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Although strokes are the leading cause of adult disability, the leading treatment after 

initial intervention is rest and physical therapy.  Thus, there exists a current lack of therapy to 

promote recovery of damaged tissue in the brain.  While stem and progenitor cell transplantation 

have shown promise in promoting recovery, critical obstacles include the low survival rate post-

transplantation and the lack of differentiation in the cells that do survive.  An alternative 

approach to direct cell transplantation is to deliver encapsulated cells in a hydrogel matrix.  This 

hydrogel matrix should be designed to “gel” within the brain to create a minimally invasive 

surgery.  It should also 1) protect the cells from the harsh environment that exist post-stroke, 2) 

direct the differentiation of encapsulated cells and 3) not cause additional damage to brain tissue 
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by increasing immune response.  The research presented in this dissertation can be broadly split 

into two categories: in vivo hydrogel/neural progenitor cell transplantation studies and in vitro 

hydrogel development for directing encapsulated cell behavior. 

To test the hypothesis that delivering neural progenitor cells in a hydrogel matrix with an 

optimized transplantation process can improve transplanted cell viability in the stroke cavity, we 

began by studying the brain’s immune response to different hydrogel formulations.  These 

experiments showed that our hyaluronic acid hydrogel system did not cause an increased 

inflammatory response when it had mechanics similar to those of the brain (~300 Pa).  Next, we 

optimized the injection process by studying the effect of needle gauge, infusion speed and cell 

concentration on cell viability.  We found that too high of an infusion speed and/or cell 

concentration can significantly decrease viability.  Next we injected neural progenitor cells 

derived from induced pluripotent stem cells into the stroke cavity of immune compromised mice 

using the optimized injection protocol with and without a hydrogel.  Although we did not see a 

significant difference in transplanted cell viability, the hydrogel did promote more neuronal 

differentiation from the transplanted cells. 

Concurrently, the hyaluronic acid hydrogel was developed in vitro via experiments aimed 

at finding additional ways to control and direct cell behavior.  One approach studied was the 

incorporation of additional adhesion ligands (RGD, YIGSR, IKVAV).  A design of experiments 

(DOE) methodology was taken to systematically modulate the three ligands to determine their 

individual and combinatorial effects on neural progenitor cell survival and differentiation.  Three 

DOE setups were used to optimize the concentrations of the three ligands for encapsulated cell 

survival.  We also found that this optimal concentration increased progenitor cell differentiation 

when compared to hydrogels with equimolar signal distribution and cells plated on traditional 
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two-dimensional surfaces.  A second approach to directing cell behavior was developed by 

modulating ligand presentation throughout the hydrogel.  This was done by pre-reacting RGD to 

specific portions of the hyaluronic acid polymer prior to hydrogel formation.  We found that the 

clustering of the adhesion peptide modulates cell spreading and integrin expression.  

Additionally, there is an optimal degree of clustering for cell spreading that applies across 

different RGD concentrations.  Finally we looked at a novel way to crosslink hydrogels for stem 

cell encapsulation.  Oxime click chemistry was able to efficiently form crosslinked polymer 

networks without any toxic effects. 
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Figure 1-1: A myriad of signals play a role in directing and controlling cell behavior.  The dynamic and 

intricate nature of the extracellular matrix affects cell response and its subsequent fate.  These 

signals include: soluble/bound signals (ie. growth factors, cytokines, etc.), physical signals (ie. 

fibronectin, laminin, etc.), and cell-cell interactions (ie. cadherins, CAMs etc.).  In engineering 

synthetic matrices, some of the strategies researchers have utilized to control and direct cell fate 

include: creating short peptide fragments, controlling distribution of bioactive signals through a 

clustering effect, and spatially/temporally patterning signals into the matrix. 

Figure 1-2: Overview of the dissertation.  Chapter 4 covers aim 1 and the ability of a hydrogel to promote 

transplanted cell viability in the infarct cavity after stroke.  Chapters 5 and 6 cover aim 2 and 

manipulating encapsulated cell behavior within a hydrogel via engineering of the 

microenvironment through bioactive signals.  More specifically, chapter 5 optimizes the 

incorporation of three different adhesion ligands to control survival and differentiation of neural 

progenitor cells.  Chapter 6 modulates the clustering of one adhesion ligand to control cell 

spreading and integrin expression.  Chapter 7 looks at aim 3 and a new type of click chemistry to 

covalently crosslink a hydrogel.  

Figure 2-1: Chemical structures of synthetic and natural polymers.  Synthetic: (A) poly(ethylene) glycol, (B) 

poly(vinyl) alcohol. Natural: (C) alginate, (D) chitosan, (E) hyaluronic acid. 

Figure 2-2: Hyaluronic acid hydrogels can be engineered several ways to control encapsulated cell behavior.  

(A) Bioactive signals can be incorporated into the scaffold in suspension or covalently bound to 

the polymer.  (B) Tuning the mechanical properties by utilizing degradable crosslinkers and/or 

degree of crosslinking can regulate cell mechanosensing.  (C) Spatial cues such as patterened 

bioactive signals, porosity control and topographical patterns can direct cell migration.  (D) 

Different chemistries can be used to crosslink the network.  
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Figure 2-3: Bioactive signals are commonly incorporated into HA hydrogels to direct cell behavior.  Some 

signals, such as peptide fragments and antibodies, can be covalently linked to the HA backbone, 

whereas other signals, such as heparin and DNA, are loaded into the hydrogel without any 

permanent bond. 

Figure 3-1: The two subtypes of strokes.  (A) Hemorrhagic strokes occur when a blood vessel bursts in the 

brain.  (B) Ischemic strokes occur when there is a restriction in blood flow due to embolus or 

thrombus. 

Figure 3-2: Stem cells can be delivered to the mouse (A) intravenously or (B) intracranially.  Cells can also be 

delivered (C) encapsulated within a hydrogel network. 

Figure 4-1: Preliminary hydrogel transplantation study results showed that a (top) hyaluronic acid hydrogel 

crosslinked with a degradable peptide crosslinker degraded within 2 weeks.  However, hydrogel 

crosslinked with  non-degradable poly(ethylene) glycol remained intact 2 weeks post-

transplantation.  Scale bar = 100 μm 

Figure 4-2: (A) The hydrogel contains hyaluronic acid, peptide crosslinker, and an RGD-containing peptide.  

The crosslinker is MMP-degradable (d.) or MMP-nondegradable (nd.).  The hydrogel is made by 

pre-reacting the HA with the RGD peptide and then mixing in the cross-linker and cells.  (B) 

Three hydrogel formulations were made with (C) rheology confirming their mechanical properties. 

Figure 4-3: Four different conditions were injected into the striatum of naïve or stroked mice: HEPES buffer, 

d. hydrogel, nd. “soft” hydrogel and nd. “stiff” hydrogel.  (A) Ipsilateral and contralateral regions 

of interest were analyzed.  Contralateral images in the naïve mice (B-E) were used to normalize 

ipsilateral (B’-E’) images and analyzed for (I) GFAP and (J) IBA1 signal.  The same four 

conditions were then injected into the infarct cavity of stroked mice.  (E-H) Images were taken on 

the (E-H) contralateral and (E’-H’) ipsilateral of the brain for (K) GFAP and (L) IBA1 

quantification.  Scale bar = 50 μm 

Figure 4-4: (A)  The effect of the injection process on iPS-NPC viability was tested using the same setup used 

on in vivo experiments.  Viability of cells encapsulated in media or hydrogel “d.” were tested at 

different (B) infusion speeds, (C) needle gauge, and (D) cell concentration.  +: between w/gel, * 

between w/o gel, # between w/ and w/o gel 
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Figure 4-5: 100,000 iPS-NPCs injected into the infarct cavity of stroked NSG mice suspended in buffer or 

hydrogel “d.”  (A-B) The inflammatory response of the peri-infarct tissue was quantified and 

normalized to the contralateral side for (C) GFAP and (D) IBA1.  (E-G) Human nuclei were 

stained and (H) quantified for both conditions.  Scale bar = 50 μm 

Figure 4-6: Transplantation zone was stained for markers of  the GFP-labeled iPS-NPCs (SOX2), neuroblasts 

(doublecortin, DCX), and mature neurons (NF200).  (A-L) iPS-NPCs transplanted in buffer began 

to differentiate to neuroblasts at the one week time point.  (M-X) iPS-NPCs transplanted within 

the “d.” hydrogel also began to differentiate to neuroblasts.  (Y) SOX2 and (Z) DCX signal was 

quantified and with an increased doublecortin signal seen in the cell + hydrogel condition.  Scale 

bar = 100 μm 

Figure 4-7: 3-dimensional reconstruction of (A) cell only and (B) cell + hydrogel sections stained for GFP-

labeled transplanted cells and doublecortin.  (C) Colocalization analysis shows that the majority of 

DCX positive signal seen in cell + hydrogel condition is from transplanted cell differentiation. 

Figure 5-1: The hydrogel was composed of hyaluronic acid, a matrix-metalloproteinase sensitive peptide and 

three adhesion ligands (RGD, YIGSR, IKVAV).  These ligands were pre-reacted with the 

hydrogel according to conditions designed through a central composite design. 

Figure 5-2: Hyaluronic acid was modified to contain an acryl hydrazide functional group and (A) degree of 

modification (16%) was confirmed via NMR spectroscopy.  Hydrogel formulations with different 

hyaluronic acid concentrations (3.5-4.5%) were made and (B-C) the mechanical properties 

characterized.  (D) F-actin of iPS-NPCs encapsulated in these three gel conditions were stained at 

days 1 and 7 and (E) cell spreading was greatest in the softest gel (3.5%). 

Figure 5-3: Statistical designs of experiments approach was used to (A) investigate the interactions between 

RGD, YIGSR and IKVAV adhesion peptides (0-100 μM each) and their ability to promote cell 

survival.  Experiments give a (B) predictive max peptide mixture and (C) the effect magnitude of 

all factors and two-factor interactions.  Confirmation of (D) max and min predictive peptide 

mixture.  (E-G) A second series of optimization experiments to test higher peptide concentrations 

for RGD and IKVAV (100-200 μM each).  (H-J) A third series of optimization experiments to test 

higher peptide concentration for IKVAV (200-300 μM).  (K) Validation of the three optimized 

 xv



conditions compared to RDG, RGD and 100 μM of each peptide.  Phase images of the (L-N) three 

optimized conditions with spread cells outlined.  Scale bar = 100 μm. 

Figure 5-4: Predictive min peptide mixtures after optimization iteration (A) 1, (B) 2, and (C) 3. 

Figure 5-5: Heatmap showing iPS-NPC survival after optimization one while varying (A) IKVAV, (B) 

YIGSR, and (C) RGD.  (D) Heatmap showing iPS-NPC survival after optimization two with 

constant YIGSR concentration at 48 μM 

Figure 5-6: iPS-NPCs cultured for one week in (A) 2-D, and (B-D) hydrogels were stained for doublecortin 

(DCX) and DAPI.  Number of (E) DCX positive cells and (F) length were quantified.  Cells were 

also stained for (G-J) tuj1 and DAPI with (K) tuj1 positive cells and (L) length quantified.  Flow 

cytometry data for (M-N) SOX2 and (O-P) DCX indicate that the 3D hydrogels promote 

differentiation of the iPS-NPCs with the optimized peptide condition leading the way. 

Figure 6-1: The hydrogel is composed of hyaluronic acid, MMP-degradable peptide crosslinker, and a RGD-

motif containing peptide.  RGD clustering is controlled by the amount of HA-AC pre-reacted with 

RGD.  In the homogeneous, or least clustered condition, the RGD is mixed with all of the HA-AC.  

The RGD is pre-reacted with specific percentages of the total HA-AC to create different degrees 

of clustering.  This RGD functionalized HA-AC is mixed with un-functionalized HA-AC, if 

needed, peptide crosslinker and mouse mesenchymal stem cells to create the three-dimensional 

hydrogel. 

Figure 6-2: Mechanical characterization of hydrogel conditions.  (A) Storage modulus of hydrogels was 

measured from 0.1 to 10 Hz.  Three conditions from each RGD concentration were tested.  (B) 

Mechanical properties within each RGD concentration were consistent, but increasing amounts of 

RGD lowered the storage modulus. 

Figure 6-3: Cell spreading and proliferation for 10 μM hydrogels.  (A) mMSCs within hydrogels containing 

10 μM of RGD were stained with phalloidin at different time points.  The most pronounced 

differences in spreading were observed at day 4. (B) The average cell length was quantified with 

the greatest spreading seen in the most clustered condition.  (C) DNA quantification shows no 

significant difference between conditions at each time point. 
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Figure 6-4: Cell spreading and proliferation for 100 μM hydrogels.  (A) mMSCs cells within hydrogels 

containing 10 μM of RGD were stained with phalloidin at different time points.  The most 

pronounced differences in spreading were observed at day 4. (B) The average cell length was 

quantified with the greatest spreading seen in the middle, B3, condition.  (C) DNA quantification 

shows no significant difference between conditions at each time point. 

Figure 6-5: Cell spreading and proliferation for 1000 μM hydrogels.  (A) mMSCs cells within hydrogels 

containing 1000 μM of RGD were stained with phalloidin at different time points.  The most 

pronounced differences in spreading were observed at day 4. (B) The average cell length was 

quantified with the greatest spreading seen in the middle, C3, condition.  (C) DNA quantification 

shows no significant difference between conditions at each time point. 

Figure 6-6: Integrin expression for subunits (A-B) α2, (C-D) α3, (E-F) α5, (G-H) αV was quantified for 

mouse mesenchymal stem cells cultured in gel conditions A1, A3, and A5 via FACS.  Differences 

were found in the normalized mean expression for α3.  Gel conditions also affected the number of 

cells positively expressing integrins α2 and α3. 

Figure 6-7: Integrin expression for subunits (A-B) β1 and (C-D) β3 for mouse mesenchymal stem cells 

cultured in gel conditions A1, A3, and A5 via FACS.  Differences were observed in both the 

normalized mean fluorescence and percent of positively expressing cells for subunit β1. 

Figure 6-8: Time course of CD105 expression for mouse mesenchymal stem cells cultured inside hydrogels 

A1, A3, and A5 shows decreases across all three conditions for both the (A) normalized mean 

fluorescence and (B) the percent gated.  (C-D) Mechanical properties of hydrogel A5 was 

measured at days 1, 4, and 7.  The storage modulus decreases over time as the cells release MMP’s 

which breakdown the hydrogel structure. 

Figure 7-1: Synthesis and encapsulation of MSCs within RGD-functionalized oxime-cross-linked PEG 

hydrogels.  Note: Glutaraldehyde is generally a mixture of species and thus the structure shown is 

idealized. 

Figure 7-2: Mechanical characterization of AO-PEG/glutaraldehyde hydrogels.  Storage and elastic modulus 

can be modified by adjusting PEG polymer percentage and/or the r ratio.  (A-B) Altering polymer 

percentage while keeping the crosslinking ratio constant (r = 1.0) can significantly change the 

 xvii



mechanical properties of the hydrogel.  (C-D) Likewise, changing the crosslinking ratio while 

keeping the polymer percentage constant (PEG: 3%) can drastically change the storage/loss 

modulus. 

Figure 7-3: Hydrogel gelation kinetics can be altered by adjusting the pH of the solution. (A) Making the 

solution more acidic can increase the rate of gelation whereas a more basic solution slows down 

the gelation kinetics for 3 wt% AO-PEG (r = 1). Increasing the storage modulus by adjusting the 

PEG percentage (PEG = 3, 5, 7% from left to right) while keeping the crosslinking ratio constant 

at r = 1 (open circles) decreases the water content (B) and increases the swell ratios (C). Increasing 

the storage modulus by changing the r ratio (r = 0.7, 0.8, 1.0 from left to right) while keeping the 

PEG percentage constant at 3 wt% (closed triangles) decreases the water content (B) and decreases 

the swelling ratio (C). 

Figure 7-4: Live/Dead staining of the encapsulated mouse MSCs shows good viability at (A) day 1, (B) day 4, 

(C) and day 7.  (D) Cells seeded on top of the hydrogel spread after one day, whereas cells 

encapsulated inside did not spread at (E) day 1, (F) day 4, (G) and day 7.  (H) MTT assay shows 

an increased reduction over time, which indicates that cells are proliferating inside the hydrogel.  

(I) SEM image of hydrogel structure. 

 

Table 6-1: Hydrogel formulations tested contain 10, 100, or 1000 μM of RGD.  Five different RGD 

distributions, from homogenous to increasing levels of clustering, were tested for each 

concentration.  This distribution was controlled by functionalizing specific percentages of HA 

with the RGD peptide. 
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Chapter 1 

 

 

 

 

Overview of thesis and specific aims 

 

 

 

 

1.1. Motivation and objective 

Stroke is the leading cause of long term disability worldwide with over 16 million new 

victims every year [1].  It is a debilitating disease that leaves survivors with an uphill climb to 

recovery.  Over 40% of survivors ultimately suffer from some degree of physical or mental 

impairment [2].  Furthermore, there are no current treatments available to promote wound 

healing in the brain to help restore these functional deficits.  Regenerative medicine and stem cell 

transplantation holds promise for this and other diseases that leave behind damaged tissue and 

organs. 

Stem cells have therapeutic potential because of their pluripotent nature [3].  Given the 

right signals and environment, they are able to differentiate into cells of all three germ layers and 

replace the cells lost from injury/disease.  However, getting these cells to cooperate after 
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transplantation is no trivial task.  The first clinical trial aimed at delivering human embryonic 

stem cells to patients was sponsored by Geron and targeted for spinal cord injuries in 2009.  

While the studies were halted due to strategic/financial reasons by the company, the lack of 

unfavorable effects from the initial transplantations are promising [4].  Some of the main issues 

in taking stem cell transplantation to the clinic include developing good manufacturing practice 

(GMP) protocols, choosing right diseases to target, and controlling the transplanted cell behavior 

[5].  Tackling these issues requires a multi-disciplinary approach that teams clinicians, stem cell 

biologists, and biomaterial scientists among others. 

Stem cells in the body exist within specific niches that provide the ideal mixture of 

signals to direct their behavior and fate [6].  The native extracellular matrix (ECM) is the non-

cellular component of tissues and is composed of a heterogeneous mixture of different protein 

fibers, proteins, hormones and glycosaminoglycan chains [7].  This network not only provides 

structural support and mechanical cues, but also a myriad of physically-coupled and soluble 

signals that drive cell fate.  As shown in figure 1-1, the molecular/biochemical signals can be 

split into three main categories: 1) insoluble structural molecules (fibronectin, vitronectin, 

laminin etc.), 2) soluble/releasable molecules (growth factors, cytokines, chemokines etc.) and 3) 

proteins via cell-cell contact (cadherins, CAMs, etc.).  These signals work in concert to 

determine the fate of the cell: replication, differentiation, migration or apoptosis.  Biomaterial 

scientists aim to draw inspiration from the natural ECM and incorporate these design principles 

in engineering materials that can house and direct encapsulated stem cells. 

Hydrogels are a class of biomaterials composed of highly hydrated crosslinked networks 

that can be made from synthetic or natural polymers [8].  They are appealing for stem cell 

encapsulation and delivery because they are biocompatible and can be designed to mimic the 
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mechanical properties of the targeted soft tissue.  Hydrogels could be particularly useful for 

delivering stem cells to the brain post-stroke because of its potential ability to attenuate the main 

issues associated with this cell transplantation approach: low transplanted cell viability and lack 

of control over surviving cells.  Thus, the overall focus of my research was to develop an 

injectable hydrogel for the delivery of cells to the brain post-stroke that can help the cells survive 

the harsh post-stroke environment and provide signaling cues that can promote differentiation of 

these progenitor cells. 

 

 

Figure 1-1.  A myriad of signals play a role in directing and controlling cell behavior.  The dynamic and 

intricate nature of the extracellular matrix affects cell response and its subsequent fate.  These signals include: 

soluble/bound signals (ie. growth factors, cytokines, etc.), physical signals (ie.  fibronectin, laminin, etc.), and 

cell-cell interactions (ie. cadherins, CAM's etc.).  In engineering synthetic matrices, some of the strategies 

researchers have utilized to control and direct cell fate include: creating short peptide fragments, controlling 

distribution of bioactive signals through a clustering effect, and spatially/temporally patterning signals into the 

matrix. 
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1.2. Specific aims 

 Despite staggering stroke statistics, there is no therapy to promote wound healing in the 

brain post-stroke.  Stem cell transplantation is an approach that shows promise in promoting 

functional behavior improvement in patients (see chapter 3).  This approach would be aided with 

higher transplanted cell viability and control over the behavior of these cells.  The research in 

this dissertation tests the ability of a hyaluronic acid hydrogel to promote cell viability in vivo 

and develops new ways in vitro to direct encapsulated cell behavior.  The following sections 

detail the specific aims and hypotheses used to guide the work described in chapters 4-7. 

 

1.2.1. Specific aim 1 (chapter 4) 

 This aim is to determine whether a hyaluronic acid hydrogel can promote the survival of 

encapsulated neural progenitor cells when transplanted to the infarct cavity of the brain after 

stroke.  While progenitor cells have previously been delivered to the infarct in a hydrogel, the 

viability and differentiation was still low. 

 

Hypothesis 1 (chapter 4):  Delivering neural progenitor cells to the infarct cavity 

within a hydrogel with an optimized transplantation protocol will promote 

transplanted cell viability and differentiation compared to cell only 

transplantations. 
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1.2.2. Specific aim 2 (chapters 5 and 6) 

 This aim tested different strategies to engineer the hydrogel microenvironment with 

adhesion ligands derived from proteins that exist in the native brain extracellular matrix.  The 

hyaluronic acid hydrogel used in chapter 4 was also used here. 

 

Hypothesis 2 (chapter 5):  Incorporation and optimization of three adhesion 

ligands (RGD, YIGSR, IKVAV) in a three-dimensional hydrogel via a design of 

experiments statistical approach will promote differentiation of neural progenitor 

cells compared to cells cultured on two-dimensional surfaces and those cultured 

in a hydrogel containing “equimolar” adhesion ligand concentrations. 

 

Hypothesis 3 (chapter 6):  Clustering the RGD adhesion ligand within a three-

dimensional hydrogel will increase encapsulated cell spreading, differentiation 

and/or different integrin expression compared to cells encapsulated in a hydrogel 

with homogeneously distributed RGD. 

 

1.2.3. Specific aim 3 (chapter 7) 

 This aim investigated the use of oxime click chemistry to covalently crosslink polymers 

to make hydrogels.  Characterization of the crosslinking chemistry and cell encapsulation studies 

were done to investigate the new hydrogel system. 
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Hypothesis 4 (chapter 7):  Aminooxy functionalized polymers can be covalently 

crosslinked with aldehyde functionalized molecules to form hydrogels that are 

biocompatible with stem cells. 

 

1.3. Thesis outline 

 After this introductory chapter, chapters 2 and 3 will provide the relevant background for 

the thesis topic.  Chapter 2 will review hydrogels and the different materials used by researchers 

to engineer these polymer matrices.  Background on hyaluronic acid, the main polymer used in 

this thesis, will also be given.  Current and emerging techniques used to engineer the hyaluronic 

acid based hydrogel microenvironments to direct encapsulated cell behavior via bioactive, 

spatial, and mechanical signals will also be discussed.  In chapter 3, the major disease topic of 

this thesis, stroke, will be introduced.  The different types of stroke and treatments currently used 

to treat stroke patients will be reviewed.  There will also be sections discussing current stem cell 

transplantation research and the mechanisms in which these transplantations can improve wound 

healing in the brain post-stroke. 

 Figure 1-2 illustrates the flow of the dissertation.  The common thread between all studies 

presented here are hydrogels for the encapsulation of stem cells.  In chapter 4, a hydrogel system 

is tested for its ability to promote transplanted cell viability and differentiation to the infarct 

cavity of stroked mice.  Each component of the transplantation procedure is investigated and 

optimized to promote cell viability.  This optimal delivery protocol is then implemented to study 

the effect that the hydrogel can have on the transplanted neural progenitor cells.  While cell 

viability was not statistically enhanced, differentiation of the progenitors to a neuronal phenotype 

was increased with the delivery of the hydrogel. 
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Chapters 5 and 6 then focus on the development of the hydrogel for stem cell 

encapsulation via the engineering of the microenvironment with bioactive signals.  Specifically, 

in chapter 5, three different adhesion ligands (RGD, YIGSR, IKVAV) are incorporated and cell 

survival/differentiation optimized via a design of experiments statistical approach.  This 

approach systematically varies the concentration of each ligand to determine the individual and 

combinatorial effects on cell response.  The optimal bioactive signal formulation yielded more 

differentiation of the neural progenitor cells to neurons than a traditional “equimolar” 

formulation.  In chapter 6, the distribution of the RGD adhesion ligand is varied to test the 

hypothesis that bioactive signal clustering in a three-dimensional environment can modulate cell 

spreading and integrin expression. 

The hydrogels in chapters 4-6 utilize Michael addition chemistry to covalently crosslink 

the polymer chains.  While popular for hydrogel crosslinking, there are some downsides such as 

disulfide bridge formation.  In chapter 7, a new hydrogel crosslinking chemistry scheme is 

developed to make a hydrogel.  The experiments characterize oxime “click” chemistry for 

hydrogel formulation and test its compatibility for stem cell encapsulation.  

Finally, chapter 9 will summarize the main conclusions from this research and discuss 

future directions for this project that could continue to push the translational potential of stem 

cell delivery via hydrogels for stroke treatment forward. 
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Figure 1-2.  Overview of the dissertation.  Chapter 4 covers aim 1 and the ability of a hydrogel to promote 

transplanted cell viability in the infarct cavity after stroke.  Chapters 5 and 6 cover aim 2 and manipulating 

encapsulated cell behavior within a hydrogel via engineering of the microenvironment through bioactive signals.  

More specifically, chapter 5 optimizes the incorporation of three different adhesion ligands to control survival 

and differentiation of neural progenitor cells.  Chapter 6 modulates the clustering of one adhesion ligand to 

control cell spreading and integrin expression.  Chapter 7 looks at aim 3 and a type of click chemistry to 

covalently crosslink a hydrogel.  
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Chapter 2 

 

 

 

 

Hydrogels for transplantation of cells 

 

 

 

 

2.1. Introduction 

 Hydrogels are crosslinked polymer networks that contain substantial amounts of water.  

