a HA-AC hydrogel with iPS-OPCs and 

growth factors to promote differentiation to mature oligodendrocytes as a treatment for ICH. 

Because this was a new stroke model, a simpler system was used first. As a preliminary study, a 

HA-AC system without cells and with growth factors that promote angiogenesis rather than OPC 

differentiation was delivered. The hyaluronic acid polymer was functionalized with acrylate 

groups and the hydrogel formulation was chosen for the ideal mechanical properties. VEGF and 

PDGF-BB were encapsulated in a degradable peptide shell and incorporated into the hydrogel 

system. This was injected into mice using an ICH model after an analogous MISTIE protocol for 

stroke evacuation. Analysis of brain sections after tissue processing reveal the difficulty in 

working with the ICH model after stroke evacuation; occasional inconsistencies in stroke 

location result in inconsistencies in the injected hydrogel. This may be partially due to the need 

for three separate injections for each mouse: stroke induction, stroke evacuation, and hydrogel 

injection. Despite the stereotaxic apparatus, a small difference in needle location can result in 

significant difference in injection because the injected liquid flows under pressure inside the 

brain. 
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