Since hydrogels were first made in the 1950’s by Otto Wichterle and Drahoslav Lim [9], they 

have been used in the pharmaceutical and medical industry [10-11].  One of the more intriguing 

uses of hydrogels is for the delivery of stem cells to damaged tissues.    In this approach, cells are 

encapsulated inside the polymer matrix, which mimics the extracellular matrix.  The scaffold can 

be engineered to form in situ and provide signal cues to direct encapsulated cell behavior.  These 

transplantation surgeries have the added advantage of being minimally invasive and thus the 

least disruptive to healthy tissue surrounding the damaged region.  This chapter reviews the key 

parameters involved in designing these hydrogels with special consideration given to hyaluronic 

acid, the polymer used in the majority of the thesis research. 
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2.2. Design considerations 

 To properly fulfill its therapeutic potential, hydrogels must be carefully engineered for 

each application.  A number of design parameters must be considered and modulated to achieve 

the desired effect.  These parameters include physical properties like gelation, degradation, and 

mechanics as well as biological properties like biocompatibility.  While the ultimate goal of the 

hydrogel may vary from case to case, if the desire is to deliver encapsulated cells, the hydrogel 

must have physical properties that support cell survival and biological properties that do not 

illicit an inflammatory response by the host tissue.  The hydrogel can also be designed with 

specific cues to direct cell behavior (section 2.5). 

 

2.2.1. Physical parameters 

After choosing the polymer for the hydrogel (section 2.3 and 2.4), researchers must 

decide the mechanism of gelation.  While important for all applications, it is particularly 

important for injectable hydrogels.  The timing is a critical parameter as gelation too quickly 

results in a hydrogel being formed while still in the injection needle/syringe and gelation too 

slowly may result in the hydrogel precursor solution becoming too dilute and forming 

improperly in the implantation region.   

Two main mechanisms used to form crosslinked networks are through ionic and/or 

covalent bonds.  Ionic crosslinking can be achieved through the interaction of positively and 

negatively charged components.  For example, chitosan (section 2.4) is a polycationic polymer 

that can be crosslinked via the introduction of ionic molecules such as metallic anions [12].  

While safe for encapsulated cells, one problem with this technique is the potential for the 

uncontrolled deterioration of the hydrogel when placed in contact with other charged molecules 
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[13].  Hydrogels covalently crosslinked avoid this problem but come with its own set of 

difficulties.  The cross-linking mechanism may be toxic and damage the cells in the gel precursor 

solution.  Some chemistries used include Michael-addition [14], hydrazone condensation [15], 

oxime formation [16], Diels-Alder cycloaddition [17], free radical photopolymerization [18].  

Each one of these chemistries comes with their own unique advantages and disadvantages.  For a 

more comprehensive look at covalent chemistries used for hydrogel materials, please refer to the 

following review [19].  

Ideally, the crosslinking chemistry chosen should be versatile enough to provide a range 

of mechanical properties for the formed hydrogel.  Because the goal of the hydrogel implant is to 

create an environment for healthy encapsulated cell growth and the mechanics of the implant 

location varies based on tissue type, matching the hydrogel mechanics to tissue mechanics is 

important.  The mechanics of the hydrogel can typically be modulated by controlling the weight 

percent of the polymer and amount of crosslinker present [14, 16].  An indirect property that can 

affect the final mechanical properties of the system is the degree of hydrogel swelling, which is a 

product of the hydrophilic properties of the material and the degree of crosslinking present.  A 

system more tightly crosslinked will have less freedom to swell and expand as opposed to one 

with fewer crosslinks. 

 The mechanism and kinetics of hydrogel degradation are another important design 

parameter to consider.  Unless the desire is to keep the hydrogel permanently in place, the 

degradation is commonly tuned to match the expansion of encapsulated cells and the infiltration 

of endogenous cells.  The degradation mechanics are closely tied to the original mechanical 

properties of the system and can be utilized to help control encapsulated stem cell differentiation 

if desired (more on mechanical signals in section 2.5.3.) [20].  Ionic networks degrade through 
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dissolution via disruption of the bonds via other charged molecules in the environment [13].  

Typical degradation techniques for covalently bound networks include hydrolysis [21], 

proteolysis [22], or photolysis [23].  Hydrolysis is common in synthetic polymers (section 2.3) in 

which ester bonds degrade.  Natural polymers (section 2.4) like hyaluronic acid and chitosan can 

degrade through enzymatic means.  In addition to the degradation of the polymer backbone, the 

crosslinker itself can be designed to be degradable through any of the techniques described.  A 

popular technique utilizing matrix metalloproteinase (MMP) degradable crosslinkers allows for 

cell-mediated degradation [24].  These peptide crosslinkers contain sequences cleavable through 

MMPs, which are released by cells. 

 

2.2.2. Biological parameters 

 Biocompatibility is arguably the most important parameter when designing a hydrogel for 

transplantation.  Once transplanted the hydrogel must be able to coexist in the native 

environment without further damaging the neighboring tissue and making things worse than they 

already are.  In a disease state, the inflammatory system may already be active, but researchers 

should aim to avoid provoking an even greater response that would cause additional damage to 

the endogenous tissue as well as the encapsulated cells.  The biggest determination of 

biocompatibility is the polymer used to construct the hydrogel.  Some of the most common 

synthetic and natural materials used are described in sections 2.3 and 2.4.  The ability of the 

hydrogel to integrate into the host tissue is dependent on endogenous cells migrating out into the 

native tissue and the infiltration of exogenous cells into the hydrogel.  This migration can be 

facilitated by the incorporation of signal cues within the hydrogel and are described in section 

2.5. 
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2.3. Synthetic materials 

 Synthetic materials are desirable polymers for hydrogels because they can be reproduced 

consistently.  Properties of the polymer that affect the physical properties of the hydrogel like 

molecular weight, block structure, and arm structure can be customized during synthesis. 

 

 

 

Figure 2-1.  Chemical structures of synthetic and natural polymers.  Synthetic: (A) poly(ethylene) glycol, (B) 

poly(vinyl) alcohol. Natural: (C) alginate, (D) chitosan, (E) hyaluronic acid.  
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Poly(ethylene oxide), also known as poly(ethylene glycol) (PEG), has been approved by 

the FDA for several applications due to its unique properties.  PEG is a non-toxic, non-

immunogenic polymer that is often referred to as a “stealthy molecule” because it is not 

recognized by biological molecules like proteins.  This polymer can be used as a blank slate by 

researchers who wish to control all interactions between cells and the hydrogel.  Hydrogels using 

PEG have been used to encapsulate cells [25] and as a drug delivery vehicle [26].  It is the 

polymer used in chapter 7.  Poly(vinyl alcohol) is another hydrophilic polymer commonly used 

for hydrogels.  Like PEG, PVA is hydrophilic and non-toxic which makes it an attractive 

polymer choice.  It has been used in materials like contact lenses and wound dressings [27].  The 

following review can be read for a more comprehensive look at synthetic-polymer based 

hydrogels [28]. 

 

2.4. Natural materials 

Collagen is a fibrous protein that can be found in various tissues throughout the body [7].  

It is a major component of the extracellular matrix and provides structural integrity to this non-

cellular component [29].  Because of this, it has been widely used to culture cells in three-

dimensional hydrogels.  Collagen contains amino-acid sequences recognized by cells and has 

been used to study the differentiation of mesenchymal stem cells to chondrocytes, osteoblasts 

and endothelial cells [30].  One of the major drawbacks of collagen, however, is the batch to 

batch variability [31]. 

Alginate is a polysaccharide derived from brown algae and desirable for medical 

applications like wound dressings [32] and dental impressions [33] because of its 

 14



biocompatibility and low immunogenicity [34].  Because it does not naturally induce cell 

adhesion and attachment, it is commonly modified with cell adhesion ligands and proteins like 

fibronectin and laminin [35-36].  These gels can be made ionically (section 2.2.1) through the 

addition of divalent cations like Ca2+, Mg2+, Ba2+, Sr2+ [31].  If crosslinked ionically, the 

degradation would be difficult to control in in vivo environments. 

 Chitosan is a polymer derived from chitin, a component of crab and shrimp shells [37].  It 

is a biocompatible, cationic and structurally similar to glycosaminoglycans.  Its cationic nature 

allows it to form a gel at high pHs, but can also be modified for covalent crosslinking chemistries 

[38].  Chitosan hydrogels have been utilized for a variety of applications like drug delivery [39], 

cancer therapy [40], and wound healing [41]. 

Hyaluronic acid (HA), a naturally occurring glycosaminoglycan is the polymer used in 

chapters 4-6.  It is one of the primary components of the extracellular matrix, is increasingly 

being utilized in biomedical applications due to both its ability to serve as a blank slate and its 

biological activity. In particular, it is commonly used to form hydrogel scaffolds for tissue 

engineering [14], which may in turn be employed for localized drug [42] and DNA delivery 

purposes [43]. 

Hyaluronic acid is a linear polysaccharide that consists of two alternating units, β-1, 4-D-

glucuronic acid and β-1, 3-N-acetyl-D-glucosamine.  This unmodified polymer has a molecular 

mass between 103 and 104 kDa, which can reach a length of 25 μm when fully extended.  Its 

negative charge attracts positive ions and results in an osmotic balance that brings in water.  This 

allows HA to exist as a highly hydrated molecule and paves the way for a myriad of uses in the 

body. 
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After synthesis in the inner face of the plasma membrane of fibroblasts, HA is 

translocated to the pericellular space and the interstitial matrix [44].  This characteristic makes 

HA distinct from other GAGs, which are typically synthesized in the Golgi and contain a protein 

core.  Three transmembrane glycosyltransferase isoenzymes, HAS1-3, regulate the synthesis 

process.  Hormones and growth factors, among other bioactive molecules, can also help regulate 

the production of HA. 

Hyaluronic acid was first characterized in the vitreous of the eye [45]. A few years later, 

it was successfully isolated from umbilical cord tissue where its main saccharide components, 

glucoronic acid and glucosamine, were found [46].  A thorough analysis of HA throughout the 

body of the rat can be applied to approximate the distribution of the polysaccharide in other 

mammals [47].  For instance, the 40-60 mg that exists in a 250 g rat can be extrapolated to ~11-

17 g in a 70 kg human.  A little over half (~56%) of the HA found was located in the skin with 

another 27% found in the skeleton and supporting tissues, while approximately 8-9% was found 

in muscle and the internal organs.  Among organs, the highest amount of HA was present in 

connective tissue, the lung, the kidney, and the brain with low amounts present in the liver and 

blood serum. Two reviews in particular provide a more thorough explanation of HA distribution 

throughout organs in different mammals [48-49]. 

One property of hyaluronic acid that can potentially be exploited is that its biological 

function depends on its molecular weight.  While it typically exists as a high molecular weight 

polymer over 106 daltons, it can be cleaved by the enzyme hyaluronidase (HAse) to obtain 

molecules of much lower molecular weights [50].  In fact, high and low molecular weight HA 

exhibit opposing effects on cell behavior.  In addition to inhibiting cell proliferation, high 

molecular weight HA is also anti-angiogenic [51].  In fetal development of rat follicles, HA acts 
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as a high molecular weight barrier that blocks endothelial cell migration and subsequent 

angiogenesis.  However, cleaving the polymer into shorter fragments with hyaluronidase enables 

endothelial cells to migrate and initiate angiogenesis [52].  These high molecular weight 

polymers are also anti-inflammatory and immunosuppressive [53-54].  This feature may be 

particularly important as the amniotic fluid of fetuses have high concentrations of high molecular 

weight HA.  In contrast, low molecular weight HA (< 3.5x104 Da) has been implicated as pro-

inflammatory and pro-angiogenic [55].  In particular, oligomers of the 6-20 kDa range activate 

antigen-presenting cells, such as dendritic cells, while slightly larger HA (2x104-4.5x105 Da) 

stimulates inflammatory cytokines [56].  In addition, fragments consisting of four to 25 

disaccharide units are able to promote blood flow to injury sites and subsequent angiogenesis 

[51, 55, 57]. 

On the molecular level, HA primarily interacts with the cell-surface receptor cluster 

determinant 44 (CD44) and receptor for hyaluronate-mediated motility (RHAMM).  CD44 plays 

a key role in tissue organization by mediating ECM remodeling, cell-cell interactions, and cell-

matrix interactions [58-59].  A normal wound healing model in CD44-knockout mice exhibited 

decreased cell migration, motility, and ECM turnover [60].  Interactions between HA and 

RHAMM can result in a variety of downstream signaling pathways that affect protein kinases 

like focal adhesion kinases, MAP kinases, phosphatidylinositol kinases, and tyrosine kinases as 

well as other molecules like RAS [59, 61-62].  Furthermore, in vivo experiments blocking HA-

RHAMM interactions inhibited fibroblast growth factor-induced neovascularization [63]. 

An issue worthy of consideration in HA hydrogel design is the pathological context of 

hyaluronic acid. For example, increased levels of HA in the extracellular environment have been 

correlated to several types of cancer malignancies [64]. In particular, 3-8-fold higher levels of 
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HA were found in prostate cancer tissues, and elevated levels of Hyal-1, a hyaluronidase, were 

also observed in prostate cancer tissues when compared to normal tissues [65]. Excess HA 

synthesis by hyaluronan synthases in conjunction with elevated expression of HAse has also 

been shown to drive the development of a metastatic phenotype in prostate tumor cells and 

accelerate the metastatic progression of prostate cancer [66]. A reason for this correlation is that 

the degradation of HA by HAse results in HA oligomers, which enhance the cleavage of CD44 

[67]. Therefore, the increased presence of HA oligomers in various tumor tissues can promote 

tumor cell mobility and invasion. For more information on the involvement of HA and HAses in 

cancer biology, readers may refer to other reviews focusing on these biological interactions [68]. 

 

2.5. Engineering biomaterial microenvironments 

A number of approaches can be used to engineer microenvironments within the hydrogel 

to direct encapsulated behavior.  These techniques can be broadly incorporating into the 

following classes: bioactive signals (section 2.5.1.), spatial signals (section 2.5.2.), and 

mechanical signals (section 2.5.3.).  The following sections focus on the incorporation of these 

signals within the polymer utilized most during my research, hyaluronic acid (Figure 2-2). 

 18



 

 

Figure 2-2.  Hyaluronic acid hydrogels can be engineered several ways to control encapsulated cell behavior.  

(A) Bioactive signals can be incorporated into the scaffold in suspension or covalently bound to the polymer.  

(B) Tuning the mechanical properties by utilizing degradable crosslinkers and/or degree of crosslinking can 

regulate cell mechanosensing.  (C) Spatial cues such as patterened bioactive signals, porosity control and 

topographical patterns can direct cell migration.  (D) Different chemistries can be used to crosslink the network.  

 

2.5.1. Incorporating bioactive signals 

Hyaluronic acid hydrogels are typically synthesized from high molecular weight HA. 

However, as mentioned above, high molecular weight HA is a natural barrier for angiogenesis 

and proliferation. Thus, to allow cellular infiltration and remodeling of the material by cells in 
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vitro, HA is crosslinked with protease-degradable peptides and modified with cell adhesion 

ligands. The sequence of the degradable peptide determines the ability by which different cells 

can infiltrate the material. For example, for mesenchymal stem cells, HA crosslinked with MMP-

degradable peptides results in more infiltration than for gels crosslinked with plasmin-degradable 

peptides. For in vivo experiments, it appears that if the HA scaffold has significantly large pores, 

incorporation of protease degradable bonds and addition of adhesion ligands are not necessary 

for the cells to infiltrate the scaffold and remodel the material [69]. Because HA behaves as a 

barrier to cell adhesion and migration in vitro, it can be used as a blank slate to investigate the 

roles of different ligands on cell behavior and differentiation (Figure 2-2A). 

Cell-matrix interactions of HA hydrogel scaffolds with embedded or infiltrating cells can 

be engineered to promote survival, proliferation, and/or differentiation. Traditionally, cell-matrix 

interactions in hydrogels for tissue regeneration are engineered with motifs found in the natural 

ECM of the relevant tissue. For example, the ubiquitous RGD sequence found in several cell 

adhesion proteins and tissues in the body as well as other adhesion peptides have been routinely 

introduced to promote cell adhesion to the material through integrin receptors. Further, since 

these peptides are unable to fully or specifically engage cell surface receptors, unlike their more 

structurally complex parents, approaches to engineer protein fragments or incorporate full-length 

proteins are also commonly employed. In addition, antibodies, small molecules, and nucleic 

acids, all of which are not typically present in the natural ECM, have been introduced to recruit a 

desired cell type or promote differentiation.  Full-length proteins that do exist in the ECM, such 

as growth factors, are also commonly loaded into hydrogels.  Common challenges in 

incorporating growth factors include doing so without damaging secondary structures and 
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controlling the release kinetics.  This section focuses on recent advances in the field that continue 

to push the innovation of bioactive signal incorporation in HA hydrogels (Figure 2-3). 

 

 

 

Figure 2-3.  Bioactive signals are commonly incorporated into HA hydrogels to direct cell behavior.  Some 

signals, such as peptide fragments and antibodies, can be covalently linked to the HA backbone, whereas other 

signals, such as heparin and DNA, are loaded into the hydrogel without any permanent bond. 

 

2.5.1.1. Incorporation of cell adhesion motifs 

Integrin binding anchors cells to the ECM and initiates signaling events that control cell 

behavior [70-73] and remodel the matrix [74-75].  Two-dimensional studies in hydrogel 

scaffolds have shown that RGD presentation at the nanoscale level influences cell spreading and 

motility [76-79], stem cell differentiation [80], and nanoparticle internalization [81]. Up until 

recently, however, for cells seeded within hydrogel scaffolds, only RGD total content (μM-mM 

range) had been shown to modulate cell motility, spreading, and proliferation [14, 24, 82]. Our 

lab designed a HA hydrogel to alter the presentation of the RGD peptide and then studied the 

effect of peptide incorporation in stem cell integrin expression and gene transfer [14, 83].  
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Results from this study are discussed in chapter 6.  In a separate study, we investigated the effect 

that RGD presentation had on gene delivery in our HA hydrogel system and found that an 

intermediate clustering promoted the transfection of encapsulated cells [43]. In both of these 

studies we found that the degree of clustering affected cellular behavior and that for a particular 

RGD concentration an optimal clustering amount can be obtained that is in between a completely 

homogeneous distribution and high clustering. The globular protein sonic hedgehog (SHH) was 

tethered to linear HA to compare the effect of tethered and soluble protein presentation to cells.  

The tethered form of SHH was significantly more potent than the soluble form while multivalent 

constructs enhanced this effect even more [84].  These studies show the importance of bioactive 

signal distribution on encapsulated cell behavior and how this parameter can be exploited to 

drive cell behavior. 

Aiming to bridge the gap between shorter peptide fragments and native proteins, groups 

have worked on engineering fibronectin fragments [85].  We have incorporated these fragments 

into our HA system and have seen a great effect on cell spreading.  Compared to incorporating 

RGD peptide fragments, a much smaller number of the fibronectin fragments were needed to 

induce mMSC spreading.  Evidence of downstream signaling overlap between growth factors 

and integrins prompted a group to engineer a fibronectin fragment-functionalized hyaluronic acid 

hydrogel that released bone morphogenic protein-2 (BMP-2) [86].  This functionalization, when 

compared to blank HA hydrogels and standard cell-culture plates, improved in vitro mMSC 

attachment and spreading.  In an in vivo ectopic bone formation mouse model, the combination 

of BMP-2 release with the fibronectin-functionalized hydrogel resulted in twice as much bone 

formation with better collagen fiber organization than a non-functionalized, BMP-2-loaded 

hydrogel. However, it would be been interesting to directly compare the effects of the fibronectin 
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fragment with shorter peptide fragments in their in vivo bone formation model. The incorporation 

of protein fragments has been more thoroughly investigated in vitro to modulate epithelial to 

mesenchymal transition (EMT) or using other biomaterial scaffolds such as fibrin or fibrin 

mimics [87-90]. Although these approaches have not been applied to hyaluronic acid scaffolds, 

the chemistry is completely compatible with this system and could be easily translated. 

 

2.5.1.2. Incorporation of hyaluronic acid fragments 

As described earlier, the molecular weight of hyaluronic acid affects its biological 

activity, primarily by affecting its angiogenic potential with short fragments promoting 

angiogenesis [55, 57]. Delivering 100 micrograms of low molecular weight HA (1-4 kDa) 

promoted revascularization of skin grafts.  Two additional approaches to directly exploit and 

control this bioactive signal have focused on the crosslinking of different HA molecular weights 

into scaffolds such as upon degradation different HA fragments sizes are released or the direct 

tethering of HA fragments with different molecular weights onto the scaffold again such that 

upon release of the tether different fragment sizes are released. Both approaches demonstrated 

that the presence of HA oligomers (rather than high molecular weight HA) promoted endothelial 

cell attachment and proliferation in vitro or enhanced vascularization in vivo at weight 

percentages of ~10% [91-92].  

 

2.5.1.3. Incorporation of non-ECM motifs 

An alternative approach inspired by cardiovascular stents used antibodies for targeted cell 

attachment.  CD34 antibodies were functionalized onto hyaluronic acid hydrogels to specifically 
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capture endothelial cells [93].  Attachment of endothelial cells was significantly greater than 

non-CD34 expressing macrophages during cell seeding experiments.  Furthermore, a dose-

dependent response of endothelial cell attachment to antibody-immobilization concentration was 

observed.  This innovative antibody approach can be used to engineer more specialized cell 

recruitment scaffolds. 

 

2.5.1.4. Incorporation of growth factors and controlled release 

Delivering full-length proteins such as growth factors in scaffolds is desirable because 

systemic delivery is not the most efficient way for targeted delivery and may result in unwanted 

side effects or degradation.  Traditional approaches include direct loading of the scaffold; 

however, these proteins can also be incorporated into scaffolds by utilizing intermediary 

molecules like heparin.  This glycosaminoglycan has the ability to bind growth factors and gives 

researchers a method to indirectly incorporate heparin-binding proteins into their system.  

Furthermore, this GAG/growth factor interaction can be exploited for controlled release. 

A variety of growth factors have been loaded into hyaluronic acid-based hydrogel 

systems.  For example, basic fibroblast growth factor (FGF-2) and bone morphogenic protein-2 

were delivered over the course of 28-35 days [94-95].  After ensuring the bioactivity of the 

released FGF-2, scaffolds were loaded with 250 ng of FGF-2 and implanted subcutaneously in 

mice.  Hydrogels released ~70% of the FGF-2 and promoted more neovascularization than 

control scaffolds as well as bolus FGF-2 injections.  Additionally, a commercially available 

hyaluronic acid/heparin sulfate was loaded with 1.5 ng of insulin growth factor and injected into 

the stroke cavity of mice.  Amazingly, a sustained release of IGF-1 occurred over 4 weeks after 

implantation [96]. 
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Using a nanoparticle approach, heparin-decorated HA nanoparticles were synthesized to 

carry and release 200 ng of BMP-2 [97].  Heparin was immobilized on HA hydrogel nanogels 

and the BMP-2 release kinetics were modulated by nanoparticle composition.  Near zero-order 

release kinetics were reached through a series of optimization experiments with ~46% of the 

BMP-2 released over 13 days.  Furthermore, the heparin decoration increased BMP-2 loading 

capacity two-fold and produced the efficient differentiation of MSC’s into chondrocytes in vitro. 

 

2.5.1.5. Incorporation of gene-encoding nucleic acids 

Gene delivery has been widely researched as a tool for gene therapy in tissue 

regeneration and cancer therapy. While both non-viral and viral vehicles have been used to 

deliver genes in the form of nucleic acids, non-viral systems such as hydrogel scaffolds loaded 

with DNA have a lower risk of causing an immune response and insertion mutagenesis. 

Although delivering naked DNA has been attempted, transfection efficiency was shown to be 

very low and much of the DNA diffused away from the local scaffold implant site. Hence, DNA 

is most commonly delivered in scaffolds when electrostatically complexed with 

polyethyleneimine (PEI) in the form of nanosize polyplexes, which also allow for higher loading 

of DNA into the scaffold. Our group had previously developed a technique called caged 

nanoparticle encapsulation (CnE), which uses the saccharides agarose and sucrose to protect the 

polyplexes from aggregation when incorporating them into hydrogels, allowing us to load up to 

five μg of DNA polyplexes per microliter of HA hydrogel without significant aggregation while 

still achieving gene transfer in vitro and in vivo [98]. Gene transfer efficiency in HA hydrogels 

was found to be a function of the DNA-to-PEI ratio during polyplex synthesis [43]. In addition, 

gene transfer efficiency was found to significantly correlate with nanoporous HA hydrogel 
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stiffness, with the highest gene expression observed in the softest hydrogels. This is due to 

greater cell infiltration and migration through the softer hydrogels. Our group has also been able 

to encapsulate DNA/PEI polyplexes via CnE into nonporous HA scaffolds ex ovo. Using a 

chorionic chick embryo (CAM) assay, enhanced angiogenesis was observed with hydrogels 

loaded with pVEGF-containing polyplexes, demonstrating the efficacy and maintenance of 

activity of the CnE polyplexes [99]. In addition, DNA polyplex-loaded microporous HA 

hydrogels containing cells seeded in the pores resulted in sustained gene transfer and expression 

over ten days [100]. In vivo implantation in a wound healing model in mice also showed 

transfection and subsequent gene expression in cells that had infiltrated the gel (unpublished 

data).  

 

2.5.2. Introducing spatial signals 

Topographical cues introduced into the environment have been observed to also 

significantly affect cell behavior. Cells seeded along grooves and ridges tended to elongate and 

align along these topographical features, behaviors that were not observed on smooth surfaces, a 

phenomenon known as “contact guidance” [101]. However, the extent of multicellular 

organization can also be a function of spatial cues, and this has been shown in HA hydrogel cell 

culture [102]. HUVECs were seeded in microgrooves of varying diameters on HA-dextran 

hydrogels. After 24 h of culture, HUVECs that were cultured in channels of 30 μm and 50 μm in 

width self-organized into 3-D vessels, while those cultured in channels of greater widths only 

organized into 2-D monolayers covering the bottom of the channels.  The investigators 

speculated that contact guidance on the spatial scale of no more than a few cells allowed cells to 

communicate and form interactive structures. In addition, co-culturing of HUVECs with 
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fibroblasts resulted in elongated morphologies of the fibroblasts along the endothelial cords 

[102].  

Varying porosity as a spatial signal to be introduced in HA hydrogels has also been 

studied. Our group subcutaneously implanted hydrogels without micron-size pores and hydrogels 

with 100-μm pores in mice and observed substantial infiltration of the porous HA hydrogel by 

cells even after one week, while there was minimal infiltration of the nonporous hydrogel. It is 

speculated that designing porous hydrogels will allow for greater cell infiltration over time when 

compared to hydrogels without pores of the scale of cell diameter [100]. 

Spatial control has been employed to not just affect morphology and multicellular 

organization, but also to control the direction of cell proliferation in culture. A strategy currently 

being investigated as a means of HA hydrogel design with stringent spatial control is to use light 

to photo-initiate pattern formation in a hydrogel, which is thought to mimic the heterogeneity of 

physical and chemical properties found throughout native tissues. By conjugating the caged and 

inactivated RGDS adhesion peptide sequence to the surface of a HA hydrogel, cell-adhesive 

regions were created by exposing those regions to near-UV light, thereby uncaging and 

activating the RGDS peptides present in those regions.  This chemically patterned hydrogel 

supported patterned and robust 2D cell culture on the activated regions.  Furthermore, this 

system could be manipulated temporally by introducing more cell-adhesive regions during cell 

culture, allowing for control over cell proliferation direction over time [103]. 

 

2.5.3. Introducing mechanical signals 

Mechanical properties of a cell’s substrate have profound effects on the progression of 

various cellular processes, and tissue scaffolds have been designed to direct cell mechanosensing 
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and mechanoresponse [104]. Therefore, studying this type of cell-material interaction is a major 

point of consideration in hyaluronic acid hydrogel design. The mechanical properties of HA 

hydrogels can be varied by either adjusting the concentration of HA in the gel precursor solution 

or by controlling the degree of crosslinking in the gel, either by modulating the concentration of 

crosslinker or the extent of crosslinker reaction, depending on the type of chemistry used in 

crosslinking (Figure 2-2B). Generally, increasing the gel precursor solution’s HA concentration 

increases the storage modulus of the hydrogel, with stiffnesses ranging from hundreds of Pa to 

thousands of Pa.  

Several groups have studied general cell behavior, such as cell attachment, spreading, and 

proliferation, as a function of gel stiffness in HA hydrogels. Our group was able to control the 

stiffness of nonporous HA hydrogels by modulating both HA concentration and crosslinking 

density. By decoupling the two parameters and seeding mesenchymal stem cells (MSCs) in the 

gel, migration and proliferation both increased with decreasing HA concentration from 5% to 

3%, resulting in a storage modulus decrease from 1920 Pa to 177.1 Pa, and decreasing 

crosslinking density from a crosslinking ratio (r) of 0.5 to 0.25, resulting in a storage modulus 

decrease from 387.4 Pa to 177.1 Pa [14] . The porosity of the gel is also another parameter worth 

considering in conjunction with varying stiffness, as cells cultured in nonporous gels exhibit 

different cell behavior than those cultured in porous gels. In another study, the stiffness of 

methacrylated HA macroporous hydrogels (250 μm) is tuned by using UV-initiated free radical 

polymerization at different UV exposure times for varying extents of crosslinking [105]. 

However, after seeding and culturing with MSCs, less cell spreading and proliferation were 

observed in 1.5 kPa gels versus stiffer gels (up to 7.4 kPa) by analyzing cell morphology and 

DNA content. This highlights a crucial difference between nonporous and macroporous gels; 
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proliferation occurs in nonporous gels via the degradation of the gel by the cells, while cells 

cultured in macroporous gels proliferate and migrate along the surface of the pores, relying on 

two-dimensional surface interactions as mechanical signals. To further support this point, in 2D 

glioma culture, significantly more cell spreading, proliferation, and motility were observed on 

stiffer gels with storage moduli of up to 5 kPa than on 150-Pa gels; however, there was almost no 

gel infiltration and cell proliferation when glioma spheroids were cultured within 5-kPa 3D 

nonporous hydrogels, while gel infiltration was observed in 150-Pa gels [106]. However, it was 

interesting to note in this study that initial glioma cell attachment was not affected by gel 

stiffness.  Furthermore, this study highlights the potential applications that HA hydrogels have as 

a tunable biomimetic platform for studying cancer biology. In summary, HA hydrogels with 

relatively lower storage moduli are generally required to achieve spreading of a 3D culture, and 

if stiffer gels are used, micron-size pores must be introduced.  

Various studies have also investigated the effects of HA hydrogel stiffness on stem cell 

differentiation, inspired by research showing that the mechanics of the cellular 

microenvironment are an influencing factor in the direction and extent of differentiation of stem 

cells in vivo. Hence, hydrogels of different stiffnesses have been used that mimic stem cells’ 

native environment in order to direct a stem cell’s development toward a specific phenotype 

[107]. This has been applied to HA hydrogel applications; ventral mesencephalic neural 

progenitor cells (NPCs) differentiated furthest towards a neuronal phenotype in a 3D culture in 

HA hydrogels with a stiffness most closely resembling that of the neonatal brain, while the same 

NPCs differentiated into the astroglial phenotype when cultured for three weeks on HA 

hydrogels with a stiffness that resembles the adult brain [108]. Temporal control of the 

environment’s mechanics is a second approach that is of interest. Cardiomyocyte differentiation 
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in hydrogels may progress in a more in vivo-like fashion if the mechanical properties of the 

hydrogel environment were designed to progressively stiffen over time at a rate closely 

mimicking that of the maturation of the cells’ native tissue environment [109]. This temporal 

control was due to a time-dependent Michael-type addition reaction modulated by HA molecular 

weight. It would be interesting to see a significant enhancement in differentiation in this system 

as compared to a constant-stiffness HA hydrogel. Another approach to detect extent of 

differentiation as a function of gel stiffness is by monitoring the secretion levels of angiogenic 

and cytokine proteins. Human mesenchymal stem cells were cultured over two weeks on HA 

hydrogels of a range of storage moduli from 1.5 kPa to 7.4 kPa (measured by dynamic 

mechanical analysis) and differences in the secretion levels between cases were noted. It was 

found that MMP-9 was initially more highly expressed in stiffer gels, while IL-8 secretion was 

overall stronger in softer gels. These results suggest that stiffness is a parameter that must be 

considered when designing hydrogels for the purpose of controlling stem cell differentiation 

[105]. 

Aside from controlling individual cell development and behavior, it has also been shown 

that multicellular organization can be influenced by modulating the mechanical signals from the 

hydrogel environment. Endothelial colony-forming cells (ECFCs) were seeded in HA hydrogels 

of two different viscoelasticities (Young’s modulus) to investigate the effect of gel mechanics on 

3D vascular tubulogenesis [110]. They observed significant increases in mean tube length, mean 

tube area, and percent of area covered by capillary-like structures with decreasing hydrogel 

viscoelasticity. 
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2.6. Summary 

 Hydrogels are a class of materials that can be used to deliver stem cells to areas of 

damaged tissue.  The type of polymer, crosslinking chemistry, and crosslinker type are important 

variables that affect the mechanics of the polymer matrix (Figure 2-1).  The gelation rate, 

storage/loss modulus, and degradation rate are important design parameters to consider when 

developing a hydrogel system.  Because hydrogels are used to mimic the extracellular matrix, a 

variety of signal cues can be engineered into the matrix to control encapsulated cell behavior 

(Figure 2-2).  Techniques commonly used by researchers fall into three categories: bioactive 

signals (Figure 2-3), spatial signals, and mechanical signals.  Chapter 4 delves into the design of 

a hydrogel system for delivering neural progenitor cells to the stroke cavity and the effect 

modulating these parameters has on the effectiveness of the transplantation.  Chapters 5 and 6 

detail ways in which bioactive signal incorporation can be used to control encapsulated cell 

behavior.  Chapter 7 will discuss a new hydrogel crosslinking chemistry.  The next chapter will 

discuss strokes, the disease topic for which my hydrogel research was targeted for. 
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Chapter 3 

 

 

 

 

Stroke 

 

 

 

 

3.1. Introduction 

 Stroke is the leading cause of long term disability as there are over 16 million first-time 

cases per year worldwide [1].  These result in over 5.5 million deaths worldwide, which places 

stroke as the second highest cause of death to the world’s population behind ischemic heart 

disease [111].  Furthermore, the world’s aging population promises to increase those figures over 

the next several decades [112]. 

Those fortunate enough to survive the initial stroke are left with a long and arduous path 

to recovery.  Over 40% of stroke survivors ultimately suffer from some degree of physical or 

mental impairment [2].  While the recovery time varies based on several factors, including the 

type and severity of stroke, it typically takes a patient months to reach their functional peak 

[113].  Naturally, the patient will require medical help and physical therapy to recover.  These 
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direct costs were estimated at over $40 billion dollars in the United States alone in 2008 [114].  

Unfortunately, many patients do not recover enough to live without additional daily assistance.  

Indirect costs, which are those lost to productivity in the workplace by recovering or deceased 

workers, are estimated to be over $20 billion dollars in the United States.  This data begins to 

quantify the economic cost of stroke to society, but an unquantifiable aspect is the emotional toll 

it takes on the stroke survivor and his/her family.  This chapter delves into the different types of 

strokes and the treatments currently available for survivors before looking forward to current 

research utilizing stem cell transplantation. 

 

3.2. Stroke types 

 

 

Figure 3-1.  The two subtypes of strokes.  (A) Hemorrhagic strokes, responsible for ~15% of all strokes, occur 

when a blood vessel bursts in the brain.  (B) Ischemic strokes, responsible for ~80% of all strokes, occur when 

there is a restriction in blood flow due to embolus or thrombus.  

 

There are two main subtypes of stroke: hemorrhagic and ischemic (Figure 3-1).  The 

former is responsible for ~15% of all strokes and the latter ~80% [115].  The mechanisms in 
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which brain damage is caused are different and thus the each subtype must be understood before 

developing therapies to improve patient outcome. 

 

3.2.1. Ischemic strokes 

 Ischemic strokes occur when there is a temporary or permanent restriction in blood flow 

in a brain artery (Figure 3-1).  This restriction is typically due to an embolus or thrombus, which 

account for ~80% of all strokes.  Because the mortality rate of ischemic strokes is ~30%, which 

is significantly lower than the fatality rate seen in hemorrhagic strokes (described in section 

3.1.1.), there is a large contingent of survivors that have to deal with the debilitating after-effects.  

This section will review the sequence of events that occurs after the initial stroke. 

 When blood flow is restricted in ischemic strokes, oxygen and glucose levels are severely 

depleted in the local area [116].  Because the brain depends on oxidative phosphorylation for 

energy production, this results in a disruption in the ability of cells to maintain gradients crucial 

for maintaining a healthy environment.  Amino acids, like glutamate, are released out of the cell 

and overwhelm receptors.  This disruption also affects membrane potential and the subsequent 

influx of Na+ and Cl- results in water passively entering cells and eventually leads to edema.  

Additionally, there is an increase in Ca2+ in the cytoplasm of cells which activates a series of 

events that result in mitochondrial damage, membrane degradation and the production of oxygen 

free-radicals within minutes [117]. 

 The increased amount of glutamate and K+ ions in the extracellular space in the 

neighboring region of the infarct (peri-infarct) can cause cells there to depolarize as well.  While 

some cells can repolarize, many can not.  The cells that can repolarize may be subjected to 

repeated depolarizations, which can lead to the infarct growing [118]. 
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 The immediate effects of the ischemic stroke, intracellular Ca2+ increase, oxygen free 

radicals and lack of oxygen, leads to an inflammatory response that further damages the brain.  

Proinflammatory genes are upregulated and the damaged cells begin to produce molecules like 

tumour necrosis factor α (TNF-α) and interleukin 1β (IL-1β) [119].  These molecules induce a 

cascade of events that cause neutrophils to enter the damaged brain tissue.  Macrophages and 

monocytes eventually follow suit and microglia become activated as well.  These inflammatory 

cells further damage the brain through several mechanisms.  First, the neutrophils can produce 

toxic amounts of nitric oxide.  The activated microglia also produces harmful molecules like 

nitric oxide as well as reactive oxygen species. 

 In addition to the damage caused via inflammation, the cells in the infarct can also die 

from apoptosis.  The ischemic injury causes the upregulation of caspase genes.  The caspase 

enzymes cleave proteins essential to maintaining healthy cells.  In turn, these modified proteins 

kill their host cell. 

 

3.2.2. Hemorrhagic strokes 

 Hemorrhagic stroke have a mortality rate close to 50% one month post-stroke [120].  

There are two main types: subarachnoid hemorrhage (SAH) and intracerebral hemorrhage (ICH).  

The latter type is responsible for the majority of hemorrhagic strokes observed. 

  Intracerebral hemmorhagic strokes are mainly caused by hypertension, or high blood 

pressure.  Hypertension, over a long period of time, can promote smooth muscle cell 

proliferation in the arterioles of the brain.  When these smooth muscle cells die, they are replaced 

by collagen and the blood vessels have poor compliance.  Because collagen is more brittle than 

the original vessels of smooth muscle cells and elastic tissue, they are prone to leaking and 
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bursting.  Once the artery breaks, blood flows into the brain tissue where the hematoma expands 

(Figure 3-1).  If the hemorrhagic volume exceeds ~150 mL then perfusion pressure in the brain 

falls to zero and the patient will die [121].  If it is less than that, the patient will likely survive the 

initial incident.  The leakage initially impairs the cerebrospinal fluid circulation, which also 

damages the tissue.  Edema occurs through roughly three stages: clot retraction, activation of 

inflammatory response, and hemoglobin-induced neuronal toxicity [122].  In the first stage, 

blood spreads through regions of intact brain.  As the clot retracts, the edema begins to form.  

Thrombin production causes the activation of the inflammatory response via the complement 

system and microglia.  This response attracts more cells like monocytes/macrophages which 

further the edema [123].  Red blood cells lyse several days later due to energy depletion in the 

area as well as the inflammatory response which also leads to increased edema. 

 A side effect of the initial ICH is neighboring ischemia.  The increased intracranial 

pressure due to the hematoma and edema can put pressure on neighboring regions of the brain.  

The resistance in these areas can potentially result in ischemia and another problem for the body 

to deal with [124]. 

The second subtype of hemorrhagic strokes, subarachnoid hemorrhagic strokes, is 

primarily caused by hemorrhages in the base of the brain.  These aneurysms result in the 

spreading of blood and lead to increased arterial blood pressure as well as intracranial pressure 

[125].  These changes, coupled with hemodynamic changes cause an inflammatory response as 

well as apoptosis of cells.  A delayed cerebral ischemia response often occurs to those who 

survive the initial injury.  This ischemia follows pathways described in section 3.1.1., like further 

inflammation and increased nitric oxide production. 
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3.3. Current treatments 

 Approaches to stroke treatments can be classified according to the time used relative to 

the stroke.  Preventative measures (section 3.2.1.) are ways to decrease the likelihood of 

experiencing a stroke.  Post-stroke treatment options are extremely limited, with only one FDA 

approved drug for acute ischemic strokes (section 3.2.2.).  Once clear of the immediate danger of 

the stroke, patients experience the long and arduous path or rehabilitation (section 3.2.3.).  

 

3.3.1. Preventative measures 

 There are plenty of well-documented risk factors associated with stroke [126].  Some, 

like age [127], ethnicity [128], and sex [129] are unable to be targeted as factors that can be 

adjusted to prevent stroke.  However, there are major risk factors like hypertension that can be 

modified to prevent stroke.  Higher blood pressure and subsequent hypertension has a strong 

correlation with stroke risk [130].  A number of lifestyle changes can be made to lower blood 

pressure [131].  These include increasing physical activity, which lowers blood pressure directly 

and indirectly through weight loss.  Eating healthier by consuming more fruits and vegetables as 

well as decreasing sodium chloride intake and increasing potassium intake can also reduce blood 

pressure.  High alcohol consumption (>3 drinks/day) has also been correlated to increased blood 

pressure.  If these lifestyle changes alone aren’t enough, drugs aimed at reducing blood pressure 

can also be taken. 

 Cigarette smoking is major risk factors that can double the risk for ischemic stroke [132].  

It has such an important impact that it even raises the chance for strokes in young people.  It does 

this by increasing the risk of thrombus and atherosclerosis [133].  Blood pressure also increases 

through cigarette smoking. 
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3.3.2. Tissue plasminogen activator 

 For those that have suffered a stroke, the outlook is daunting as there is only one FDA 

approved drug for ischemic strokes.  While many studies have shown potential of different 

treatments, none have proved as effective in humans as in the animal models [134].  Tissue 

plasminogen activator (tPA) works by dissolving the stroke causing clot and improving the blood 

flow.  It is delivered intravenously and has been shown to be particularly effective in reperfusing 

middle cerebral artery blocks [135].  tPA’s strength as a “clot buster” is also its weakness as the 

main complication of this therapy is the increased frequency of hemorrhages in the brain.  

Studies have shown that the sooner you deliver tPA post-stroke, the greater the positive effect 

[136].  However, if you wait too long before delivering the drug the potential benefit of 

reperfusion is outweighed by the potential of inducing hemorrhaging.  Because of this, tPA has 

been licensed for use within three hours after stroke in the United States.  Even though there has 

been a movement to increase the time frame from three hours to six hours post-stroke, this quick 

turnaround remains an issue.  Most strokes occur while people are asleep and thus, doctors are 

unaware of when the stroke actually occurred.  This complication severely restricts the number 

of patients eligible for this therapy. 

 

3.3.3. Physical therapy 

 Even those that can receive tPA can still be looking at physical impairment.  As stroke is 

the leading cause of long-term disability in the United States, physical therapy is vital to 

improving the lives of those who survive the initial stroke [1].  There are two main goals of 

physical therapy: (1) regain post-stroke ability and (2) prevent recurring strokes.  The three main 

neurological deficits caused by stroke are: hemiplegia, spasticity, and aphasia [137].  
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Hemiplegia, or the paralysis of one side of body, and spasticity, changes in skeletal muscle 

performance, both affect the patient’s ability to perform tasks like walking, bathing, and other 

activities involved in daily life.  As such, many physical therapists focus on adapting strategies to 

promote functional activities [138].  This rehabilitation begins as an inpatient where you begin 

exercises focused on intermittent sitting and standing.  This can move onto more involved 

exercises like balance training and other motor skill training drills.  Eventually the patient can 

participate in walking on treadmills with supervision. 

 To prevent future strokes physical therapy is focused on improving the aerobic condition 

of the patient in an effort to maintain a healthier living style [139].  This can decrease overall 

body weight and lower blood pressure.  As outlined in section 3.2.1., these types of preventative 

measures reduce the risk for strokes. 

 

3.4. Current research 

 There are many mechanisms to target to improve the lives of post-stroke victims.  Some 

of these include small molecules that can be administered immediately after the stroke to 

promote neuroprotection via restoration of blood flow and/or protection against further neuronal 

death [134].  Others therapies can target the wound healing in the infarct and peri-infarct areas of 

the brain after the initial damage.  This section focuses on the second approach, and more 

specifically the transplantation of stem cells to promote improved healing and functional 

recovery (Figure 3-2). 

Stem cell transplantation is an exciting technique that has been widely studied for its 

ability to both protect the brain from further damage and repair it.  The main three cell types used 

for stem cell transplantation are: neural progenitor cells from fetal tissue, immortalized neural 
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cell lines, and progenitor cells from bone marrow/umbilical cord blood etc.  While some 

approaches have reached Phase I and II clinical trials, which are designed to test safety and 

efficacy of the therapy, no functional outcome benefit has yet been proven [140].  The following 

sections will focus on the potential mechanisms in which the stem cells can improve conditions 

in the brain (section 3.3.1.) as well as the delivery methods investigated (section 3.3.2, section 

3.3.3., and section 3.3.4.). 

 

 

Figure 3-2.  Stem cells can be delivered to the mouse (A) intravenously or (B) intracranially.  Cells can also be 

delivered (C) encapsulated within a hydrogel network. 

 

3.4.1. Mechanisms of exogenous cell-mediated recovery 

 The promise of stem cell transplantation as a post-stroke therapy is due to a variety of 

potential mechanisms in which the exogenous cells can improve the situation.  One way is to 
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help replace the neurons due to the stroke-induced trauma [141].  The idea is to transplant neural 

progenitor cells and have them differentiate into the neurons and neuron supporting cells like 

astrocytes.  They would integrate into the brain and begin to form synapses with existing 

circuitry.  A second mechanism is to protect host cells from dying from the continued fallout of 

the initial stroke [140].  The neuroprotective effect of transplanted cells has been shown to 

reduce the lesion size and prevent apoptosis.  This is believed to occur because of the cell 

secreted growth factors like vascular endothelial growth factor, fibroblast growth factor, and 

brain-derived neurotrophic factor, among others.  Besides preventing cell death, these 

transplanted cells could also promote endogenous wound healing mechanisms via increased 

vascularization, blain plasticity, and neurogenesis [142].  Reducing post-stroke inflammation is 

another possibility as the delivery of neural progenitor cells has been shown to reduce the 

number of leukocytes in the brain [143].  This is a tricky mechanism as inflammation, while 

harmful initially, is a necessary process that clears dead cells.  All of these mechanisms could 

result either directly or indirectly from the transplantation of stem cells to the brain. 

 

3.4.2. Intravenous injection 

The types of stem cell delivery can be varied by intraveneously injecting the cells or 

directly grafting the cells into the region of interest in the brain.  One group isolated human 

neural stem cells and directly injected them into the tail vein of rat’s that had been given an 

ischemic stroke [144].  Some cells were found to migrate to the location of damage and 

differentiate to neurons and astrocytes.  Another group took an immortalized neural progenitor 

cell line and injected them intravenously in a hemorrhagic rat animal model [145].  While no 

percentage of surviving cells was reported, some cells were found in the brain with cells 
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differentiating to neurons.  This intravenous delivery route has the advantage of less invasive 

surgical procedures but has its downsides as well.  It isn’t the most efficient procedure as cells 

can end up in organs besides the brain and also raises the concern of cells clumping together to 

form mini-emboli. 

 

3.4.3. Intracranial cell transplantation 

The location of cell engraftment is an important variable in direct cell transplantation 

because of the options available.  The cells could be grafted away from the infarct, adjacent to 

the infarct or directly within the infarct.  As the peri-infarct region is highly plastic, grafting cells 

away from the infarct is not as desirable.  Delivering cells near the infarct has been shown to lead 

to some functional recovery in an ischemic Mongolian gerbil model with ~8% of the 

transplanted fetal brain tissue originating human neural progenitor cells surviving [146].  

Another study grafted human immature neurons next to the infarct and observed limited 

functional recovery despite 39% of the transplanted cells surviving [147].  The elevated survival 

could be due to the origin of the transplanted cells, human teratocarcinoma.  A key study in 2004 

showed that the distance of the engraftment to the infarct can directly influence cell survival 

[148].  Human neurospheres derived from central nervous system stem cells were transplanted 

directly adjacent to the infarct or further away from the infarct one week post-stroke in rats.  No 

surviving cells were found directly adjacent to the infarct whereas 30% were found at the other 

location.  This is likely due to the inflammatory environment and lack of blood vessels in and 

near the infarct [149].  However, the peri-infarct region holds the greatest neuroplasticity and 

thus, the closer the exogenous cells are placed to the infarct the better the outlook for repair 

[150]. 
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3.4.4. Intracranial hydrogel stem cell transplantation 

 As described in section 3.3.3., delivering cells near the infarct results in low transplanted 

cell viability.  In addition, the surgery required to deliver cells near the peri-infarct region could 

cause damage itself.  The infarct cavity itself is an ideal site to directly inject stem cells because 

of its compartmentalized nature and close vicinity to the area of greatest neuroplasticity, the peri-

infarct tissue [150].  Furthermore, the infarct represents a tissue cavity that can accept a stem cell 

injection without damage to normal or intact brain.  However, this region is devoid of nutrients 

and blood supply and requires additional support to survive.  An alternative to direct 

transplantation is to deliver the cells encapsulated in a protective scaffold.  These scaffolds could 

be loaded with bioactive signals and growth factors to aid in the survival of the encapsulated 

cells.  This is a relatively new approach as less than 10 studies have been published using this 

delivery strategy.  One group utilized Matrigel by comparing the delivery of neural progenitor 

cells cultured within Matrigel to buffer alone, cells alone and Matrigel alone to an ischemic rat 

model.  The cell + Matrigel condition had significantly higher cell viability which led to a 

smaller lesion size and functional improvement.  Similar results have been observed by groups 

using PLGA particles, collagen matrices, and hyaluronic acid matrices [151-154].  While 

encapsulating cells within these matrices improved cell survival, the overall % still leaves much 

to be desired. 

 

3.5. Summary 

 Stroke is a debilitating disease that affects millions of people each year.  However, the 

most prevalent stroke subtype, ischemic strokes, has a relatively low mortality rate.  Treatments 

for stroke survivors are currently lacking, with only one FDA approved drug (tissue plasminogen 
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activator).  This puts an enormous burden on stroke survivors and their families as they are put 

through months of physical therapy. 

 Stem cell transplantation is a promising therapy aimed at promoting wound healing in the 

brain post-stroke.  Studies in animal models have shown transplanted neural progenitor cells 

differentiating into mature neurons and supporting cell types like astrocytes and 

oligodendrocytes.  Transplantation via a polymer matrix is exciting because it allows scientists to 

deliver more viable cells closer to the most plastic region of the injured brain.  These studies 

have shown improved functional recovery relative to control conditions and thus hold great 

potential for the clinic. 

 44



Chapter 4 

 

 

 

 

Hydrogels for transplantation of neural progenitor cells 

post-stroke 

 

 

 

 

4.1. Introduction 

As described in chapter 3, stroke is the leading cause of long-term adult disability and the 

number of stroke victims/survivors is expected to increase in the future [155-156].  Ischemic 

stroke occurs when there is a decrease in cerebral blood flow due to an embolus or local 

thrombosis.  This results in tissue damage that includes the loss of neurons, astrocytes, 

oligodendrocytes, and endothelial cells.  Aside from recombinant tissue plasminogen activator 

(tPA), which must be administered in the first three hours and of which only 5% of stroke 

patients are eligible for, there is no therapy on the market to promote recovery [157].  The infarct 

cavity is an ideal site to directly inject stem cells because of its compartmentalized nature and 
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close vicinity to the area of greatest neuroplasticity, the peri-infarct tissue [150].  An alternative 

to direct transplantation is to deliver the cells encapsulated in a protective scaffold.  Previous 

studies have used Matrigel, particles and other scaffolds as matrices to support the survival and 

differentiation of progenitor cells in the infarct cavity [151-153, 158-160].  Delivering the cells 

via a scaffold significantly improved cell viability (two-fold) versus cell only transplantation 

controls [153].  Furthermore, this approach has been shown to reduce lesion volume, [159-160] 

and promote functional recovery [152, 159-160].  Despite these improvements, the transplanted 

cell survival and subsequent differentiation is still low. 

This chapter describes work inspired by Prof. Carmichael’s lab in the Department of 

Neurology at UCLA.  They utilized a commercially available hyaluronic acid hydrogel to deliver 

stem cells to the infarct cavity of stroked mice.  The data showed that the hydrogel had a 

protective “shielding” effect that produced significantly higher tranplanted cell survival 

compared to cell only transplantation [153].  However, the hydrogel system did not the offer the 

ability to be further engineered to improve survival and differentiation of the encapsulated cells.  

As a biomaterials lab, we were approached to develop and engineer a material that could further 

advance this cell transplantation approach. 

When these studies began, I was also working on the RGD presentation studies detailed 

in chapter 6.  Due to my experience with the hyaluronic acid hydrogels [14] and the positive 

results seen by the Carmichael lab utilizing the same polymer, we began our preliminary 

experiments with our Michael-addition based hyaluronic acid hydrogels.  Preliminary 

experiments conducted with a post-doctoral researcher in Prof. Carmichael’s lab, Jin Zhong, 

indicated that hyaluronic acid hydrogels crosslinked with a matrix metalloproteinase (MMP) 

sensitive crosslinker would degrade too quickly in the infarct cavity of the brain (Figure 4-1).  
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Thus, the experiments detailed here utilize both MMP-sensitive and MMP-non-sensitive 

crosslinkers. 

 

 

Figure 4-1.  Preliminary hydrogel transplantation study results showed that a (top) hyaluronic acid hydrogel 

crosslinked with a degradable peptide crosslinker degraded within 2 weeks.  However, hydrogel crosslinked with  

non-degradable poly(ethylene) glycol remained intact 2 weeks post-transplantation.  Scale bar = 100 μm 

 

The third leg of this UCLA collaboration involved Prof. Bill Lowry’s lab in the 

Department of Molecular, Cell and Developmental Biology.  They have developed and 

characterized induced pluripotent stem cells (iPS) which are derived from fully differentiated 

somatic cells and have the ability to differentiate into all three germ layers [161].  Because these 

cells can be taken from a patient and reprogrammed through the ectopic expression of specific 

transcription factors, they hold promise for patient-specific cell therapies.  Thus, these cells were 

chosen for Prof. Carmichael’s initial hydrogel transplantation work and were used for the studies 

described here. 
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 In this chapter, the entire cell/hydrogel transplantation process was investigated to 

maximize transplanted cell survival.  This began by determining what type of hydrogel 

formulation would promote the least amount inflammation in the brain before moving on to 

optimizing the injection parameters.  After determining the parameters, the hydrogels were 

injected with iPS-NPCs to determine their survival and differentiation in the brain. 

 

4.2. Materials and Methods 

4.2.1. Cell culture 

hiPS-NPCs were cultured as previously described [154].  The cells were maintained in 

Dulbecco’s modified eagle’s medium:F12 (DMEM:F12, Sigma-Aldrich) supplemented with 1x 

B27 (Sigma-Aldrich, St. Louis, MO), 1x N2 (Sigma-Aldrich), epidermal growth factor (50 

ng/mL, EGF, Sigma-Aldrich), basic fibroblast growth factor (20 ng/mL, bFGF, Sigma-Aldrich), 

1% penicillin/streptomycin (Invitrogen, Grand Island, NY), and 0.1% primocin (InVivoGen, San 

Diego, CA).  They were cultured at 370C with 5% CO2 using standard protocols. 

 

4.2.2. Hyaluronic acid modification and hydrogel gelation 

Hyaluronic acid (60,000 Da, Genzyme, Cambridge, MA) was functionalized with an 

acryl hydrazide group as previously described. [14]  After dissolving the HA (2.0 g, 5.28 mmol) 

in water, it was reacted with adipic dihydrazide (ADH, 18.0 g, 105.5 mmol) in the presence of 1-

ethyl-3-(dimethylaminopropyl) carbodiimide hydrochloride (EDC, 4.0 g, 20 mmol) overnight at 

a pH of 4.75.  The hydrazide-modified hyaluronic acid (HA-ADH) was purified with decreasing 

amounts of NaCl (100, 75, 50, 25 mmol) for 4 hours each via dialysis (8,000 MWCO).  After 2 
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days purifying against deionized water, the HA-ADH was lyophilized.  The HA-ADH was re-

suspended in 4-(2-hydroxyethyl)-1-piperazine ethane-sulfonic acid (HEPES) buffer (10 mM 

HEPES, 150 mM NaCl, 10 mM EDTA, pH 7.4) and reacted with N-acryloxysuccinimide (NHS-

AC), 1.33 g, 4.4 mmol) overnight.  After purifying the acrylated HA (HA-AC) via dialysis as 

described earlier via dialysis, it was lyophilized.  The acryl hydrazide modification was found to 

be 12.19% via 1H NMR (D2O) by dividing the multplet peak at δ = 6.2 (cis and trans acrylate 

hydrogens) by the singlet peak of δ = 1.6 (singlet peak of acetyl methyl protons in HA). 

The hydrogel was made by dissolving the lyophilized HA-AC in 0.3 M HEPES buffer for 

15 minutes at 370C.  Studies with the immune-compromised mice contained 500 μM of the 

adhesion peptide Ac-GCGYGRGDSPG-NH2 (RGD, Genscript, Piscataway, NJ).  The peptide 

was dissolved in 0.3 M HEPES and the appropriate amount was added to the dissolved HA-AC 

and reacted for 20 minutes.  To crosslink the gels, an aliquot of the desired crosslinker (Ac-

GCREGPQGIWGQERCG-NH2, MMP-degradable or Ac-GCREGDQGIAGFERCG-NH2, 

MMP-nondegradable) was dissolved in 0.3 M HEPES and added to the gel precursor solution.  

For rheometry, 40 μL of the hydrogel solution was pipetted onto, and sandwiched between two 

Sigmacote (Sigma-Aldrich) functionalized glass coverslips and allowed to gel at 370C for 30 

minutes.  For viability and animal injections, the precursor was loaded into the Hamilton syringe 

directly after mixing in the desired crosslinking peptide. 

 

4.2.3. Rheometry 

Hydrogels were made without cells and allowed to swell overnight before being cut to 

size using an 8.0 mm biopsy punch.  An 8 mm plate-to-plate rheometer (Physica MCR 301, 
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Anton Paar, Ashland, VA) with an evaporation blocker system was used to measure the modulus 

with a frequency range of 0.1-10 rad/s under a 1% constrain at 370C.   

 

4.2.4. iPS-NPC viability injection 

The iPS-NPCs were concentrated to the desired final injection concentration (ie 10k, 33k, 

60k, 90k cells/μL) in media.  For hydrogel conditions, the desired number of cells was 

encapsulated in 5 μL of the hydrogel “d.” precursor solution.  The solution was loaded into a 25 

μL Hamilton syringe (Hamilton, Reno, NV) with a 28 gauge needle (Hamilton, Reno, NV) and 

connected to a syringe pump.  After swapping in the desired gauge needle (28, 30, 33), 3 μL of 

the solution was injected onto a 96 well non-tissue culture treated plate at the desired infusion 

speed (0.3, 0.6, 0.9 μL/min).  50 μL of media was added to the well to keep the cells/hydrogel 

hydrated.  To quantify the cell viability, the solution was incubated in Trypan Blue and live/dead 

cells tabulated on a standard hemocytometer.  For the hydrogel conditions, the material was 

incubated in 1500 U/mL of collagenase I (Worthington, Lakewood, NJ) for 15 minutes at 370C 

to degrade the gel before Trypan Blue incubation.  Each condition was performed in triplicate 

with each sample counted three times. 

 

4.2.5. Mouse models 

All procedures performed follow National Institutes of Health Animal Protection 

Guidelines and are approved by the UCLA Chancellor’as Animal Research Committee.  Two 

different mouse models were used in this study: naïve model and cortical photothrombotic stroke 

model.  For the naïve model, mice were initially anesthetized with 5% isoflurane and placed in a 
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stereotactic setup.  The mice were kept at 2.5% isoflurane in N2O:O2 for the duration of the 

surgery.  A midline skin incision was made and a burr hole drilled through the skull at 1.5 mm 

anterior and 2 mm lateral left of the bregma.  5 μL of the hydrogel mixture was loaded into a 25 

μL Hamilton syringe and 3 μL was injected in liquid form at a depth of 2.8 mm at a rate of 0.6 

μL/min.  The needle was withdrawn from the mouse 5 minutes after the injection was complete. 

For the stroke model, the mice were anesthetized and loaded onto a stereotactic setup as 

described above.  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, a 2-mm 

diameter cold fiberoptic light source was centered at 0 mm anterior/1.5 mm lateral left of the 

bregma for 15 minutes.  One week post-stroke, 100,000 iPS-NPCs were transplanted into the 

stroke cavity with or without the hydrogel as described above.  Two different types of mice were 

used for the stroke models: C57BL/6 mice (Charles River Laboratories, Wilmington, MA) and 

NSG immune compromised mice (Jackson Laboratories, Bar Harbor, ME).  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. 

 

4.2.6. Mouse tissue processing and immunohistochemistry 

Mice were sacrificed one week after transplantation as described in Zhong, et al. [153].  

Briefly, each mouse was deeply anesthetized with isoflurane and perfused with 50 mL of 

phosphate-buffered saline (PBS) and 20 mL of 4% paraformaldehyde (PFA).  After isolation, the 

brain was post-fixed in 4% PFA for 2 hours and then placed in 30% sucrose for 48 hours.  Next, 

the brains were cut in parallel series at a thickness of 14 μm and mounted onto coverglass.  

Slides not immediately stained were kept at -200C. 
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To begin staining, each slide was rinsed with 1x PBS for 10 minutes at room temperature.  

Next, they were incubated in a blocking solution containing 1x PBS + 0.1% Triton X-100 and 

2% normal donkey serum for one hour at room temperature.  The slides were then incubated in 

the primary antibody at the appropriate dilution in 1x PBS + 0.1% Triton X-100 overnight at 

room temperature.  After 3x 10 minute washes in 1x PBS, the slides were incubated in the 

appropriate secondary antibodies for 2 hours at room temperature.  The slides were then 

counterstained with the nuclear marker 4’, 6-diamidino-2-phenylindole (DAPI, 1:500, 

Invitrogen) for 15 minutes at room temperature.  After 3x 10 minute washes in 1x PBS, the 

slides were dehydrated in ascending ethanol baths, incubated in xylene and coverslipped.  

Primary antibodies were used as follows: goat anti-green fluorescent protein (GFP, 1:500, Heinz 

Lab), rat anti-glial fibrillary acidic protein (GFAP, 1:500, Life Sciences), rabbit anti-iba-1 

(1:500, Wako), rabbit anti-SOX2 (1:300, Cell Signaling), guinea pig anti-doublecortin (DCX, 

1:2000, Milipore), rabbit anti-NF200 (1:500, Sigma), and mouse anti-human nuclei (1:500, 

Milipore).  Secondary antibodies, matching the desired primary antibody host, conjugated to 

cyanine 2, cyanine 3, and cyanine 5 (1:200, Jackson Immuno Research, West Grove, PA) were 

used.  To stain viable transplanted cells, the same immunohistochemistry protocol as described 

above was used, except for the following changes.  Prior to the serum blocking step, the slides 

were incubated in an avidin and biotin block (Thermo Scientific) for 15 minutes each at room 

temperature with a 3x 10 minute 1xPBS wash in between.  Following PBS washes after primary 

incubation, a Vectastain Elite ABC kit (Vector Laboratories) was used.  This composed of a 

biotinylated secondary antibody incubation for 30 minutes, 3x 10 minute 1x PBS wash, ABC 

reagent incubation for 30 minutes, and a 3x 10 minute 1x PBS wash.  Finally, the slides were 

incubated in a ImmPACT Dab chromogen working solution for 10 minutes (ImmPACT DAB 
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Substrate kit, Vector Laboratories).  To stain the biotynilated hyaluronic acid hydrogel, a 

tyramide signal amplification kit (Molecular Probes) was used. 

 

4.2.7. Microscopy and quantification 

The numbers of positively stained human nuclei were stained and manually counted.  Six 

to twelve sections spanning the entire transplantation zone were quantified per mouse.  For 

immune response quantification, three images around the peri-infarct area were imaged per slide 

section.  An additional contralateral image was taken per section as well.  Six  sections spanning 

the entire transplantation zone were quantified per mouse.  ImageJ was used to quantify the 

amount of positive signal by 1) converting the image to an 8 bit image, 2) thresholding the 

positive signal and 3) measuring the area fraction of positive signal.  Each image was normalized 

to the corresponding thresholded contralateral image of that section.  A similar thresholding 

technique was used to analyze differentiation stain images.  Each image was normalized to the 

number of human nuclei in the image. 

 

4.2.8. Statistics 

Statistical analysis was performed using Prism (GraphPad, San Diego, CA).  Data was 

analyzed using either a 2-sample t test or a one way analysis of variance (ANOVA) test with a 

Tukey-Kramer post-test and a 95% confidence interval. 
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4.3. Results 

4.3.1. Hydrogel design 

 

 

Figure 4-2.  (A) The hydrogel contains hyaluronic acid, peptide crosslinker, and an RGD-containing peptide.  

The crosslinker is MMP-degradable (d.) or MMP-nondegradable (nd.).  The hydrogel is made by pre-reacting 

the HA with the RGD peptide and then mixing in the cross-linker and cells.  (B) Three hydrogel formulations 

were made with (C) rheology confirming their mechanical properties. 

 

Hyaluronic acid hydrogels were made with two peptide cross-linker types: matrix-

metalloproteinase degradable or non-matrix metalloproteinase degradable.  The amount of 

crosslinker was modulated until a hydrogel with a storage modulus of ~300 Pa was made for 
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each crosslinker type (d., nd. “soft”).  Additionally, a stiffer hydrogel with a storage modulus of 

~1000 Pa was made using the non-degradable crosslinker only (nd. “stiff”.  The storage modulus 

of “d” and “nd soft” were not statistically different (p>0.05). 

 

4.3.2. Inflammatory response to hydrogel 

A HEPES buffer control as well as the three hydrogel conditions were injected into the 

striatum of non-stroked mice without encapsulated cells.  Two weeks injection, the mice were 

sacrificed, perfused, brains sectioned and stained for analysis.  To measure the inflammatory 

response, the sections were stained for markers of reactive astrocytes (GFAP) and microglia (iba-

1) and images were taken on both the contralateral and ipsilateral sides of the brain.  Images on 

the ipsilateral side were taken directly adjacent to the injection area and the signal was 

normalized to the contralateral side.  The astrocyte signal was significantly higher in the nd. 

“stiff” condition than the HEPES buffer (p<0.01), the d. hydrogel (p<0.001), and the nd. “soft” 

hydrogel (p<0.05).  There was no significant difference in the microglia between any of the 

conditions. 

 

4.3.3. Injection parameters 

Parameters involved with the in vivo injection process (infusion speed, needle gauge, cell 

concentration) were studied to determine their effect on cell viability.  The same components 

used for the mouse model were used for these experiments: syringe pump, Hamilton syringe, 

needles etc.  To test the effect of infusion speed, 33k cells/μL were encapsulated in either buffer 

or the “d.” hydrogel and injected through a 30 gauge needle at 0.3, 0.6, and 0.9 μL/min.  The 

 55



samples were then stained with Trypan blue and live/dead cells were quantified.  There was no 

difference in cell viability among the cell infusion speeds tested. 

To test the effect of needle gauge, 33k cells/μL were encapsulated in either buffer of the 

“d.” hydrogel and infused at 0.6 μL/min through 28, 30 or 33 gauge needles.  The samples were 

stained with Trypan blue and the live/dead cells quantified.  With cells in buffer, the 33 gauge 

needle significantly decreased cell viability (p<0.001).  With cells in the hydrogel, the 

significance between the 33 gauge and 28 gauge needle was decreased (p<0.05) and completely 

gone between the 33 gauge and 30 gauge needle. 

To test the effect of cell concentration, 10, 33, 60 or 90 k cells/μL were encapsulated in 

either buffer or the “d.” hydrogel and infused through a 30 gauge needle at 0.6 μL/min.  Samples 

were stained with Trypan blue and the number of live/dead cells quantified.  With cells in the 

buffer, there was significantly lower viability in the 90k condition than the 10, 33 and 60k 

conditions (p<0.001).  Additionally, there were differences between 10 and 60k (p<0.01) and 33 

and 60k (p<0.01).  In the hydrogel conditions there was no significant difference between any of 

the 4 cell concentrations tested.  There was a significant increase at the 90k condition with cells 

in the hydrogel compared to the buffer (p<0.05). 

 

4.3.4. NSG mouse transplanted viability 

NSG mice were given a cortical photothrombotic stroke and 100,000 iPS-NPCs were 

transplanted one week later.  The cells were encapsulated in 3 μL of HEPES buffer or the “d.” 

hydrogel and injected through a 30 gauge needle at 0.6 μL/min at a concentration of 33k 

cells/μL.  One week later the mice were sacrificed, perfused, and brains sectioned for analysis.  
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The sections were stained with GFAP and iba-1 to investigate the inflammatory response in the 

mice.  Similar analysis to section 4.3.2 was done to compare the two conditions.  There was no 

significant difference in GFAP signal but there was a significant decrease in iba-1 signal in the 

cell + hydrogel condition (p<0.01).  The sections were also stained with antibodies against 

human nuclei to quantify total cell survival in the two conditions.  Every 10th section spanning 

the transplantation zone were analyzed and the total cell number extrapolated to include the total 

transplantation zone.  A total of 30,038 ± 12,000 cells were found in the cell only conditions with 

37,790 ± 19741 cells in the cell + hydrogel condition with no significant difference between the 

two conditions. 

 

4.3.5. Transplanted cell differentiation 

Sections spanning the transplantation zone were stained for markers of NPCs (SOX2), 

neuroblasts (doublecortin, DCX), and neurons (NF200).  The total signal for each marker was 

normalized to the total number of human nuclei.  There was no significant difference in SOX2 

signal between the two conditions.  There was significantly higher doublecortin signal in the cell 

+ hydrogel condition (p<0.05).  No NF200 signal was observed in either condition. 

To determine whether doublecortin signal observed was from transplanted cells, 

colocalization analysis between the neuroblast signal and the GFP+ cells was analyzed.  There 

was significantly higher colocalization in the cell + hydrogel condition (p<0.0001). 
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4.4. Discussion 

Hydrogel materials are ideal as a vehicle for stem cell transplantation in vivo. Hydrogels 

can provide a protective environment to enhance cell survival, while delivering bioactive signals 

to aid in transplanted stem cell differentiation and recruit endogenous cells to aid in regeneration 

[162].  In particular, for stem cell transplantation into the brain after ischemic stroke these 

hydrogels must fit several criteria.  First, it must be injectable through a thin needle to cause the 

least amount of damage to the brain.  Second, the hydrogel must gel slowly such that sufficient 

time is available for slow injection speeds (0.3 – 0.9 µl/min).  Third, the hydrogel must not swell 

during or after gelation to prevent further damage to the brain, and finally these hydrogels must 

promote stem cell survival during injection and post transplantation. We propose to use 

hyaluronic acid hydrogel based hydrogels crosslinked through a Michael Addition reaction of 

acrylates present in the HA backbone with dicysteines present in a matrix metalloproteinase 

crosslinking peptide. Hyaluronic acid (HA) is a unique hydrogel candidate for neural 

applications due to its non-immunogenic properties and ability to swell [48, 163].  It is a 

naturally occurring glycosaminoglycan and, when used as a polymer for hydrogels, has shown an 

ability to effect neural differentiation [164-165].  Furthermore, the hydrogel formulations from 

this system can be precisely controlled with reproducibility unseen in other systems like Matrigel 

[166].  We have previously shown that a HA-based hydrogel can support the growth of 

encapsulated stem cells and that hydrogel properties (HA%, crosslinking density, bioactive 

signal concentration/distribution) can be used to direct cell spreading, migration and proliferation 

[14, 167].  For example, cells in stiffer gels (higher HA% and/or higher crosslinking density) had 

less spreading, migration and slower proliferation rates while increasing concentrations of RGD 

produced earlier and more abundant encapsulated cell spreading and migration.  Michael 
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addition was chosen because this chemistry has been extensively used for in situ cell 

encapsulation showing high cell viability and can have slow reaction kinetics to allow for 

sufficient time of injection [168-170]. 

Hyaluronic acid based hydrogels were synthesized to contain the adhesion peptide, RGD, 

and were crosslinked with either matrix-metalloproteinase (MMP) degradable peptides or non-

MMP degradable peptides (Figure 4-2A).  The same hydrogel formulation could not be used 

with the two crosslinkers to obtain the same mechanical properties because of different reaction 

kinetics with the acryl hydrazide hyaluronic acid.  This is because the peptides have different 

sequences.  The amount of each crosslinker type was varied until the hydrogels had a storage 

modulus of ~300 Pa (d, nd. “soft”, Figure 4-2B). The hydrogels were specifically engineered for 

this modulus because that is the approximate stiffness of the brain [171].  A stiffer hydrogel was 

also made with the non-degradable peptide with a storage modulus greater than 1000 Pa.  

Hydrogel moduli were confirmed with a plate-to-plate rheometer using a constant strain of 1% 

between 0.1 and 10 Hz (Figure 4-2C).  The storage moduli between gels “d” and “nd ‘soft’” 

were not statistically different (p>0.05). 

A large inflammatory response to the initial stroke is one of the biggest problems facing 

stroke patients.  The lack of blood flow from the stroke ultimately leads to the activation and 

infiltration of leukocytes, microglia/macrophages, and astrocytes [172].  These inflammatory 

cells can further damage brain tissue directly and secrete factors that stimulate an even larger 

response  [173-175].  Our approach is to deliver a cell containing hydrogel directly to the stroke 

cavity when the acute reaction begins to subside to give the cells the best chance of survival and 

differentiation.  To ensure that the injection of our hyaluronic acid does not itself induce an 

inflammatory reaction that could further aggravate the already injured stroked brain, our 
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hydrogel formulations were injected into the brain and the inflammatory response around the 

implant analyzed. 

 

 

 

 

Figure 4-3.  Four different conditions were injected into the striatum of naïve or stroked mice: HEPES buffer, d. 

hydrogel, nd. “soft” hydrogel and nd. “stiff” hydrogel.  (A) Ipsilateral and contralateral regions of interest were 

analyzed.  Contralateral images in the naïve mice (B-E) were used to normalize ipsilateral (B’-E’) images and 

analyzed for (I) GFAP and (J) IBA1 signal.  The same four conditions were then injected into the infarct cavity 

of stroked mice.  (E-H) Images were taken on the (E-H) contralateral and (E’-H’) ipsilateral of the brain for (K) 

GFAP and (L) IBA1 quantification.  Scale bar = 50 μm 
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The three hydrogel conditions tested enabled us to isolate the effect of crosslinker 

degradability (d. vs. nd. “soft”) and the effect of mechanical stiffness (nd. “soft” vs. nd. “stiff”) 

on the mouse’s inflammatory response.  This response to different hydrogel formulations was 

determined by transplanting the hydrogels into the striatum of naïve (non-stroked) mice.  While 

downstream in vivo experiments with encapsulated cells include the RGD-containing adhesion 

peptide, these inflammatory response experiments did not.  The adhesion peptide has been 

shown to be mildly immunogenic and could potentially cloud the effect of crosslinker 

degradability and mechanical stiffness [176].  The main buffer component of the hydrogel (0.3 

M HEPES) was injected as a comparative control.  Two weeks after transplantation, the mice 

were sacrificed and the brains fixed and sectioned for analysis.  Parallel series of sections 

spanning the transplantation zone were stained for reactive astrocytes (GFAP) and microglia 

(iba-1).  Three images of the peri-infarct tissue were taken for each section as well as one image 

for the contralateral striatum of the section (Figure 4-3A-E).  The GFAP and iba-1 ipsilateral 

signal from each image was normalized to the contralateral image for each corresponding 

section.  The reactive astroctye signal in the nd. “stiff” condition was found to be statistically 

higher than the HEPES control condition (p<0.01), the d. condition (p<0.001), and the nd. “soft” 

condition (p<0.05, Figure 4-3J.).  No significant iba-1 signal was observed between any of the 

four injected conditions (Figure 4-3K).  These results indicate that hyaluronic acid hydrogels do 

not cause more inflammation than buffer alone, the degradability of the crosslinker does not have 

an effect on the inflammatory response in the brain but the mechanical properties do increase the 

inflammatory response to the hydrogel. However, the naïve brain has significantly less protease 

and hyaluronidase expression than the stroke cavity and thus the inflammatory response could be 

different when more significant gel degradation occurred [177].  
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To further investigate the inflammatory response to hydrogel implantation, mice were 

given a cortical photothrombotic stroke and the three different hydrogel formulations, along with 

the HEPES control, were injected into the stroke cavity one week later. The site of injection as 

well as the time of injection was chosen in accordance with the proposed stem cell 

transplantation site and time.  The infarct cavity is a good location candidate for stem 

cell/biomaterial delivery because it contains loose tissue and is adjacent to the area of greatest 

neuroplasticity, the peri-infarct tissue [150].  While previous studies have transplanted their 

cell/hydrogel constructs at various time points after stroke ( i.e. 1 day, 1 week, 3 weeks), we 

chose to transplant one week after stroke induction [152, 159-160].  Not only does the strong 

post-stroke inflammatory response begin to subside, but brain tissue repair in the form of 

angiogenesis and neurogenesis peaks at this one week time point [178-180].  The mice were 

sacrificed two weeks after implantation and the brains fixed, sectioned and stained for GFAP and 

iba-1 for further analysis.  Three images of the peri-infarct tissue and one contralateral image 

were taken of each section (Figure 4-3F-I).  As mentioned above, the contralateral images were 

used to normalize ipsilateral images for each section.  There was no significant difference in 

reactive astrocyte signals between conditions (Figure 4-3L).  Microglia signal was significantly 

higher in the nd. “stiff” condition versus the HEPES control (p<0.01), the d. condition (p<0.001), 

and the nd. “soft” condition (p<0.05, Figure 4-3M).  Whereas the nd. “stiff” hydrogel had an 

increased GFAP signal in the naïve model, it had an increased iba-1 signal in the stroke model. 

These results indicate that hydrogels with a storage modulus of ~300 Pa is more suitable for the 

brain. 

The brain’s response to injury and disease is complex and involves multiple cell types.  

Reactive astrocytes play a key role in several processes ranging from forming scars around the 
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region of high inflammation to inhibiting axon regeneration to protecting existing neurons and 

neural function [181-182].  The reactive astrocytes seen in the naïve model injections are only 

due to the hydrogels transplanted.  Our results show that the “stiff” hydrogel condition resulted 

in an increase in reactive astrocytes.  This finding agrees with other published reports on the 

effect of mechanical stiffness on implants in the central nervous system [183].  However, the 

GFAP signal seen in the stroke model is due to both the transplantation and the stroke itself.  The 

effect of the different formulations was likely masked by the extreme provocation of reactive 

astrocytosis from the stroke stimulus 

Activated by brain ischemia, microglia are phagocytes that remove damaged cells [172, 

184].  Once activated, the microglia level diminishes to control levels by 2-3 weeks.  However, 

microglia can be sensitized and have a molecular memory of this original stimulation event [185-

186].  The hydrogels in the stroke model were superimposed on these sensitized microglia.  

Thus, the effect of the hydrogels was more pronounced in the stroke model vs. the naïve model 

and we observed the increased microglia signal in the stiffest hydrogel condition.  The results 

from the naïve and stroke model experiments both confirm that the mechanical properties of the 

“d.” and nd. “soft” hydrogels induced a smaller inflammatory response.   

Transplanting stem cells directly to the infarct cavity via a hydrogel carrier is a promising 

therapy, but a relatively new approach.  Improving transplanted cell viability is one of the main 

motivations behind delivering cells via a biomaterial.  Existing studies using this approach have 

primarily used the middle cerebral artery occlusion stroke model in rats [151-152, 159-160].  A 

variety of materials (PLGA particles, Matrigel, Collagen) has been utilized and shows that 

biomaterials improve transplanted cell survival.  Another study utilizing a photothrombotic 

stroke model in mice reports a two-fold increase in transplanted cell survival.  All of these 
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studies focus on the biomaterial aspect of the therapy.  However, beyond the type of hydrogel 

carrier, previous research has also shown that the injection process itself can have a large impact 

on cell viability [187].  Ultimately, both of these variables can play a role in the cell viability 

seen in vivo.  These parameters vary from group to group and the effect on cell viability is likely 

biomaterial dependent as well.  Rheological properties and the viscous nature of the materials 

can provide different protective effects against the sheer stress experiences by the cells during 

the injection through the needle.  Thus, we wanted to thoroughly examine this with our hydrogel 

system to look for additional ways of improving the transplanted cell viability. 

The injection parameters should balance the desire to keep the surgery as minimally 

invasive as possible with the desire to deliver as many viable cells as possible [188].  While high 

needle gauges and fast infusion speeds can increase the sheer stress experienced by the cells as 

they pass through the needle, a viscous hydrogel can provide a protective effect.  Thus, a variety 

of injection parameters (needle gauge, infusion speed, cell density) relevant to our in vivo 

injection setup were investigated to determine their effect on iPS-NPC viability.  Each parameter 

was tested by suspending the cells in buffer or the hydrogel solution “d.” (300 Pa).  The same 

Hamilton syringe/syringe pump setup that was used for the in vivo hydrogel injections described 

earlier used for these studies (Figure 4-4A).  Viability was measured by quantifying live/dead 

cells immediately after the injection process through Trypan Blue staining.  While keeping the 

cell density (33k/μL) and needle gauge (30 gauge) constant, there was no significant difference 

among the infusion speeds tested (0.3, 0.6, 0.9 μL/min) for cells injected with or without the 

hydrogel (Figure 4-4B).  Additionally, encapsulating cells in the viscous hydrogel solution did 

not improve viability at any of the tested infusion speeds. 
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Figure 4-4.  (A)  The effect of the injection process on iPS-NPC viability was tested using the same setup used 

on in vivo experiments.  Viability of cells encapsulated in media or hydrogel “d.” were tested at different (B) 

infusion speeds, (C) needle gauge, and (D) cell concentration.  +: between w/gel, * between w/o gel, # between 

w/ and w/o gel.  

 

There was no significant difference between 28 and 30 gauge needles for iPS-NPCs (33k 

cells/μL) injected in buffer at an infusion speed of 0.6 μL/min (Figure 4-4C).  However, a 33 

gauge needle significantly reduced cell viability compared to both other needle types (p<0.001), 

whereas cells encapsulated inside the hydrogel only had decreased viability between the 28 and 

33 gauge needle (p<0.05).  This data suggests that the viscous hydrogel solution does provide a 

protective effect. 

Cell density was also varied, while keeping the infusion speed and needle gauge constant 

at 0.6 μL/min and 30 gauge, respectively (Figure 4-4D). For cells suspended in buffer, there was 

a significant difference in cell viability between the 10k cells/μL condition and the 60k cells/μL 

condition (p<0.01) as well as the 90k cells/μL condition (p<0.001).  Additionally, there was a 

significant decrease in viability between 33k cells/μL and 60k cells/μL (p<0.001) and 60k 
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cells/μL and 90k cells/μL (p<0.001).  However, there was no significant viability decrease across 

cell densities when cells were encapsulated in a hydrogel.  Additionally, the hydrogel did 

significantly increase cell viability at 90k cells/μL versus cells suspended in the buffer (p<0.05).  

Based on these results, an injection protocol utilizing a 30 gauge needle and 0.6 μL/min infusion 

speed with 33,000 cells/μL in the hydrogel was chosen to keep cell viability >90% with as 

minimally invasive a procedure as possible. 

With the hydrogel type (condition “d.”) and injection parameters (30 gauge, 0.6 mL/min, 

33k cells. uL) finalized, immune-compromised mice were chosen to complete the cell viability 

studies.  These mice are known to have superior xenografting capability [189].  The NSG mice 

were given a cortical photothrombotic stroke and 100,000 iPS-NPCs were delivered to the stroke 

cavity in 3 μL of buffer or “d.” hydrogel with 300 μM RGD one week later.  The cells were 

transplanted using a 30 gauge needle at an infusion speed of 0.6 μL/min.  One week after 

transplantation, the mice were sacrificed and the brain isolated for further analysis.  Serial 

sections covering the transplantation zone were mounted onto slides and stained for GFAP and 

iba-1.  Three ipsilateral images of the peri-infarct tissue and one contralateral image were taken 

for each section (Figure 4-5A-B).  GFAP and iba-1 ipsilateral image signal was normalized to 

the contralateral image of each section.  While there was no statistical significance in GFAP 

signal between the cell only or cell + hydrogel condition, there was a decrease in iba-1 signal for 

the cell + hydrogel condition (p<0.01, Figure 4-5C-D).  This indicates that the hydrogel 

decreases the inflammatory response to the transplantation by acting to shield the endogenous 

tissue from recognizing the transplanted human cells.  This could play a potential role in 

promoting transplanted cell viability. 
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Figure 4-5.  100,000 iPS-NPCs injected into the infarct cavity of stroked NSG mice suspended in buffer or 

hydrogel “d.”  (A-B) The inflammatory response of the peri-infarct tissue was quantified and normalized to the 

contralateral side for (C) GFAP and (D) IBA1.  (E-G) Human nuclei were stained and (H) quantified for both 

conditions.  Scale bar = 50 μm 

 

Sections spanning the transplantation zone were stained for human nuclei to investigate 

transplanted iPS-NPC viability (Figure 4-5E-G).  Nuclei every 10 sections were manually 

counted and extrapolated to determine the total number of viable cells.  In the cell only group, an 

average of 30,000 cells survived one week after transplantation compared to 38,000 for the cell + 

hydrogel condition (Figure 4-5H).  There was no statistical difference between the two groups 

(p>0.05).  The nature of the animal setup, NSG mice, could have played a role in masking the 

protective capabilities of transplanting iPS-NPCs encapsulated in a hydrogel matrix.  The 

superior xenografting ability of this immunodeficient mouse strain may have clouded the 

protective effects of the hydrogel that have been previously reported [189-190].  These studies 

comparing the effect of a polymer matrix to directly transplanted cells used regular mice and rats 

[152-153, 159-160].  Additionally, the distribution of transplanted cells was different between 
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conditions.  Qualitatively, cells transplanted in buffer were more compacted and denser, whereas 

cells were more scattered throughout the transplantation area in the cell + hydrogel condition.  

While the hydrogel did not promote statistically significant increase in transplanted cell viability, 

this cell distribution could potentially play a role in cell differentiation. 

 

 

Figure 4-6.  Transplantation zone was stained for markers of  the GFP-labeled iPS-NPCs (SOX2), neuroblasts 

(doublecortin, DCX), and mature neurons (NF200).  (A-L) iPS-NPCs transplanted in buffer began to 

differentiate to neuroblasts at the one week time point.  (M-X) iPS-NPCs transplanted within the “d.” hydrogel 

also began to differentiate to neuroblasts.  (Y) SOX2 and (Z) DCX signal was quantified and with an increased 

doublecortin signal seen in the cell + hydrogel condition.  Scale bar = 100 μm 
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In addition to keeping transplanted cells alive, we aim to promote the differentiation of 

the NPCs to neurons in an effort to help replace the damaged tissue.  This would produce a 

positive impact in stroke recovery through several mechanisms.  First, it would mean that the 

transplanted cells are integrating into the host tissue.  Second, the exogenous cells could help 

promote endogenous repair like axonal sprouting [191] and angiogenesis [192].  Various time 

points post-transplantation, ranging from one to eight weeks, have been utilized to look at 

transplanted cell differentiation in the infarct cavity.  The majority of NPCs delivered into the 

infarct via a collagen matrix began to adopt a neuronal fate one week post-transplantation [152].  

Another study, utilizing Matrigel and an eight week timepoint, observed transplanted NPCs 

positive for neuroblasts (doublecortin) and a mature neuron marker (MAP2) [160]. 

  We were interested in looking at the differentiation of the viable transplanted cells at the 

one week time point used for viability.  Sections from both conditions were stained with three 

different markers: SOX2, doublecortin (DCX), and NF200 to assess the extent of differentiation 

(progenitor cell, immature neuron, mature neuron).  Images were taken in the middle of the 

transplantation zone for further analysis.  In the cell only condition, transplanted cells were 

positive for SOX2 and doublecortin and negative for NF200 (Figure 4-6A-L).  Similar images 

were taken for the cell + hydrogel condition and transplanted cells were also positive for SOX2 

and doublecortin while being negative for NF200 (Figure 4-6M-X).  To quantify these stains, the 

level of signal in the desired stain (SOX2 or DCX) was normalized to the number of human 

nuclei.  The number of human nuclei in the image was determined by looking at the DAPI 

stained images, as human nuclei and mouse nuclei have a different morphology.  While there 

was no difference in SOX2 signal between the two conditions (Figure 4-6Y, p>0.05), there was a 

significant increase in doublecortin signal in the cell + hydrogel condition (Figure 4-6Z, p<0.05). 
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Figure 4-7.  3-dimensional reconstruction of (A) cell only and (B) cell + hydrogel sections stained for GFP-labeled 

transplanted cells and doublecortin.  (C) Colocalization analysis shows that the majority of DCX positive signal 

seen in cell + hydrogel condition is from transplanted cell differentiation. 

 

Colocalization analysis was done to determine whether the doublecortin signal observed 

was from our transplanted GFP-positive cells or from the native tissue (Figure 4-7).  The 

Manders coefficient of colocalization was significantly higher for the cell + hydrogel condition 

(p<0.0001), which indicates several things.  First, the DCX signal observed from the cell only 

condition is not from the transplanted NPC’s but from the mouse itself. Conversely, the majority 

of the doublecortin positive signal observed in the cell + hydrogel condition is from the 

transplanted NPC’s differentiating to neuroblasts.  This is important because the transplanted 

cells are not only able to survive, but differentiate toward a neuronal phenotype.  It was easier for 

endogenous cells to migrate into the cell only infarct/transplantation area because that condition 

did not have the physical presence of the hydrogel.  As the hydrogel degrades over time, more 

endogenous cell infiltration could potentially occur. Secondly, the increase in transplanted cell 

differentiation in the hydrogel condition could be due to the mechanical support that the polymer 

matrix gives the cells.  It has been previously shown that mechanics play a large role in the 

differentiation of progenitor cells [20, 171, 193-194].  Furthermore, the distribution of cells in 
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the implant zone, as seen in Figure 4-5, could play a role in the increased doublecortin signal.  

The transplanted cells have more room to spread due to the increased space provided within the 

hydrogel. 

 

4.5. Conclusion 

In this study, we investigated the different components involved in transplanting neural 

progenitor cells into the brain post-stroke in an effort to improve transplanted cell viability and 

differentiation.  First, we looked at the inflammatory response of the brain due to the hydrogel 

itself and found that the mechanical properties can affect the response.  Second, the actual 

injection process was studied to look at the role the needle gauge, infusion speed, cell density, 

and cell encapsulation medium (media or hydrogel) had on cell viability.  After picking 

parameters that balanced the desires to have a minimally invasive surgery with maximum cell 

viability, we injected iPS-NPCs into the infarct cavity of stroked NSG mice with or without a 

hydrogel.  While the hydrogel did not promote increased cell viability one week after 

transplantation, it did promote the differentiation of the viable cells.  Our results indicate that the 

hydrogel can play a role in promoting the neuronal differentiation of transplanted NPCs in the 

brain of stroked mice. 
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Chapter 5 

 

 

 

 

Engineering hydrogels using design of experiments 

methodology to optimize ligand concentrations 

 

 

 

 

5.1. Introduction 

In chapter 4, a hyaluronic acid hydrogel system for transplantation in mice post-stroke 

was studied.  We were able to successfully transplant viable cells in the hydrogel and show that 

this basic system was not only capable of keeping cells alive in the in vivo infarct cavity, but also 

able to promote differentiation of encapsulated cells as well.  However, the transplanted neural 

progenitor cells did not fully differentiate to mature neurons at the time points investigated.  This 

could potentially be traced back to the hydrogels used as they were purposely kept as “simple” as 

possible by only incorporating one single bioactive signal (RGD-containing peptide).  This was 
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done because the experiments were designed to test the feasibility of delivering cells in our 

hyaluronic acid hydrogel system via an in situ gelling mechanism. 

In this chapter, we focus on optimizing the hydrogel for the survival/differentiation of 

neural progenitor cells derived from induced pluripotent stem cells (iPS-NPCs) in vitro.  Ideally, 

these experiments would have been done before the initial in vivo experiments but the funding 

timeline with the California Institute of Regenerative Medicine (CIRM) did not allow for that 

type of flexibility.  Thus, the in vitro experiments described here were done concurrently with 

those done in chapter 4.  The same acrylated hyaluronic acid and matrix-metalloproteinase 

degradable peptide crosslinker used in chapter 4 was used here.  The number of bioactive signals 

in the system was increased to include those derived form laminin on top of fibronectin.  Proteins 

like fibronectin and laminin can influence cell adhesion through the amino acid sequences 

Arginine-Glycine-Aspartic acid (RGD), Tyrosine-Isoleucine-Glycine-Serine-Arginine (YIGSR), 

Isoleucine-Lysine-Valine-Alanine-Valine (IKVAV) [195-197]. These short peptides can be 

presented within the hydrogel material to direct cell fate, like stem cell differentiation.  The 

laminin-derived IKVAV sequence is of particular interest for central nervous system applications 

due to its ability to affect differentiation of neuronal precursor cells [198-199].  Difficulty lies in 

determining the singular and combinatorial effects of these peptides on encapsulated cells within 

a hydrogel.  Using traditional “one factor at a time” studies is inefficient due to the number of 

conditions needed and the inability to understand complex interactions between multiple factors. 

One avenue to efficiently and methodically understand the effects of these three ligands 

is through the use of multifactorial experiments.  Response surface methodology (RSM) is used 

to systematically modulate the factors of interest to better understand the individual factor and 

combinatorial effects on the overall system surface response.  These statistical approaches have 
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not been as widely employed in academia as industrial settings where process and formulation 

optimizations are key benchmarks.  However, the past several years have seen this approach 

being utilized to optimize conditions in the biomaterials realm in academia.  One type of RSM, 

the Box-Behnken design, was used to optimize cell culture conditions (culture duration, cell 

seeding density, oxygen tension, media supplementation) for the differentiation of human 

mesenchymal stem cells on decellularized matrix coated surfaces [200].  The other main type of 

RSM, central composite design, was used to optimize ligand concentrations within a peptide 

matrix for the two-dimensional proliferation of endothelial cells [201]. 

Here, we used a central composite design to determine the individual and combinatorial 

effects of each RGD, YIGSR and IKVAV containing peptide.  This information was used in part 

to determine an optimal peptide combination for the survival of iPS-NPCs in the hyaluronic acid 

hydrogel.  These formulations were then tested for their ability to promote the differentiation of 

the encapsulated iPS-NPCs. 

 

5.2. Materials and Methods 

5.2.1. Cell culture 

hiPS-NPCs were cultured as previously described [154].  They were maintained in 

Dulbecco’s modified eagle’s medium:F12 (DMEM:F12, Sigma-Aldrich, St. Louis, MO) 

containing 1x B27 (Sigma-Aldrich), 1x N2, epidermal growth factor (50 ng/mL, EGF, Sigma-

Aldrich), basic fibroblast growth factor (20 ng/mL, bFGF, Sigma-Aldrich), 1% 

penicillin/streptomycin (Invitrogen, Grand Island, NY), and 0.1% primocin (InVivoGen, San 

Diego, CA).  They were cultured at 37 0C with 5% CO2 using standard protocols.  Once 
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encapsulated in hydrogels, the cells were cultured in the full maintenance media less the EGF 

and bFGF (hydrogel culture media). 

 

5.2.2. Hyaluronic acid modification 

Hyaluronic acid was functionalized with an acryl hydrazide group using a two-step 

synthesis as previously described [14, 167]. The product was analyzed with 1H-NMR (D20) and 

the degree of acrylation (16%) 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). 

 

5.2.3. Hydrogel gelation 

Lyophilized acryl hydrazide hyaluronic acid was dissolved in 4-(2-hydroxyethyl)-1-

piperazine ethane-sulfonic acid (HEPES, 0.3 M) buffer for 15 minutes at 37 0C.  The appropriate 

concentration of Ac-GCGYGRGDSPG-NH2 adhesion peptide (RGD, Genscript, Piscataway, 

NJ), Ac-GCGYGYIGSR-NH2 (YIGSR, Genscript), Ac-IKVAVGYGCG-NH2 (IKVAV, 

Genscript) was dissolved in 0.3 M HEPES and added to the dissolved HA-AC and allowed to 

react for 20 minutes at 37 0C.  Hydrogel culture media, iPS-NPCs (3,000 cells/μL final 

concentration), were then added.  An aliquot of a MMP-degradable peptide crosslinker (Ac-

GCRDGPQGIWGQDRCG-NH2, Genscript) was dissolved in 0.3 M HEPES and added to the gel 

precursor solution.  10 μLs of this solution was pipetted onto, and sandwiched between two 

Sigmacote (Sigma-Aldrich) functionalized glass coverslips and placed in an incubator for 30 

minutes at 37 0C to gel. 
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5.2.4. 2D cell culture 

Tissue culture plates were coated with poly-L-ornithine hydrobromide (100 μg/mL, 

Sigma-Aldrich) and incubated overnight at 370C.  The plates were washed with 1x PBS and then 

coated with laminin (3 μg/mL) overnight at 370C.  After washing the plates with 1x PBS, iPS-

NPCs were seeded onto the plates. 

 

5.2.5. Rheometry 

Gels without cells were made as described above and cut to size using a 8.0 mm biopsy 

punch.  The modulus was measured with a plate-to-plate rheometer (Physica MCR 301, Anton 

Paar, Ashland, VA) using a 8 mm plate with a frequency range of 0.1-10 rad/s under a constant 

strain of 1% at 37 0C.  An evaporation blocker system was used to keep the hydrogel from 

dehydrating during the test. 

 

5.2.6. Fixing/imaging 

2D cells and 3D gels were rinsed in 1x PBS and fixed with 4% paraformaldehyde for 15 

minutes at room temperature.  Following a rinse in 1x PBS, the gels were blocked in 1x PBS + 

0.1% Triton X-100 (Fisher-Scientific) + 2% normal donkey serum for 1 hour at room 

temperature.  Next, they were incubated in primary antibody at the appropriate concentration 

overnight at 40C.  After 3x 10 minute washes in 1x PBS, the samples were incubated in the 

appropriate secondary antibody for 2 hours at room temperature.  The samples were then 

counterstained with the nuclear marker 4’, 6-diamidino-2-phenylindole (DAPI, 1:500, 

Invitrogen) for 15 minutes at room temperature.  For samples with phalloidin, a 90 minute 
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incubation in rhodamine phalloidin (Invitrogen) was also used.  The gels were washed three 

times with 1x PBS.  Primary antibodies were used as follows:  guinea pig anti-doublecortin 

(DCX, 1:2000, Milipore, Billerica, MA), chicken anti-tuj1 (1:1000, Milipore).  Secondary 

antibodies, matching the desired primary antibody host, conjugated to cyanine 3 (1:200, Jackson 

Immuno Research, West Grove, PA) were used.  Samples were imaged using a Nikon Confocal.  

Phalloiding cell spreading was quantified by dividing positive signal at day 7 by positive signal 

at day 1.  DCX and Tuj1 positive cell fraction was quantified by counting the number of positive 

cells and normalizing to the total number of DAPI nuclei observed in same field of view.  DCX 

and Tuj1 length was quantified by measuring the length of the longest cell dimension. 

5.2.7. Cell survival 

Cell survival was measured using the CyQUANT cell proliferation assay kit (Invitrogen).  

Gels were washed twice in 1x PBS and frozen in a -80 freezer at days 1 and 7 after hydrogel 

gelation.  After thawing the gels at room temperature, they were degraded by incubation in 

TrypLE express (Invitrogen) at 37 0C for 15 minutes.  The cells were isolated by centrifuging the 

solution at 250 rcf x 5 min. and re-suspended in 200 μL of the CyQUANT GR dye/cell-lysis 

buffer.  After 5 minute incubation, the fluorescence was read using a plate reader at 480 nm. 

 

5.2.8. Flow cytometry 

Gels at day 1 or 7 after gelation were rinsed in 1x PBS and degraded by pipetting the gel 

up and down via a 1000 μL pipette.  The solution was spun at 250 rcf for 10 min. and re-

suspended in BD Cytofix (Becton Dickinson, ) for 30 minutes at room temperature.  After 

spinning down at 250 rcf for 5 min, samples were re-suspended in 1x PBS + 1% bovine serum 
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albumin (BSA, Fisher Scientific) + 0.2% saponin (Sigma-Aldrich) for 15 minutes at room 

temperature.  Antibodies were then added to the solution for 30 minutes at room temperature.  

Following a spin at 250 rcf for 5 minuntes, the samples were re-suspended in 1% 

paraformaldehyde for FACS.  Analysis was performed using a FACScan X and the data was 

analyzed using FLOWJO.  Triplicates were done for each condition with 3000 events/sample.  

The day 1 SOX2 samples were gated such that it was 95% positive.  The DCX samples were 

gated to contain the positive signal peak. 

 

5.2.9. Design of experiments 

JMP software (SAS, Cary, NC) was used to generate the hydrogel conditions and to 

analyze the subsequent data.  A surface response methdodolgy (RSM) setup was used to vary the 

ligands of interest within a specific concentration range using a central composite inscribed 

design (CCI).  Data from the cell survival assay for each condition recommended was inputted 

back into the software.  The data was analyzed via a least squares regression model to determine 

significance of the factors and plot the predicted response surface. 

 

5.2.10. Statistics 

Statistical analysis was performed using Prism (GraphPad, San Diego, CA).  Data was 

analyzed using either a 2-sample t test or a one way analysis of variance (ANOVA) test with a 

Tukey-Kramer post-test and a 95% confidence interval. 
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5.3. Results 

5.3.1. Hyaluronic acid modification 

Hyaluronic acid (60 kDa, 158.3 repeat units) was modified to contain an acryl hydrazide 

functional group via a two step reaction.  In the first step, the carboxlic acid was activated using 

EDC/NHS chemistry and a bifunctional hydrazide was attached.  This modification was 

confirmed via 1H-NMR with a 54% conversion rate of carboxylic acids to dihydrazides.  In the 

second step, an acrylate was added via a NHS-acrylate molecule.  This modification was 

confirmed via 1H-NMR with 13% of the total carboxylic acids converted to acrylates. 

 

5.3.2. Mechanical properties 

Several formulations of hydrogels were made by crosslinking the acrylated hyaluronic 

acid with a matrix-metalloproteinase degradable peptide crosslinker.  The hyaluronic acid 

content was modulated between 3.5-4.5% and rheology performed to determine the storage and 

loss moduli of the 3 formulations.  The 3.5, 4.0 and 4.5% hyaluronic acid hydrogels had storage 

moduli of 337 ± 72.22 Pa, 690.8 ±23.95 Pa, and 841.9 ±112.5 Pa, respectively. 

 

5.3.3. iPS-NPC spreading due to mechanics 

3,000 iPS-NPCs/μL were encapsulated inside the 3.5, 4.0 and 4.5 HA weight % 

hydrogels.  Samples from day 1 and day 7 of each condition were fixed and the filamentous actin 

of encapsulated cells stained with phalloidin to study cell spreading.  Images were taken at both 

time points for each hydrogel condition. To quantify cell spreading, the total phalloidin signal at 

day 7 was normalized to the phalloidin signal seen at day 1.  This normalized signal allows us to 
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assess the degree of spreading between the conditions.  The relative signal for the 3.5% condition 

(1.822 ± 0.353) was significantly higher than both the 4.0% and 4.5% conditions (p<0.01, 0.8799 

± 0.231, 0.6864 ± 0.1549). 

 

5.3.4. Design of experiments survival optimization 

A central composite on face design was created using a statistical software (JMP) to 

modulate three adhesion ligands (RGD, YIGSR, IKVAV) systematically within the hyaluronic 

acid hydrogel system.  16 different hydrogel conditions were determined with each peptide 

ranging from 0-100 μM.  A scrambled RGD sequence was used as a filler to ensure each 

condition had a total of 300 μM of peptide.  iPS-NPCs were encapsulated in each hydrogel 

condition and samples were frozen down at day 1 and 7.  The total DNA content within each 

hydrogel was quantified using a CYQUANT proliferation assay kit.  The day 7 measurements 

were normalized to the day 1 measurements and the data inputted into the JMP software.  A least 

squares polynomial regression was fit to the data to predict the maximum (RGD: 100 μM, 

YIGSR: 48 μM, IKVAV: 100 μM) and minimum survival peptide concentrations (RGD: 0 μM, 

YIGSR: 100 μM, IKVAV: 55 μM).  A confirmation experiment was done utilizing the same 

survival assay with the maximum and minimum peptide concentrations and a statistically 

significant difference was found (p<0.05).   

A second central composite on face design was implemented to test a higher range of 

RGD and IKVAV (100-200 μM each) while keeping YIGSR constant at the previously 

determined maximum (48 μM).  Results from this second optimization were inputted into 

software again and a least squares regression was fit to the data.  The maximum (RGD: 100 μM, 
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IKVAV: 200 μM) and minimum (RGD: 199 μM, IKVAV: 166 μM) peptide concentrations were 

predicted and a confirmation experiment was performed (p<0.05). 

A third optimization was done for IKVAV (200-300 μM) while keeping RGD and 

YIGSR constant at 100 and 48 μM, respectively.  The survival assay was performed and the 

results inputted into JMP for the least squares regression fit .  The survival assay was repeated to 

confirm a statistical difference between the maximum (IKVAV: 300 μM) and minimum 

(IKVAV: 235 μM) concentrations (p<0.01). 

A post-optimization confirmation experiment was conducted with the three predicted 

maximum peptide concentrations and three control conditions: 450 μM RDG only control, 300 

μM RGD condition (with 150 μM RDG), and a 100 all condition (100 μM RGD, 100 μM 

YIGSR, 100 μM IKVAV, 50 μM RDG).  The survival assay was performed with a significant 

increase in survival between the RDG only control and the last two maximum peptide conditions 

(p<0.05).  The survival of cells in the final optimized maximum was significantly higher than all 

of the conditions tested (p<0.05).  Phase images of the three optimization maximums shows 

increased cell spreading in the final optimization condition. 

 

5.3.5. Immunohistochemistry 

To investigate differentiation immunohistochemistry and flow cytometry experiments 

were performed on cells plated in 2D on tissue culture plastics and encapsulated in three 

hydrogel conditions (100 all, RGD only, and optimized maximum).  One week after culture, the 

cells were fixed and stained with antibodies against an immature neuron marker (doublecortin).  

Images were taken and the number of doublecortin positive cells counted with no significant 
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difference between any of the 4 conditions.  The length of extensions for the doublecortin 

positive cells were measured for the three hydrogel conditions and the cells encapsulated in the 

optimized condition had significantly longer extensions than the 100 all and RGD only 

conditions (p<0.001). 

The same 4 conditions were also stained for a marker of mature neurons (tuj1).  The 

number of tuj1 cells were counted and the three hydrogel conditions had significantly more tuj1 

positive cells than the 2D condition (p<0.01).  The length of the tuj1 extensions in the optimized 

condition was significantly higher than both the 100 all hydrogel and RGD hydrogel conditions 

(p<0.01). 

 

5.3.6. Flow cytometry 

Flow cytometry was done with markers of neural progenitor cells (SOX2) and immature 

neurons (doublecortin) for cells plated in 2D and cells encapsulated in three hydrogel conditions 

(RGD only, 100 all, optimized maximum).  The number of SOX2 positive cells was significantly 

lower than cells encapsulated within all three hydrogel conditions (p<0.01).  There was no 

statistical difference between the hydrogel conditions.  The mean fluorescence was significantly 

higher in the 2D condition compared to all three hydrogel conditions (p<0.01).  There was no 

significant difference within the three hydrogel conditions for mean fluorescence levels.  For the 

immature neuron marker doublecortin, there were significantly more positive stained cells in 2D 

than the RGD condition (p<0.01) and the 100 all condition (p<0.05).  When comparing the three 

hydrogel conditions, the optimized maximum had significantly more positive cells than the other 

two (p<0.01).  The mean fluorescence of the 2D cells was significantly lower than all three 

hydrogel conditions (p<0.001).  Within the hydrogel conditions the 100 all condition had higher 
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levels of fluorescence than the RGD condition (p<0.05) and the optimized condition was 

statistically higher than the RGD condition (p<0.01). 

 

5.4. Discussion 

In nature, the extracellular matrix (ECM) is finely tuned in mechanics and biochemical 

composition to support the rich function of the corresponding cells, tissues and organs it resides.  

Thus, materials that attempt to mimic the ECM must carefully select the composition and 

optimize it to favor a particular cell type, tissue or organ.  Depending on the number of 

components to be introduced and the interactions present between the different components the 

composition that would be ideal to use to guide a specific cell fate is not obvious.  However, far 

to often we resign ourselves to mixing equimolar amounts of each component or select some 

conditions to test using incomplete information.  Thus, when designing hydrogel scaffolds with 

more than one component (e.g. multiple growth factors, peptides, etc), using traditional “one 

factor at a time” studies is not only inefficient due to the number of conditions needed to sample 

sufficient concentration space but also impractical due to the inability to understand complex 

interactions between multiple factors.  

We employed multifactorial experiments to efficiently and methodically understand the 

effects of three ECM derived peptide ligands, RGD, YIGSR and IKVAV, on neural progenitor 

survival and differentiation.  These peptide ligands are known to be important in engineered 

materials for neuronal differentiation [198, 202].  Response surface methods (RSM) are a type of 

multifactorial experiment designed to estimate interactions between different factors to predict 

the shape of the response surface investigated [203].  This method systematically modulates the 

factors of interest to better understand the effects of each individual factor as well as the 
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interacting factor effects on the system response.  Box-Behnken and central composite designs 

are the two most common RSM designs and are chosen and modified based on the amount of 

time and resources available as well as the surface response accuracy required.  These strategies 

have recently gained more traction in the academic world where several groups have used this 

approach to optimize responses across various systems [200-201, 204].  For example, central 

composite designs were used to optimize ligand concentrations within a peptide matrix for the 

two-dimensional proliferation of endothelial cells [201].  Statistical approaches like this are more 

common in the bioprocessing industry [205-206], and pharmaceuticals [207] where complex 

processes involve many input factors. 

 

 

 

Figure 5-1.  The hydrogel was composed of hyaluronic acid, a matrix-metalloproteinase sensitive peptide and 

three adhesion ligands (RGD, YIGSR, IKVAV).  These ligands were pre-reacted with the hydrogel according to 

conditions designed through a central composite design.
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As the hydrogel backbone we utilized our established hyaluronic acid hydrogel, which is 

composed of 60kDa acrylated hyaluronic acid crosslinked using di-thiol containing peptides 

through Michael type addition (Figure 5-1) [14].  This chemistry has been used extensively to 

covalently form hydrogels for tissue engineering applications [22, 25, 208].  Acryl hydrazide 

groups were added to the HA backbone through a two-step chemical reaction with a final 

carboxylic acid to acrylate modification of 13% confirmed via H-NMR (HA-AC, Figure 5-2A). 

Hyaluronic acid is a non-sulfated glycosaminoglycan composed of two repeat units (D-

glucoronic acid and N-acetyl-D-glucosamine) that is naturally occurring and produced 

throughout the body [48, 163].  The mechanical properties of the hydrogel can be modulated by 

adjusting the hyaluronic acid content.  This is important as matrix mechanics have been shown to 

play a key role in stem cell fate [20, 209].  We varied HA weight percent in the hydrogels from 

3.5-4.5% and determined the storage modulus (G’) ranged from ~337 ± 76.22 Pa to 841.9 ± 

112.5 Pa via a rheometry (Figure 5-2B-C). 

Induced pluripotent stem cells have great potential for clinical applications due to their 

ability to form all three germ layers [161, 210].  We utilized neural progenitor cells derived from 

induced pluripotent stem cells (iPS-NPCs) to test our hypothesis that peptide component 

optimization through DOE would result in a hydrogel that is superior in its ability to support 

differentiation of these cells than adding one single peptide or equimolar concentrations of the 

three peptides.  Before beginning the differentiation we determined what hydrogel storage 

modulus resulted in the most spreading.  iPS-NPC cells were encapsulated in hydrogels with 

three different stiffnesses and the cells were fixed and stained with phalloidin at days 1 and 7 

after gelation to investigate cell spreading (Figure 5-2D).  The amount of phalloidin signal at day 

7 was normalized to day 1 and the 337 Pa HA condition produced significantly more cell 
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spreading than the 690.8 Pa and 841.9 Pa HA hydrogels (Figure 5-2E).  The increased spreading 

could be due to the fact that this hydrogel has mechanical properties similar to the brain which 

could also play a role in guiding the differentiation of the NPCs [171, 211].  Thus, a hydrogel 

with 337 Pa storage modulus was used for the remainder of the study. 

 

 

Figure 5-2.  Hyaluronic acid was modified to contain an acryl hydrazide functional group and (A) degree of 

modification (16%) was confirmed via NMR spectroscopy.  Hydrogel formulations with different hyaluronic 

acid concentrations (3.5-4.5%) were made and (B-C) the mechanical properties characterized.  (D) F-actin of 

iPS-NPCs encapsulated in these three gel conditions were stained at days 1 and 7 and (E) cell spreading was 

greatest in the softest gel (3.5%). 
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To investigate the effect that the three adhesion ligands (RGD, YIGSR, IKVAV) have on 

encapsulated stem cell behavior, the statistical design of experiments approach previously 

described was taken.  This approach enabled us to systematically modulate the multiple adhesion 

ligands to gain an understanding of not only their individual effects, but their interacting effects 

as well.  For each iteration, a response surface methodology experiment was developed in which 

each variable factor (adhesion ligand) was given a defined range (μM) to be modulated within.  

Central composite on face designs were utilized because we were equally interested in the entire 

response surface and our system enabled us to test the end points of each factor.  While our 

ultimate goal is to develop a matrix that promotes differentiation, a higher throughput-screening 

assay was needed.  We decided to investigate cell survival one-week post-encapsulation by 

measuring DNA content within the gels.  Data from hydrogels at day 7 were normalized to gels 

from the same condition at day 1 to account for any differences in the numbers of cells 

encapsulated in the gel precursor solution. 

The initial central composite on face design contained 16 different hydrogel conditions in 

which the three-peptide concentrations were varied from 0-100 μM.  To ensure that the total 

peptide concentration in each condition remained constant, a scrambled RGD sequence (RDG, 

Ac-GCGYRDGSP-NH2) was used as a “filler” peptide (Figure 5-3A).  The results seen illustrate 

how difficult it would be to determine the effects of the peptides on survival without the use of 

this statistical design of experiments approach.  After inputting these results into the DOE 

software, a least squares polynomial regression was done to estimate the effect of each peptide 

on survival.  This model then predicted peptide concentrations that would give the greatest 

(RGD: 100 μM, YIGSR: 48 μM,  
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Figure 5-3.  Statistical designs of experiments approach was used to (A) investigate the interactions between 

RGD, YIGSR and IKVAV adhesion peptides (0-100 μM each) and their ability to promote cell survival.  

Experiments give a (B) predictive max peptide mixture and (C) the effect magnitude of all factors and two-factor 

interactions.  Confirmation of (D) max and min predictive peptide mixture.  (E-G) A second series of 

optimization experiments to test higher peptide concentrations for RGD and IKVAV (100-200 μM each).  (H-J) 

A third series of optimization experiments to test higher peptide concentration for IKVAV (200-300 μM).  (K) 

Validation of the three optimized conditions compared to RDG, RGD and 100 μM of each peptide.  Phase 

images of the (L-N) three optimized conditions with spread cells outlined.  Scale bar = 100 μm. 
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IKVAV: 100 μM) and least cell survival (RGD: 0 μM, YIGSR: 100 μM, IKVAV: 55 μM, Figure 

5-3B, Figure 5-4A).  The results from the first optimization indicate that the IKVAV peptide has 

the greatest effect on the survival (Figure 5-3C).  The laminin-derived IKVAV motif has 

previously been found to have an effect on neuronal precursor cell adhesion to hydrogels [212].  

For two-factor interactions, the RGD/YIGSR combination had a significant effect as well.  The 

optimal maximum and minimum peptide conditions were used in a confirmation experiment to 

test their effect on cell survival with a significant difference observed (Figure 5-3D). 

 

 
Figure 5-4.  Predictive min peptide mixtures after optimization iteration (A) 1, (B) 2, and (C) 3. 

The maximum predicted survival condition for the RGD and IKVAV motifs occurred at the 

upper limit of the initial range tested.  Thus, we performed a second central composite on face 

design in which the concentration of those two peptides was raised from 100-200 μM while 

keeping the YIGSR motif constant at the concentration given during the first optimization (48 

μM, Figure 5-3E).  The same survival assay was performed and the results were fit into another 

least-squares polynomial regression.  The results indicate that the maximum is at 100 μM RGD 
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and 200 μM IKVAV and the minimum at 199 μM RGD and 166 μM IKVAV (Figure 5-32F, 

Figure 5-4B).  These optimal maximum and minimum peptide concentrations were used to 

confirm the predictive model (Figure 5-3G).  While the predicted RGD maximum concentration 

was at the lower limit of 100 μM for this second optimization iteration, it was at the upper limit 

of 100 μM during the first optimization iteration.  Thus, the RGD concentration was kept 

constant at 100 μM for the next optimization. 

A third optimization was done for the IKVAV motif from 200-300 μM while keeping 

RGD and YIGSR constant at 100 and 48 μM, respectively (Figure 5-3H).  The same protocol as 

the first two optimizations was performed with a least-squares polynomial regression fit to data 

obtained from the survival assay.  The maximum concentration given was 300 μM IKVAV with 

a minimum of 235 μM (Figure 5-3I, Figure 5-4C).  These concentrations were used with the pre-

set RGD (100 μM) and YIGSR (48 μM) concentrations, to perform a confirmation survival 

assay with the maximum condition producing significantly higher survival than the minimum 

(Figure 5-3J).  It is also interesting to note that the predicted minimum formulations in each of 

the optimization iteration have been improving in addition to the predicted maximum 

formulations.  This should be expected as each iteration has brought the “global” survival results 

higher.  While the regression fit predicted an optimum survival formulation with over 300 μM of 

IKVAV, we did not want to overload the system with more peptides as that can affect the 

mechanical properties of the system and introduce another variable [167]. 

A final round of confirmation experiments were performed to test whether the optimized 

formulations did increase encapsulated iPS-NPC survival.  The maximum survival conditions 

from each optimization iteration were compared to a 450 μM RDG control, 300 μM RGD 

condition (with 150 μM RDG), and a 100 all condition (100 μM RGD, 100 μM YIGSR, 100 μM 
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IKVAV, 50 μM RDG, Figure 5-3K).  The last two conditions were added to test whether this 

design of experiments approach improved survival over more traditional hydrogel formulations 

that would include just RGD or would evenly distribute the concentrations of the active RGD, 

YIGSR and IKVAV motifs.  While the average survival increased with each optimization 

maximum, there was no statistical difference in survival between the first two optimization 

maximums and the RGD or 100 all conditions.  However, the third and final maximum condition 

was found to statistically improve encapsulated iPS-NPC survival over the traditional RGD and 

100 all conditions as well as the first and second optimization maximums.  This result confirms 

the benefit of this statistical approach of modulating motif concentrations to improve survival 

versus using a standard approach of evenly distributing the motifs.  The optimized formulations 

also improved general cell spreading within the hydrogels (Figure 5-3L-N). 

With an optimal hydrogel survival formulation, the next step was to investigate 

differentiation via immunohistochemistry.  Cells were plated in 2D and cells were encapsulated 

in three hydrogel conditions: 100 all, RGD only, and the final optimized peptide formulation.   

Cells were cultured for one week, fixed and stained for an early marker of differentiation of 

NPCs towards neurons (doublecortin, DCX, Figure 5-6A-D). DCX is a microtubule associated 

protein expressed in immature neurons and located along growing extensions [213].  

Doublecortin positive cells were observed throughout all four conditions.  However, the location 

of the expression is different, with the un-optimized conditions containing DCX only in the cell 

body, while the optimized condition containing DCX in their extensions (Figure 5-6B-D).  The 

DCX extension length was measured and found to be statistically higher for the optimized  
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Figure 5-5.  Heatmap showing iPS-NPC survival after optimization one while varying (A) IKVAV, (B) YIGSR, 

and (C) RGD.  (D) Heatmap showing iPS-NPC survival after optimization two with constant YIGSR 

concentration at 48 μM 

 

condition (Figure 5-6F).  We proceeded to stain for a marker of mature neurons (tuj1) since all 4 

conditions were positive for doublecortin (Figure 5-6G-J).  Tuj1 is a neuronal protein that helps 

stabilize microtubules in the cell body and axons.  Virtually no tuj1 positive cells were observed 
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in the 2D condition (<1%), while over 20-30% were observed across the 3D hydrogel conditions 

(Figure 5-6K).  This data indicates that culturing NPCs in our 3D hydrogel environment 

promotes NPC differentiation to mature neurons faster than the traditional 2D culture.  Mature 

neuronal markers were not observed for 2D cultured cells until 2 weeks of culture.  This strategy 

could be used to promote the differentiation of encapsulated pluripotent stem cells in different 

hydrogel transplantation based therapies.  Similar to the DCX staining, Tuj1 was observed in the 

cell body only for the un-optimized condition, while it was present in the cell extensions for the 

optimized condition.  The tuj1 extension length was measured and found to be statistically higher 

for the optimized condition (Figure 5-6L). 

Flow cytometry was performed as an additional more quantitative measure of 

differentiation. SOX2, a neural progenitor marker, and DCX, an immature neuronal marker, 

were used.  There was no significant difference between the hydrogel conditions for either the 

SOX2 percent gated or mean fluorescence values (Figure 5-6M-N).  Compared to the 2D 

condition, all three hydrogel conditions produced more SOX2 positive cells (p<0.01) but 

significantly lower fluorescence levels (p<0.001).  For the immature neuron marker (DCX), the 

2D condition produced significantly more positive cells than the RGD and 100 all hydrogel 

conditions (p<0.05, Figure 5-6O).  Within the hydrogel conditions the optimized hydrogel 

contained more DCX positive cells than the other two conditions tested (p<0.01).  For mean 

fluorescence the 2D condition contained significantly less signal than all three hydrogel 

conditions (p<0.001).  For the RGD hydrogel condition contained less intense signals than both 

the 100 all condition (p<0.05) and the optimized condition (p<0.01, Figure 5-6P).  Optimizing 

the peptides for survival promoted more differentiation of the iPS-NPCs compared to the control 

hydrogels containing RGD only or 100 μM of each peptide.  Compared to standard 2D culture, 
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the hydrogels promoted more immature neuron differentiation, which indicates that the 3D 

environment is more conducive to promoting differentiation [214]. 

 

 

 

Figure 5-6.  iPS-NPCs cultured for one week in (A) 2-D, and (B-D) hydrogels were stained for doublecortin 

(DCX) and DAPI.  Number of (E) DCX positive cells and (F) length were quantified.  Cells were also stained for 

(G-J) tuj1 and DAPI with (K) tuj1 positive cells and (L) length quantified.  Flow cytometry data for (M-N) 

SOX2 and (O-P) DCX indicate that the 3D hydrogels promote differentiation of the iPS-NPCs with the 

optimized peptide condition leading the way. 

 

5.5. Conclusion 

In conclusion, we have demonstrated the benefit of using a statistical design of 

experiments methodology to approach systems with multiple factors.  This approach enabled us 

to systematically modulate three bioactive signal motifs (RGD, YIGSR, IKVAV) to determine 

their individual and collective effects on encapsulated iPS-NPC survival.  After three 

optimization rounds, the final iteration formulation was further investigated for its ability to 
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promote differentiation of the NPCs.  Compared to cells plated in 2D, more mature neurons were 

observed in our hydrogels.  Furthermore, the optimized survival condition promoted more 

differentiation than the RGD and 100 all conditions.  Overall, the data presented in this paper 

illustrates the benefits of using both the DOE approach in multi-factor systems and culturing 

NPCs in a three-dimensional hydrogel.  Although we used survival to determine the optimal 

composition of the hydrogel, and for this system and cell type this led to a composition that 

promoted differentiation, ideally the optimization would be performed with the desired 

characteristic.  However, having a system with sufficient throughput is critical.  For example, the 

use of genetic markers that activate the expression of a reporter gene when the desired phenotype 

is achieved would be useful. 
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Chapter 6 

 

 

 

 

Engineering hydrogels via bioactive signal clustering 

 

 

 

 

6.1. Introduction 

The microenvironment plays a crucial role in normal development by guiding stem-cell 

fate and tissue organization [215-223], but also contributes to pathological processes such as 

tumor progression and metastasis [215, 217-218, 224-233].  This chapter continues to engineer 

the hydrogel microenvironment through bioactive signal manipulation. 

To be able to design materials that can be used to study stem cell fate decisions or as 

scaffolds for regenerative medicine, there needs to be a better understanding of how bioactive 

signal incorporation affects the embedded cells. For example, although vascular endothelial 

growth factor-165 (VEGF) has been routinely covalently immobilized to hydrogel scaffolds to 

enhance angiogenesis [234-237], the molecular consequences of this immobilization are not 

completely understood. We recently found that covalently bound VEGF is able to phosphorylate 
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VEGFR-2 to the same extent as soluble VEGF in endothelial cells (EC), but that the mode of 

VEGF presentation alters the tyrosine residues that are phosphorylated, the time course of 

phosphorylation, and the resulting downstream signaling [238].  In this chapter, we discuss how 

the presentation (clustered or homogeneous) of the fibronectin derived peptide sequence, RGD, 

affected mesenchymal stem cell proliferation, spreading and integrin expression.  Two-

dimensional studies in hydrogel scaffolds have shown that RGD presentation at the nanoscale 

level influences cell spreading and motility [76-79], stem cell differentiation [80] and 

nanoparticle internalization [81], however, for cells seeded within the hydrogel scaffolds, only 

RGD total content has been shown to modulate cell motility, spreading and proliferation [14, 24, 

82]. 

Herein we report on the effect of varying RGD presentation on mouse mesenchymal stem 

cell spreading, proliferation, and integrin expression for cells cultured inside matrix 

metalloproteinase degradable hyaluronic acid hydrogels. Hyaluronic acid is a non-sulfated 

glycosaminoglycan that exists in connective, epithelial, and neural tissue [48, 163].  Its high 

biocompatibility and low immunogenicity highlights its potential as a biomaterial.  We have 

previously shown that altering hyaluronic acid (HA) hydrogel parameters (HA weight %, 

crosslinker type, crosslinking ratio, RGD concentration) greatly affects encapsulated cell 

behavior [14].  The same hyaluronic acid hydrogel system was used, with the RGD clustering 

controlled by pre-reacting specific portions of the HA with the bioactive signal (Figure 6-1).  

Mouse mesenchymal stem cells were encapsulated inside these hydrogels.  These cells are 

multipotent and have shown the ability to differentiate into adipocytes, chondrocytes, and 

osteoblasts [239-242]. 
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Figure 6-1.  The hydrogel is composed of hyaluronic acid, MMP-degradable peptide crosslinker, and a RGD-motif 

containing peptide.  RGD clustering is controlled by the amount of HA-AC pre-reacted with RGD.  In the 

homogeneous, or least clustered condition, the RGD is mixed with all of the HA-AC.  The RGD is pre-reacted with 

specific percentages of the total HA-AC to create different degrees of clustering.  This RGD functionalized HA-

AC is mixed with un-functionalized HA-AC, if needed, peptide crosslinker and mouse mesenchymal stem cells to 

create the three-dimensional hydrogel. 

 

6.2. Materials and Methods 

6.2.1. Cells 

Mouse mesenchymal stem cells (D1, CRL12424) were purchased from ATCC 

(Manassas, VA, USA) and cultured in Dulbecco’s modified eagle’s medium (DMEM, Sigma-

Aldrich) with 10% bovine growth serum (BGS, Hyclone, Logan, UT) and 1% 
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penicillin/streptomycin (Invitrogen, Grand Island, NY).  They were cultured at 37 0C with 5% 

CO2 using standard protocols. 

 

6.2.2. Hyaluronic Acid Modification 

Hyaluronic acid was functionalized with an acryl hydrazide group using a two-step 

synthesis as previously described [14].  HA (60,000 Da, Genzyme Corporation, Cambridge, MA) 

(2.0 g, 5.28 mmol) was dissolved in water and reacted with adipic dihydrazide (ADH, 18.0 g, 

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

mmol) at a pH of 4.75 overnight.  The solution was purified via dialysis (8000 MWCO) in 

deionized water for 2 days.  The hydrazide-modified hyaluronic acid (HA-ADH) was lyophilized 

and stored at -200C.  HA-ADH (1.9 g) was re-suspended in 4-(2-hydroxyethyl)-1-piperazine 

ethanesulfonic acid (HEPES) buffer (10 mM HEPES, 150 mM NaCl, 10 mM EDTA, pH 7.4) 

and reacted with N-acryloxysuccinimide (NHS-AC, 1.33 g, 4.4 mmol) overnight.  After dialysis 

purification against deionized water for 2 days, the acryl hydrazide hyaluronic acid (HA-AC) 

was lyophilized.  The product was analyzed with 1H-NMR (D20) and the degree of acryl 

hydrazide modification (16%) 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). 

 

6.2.3. Gelation 

Lyophilized acrylated hyaluronic acid was dissolved in 0.3 M triethanolamine (TEOA) 

for 20 minutes at 37 0C.  Ac-GCGYGRGDSPG-NH2 adhesion peptide (RGD, Genscript, 

Piscataway, NJ) dissolved in 0.3 M TEOA was added to the appropriate amount of HA-AC and 
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allowed to react for 20 minutes at 37 0C (Table 6-1).  For example, in condition A3, 10 μM of 

RGD was added to 21% of the total HA-AC required whereas condition A5 required the RGD to 

be reacted to only 1.4% of the total HA-AC.  Full culture DMEM, mMSC’s (5,000 cells/μL final 

concentration), and the required amount of non-RGD functionalized HA-AC were then added.  

An aliquot of a MMP-degradable peptide crosslinker (Ac-GCRDGPQGIWGQDRCG-NH2, 

Genscript, Piscataway, NJ) was dissolved in 0.3 M TEOA and added to the gel precursor 

solution.  10 μLs of this solution was pipetted onto, and sandwiched between two Sigmacote 

(Sigma-Aldrich) functionalized glass coverslips and placed in an incubator for 30 minutes at 37 

0C to gel.  The degree of RGD clustering seen in Table 1 was calculated by dividing the moles of 

RGD used by the moles of HA that were reacted with the adhesion peptide. 

 

6.2.4. Rheometry 

Gels without cells were made as described above and cut to size using a 8.0 mm biopsy 

punch.  The modulus was measured with a plate-to-plate rheometer (Physica MCR 301, Anton 

Paar, Ashland, VA) using a 8 mm plate with a frequency range of 0.1-10 rad/s under a constant 

strain of 1% at 37 0C.  An evaporation blocker system was used to keep the hydrogel from 

dehydrating during the test.  For hydrogel degradation time course studies, gel A5 was made 

with cells and the modulus was measured at days 1, 4, and 7 after gelation. 

 

6.2.5. Fixing/Imaging 

Gels were rinsed in 1x PBS and fixed in 4% paraformaldehyde for 30 minutes at room 

temperature.  Following a rinse in 1x PBS, the gels were incubated in 0.1% Triton X-100 to 
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permeate the cell membranes.  Another 1x PBS rinse was followed by a 90 minute incubation in 

rhodamine phalloidin (Invitrogen) diluted 1:40 in a 1% BSA solution at room temperature in the 

dark.  The gels were washed 3 times with 0.05% Tween-20 for 5 minutes prior to imaging with 

an inverted fluorescence microscope (Zeiss Axio Observer).  40 Z-stack slices were taken of 

each gel and the maximum intensity projection was taken following deconvolution image 

processing.  Cell spreading was quantified by measuring the length of the longest cell dimension 

using the Axiovision software. 

 

6.2.6. Cell Proliferation 

Cell proliferation was measured using the CyQUANT cell proliferation assay kit 

(Invitrogen).  Gels were washed twice in 1x PBS and frozen in a -80 freezer at days 1, 4, 7, and 

10 after hydrogel gelation.  After thawing the gels at room temperature, they were degraded by 

incubation in 1000 U/mL of collagenase I (Worthington, Lakewood, NJ) at 37 0C for 15 minutes.  

The cells were isolated by centrifuging the solution at 500 rcf x 5 min. and re-suspended in 200 

μL of the CyQUANT GR dye/cell-lysis buffer.  After 5 minute incubation, the fluorescence was 

read using a plate reader at 480 nm. 

 

6.2.7. Flow Cytometry 

Gels at day 4 after gelation were rinsed in 1x PBS and degraded by incubation in 1000 

U/mL of collagenase I at 37 0C for 15 minutes.  The solution was spun at 500 rcf for 10 min. and 

re-suspended in 1% BSA for 15 minutes to block nonspecific binding of antibodies.  Each 

sample was incubated with one PE and one FITC-conjugated antibody for 30 minutes at a 1:40 
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dilution in 1% BSA on ice.  The solution was centrifuged at 500 rcf for 10 min. and re-suspended 

in 1% paraformaldehye for FACS.  Analysis was performed using a FACScan X and the data 

was analyzed using FLOWJO.  Triplicates were done for each condition with 3000 

events/sample.  The data was gated such that the negative control had 5% positive events. 

 

6.2.8. Statistics 

Statistical analysis was performed using InStat (GraphPad, San Diego, CA).  Data was 

analyzed using one way analysis of variance (ANOVA) test with a Tukey-Kramer post-test and a 

95% confidence interval. 

 

6.3. Results 

6.3.1. Hydrogel synthesis and characterization 

Hydrogel scaffolds were synthesized to contain different amounts of RGD (A = 10µM, B 

= 100µM and C = 1000µM) and different distributions from homogeneous (1) to increasing 

degrees of clustering (2-5). Thus, gel A5 contains RGD that is more clustered than A3 and C3 

has more RGD total content than A3 or B3. Table 6-1 details the hydrogel synthesis conditions 

and RGD content. Because the amount and distribution of RGD is changing within each 

hydrogel condition, we wanted to ensure that the mechanical properties of the gels were the same 

between conditions. Similar mechanical properties would ensure that any differences observed 

between gels A1-A5, B1-B5, or C1-C5 were due to RGD presentation and not mechanical 

differences.  Gels 1, 3, and 5 for each RGD concentration were made and the storage modulus 

measured using a plate-to-plate rheometer (Figure 6-2) with a constant strain of 1% between 
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frequencies 0.1 and 10 Hz.  Storage moduli between each concentration were not found to be 

statistically different (p>0.05, Figure 6-2B).  However, increasing the amounts of RGD from 10 

to 100 and 1000 μM did reduce the average storage modulus for those gels. Therefore, 

comparisons are not made between different RGD concentrations and only between different 

RGD presentations. 

 

 

 

Table 6-1.  Hydrogel formulations tested contain 10, 100, or 1000 μM of RGD.  Five different RGD distributions, 

from homogenous to increasing levels of clustering, were tested for each concentration.  This distribution was 

controlled by functionalizing specific percentages of HA with the RGD peptide. 

 

6.3.2. Cell Spreading 

The effect of RGD clustering on mMSC spreading was studied at three concentrations 

and five different presentations as described in Table 6-1.  At days 1, 4, and 7 the cells were 

fixed and filamentous actin was stained with phalloidin.  For gels containing 10 μM of RGD, 

increasing signal clustering resulted in a higher degree of cell spreading.  The homogeneous 

condition, A1, had an average cell length of 15.16 ± 1.75 μm and was found to be statistically 

lower than the other 10 μM RGD conditions (p<0.001).  Gels A2-A4 had average cell lengths of 

31.49 ± 8.66, 27.33 ±5.44, and 36.50 ± 5.74 μms, respectively.  Gel A3 was found to be 

statistically lower than A4 (p<0.001).  Gel A5 had the most spreading with cells averaging a 
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length of 70.19 ± 14.49 μm.  This condition was found to be statistically greater than gels A1-A4 

(p<0.001).  

 

 

 

Figure 6-2.  Mechanical characterization of hydrogel conditions.  (A) Storage modulus of hydrogels was measured 

from 0.1 to 10 Hz.  Three conditions from each RGD concentration were tested.  (B) Mechanical properties within 

each RGD concentration were consistent, but increasing amounts of RGD lowered the storage modulus. 

 

For gels with a RGD concentration of 100 μM, the measured cell lengths of B1-5 were 

42.69 ± 10.22, 48.55 ± 10.02, 64.27 ± 13.23, 37.69 ± 9.52, and 32.18 ± 9.14, respectively.  B3 

was found to be statistically greater than the other 4 conditions (p<0.001).  In addition, condition 

B2 was statistically different from B4 (p<0.05) and B5 (p<0.001). 

Gels C1-5 containing 1000 μM of RGD had cell lengths of 31.98 ± 9.74, 41.21 ± 12.61, 

73.66 ± 11.28, 38.45 ± 12.27, and 41.92 ± 17.47, respectively.  Gel C3 was found to be 

statistically higher than the other 4 conditions (p<0.001) within this RGD concentration. 

Cell spreading between A1-5, B1-5, and C1-5 can be compared through their degree of 

RGD clustering (RGD/HA molecule, Table 6-1).  Gels A5, B3, and C3 had the highest degree of 
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spreading for each RGD concentration, which corresponded to 1.8, 1.2 and 12 RGDs/HA 

molecule.  

 

 

Figure 6-3.  Cell spreading and proliferation for 10 μM hydrogels.  (A) mMSCs within hydrogels containing 10 

μM of RGD were stained with phalloidin at different time points.  The most pronounced differences in spreading 

were observed at day 4. (B) The average cell length was quantified with the greatest spreading seen in the most 

clustered condition.  (C) DNA quantification shows no significant difference between conditions at each time 

point. 

 

6.3.3. Proliferation 

Proliferation within gels was measured by quantifying DNA content with a CyQUANT 

proliferation kit.  Gels from each condition were washed twice with PBS and frozen at -800C at 
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days 1, 4, and 7.  After thawing the gels, collagenase I was used to degrade the MMP-sensitive 

peptide used to crosslink the gels.  Cells were isolated from the solution via centrifugation and 

lysed.  For gels A1-A5 (RGD 10 μM, Figure 6-3C) the DNA content rose each day except for 

day 10.  No statistical difference between the conditions was found at each time point.  DNA 

content rose in gels B1-B5 (RGD 100 μM, Figure 6-4C) at each time point and there was no 

statistical difference between the conditions.  Gels C1-C5 (RGD 1000 μM, Figure 6-5C) had 

DNA content rise between each time point until day 10.  No statistical difference between each 

condition was found at each time point. 

 

6.3.4. Integrin expression 

To see if changes in spreading due to RGD presentation altered integrin expression, cells 

were collected from gels A1, A3, and A5 at day 4.  These conditions were shown to have 

significantly different amounts of cell spreading at this time point (Figure 6-3B).  We found that 

the RGD presentation did affect the expression of cell integrins (Figure 6-6 and Figure 6-7).  

Specifically, the hydrogel properties induced different expression levels in α2, α3, and β1.  The 

amount of cells that positively expressed α2 was significantly higher in A1 when compared to 

A3 (p<0.001) and A5 (p<0.001, Figure 6-6B).  Differences in α3 normalized mean fluorescence 

values were observed between A1-A3 (p<0.001) and A1-A5 (p<0.001, Figure 6-6C).  In 

addition, the percentage of α3 positively expressing cells was significantly lower in A1, when 

compared to A3 (p<0.001) and A5 (p<0.001, Figure 6-6D). RGD presentation also stimulated 

differences in β1 mean fluorescence levels between condition A1 and A5 (p<0.01, Figure 6-7A).  

The number of β1 expressing cells also increased from gel A1 to A3 (p<0.01) and A5 (p<0.001, 
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Figure 6-7B).  RGD presentation did not significantly affect the integrin expression levels of α5 

(Figure 6-6E-F), αV (Figure 6-6G-H), and β5 (Figure 6-7C-D). 

 

 

 

Figure 6-4.  Cell spreading and proliferation for 100 μM hydrogels.  (A) mMSCs cells within hydrogels containing 

10 μM of RGD were stained with phalloidin at different time points.  The most pronounced differences in 

spreading were observed at day 4. (B) The average cell length was quantified with the greatest spreading seen in 

the middle, B3, condition.  (C) DNA quantification shows no significant difference between conditions at each 

time point. 

6.3.5. Time course of MSC marker 

The MSC marker CD105 was used to determine whether the RGD clustering played a 

role in differentiating the mMSCs encapsulated in the gels.  Cells from a flask were used as a 
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“day 0” time point.  Gels from A1, A3, and A5 were degraded at days 1, 4, and 7 and cells 

collected. The CD105 expression decreased with time with 87% of the cells expressing the 

marker at day 0 and only 17.3, 17.2 or 7.6 expressing the marker for A1, A3 and A5 conditions 

respectively.  There were no statistical significant differences between conditions (p>0.05). 

 

6.3.6. Time course of gel degradation 

The time course of gel degradation was investigated by encapsulating cells in A5 and 

measuring the storage modulus at days 1, 4, and 7 after gelation (Figure 6-8C-D).  The modulus 

decreased at each time point as the protease’s released by the cells broke down the structure of 

the hydrogel. 

 

6.4. Discussion 

Stem cells hold great promise due to their pluripotency [243-245].  Their fate is 

influenced by interactions with soluble factors, physical signals, other cells, and extracellular 

matrix mechanics.  The effect of these factors on stem cell behavior must be studied and 

understood to unlock these cell’s full potential.  While there have been studies on the effect of 

mechanical properties on cell behavior, there has been less emphasis on the effect of bioactive 

signal presentation.  Studies in 2-dimensional environments have shown the importance of signal 

clustering on cell behavior[78-79].  Here we study the effect of RGD peptide distribution on 

mouse mesenchymal stem cell behavior in a three-dimensional hyaluronic acid hydrogel. 
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Figure 6-5.  Cell spreading and proliferation for 1000 μM hydrogels.  (A) mMSCs cells within hydrogels 

containing 1000 μM of RGD were stained with phalloidin at different time points.  The most pronounced 

differences in spreading were observed at day 4. (B) The average cell length was quantified with the greatest 

spreading seen in the middle, C3, condition.  (C) DNA quantification shows no significant difference between 

conditions at each time point. 

RGD is a well-characterized peptide adhesion fragment derived from fibronectin that 

facilitates binding through the α5β1 integrin complex[246].  RGD peptide distribution in the 

hydrogel was controlled by pre-reacting it with specific percentages of the total acrylate 

modified hyaluronic acid (HA-AC, Table 1).  To characterize the differences between each 

condition, the degree of RGD clustering was calculated.  This is defined by the moles of RGD 

per mole of HA reacted with RGD or number of RGD per HA molecule (Table 1). 
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Before studying the effect of clustering on cell behavior, rheology was performed on all 

gel conditions.  The storage modulus was found to be constant among each given RGD 

concentration (Figure 6-2A-B).  However, there were statistical differences when comparing gels 

with different amounts of RGD.  This data allows us to directly compare gels with the same 

RGD concentration but not between different concentrations.  Differences observed can be 

attributed to RGD presentation and not bulk mechanics of the hydrogel. 

To investigate the time course of cell spreading, samples were fixed at days 1, 4, 7, and 

10 after gelation and filamentous actin stained (Figure 6-3A, 6-4A, and 6-5A).  The largest 

difference in cell spreading was observed at day 4 and was quantified for further analysis.  For 

gels with 10 μM of RGD, the most spreading was observed in the most clustered sample (A5), 

which had 1.8 mmole of RGD/mmole HA-RGD (Figure 6-3B).  However, the most cell 

spreading in gels with 100 μM RGD occurred in the middle condition (B3, Figure 6-4B).  This 

condition had 1.2 mmole of RGD/mmole HA-RGD, which may indicate an optimal “degree of 

RGD clustering” for cell spreading in our hyaluronic acid hydrogels.  The final RGD 

concentration tested, 1000 μM, had the highest degree of cell spreading in the middle condition 

(C3, Figure 6-5B), which had 12 mmole of RGD/mmole HA-RGD.  If the optimal “degree of 

RGD clustering” is near the clustering seen in gel conditions A5 and B3, gel condition C1 would 

be expected to produce more spreading than C3.  A possible explanation for this discrepancy is 

that the sheer amount of RGD encountered by cells in conditions C1-C5 outweighs the effects of 

RGD clustering.  Studies of cells seeded on top of patterned materials have also shown that 

bioactive signal distribution affects behavior[76-79]. After day 4, differences in cell spreading 

became less pronounced. 
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Figure 6-6.  Integrin expression for subunits (A-B) α2, (C-D) α3, (E-F) α5, (G-H) αV was quantified for mouse 

mesenchymal stem cells cultured in gel conditions A1, A3, and A5 via FACS.  Differences were found in the 

normalized mean expression for α3.  Gel conditions also affected the number of cells positively expressing 

integrins α2 and α3. 
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Cell spreading observations prompted us to investigate integrin expression to see if the 

clustering was affecting the cell surface receptors.  We chose to look at gels A1, A3, and A5 at 

day 4 since these conditions had the biggest difference in cell spreading.  We analyzed integrins 

that are known to be expressed in MSCs: α2, α3, α5, αV, β1, and β3[73, 247].  Differences in 

expression were found in multiple integrins.  The percentage of cells positively expressing the 

α2 integrin was significantly higher in condition A1 than A3 and A5 (Figure 6-6B).  Both the 

percentage of cells expressing α3 and the degree of expression were significantly lower in A1 

than A3 and A5 (Figure 6-6C-D).  One of the beta subunits, β1, also had different expression 

levels between conditions.  There was a difference between the mean fluorescence levels in 

sample A1 vs. A5.  The percentage of positively expressing cells was also lower in A1 when 

compared to A3 and A5 (Figure 6-7A-B).  Since integrin expression affects the signaling 

pathways that influence cell behavior and differentiation, we also tracked the expression time 

course of the mesenchymal stem cell marker, CD105, in gels A1, A3, and A5 (Figure 6-8A-B).  

mMSC’s taken from a tissue culture flask were used as a day 0 time point.  Over the course of 7 

days, CD105 dropped dramatically between all conditions.  It was interesting to see that even 

though we had differences in spreading and integrin expression at day 4, there weren’t any 

differences in CD105 expression between conditions throughout the 7 day experiment. 

Matrix mechanical properties have been shown to play a key role in determing cell fate 

[20, 209].  Because of this, the time course of gel degradation was studied.  Since our hydrogel is 

cross-linked with a MMP-degradable peptide sequence and the backbone is degradable by 

secreted hyaluronidases, the storage modulus decreases over time as the encapsulated 

mesenchymal stem cells release MMPs or hyaluronidases (Figure 6-8C-D).  This decrease in 

matrix stiffness could help explain why the RGD clustering is not able to control cell 
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differentiation in our system.  Because the hydrogel degrades, the differences due to bioactive 

signal clustering we observed in cell spreading and integrin expression at day 4 were not enough 

to influence changes in CD105 expression between conditions.  The expression change seen is 

due to a combination of RGD clustering and mechanical changes, with mechanical signals 

weighing in more than bioactive signals [248].  To tease out the isolated role of bioactive signal 

clustering, we would need a system that keeps mechanical properties constant. 

 

 

Figure 6-7.  Integrin expression for subunits (A-B) β1 and (C-D) β3 for mouse mesenchymal stem cells cultured in 

gel conditions A1, A3, and A5 via FACS.  Differences were observed in both the normalized mean fluorescence 

and percent of positively expressing cells for subunit β1. 

6.5. Conclusion 

In this study, we investigated the effect of RGD bioactive signal clustering on the 

behavior of MSCs cultured in a three-dimensional hyaluronic acid hydrogel.  Cell spreading and 

integrin expression were found to be affected by RGD clustering.  The highest degree of 
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spreading was found in the most clustered condition for the 10 μM RGD hydrogels (A5) but in 

the middle clustered condition for the 100 μM RGD hydrogels (B3).  These results comparing 

different RGD concentrations with similar degrees of clustering may indicate a concentration 

independent “optimal clustering” parameter for cell spreading.  Furthermore, expression of 

integrins α2, α3, and β1 were affected by signal clustering.  While our system was able to reduce 

the level of a MSC marker in the cells studied, it was not able to isolate the effect of the signal 

clustering from mechanical properties over the course of 7 days.  Our results show that bioactive 

signal clustering has an effect on cells in three-dimension and is a biomaterial design parameter 

that can be manipulated to help control cell behavior. 

 

 

Figure 6-8.  Time course of CD105 expression for mouse mesenchymal stem cells cultured inside hydrogels A1, 

A3, and A5 shows decreases across all three conditions for both the (A) normalized mean fluorescence and (B) the 

percent gated.  (C-D) Mechanical properties of hydrogel A5 was measured at days 1, 4, and 7.  The storage 

modulus decreases over time as the cells release MMP’s which breakdown the hydrogel structure. 
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Chapter 7 

 

 

 

 

Oxime chemistry to form hydrogels 

 

 

 

 

7.1. Introduction 

Chapters 4-6 involved the use of hyaluronic acid hydrogels crosslinked via Michael 

addition chemistry.  The acrylated hyaluronic acid was covalently crosslinked through bi-thiol 

containing peptides.  This Michael-like addition chemisty has shown the ability to encapsulate 

stem cells without reducing viability [14, 167].  Despite this, there are several cons about using 

this reaction to form hydrogels.  First, the chemistry is extremely pH sensitive as slight 

differences can greatly affect the gelation kinetics.  This proves to be a complication due to the 

batch to batch variability of the carboxylic acid to acrylate modification of the hyaluronic acid.  

During this 2-step modification, carboxylic acids are modified to first contain adipic dihydrazide 

and then an acrylate group.  The degree of carboxylic acid modification will affect the overall 

negative charge of the hyaluronic acid and thus the pH of the dissolved hyaluronic acid solution.  
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Because of this, the pH of the buffer used to dissolve the hyaluronic acid must be meticulously 

adjusted with each batch of modified polymer to determine the starting pH needed to achieve the 

desired final pH when all hydrogel components are mixed together.  Another problem with this 

chemistry is inherent with the system: thiols.  These functional groups are highly reactive and 

can reach with each other to form di-sulfide bridges.  This adds a timing parameter to making the 

hydrogels as you must be extremely quick to add the dissolved crosslinker to the hyaluronic acid 

or risk the chance of di-sulfide formation affecting the gelation kinetics and subsequent 

mechanical properties of your hydrogels. 

 Because of these issues, I was excited when Prof. Heather Maynard’s group approached 

our lab to help develop a new chemistry for hydrogel formation.  This collaboration involved the 

use of “click chemical reactions” to crosslink the polymer.  Click chemistry is a term used to 

describe reactions that contain the following characteristics: modular, wide in scope, high 

chemical yields, generate inoffensive byporducts, stereo-specific, physiologically stable, proceed 

at room temperature, and use a benign solvent (water) [249-250].  Oxime click chemistry reacts 

an aminooxy group and an aldehyde/ketone and fits many criteria desired for hydrogel forming 

reactions.  The work presented here was done to establish and characterize the use of this 

chemistry for hydrogel formation.  As the chemists of the collaboration, the Maynard lab 

modified the 8-arm poly(ethylene) glycol polymer to contain the aminooxy group and the RGD 

peptide with a ketone.  As the biomaterial specialist, my job involved characterizing the system 

through a series of experiments.  These included mechanical characterization to determine the 

range of storage moduli the system could make and composition characterization in terms of 

water content and degree of swelling.  Most importantly, my experiments involved determining 
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whether mesenchymal stem cells could survive the gelation process and proliferate within the 

hydrogel. 

 

7.2. Materials and Methods 

7.2.1. Materials 

The 8-armed aminooxy polyethylene glycol (AO-PEG) was synthesized as previously 

described [251]. All other reagents were purchased from Sigma Aldrich (St. Louis, MO) or 

Fisher Biotech (Pittsburgh, PA) and utilized as received unless otherwise indicated. Mass spectra 

were acquired using an Applied Biosystems Voyager-DE-STR MALDI-TOF instrument or a 

Thermo Finnigan LCQ Deca Ion Trap MS instrument. 1H, 13C NMR and COSY spectroscopy 

were performed on an Avance DRX 400 or 500 MHz spectroscopy instruments.  Infrared 

spectroscopy was recorded on a PerkinElmer FT-IR equipped with an ATR accessory. 

 

7.2.2. Synthesis of O-hydroxylamine tetra(ethylene glycol)  

Tetra(ethylene glycol) (16.60 g, 0.085 mol) was dissolved in 10 ml of dichloromethane in 

a two-neck round bottom flask.  To that, N-hydroxyphthalimide (1.75 g, 0.011 mol) and 

triphenylphosphine (Ph3P) (2.80 g, 0.011 mol) were added sequentially under argon.  Then, 

diisopropyl azodicarboxylate (DIAD) (2.11 ml, 0.011 mol) was added drop wise to the solution 

mixture using an additional funnel.  The reaction was stirred under argon for 16 hours at 23 °C.  

The intermediate N-hydroxyphthalimide tetra(ethylene glycol) was purified via flash silica gel 

chromatography.  First, the column chromatography was run with 1:2 v/v hexane:ethyl acetate 

until the triphenylphosphine oxide eluted.  Then, the mobile phase was switched to 100% ethyl 
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acetate to elute the desired compound (Rf = 0.27, 2.10 g, 58% yield). 1H NMR (400 MHz, 

CDCl3) δ 7.84-7.81 (m, 2H, aromatic Hs, CCHCH), 7.76-7.72 (m, 2H, aromatic Hs, CCHCH), 

4.39-4.36 (m, 2H, CH2ON), 3.87-3.57 (m, 14H, ethylene glycol protons) ppm; 13C NMR (400 

MHz, CDCl3) δ 163.4, 134.5, 128.9, 123.5, 77.2, 72.5, 70.7, 70.5, 70.4, 70.3, 69.2, 61.7 ppm; IR 

(neat): 3473, 2869, 1788, 1725, 1611, 1466, 1374, 1291, 1248, 1186, 1120, 1081, 1065, 1028, 

977, 952 cm-1; MS (ESI-MS) calc. for C16H21NO7Na+: 362.12 observed: 362.17. 

Cleavage of the N-phthalimide was accomplished by adding anhydrous hydrazine (200 

μl, 6.2 mmol) to N-hydroxyphthalimide tetra(ethylene glycol) (100 mg, 0.29 mmol) dissolved in 

1 ml of dry acetonitrile in a 15-ml scintillation vial. The reaction was allowed to stir for 12 hours 

at 23 °C.  The reaction was filtered through a 0.2 μm PTFE filter to remove the white precipitate.  

The supernatant was collected and allowed to stand in a sealed scintillation vial for 30 min.  The 

solution was then filtered again to remove the newly formed precipitate.  The collected 

supernatant was subjected to lyophilization until complete dryness to yield the desired product 

(39 mg, 65% yield). 1H NMR (400 MHz, CDCl3) δ 3.89-3.88 (m, 2H, CH2ONH2), 3.76-3.72 (m, 

12H, ethylene glycol protons), 3.67-3.65 (m, 2H, CH2OH) ppm; 13C NMR (400 MHz, CDCl3) δ 

74.2, 71.7, 69.6, 69.6, 69.5, 69.4, 68.5, 60.3 ppm; IR (neat): 3348, 3072, 3050, 2957, 2931, 2892, 

2857, 1702, 1589, 1505, 1427, 1361, 1267, 1237, 1211, 1111, 915 cm-1.  

 

7.2.3. NMR Study of Model System 

O-Hydroxylamine tetra(ethylene glycol) (22 mg, 0.10 mmol) was dissolved in 0.8 ml of 

D2O and loaded into an NMR tube.  To this, glutaraldehyde (25% aqueous solution, 24 μl, 0.05 

mmol) was added to the NMR tube.  The NMR tube was inverted a few times to mix, then let 
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stand at 23 °C for 1.5 hours prior to NMR spectroscopy. The pH of the solution after the studies 

was 4. 

7.2.4. Synthesis of RGD-containing peptide  

The lev-GRGDSPG adhesion peptide was synthesized using standard solid-phase peptide 

synthesis methods with a 2-chlorotrityl chloride resin and HBTU (O-(Benzotriazol-1-yl)-

N,N,N’,N’-tetramethyluronium hexafluorophosphate).  A ketone was added to the N-terminus of 

the peptide, NH2-GRGDSPG-OH, via HBTU coupling with Fmoc-5-aminolevulinic acid 

(AnaSpec, Inc., Fremont, CA) on the resin.  The side chains were deprotected and the peptide 

cleaved from the resin with trifluoroacetic acid (TFA)/triisopropylsilane (TIS)/water mixture 

(95:2.5:2.5, volume:volume:volume) at 24 ºC for 4 hours.  Following resin removal by filtration 

through a 0.4 mm PTFE syringe filter, the solution was precipitated into diethyl ether.  The 

sample was further purified through preparative reverse-phase HPLC on a Luna 5 mm C18 

column (Phenomenex, Inc., Torrance, CA) under a linear gradient from 95:5 to 5:95 of 

water/acetonitrile (containing 0.1% of trifluoroacetic acid) at 10 mL/min.  Electrospray 

ionization mass spectrometry (MALDI, DHP, positive mode) verified the molecular weight of 

the NH2-lev-GRGDSP-OH peptide + H: m/z 701.30 [(M+H)+, calculated 701.31].  

 

7.2.5. Cells   

Mouse mesenchymal stem cells (mMSCs, D1, CRL12424) were purchased from ATCC 

(Manassas, VA, USA) and cultured in Dulbecco’s modified eagle’s medium (DMEM, Sigma-

Aldrich) with 10% bovine growth serum (BGS, Hyclone, Logan, Utah) and 1% 
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penicillin/streptomycin (Invitrogen, Grand Island, NY).  They were cultured at 37 0C with 5% 

CO2 using standard protocols. 

 

7.2.6. Gelation with mMSCs 

AO-PEG was dissolved in phosphate buffered saline (PBS, pH = 6, 7.2 or 8) for 20 

minutes at 37 ºC. Lev-GRGDSPG adhesion peptide dissolved in PBS was added to the 

appropriate amount of dissolved PEG and allowed to react for 20 minutes at 37 ºC.  For 

encapsulated cell experiments, full culture DMEM and D1 mMSC’s (5,000 cells/μL final 

concentration) were mixed in with the PEG-RGD solution.  A frozen aliquot of 0.7% 

glutaraldehyde in PBS was thawed and the appropriate amount added to the gel precursor 

solution.  10 μL gels were pipetted onto, and sandwiched between two Sigmacote functionalized 

glass cover slips and placed into an incubator for 30 minutes at 37 ºC to gel.  For 2D cell 

experiments, D1 cells were seeded on top of pre-formed gels. 

 

7.2.7. Rheometry 

40 μL gels without RGD and cells were made as above and swollen overnight in 1x PBS.   

They were cut to size using a 8.0 mm biopsy punch and the modulus was measured with a plate-

to-plate rheometer (Physica MCR 301, Anton Paar, Ashland, VA) using a 8 mm plate with an 

angular frequency range of 0.1 to 10 under a constant strain of 1% at 37 ºC.  An evaporation 

blocker system was used to keep the hydrogel from dehydrating during the test.  To measure the 

time course of gelation, the gel precursor solution was pipetted onto the bottom plate of the 

rheometer right after the glutaraldehyde was added.  The modulus was measured under a 
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constant strain of 1% at a frequency of 1/s at 37 ºC for 30 minutes.  Gels were made in triplicate 

for each condition. 

 

7.2.8. Swelling 

Gels without cells and RGD were weighed immediately following their gelation (Mg).  

After swelling overnight in H2O, the gels were weighed again (Ms).  The dry weight was 

determined by weighing lyophilized gels (Ml).  The swelling ratio was quantified by dividing the 

swollen weight by the non-swollen weight (Ms/Mg).  The percent water in the gels was calculated 

by dividing the gel’s water weight by the gel’s total weight ((Ms-Ml)/Ms).  Gels were made in 

triplicate for each condition 

 

7.2.9. Fixing/Imaging   

Gels were rinsed in 1x PBS and fixed in 4% paraformaldehyde for 30 minutes at room 

temperature.  Following a rinse in 1x PBS, the gels were incubated in 0.1% Triton X-100 to 

permeate the cell membranes.  Another 1x PBS rinse was followed by a 90 min incubation in 

rhodamine phalloidin (Invitrogen) diluted 1:40 in a 1% BSA solution at room temperature in the 

dark.  The gels were washed 3 times with 0.05% Tween-20 for 5 min prior to imaging with an 

inverted fluorescence microscope (Zeiss Axio Observer). For 2-D cell seeding experiments, a 

single image was taken of the gel surface.  For 3-D cell encapsulation experiments, 40 Z-stack 

slices were taken of the gel and the maximum intensity projection was taken following 

deconvolution image processing.  
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7.2.10. MTT Proliferation Assay   

Gels containing encapsulated cells were given 100 μL of fresh media.  20 μL of MTT 

reagent (CellTiter 96R Aqueous One Solution Cell Proliferation Assay, Promega, Madison, WI) 

was added to each gel and incubated at 37 0C for 2 hours.  10% sodium dodecyl sulfate was 

added to each gel and the solutions transferred to a new plate.  Absorbance was measured using a 

standard plate reader at 490 nm.  Three gels were used at each time point. 

 

7.3 Results 

7.3.1. Hydrogel formation and mechanics 

Eight-arm hydroxyl terminated PEG star was modified to contain aminooxy groups via 

an initial Mitsunobu reaction of N-hydroxyphthalimide and a reduction reaction with hydrazine.  

Hydrogels were formed by reacting the aminooxy modified PEG (AO-PEG) with glutaraldehyde.  

Formulations modulating the PEG weight percent between 3, 5, 7% while keeping the 

crosslinking ratio constant at 1.0 yielded storage moduli between 1000 ± 131 Pa and 4196 ±   

450 Pa.  Next, the crosslinking ratio was varied between 0.7, 0.8, and 1.0 while keeping the PEG 

weight percent constant at 3% which had storage moduli between 258 ± 14 Pa and 1000 ± 131 

Pa. 

To determine the effect of the gel precursor pH on hydrogel gelation time, the final pH 

was modulated between 6.0, 7.2 and 8.0.  It took less than 5 minutes for the 6.0 pH condition to 

reach 90% of its final storage moduli while the pH 8.0 condition reached ~25% of its final 

moduli in 30 minutes. 
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7.3.2. Water content 

The water content in the hydrogel formulations tested in 7.3.1. was quantified by 

determining the percentage of total weight that is composed of water.  The hydrogels were 

weighed at two points: once after being allowed to swell and once after being lyophilized.  The 

3% PEG hydrogel’s water content decreased from 99.26% ± 0.08 to 98.49% ± 0.14 when the r 

ratio was increased from 0.7 to 1.0.  Increasing the polymer weight percentage from 3 to 7% at a 

constant r ratio of 1.0 decreased the water content from 98.49% ± 0.14 to 95.78% ± 0.25. 

 

7.3.3. Swelling ratio 

Hydrogels were made and weighed immediately post-gelation.  They were allowed to 

swell overnight and then weighed again.  Dividing the swollen weight by non-swollen weight for 

3% PEG hydrogels showed a decrease in swelling ratio from 1.76 ± 0.07 to 1.09 ± 0.02 as the r 

ratio was increased from 0.7 to 1.0.  Increasing the polymer weight percentage from 3 to 7% at a 

constant r ratio of 1.0 increased the swelling ratio from 1.09 ± 0.02 to 1.45 ± 0.17.   

 

7.3.4. Encapsulated mMSC viability 

5,000 mMSCs were encapsulated in a 3% PEG hydrogel with a crosslinking ratio of 0.7 

with 100 μM of the RGD adhesion peptide at a pH of 7.4.  These gel parameters were chosen 

based on the previous gel characterization studies.  The samples were stained with a Live/Dead 

staining kit at day 1, 4, and 7 post-gelation.  The images show a high degree of viability 

throughout each of the time points investigated. 
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7.3.5. Encapsulated mMSC proliferation 

The same formulation used in 7.3.4. was used to analyze mMSC proliferation through a 

metabolic activity assay kit (MTT).  The absorbance readings were taken at days 1, 4, and 7 post-

gelation with the readings doubling from day 1 to 7. 

 

7.3.6. Encapsulated mMSC spreading 

mMSCs were encapsulated in and seeded on top of the same hydrogel formulation as 

7.3.3. and 7.3.4.  The cells were fixed at days 1, 4, and 7 and the nuclei and actin stained with 

DAPI and phalloidin, respectively.  While spreading was observed in the 2-D experiments on top 

of the hydrogels, there was no spreading observed over the one week time point for encapsulated 

cells. 

 

7.4 Discussion 

Oxime Click chemistry, the reaction between an aminooxy group and an aldehyde or 

ketone, is ideal for hydrogel formation. The reaction is fast, orthogonal to functionalities found 

in biomolecules and cells, the byproduct is water, and a catalyst is not required [252].  Moreover, 

the reaction partners are stable compared to thiols. As a result, oxime chemistry has been used to 

modify surfaces with proteins, peptides, and DNA [253]. The reaction has also been employed to 

prepare protein-polymer conjugates [254], modify cell surfaces [255], and even label tissues in 

vivo [256]. For hydrogel materials, this approach like other click chemistries, should allow for 

covalent incorporation of signaling molecules, particularly since proteins and peptides can be 

easily modified with ketones, oxoamide, or aminooxy groups.  Thus, we explored the use of 
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eight-armed aminooxy PEG (AO-PEG) and glutaraldehyde as a novel approach to hydrogels for 

cell incorporation (Figure 7-1). 

 

 

 

Figure 7-1.  Synthesis and encapsulation of MSCs within RGD-functionalized oxime-cross-linked PEG hydrogels.  

Note: Glutaraldehyde is generally a mixture of species and thus the structure shown is idealized. 

 

PEG was targeted as the scaffold material because it is bioinert and biocompatible [257-

259],and multi-armed PEGs have been widely used to form hydrogels [259-260]. AO-PEG was 

synthesized by Mitsunobu reaction of N-hydroxyphthalimide with 8-arm hydroxyl terminated 

PEG star, followed by reduction with hydrazine (see supporting information, Scheme S1) [251]. 

 Glutaraldehyde was utilized as a readily available crosslinker for the oxime hydrogels.  
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The molecule is reported to exist as a mixture of species ranging from oligomers/polymers to 

cyclic hemiacetals depending on the conditions [261].  Because of the variety of ways this 

molecule can possibly react, a model system was utilized to confirm that oxime bond formation 

would occur.  Glutaraldehyde was mixed with O-hydroxylamine tetra(ethylene glycol) in 

deutrated water and studied by 1H and 13C NMR spectroscopy.  Since the small molecule 

aminooxy compound could not cause cross-linking, yet had the same chemical structure as the 

end group of the polymer, it provided for straightforward analysis of the system.  Upon mixing 

of the two substrates, the oxime peaks (syn and anti) where observed in the 1H NMR spectrum at 

7.6 and 6.9 ppm, respectively; the aldehyde peak observed in the starting glutaraldehyde solution 

at 9.7 ppm was no longer visible.  The presence of the oxime species was confirmed by 13C 

NMR spectroscopy, where the peak at 154 ppm, corresponding to the oxime carbon was seen.  

The results demonstrate that upon addition of glutaraldehyde to a hydroxyl amine, reaction by 

oxime bond formation occurs. Although we can not rule out that the other species may be present 

in the glutaraldehyde solution that react by different mechanisms, this model study strongly 

suggests that the predominant species is likely to be oxime bond formation during hydrogel 

formation. 

Rheology was used to assess the stiffness and gelation kinetics of oxime hydrogels. A 

series of gels were formed with different AO-PEG weight percent with an r = 1.0 (moles of 

aldehyde/moles of aminooxy) or different r ratios and an AO-PEG concentration of 3 weight 

percent (wt%) (Figure 7-2). The AO-PEG/glutaraldehyde system was able to produce hydrogels 

with a wide range of mechanical properties, from 258 Pa (3% PEG, r ratio = 0.7) to 4196 Pa (7% 

PEG, r ratio = 1.0).  The results of the rheology demonstrate that this system is able to generate 
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materials with a broad range of mechanical properties similar to soft tissue. This is important 

because mechanical properties have been shown to play a key role in determining cell fate.  

 

 

 

Figure 7-2.  Mechanical characterization of AO-PEG/glutaraldehyde hydrogels.  Storage and elastic modulus can 

be modified by adjusting PEG polymer percentage and/or the r ratio.  (A-B) Altering polymer percentage while 

keeping the crosslinking ratio constant (r = 1.0) can significantly change the mechanical properties of the hydrogel.  

(C-D) Likewise, changing the crosslinking ratio while keeping the polymer percentage constant (PEG: 3%) can 

drastically change the storage/loss modulus. 

 

The ability to tune the rate of gelation is critical for Click chemistry-induced gelation, 

where crosslinking is initiated immediately following crosslinker addition. Rapid gelation does 

not readily allow for the homogeneous incorporation of cells, yet if gelation is too slow, it might 
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not be able to be used as an injectable hydrogel in vivo. Since oxime bond formation is acid 

catalyzed we investigated the rate of gelation over a range of pH values. Gelation kinetics were 

characterized by plate to plate rheometry measuring the storage modulus in situ after mixing 

hydrogel components and incubating at 37 °C (Figure 7-3A). The final pH of the hydrogel 

precursor solution was modified by dissolving the polymer in solutions with different pHs.  AO-

PEG solutions at 3 wt% (r = 1) at pH 6.5 gelled within 5 minutes. When the pH was raised to 

7.2, gelation occurred in 30 min. At a pH of 8.0 hydrogel formation was considerably slowed, 

and the gel was only partially crosslinked at 30 minutes. The data demonstrate that by controlling 

the pH, the rate of gelation can be tuned.  This result is particularly useful for wound/disease 

models that require a minimally invasive surgery and biomaterials that form hydrogels.   

The amount of water absorbed by the gel and the amount that it is able to swell are 

important properties of materials for biomedical applications. The water content and swelling 

ratio of different hydrogel formulations were quantified for the different weight percent gels as 

well as different r ratios.  The water content was quantified by dividing the water weight of the 

gel by total weight.  Increasing the r ratio from 0.7 to 1.0 of 3% PEG hydrogels resulted in a 

decrease in the water content from 99.26% ± 0.08 to 98.49% ± 0.14 (Figure 7-3B).  The r ratio 

also had an effect on the swelling ratio of the gel. The swelling ratio was calculated by dividing 

swollen gel weight by non-swollen gel weight. As the r ratio increased to 1.0 (moles of aldehyde 

= moles of aminooxy) for the 3 wt% gels, the swelling ratio decreased from 1.76 ± 0.07 to 1.09 ± 

0.02 (Figure 7-3C) indicating that the more tightly the network is crosslinked, the lower water 

content and swelling ratio.  Varying the polymer percentage (3 wt%, 5 wt%, and 7 wt%) with a 

constant crosslinking ratio (r =1) resulted in decreasing water content from 98.49% ± 0.14 to 

95.78% ± 0.25 as the weight percent increased (Figure 7-3B). The swelling ratio increased with 
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increasing weight percent from 1.09 ± 0.02 to 1.45 ± 0.17 (Figure 7-3C). Thus, by changing the 

amount of AO-PEG and the r ratio it is possible to tune to the amount of water absorbed and the 

swelling ratio. 

 

 

 

Figure 7-3.  Hydrogel gelation kinetics can be altered by adjusting the pH of the solution. (A) Making the solution 

more acidic can increase the rate of gelation whereas a more basic solution slows down the gelation kinetics for 3 

wt% AO-PEG (r = 1). Increasing the storage modulus by adjusting the PEG percentage (PEG = 3, 5, 7% from left 

to right) while keeping the crosslinking ratio constant at r = 1 (open circles) decreases the water content (B) and 

increases the swell ratios (C). Increasing the storage modulus by changing the r ratio (r = 0.7, 0.8, 1.0 from left to 

right) while keeping the PEG percentage constant at 3 wt% (closed triangles) decreases the water content (B) and 

decreases the swelling ratio (C). 

 

Stem cell encapsulation is a key area of research in the fields of drug delivery, tissue 

engineering, and regenerative medicine [28]. Of the available stem cell lineages, mesenechymal 
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stem cells (MSCs) are particular interesting because they are multipotent and offer an autologous 

treatment approach [262-263]. MSCs have been differentiated in vitro and in vivo into 

osteogenic, chondrogenic, and adipogenic lineages, for example, making MSCs an attractive 

treatment option for degenerative disease and tissue/organ repair [262, 264]. For the therapeutic 

effect of stem cells to be realized it is necessary that the cells be delivered efficiently to the 

desired location and effectively encapsulated such that the cells stay at the site of delivery [28, 

265].  Two main approaches exist for stem cell delivery/encapsulation: 1) seeding cells onto 

preformed scaffolds and 2) encapsulating cells during scaffold formation. The former strategy 

offers access to a wide range of materials and engineering approaches; however, nutrient 

diffusion and uniform cellular distribution in larger scale constructs can be problematic. The 

latter approach is advantageous because the cells and scaffold precursors can be mixed prior to 

scaffold formation allowing for uniform distribution of cells and synthesis of large areas of cell-

laden material. This also allows the material and cellular cargo to be injectable and delivered 

directly to the site of interest. 

Encapsulation of MSCs within oxime cross-linked hydrogels functionalized with a RGD 

adhesion peptide was performed to determine if cells could survive the gelation process, to 

investigate the potential to use these gels as a three-dimensional gel matrix, and the stability of 

the oxime bond. Ketone-modified RGD was synthesized following standard solid phase peptide 

synthesis with the ketone added to the N-terminus using Fmoc-5-aminolevulinic acid (see 

supporting information for details). AO-PEG was modified with RGD (PEG-RGD) to achieve a 

100 µM final concentration of RGD in the hydrogel. Mouse MSCs (5,000 cells/µL of gel) in 

complete medium were added to PEG-RGD (in PBS buffer pH = 7.4). This mixture was then 

added to the cross-linker, glutaraldehyde, to result in a 3.0 wt% AO-PEG gel with an r ratio of 
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0.7. Thus, the hydrogel was able to form in the presense of cells and serum, indicating that it is 

amenable for rapid hydrogel formation in the presence of a variety of different biological 

functional groups and living cells. 

 

 

 

Figure 7-3.  Live/Dead staining of the encapsulated mouse MSCs shows good viability at (A) day 1, (B) day 4, (C) 

and day 7.  (D) Cells seeded on top of the hydrogel spread after one day, whereas cells encapsulated inside did not 

spread at (E) day 1, (F) day 4, (G) and day 7.  (H) MTT assay shows an increased reduction over time, which 

indicates that cells are proliferating inside the hydrogel.  (I) SEM image of hydrogel structure. 

 

Live/dead staining of the encapsulated cells at days 1, 4, and 7 post-gelation showed high 

viability (Figure 7-4A-C). Metabolic activity of the encapsulated cells was assessed by MTT 

assay (Figure 7-4H).  The relative absorbance by MTT doubled from 1 to 7 days indicating that 

the cells were metabolicaly active and proliferating.  Glutaraldehyde is known as a cell fixative, 
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yet the cells not only survived the crosslinking procedure, they proliferated.  We hypothesize that 

the ability to encapsulate living cells may be due in part to the reactivity of aminooxy groups to 

form stable oxime bonds in aqueous solution compared to the unstable imines formed by amine 

groups. It is well known that oxime bond formation occurs in the presence of amines.  In fact, 

this reaction has been widely used for site specific modification of proteins and to specifically 

label aldehyde moieties on living cells and tissues [256].  Thus, with the reaction conditions 

used, it is likely that the glutaraldehyde preferentially reacts with the aminooxy groups of the 

polymer, leaving the MSCs unharmed.  Exclusive reaction with more reactive amines on 

proteins, leaving other less reactive amines untouched has been reported for glutaraldehyde 

[266]. 

To determine if the cells could remodel the material in the absense of enzymatically 

degradable crosslinkers, spreading was assessed at 1, 4 and 7-days for cells plated inside the 

hydrogels. mMSCs (5000 cells/µL) were encapsulated inside RGD (100 µM) functionalized AO-

PEG (3 wt%, r = 0.7) hydrogels as described above or on top of the hydrogel. Although cells 

plated on top of the hydrogel exhibited spread morphology over the 7-days of culture (Figure 7-

4D), the MSCs encapsulated in an RGD functionalized hydrogel exhibited a rounded 

morphology over the course of the 7 day experiment (Figure 7-4E-G). This result indicates the 

stability and non-degradability of the oxime bond in the presense of cells and aqueous 

environment since cells require hydrogel degradation/remodeling to be able to spread. This result 

also suggests that the hydrogels may be useful for specific degradation of the gel, where a 

degradable linker for a particular enzyme is introduced into the system.  These studies are 

underway. The SEM imaging looked typical for nano-porous PEG gels and did not show any 

poors larger than 5 µm in size, which is the resolution of the instrument used (Figure 7-4I). 
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7.5. Conclusion 

In conclusion, a novel methodology has been developed to synthesize biocompatible and 

biofunctionalized hydrogels that encapsulate stem cells (3-D) or support adherence of the cells 

(2-D) by oxime bond formation. The mechanical properties, water absorption, and swelling ratio 

of this system can be tuned by adjusting the weight percent of the aminooxy-PEG and the 

reactivity ratio of aldehyde to aminooxy. The rate of gelation can easily be tuned by adjusting the 

pH of the system, within a mild pH range that is still applicable for tissue engineering 

applications. Facile installation of an integrin binding peptide (RGD) to the matrix was 

demonstrated. Mouse MSCs were able to adhere to the gels in 2-D and 3-D. MSCs encapsulated 

within the oxime cross-linked PEG hydrogel were viable and metabolically active for at least 

seven days demonstrating the biocompatibility of this approach for cell encapsulation. The 

material was non-degradable up to seven days, and suggesting that application of an 

enzymatically degradable cross-linker could facilitate tissue-specific cellular infiltration and 

spreading throughout the material. The ability to tune the properties and gelation rate of this 

system as well as encapsulate stem cells will allow this methodology to be applied as a 

functional coating and injectable material for stem cell therapies in research and clinical settings. 
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 Chapter 8 

 

 

 

 

Conclusions and future directions 

 

 

 

 

8.1. Introduction 

 The research described in chapters 4-7 represents five years of work aimed at developing 

hydrogels for the transplantation of stem cells through a combination of in vitro and in vivo 

experiments.  The following sections revisit the aims and hypotheses initially described in 

chapter 1 and provide a synopsis of what was learned.  The dissertation will conclude with future 

research directions that would help answer additional questions in this research topic. 

 

8.2 Specific aim 1 

This aim determined whether a hyaluronic acid hydrogel can promote the survival of 

encapsulated neural progenitor cells when transplanted to the infarct cavity of the brain after 

stroke.  Experiments from this aim were done in collaboration with two other laboratories at 
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UCLA: Dr. Carmichael in Dept. of Neurology and Dr. Lowry in Dept. of Molecular, Cell and 

Developmental Biology.  Dr. Carmichael’s lab provided expertise in stroke models and Dr. 

Lowry provided the neural progenitor cells used in the studies. 

 

Hypothesis 1 (chapter 4):  Delivering neural progenitor cells to the infarct cavity 

within a hydrogel with an optimized transplantation protocol will promote 

transplanted cell viability and differentiation compared to cell only 

transplantations. 

 

 The first step in testing this hypothesis was to optimize the transplantation protocol.  This 

was broken down into two major components: the hydrogel and injection process.  We began by 

injecting different hydrogel formulations into the brains of naïve and stroked mice to test the 

sub-hypothesis that the mechanics and degradation of the hydrogel would affect the 

inflammatory response of the brain to the implant.  While the degradability of the crosslinker did 

not affect the degree of inflammation, the mechanics of the hydrogel did.  A transplant 

engineered to have similar mechanics to the brain resulted in significantly less inflammation than 

a much stiffer implant.  Studying the injection process (needle gauge, infusion speed, cell 

concentration) allowed us to determine the parameters necessary to balance the desire to keep the 

surgery as minimally invasive as possible without significantly decreasing cell viability. 

 Neural progenitor cells derived from induced pluripotent stem cells were transplanted 

into the infarct cavity of stroked mice with or without a hydrogel carrier using the optimized 

transplantation protocol.  While no significant difference in transplanted cell viability was found, 

the cells in the hydrogel condition did differentiate to neuroblasts significantly more than the cell 

 135



only condition.  The lack of difference in cell viability is due to the immuno-deficient mice used 

in these experiments.  Their impaired immune system did not showcase the ability of the 

hydrogel to protect the cells as we had hoped. 

 

8.3 Specific aim 2 

This aim tested different strategies to engineer the hydrogel microenvironment with 

adhesion ligands derived from proteins that exist in the native extracellular matrix.  This was 

done to develop new techniques to control encapsulated stem cell behavior.  Information gained 

from these results can be used to design more effective translational hydrogel based cell delivery 

systems. 

 

Hypothesis 2 (chapter 5):  Incorporation and optimization of three adhesion 

ligands (RGD, YIGSR, IKVAV) in a three-dimensional hydrogel via a design of 

experiments statistical approach will promote differentiation of neural progenitor 

cells compared to cells cultured on two-dimensional surfaces and those cultured 

in a hydrogel containing “equimolar” adhesion ligand concentrations. 

 

 A design of experiments response surface methodology was employed to optimize the 

hydrogel for the encapsulation of neural progenitor cells in experiments that determined the 

individual and combinatorial effects of the three adhesion ligands of interest.  These in vitro 

experiments were done in parallel with the in vivo experiments described in specific aim 1.  The 

purpose was to find a way to promote the survival and neuronal differentiation of the iPS-NPCs. 
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An experimental setup (central composite inscribed design) was chosen because it 

enabled us to have a thorough and comprehensive study that had a realistic number of conditions.  

The survival of the cells based on DNA quantification at each condition tested was used as the 

initial response.  Three successive optimization iterations were done to maximize survival with 

the final adhesion ligand concentration as follows: 100 μM RGD, 48 μM YIGSR, 300 μM 

IKVAV.  Our original hypothesis was validated when immunohistochemistry and flow 

cytometry analysis showed that cell encapsulated within a hydrogel containing this optimal 

ligand formulation promoted differentiation of the neural progenitor cells to neurons compared to 

an “equimolar” condition (100 μM each ligand) and cells plated in two-dimensions.  This 

information is currently being used in on going hydrogel transplantation studies conducted by 

researchers in Dr. Carmichael’s laboratory. 

 

Hypothesis 3 (chapter 6):  Clustering the RGD adhesion ligand within a three-

dimensional hydrogel will increase encapsulated cell spreading, differentiation 

and/or different integrin expression compared to cells encapsulated in a hydrogel 

with homogeneously distributed RGD. 

 

 Clustering adhesion ligands had previously been shown to affect cell behavior on two-

dimensional surfaces.  Here, we employed that approach to determine whether it would have 

similar effects in a three-dimensional hydrogel.  The degree of RGD adhesion ligand clustering 

was controlled by pre-reacting it with specific percentages of the hyaluronic acid polymer 

backbone prior to mixing in the rest of the hydrogel precursor components.  Five degrees of 

clustering were tested for three different total ligand concentrations (10, 100, 1000 μM) and cell 
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spreading quantification suggested an optimal degree of clustering for cell spreading for 

hydrogels containing 10 and 100 μM or RGD.  Their were no significant differences in cell 

spreading among the clustering conditions for 1000 μM but that could potentially be attributed to 

the overall amount of RGD present overwhelming the clustering effect.  No differences in 

proliferation were observed between the different clustering conditions within each RGD 

concentration tested.  Further analysis was done on the 10 μM RGD conditions (homogenous 

and middle clustering, maximum clustering) and the integrin expression profiles were found to 

be different among the conditions tested. 

 

8.4 Specific aim 3 

This aim investigated the use of oxime click chemistry to covalently crosslink polymers 

to make hydrogels for stem cell encapsulation.  Experiments in this aim were done in 

collaboration with Dr. Maynard’s laboratory in the Department of Chemistry. 

 

Hypothesis 4 (chapter 7):  Aminooxy functionalized polymers can be covalently 

crosslinked with aldehyde functionalized molecules to form hydrogels that are 

biocompatible with stem cells. 

 

 While oxime click chemistry had been used in different applications previously, it had 

never been used to covalently crosslink polymers to form hydrogels.  After Dr. Maynard’s group 

modified poly(ethylene) glycol polymers with aminooxy groups and the RGD adhesion ligand 

with a ketone, we characterized the novel hydrogel system.  The efficient crosslinking chemistry 

allowed for precise control of the hydrogel mechanics.  Mesenchymal stem cells survived the 
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gelation and the hydrogel system proved to be biocompatible as encapsulated cell viability 

remained high over the course of the one week studies.  

 

8.5 Future directions 

 The ultimate goal of this research was to move hydrogel mediated stem cell 

transplantation to the clinic.  Progress has been made but more work needs to be done before the 

full therapeutic potential of this approach can be achieved.  The results of the research presented 

in this dissertation have spawned other questions and directions that this project can go. 

 The in vivo experiments described in chapter 4 utilized a hydrogel with only one adhesion 

ligand (RGD).  However, as shown in chapter 5, a hydrogel with optimized concentrations of the 

ligands RGD, YIGSR and IKVAV can promote increased neuronal differentiation of the 

encapsulated progenitor cells.  Thus, this hydrogel should be implanted into the infarct cavity of 

mice to see if the in vitro experiments translate to in vivo conditions as well.  There are two main 

assays that should be quantified: differentiation of the transplanted progenitor cells and 

behavioral studies.  Because the ultimate goal is to produce a therapy that provides functional 

benefit to the stroke victim, behavioral studies are extremely important.  These studies have 

recently begun in the Carmichael laboratory and the results are highly anticipated. 

 There are several in vitro hydrogel development directions that can take place as well.  

The crosslinkers used in chapter 4-6 were matrix metalloproteinase degradable.  These 

degradable peptide sequences allows for cell-mediated remodeling of the hydrogel matrix.  

However, the sequences used were not optimized specifically for the matrix metalloproteinase’s 

secreted by the neural progenitors used in this project.  It would be interesting to see if using 

optimal peptide sequences would promote more neuronal differentiation.  Additionally, 
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combining multiple sequences within a hydrogel could be studied using a statistical design of 

experiments approach to optimize the crosslinker combinations for cell differentiation.  If these 

crosslinkers end up promoting even more differentiation, than they should be transplanted in the 

in vivo stroke models as well. 
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