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Elucidation of the interactions between cells and extracellular matrices (ECM) 

is critical to not only the understanding of the basic biology of development, tissue 

functioning and pathological conditions, but also successful design and implementation 

of bioscaffolds in tissue engineering applications.  Mechanical characteristics, including 

mechanical stiffness, of the local microenvironment play an important role in cell 

decision making processes.  Aiming at the neural tissue engineering applications, we 

examined the mechano-sensing of neural cells in the context of neuron-astroglia 

interactions, and differentiated between dendrites and axons by deploying bis- and DNA-

crosslinked hydrogels.  These studies revealed the complexity in the neural cell mechano-

sensing which is coupled with cell-cell interactions and possesses specificity towards 

cellular property, cell type and stiffness range.  
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The dynamic and changing nature of cells’ local physiological environment 

particularly of its mechanical characteristics makes it desirable to develop a cell culture 

system or bioscaffold whose mechanical properties can be modulated in a controlled and 

temporal fashion.  DNA crosslinked hydrogels offer unique opportunities for modifying 

mechanical properties of the substrates or scaffolds via DNA delivery during cell culture 

without changing environmental factors.  Two types of fibroblasts, L929 and GFP 

fibroblasts, and spinal cord cells were subjected to the dynamic alterations in the 

mechanical stiffness of the DNA gels.  It was found that both fibroblasts and neurons are 

able to sense the mechanical stiffness change.  Fibroblasts respond mainly by altering 

morphology, focal adhesion or cytoskeletal structures whereas neurons respond largely 

by adjusting neurite outgrowth and adhesion properties.   

The significance of the current thesis work includes the following:  

1. It highlights the importance of the mechanical aspects of cell-ECM interactions, 

particularly cellular response to static and dynamic mechanical stiffnesses.  

2. It reveals the complexity in the mechano-sensing with specificity towards or 

dependence on cell type, cellular property and stiffness range. It can be further 

coupled with cell-cell interactions, and other factors including dimensionality and 

biological cues.  

3. It adds a new dimension, Time, to the mechanical compliance of the substrate in 

understanding cell-ECM events. 

4. It provides design guidelines for the choice of the mechanical stiffness of the bio-

scaffold in tissue engineering applications. 
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PREFACE 

 

A man can be destroyed but not defeated. 

 

There isn't any symbolism. The sea is the sea. The old man is an old man. 

The boy is a boy and the fish is a fish.   The shark are all sharks no better 

and no worse. All the symbolism that people say is shit. What goes beyond is 

what you see beyond when you know.  

 -- Ernest Hemingway  

 
 

This is not the end.  

It is not even the beginning of the end. 

But it is, perhaps, the end of the beginning. 

 

-- Winston Churchill 
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CHAPTER 1  INTRODUCTION 

 

 

1.1 Problem Statement 

 

The physical world was here first and, no matter what animals and plants do 
to it, it will be here last. We are no more than a cause of temporary 
discontinuities in a formless web of time and space. 

— Vicent, J.F.V. ‘Life among the formulae of physics’ (Science, 2004) 
 

The ‘collision or synergy’ between physics and biology has yielded many fascinating 

fields of knowledge and technologies, among which are biomechanics, biophysics, and 

mechanobiology, and they contributed to the emergence of tissue engineering. 

Tissue engineering, often times referred to as regenerative medicine, has emerged 

as a vibrant and exciting field during the last few decades fueled by advancement in 

biotechnology, medicine and materials sciences and engineering19.  It has the potential in 

repairing or replacing damaged tissues to restore and maintain normal tissue or cell 

functions and holds the promise of meeting the great demand for organ transplantation 

and repair that far surpasses the current availability or affordability10, 24.  An investment 

of US$0.86 billion to research and development was made and the total sales of TE 

related products reached US$1.5 billion in 2007 alone22.  The regulatory concerns have 

been raised and regulations have been formulated in the manufacturing of tissue 

engineered products in conjunction with regulation of medical devices, pharmaceuticals 
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and biotechnology, as reflected in the latest guidance for human cell, tissues and cellular 

and tissue-based products (HCT/P)5-7 released by FDA. 

Tissue engineering generally involves repair, regeneration or replacement of 

tissues and organs. In almost all cases, successful implementation of tissue engineering 

strategies requires a good understanding of the interface between cells or tissues and the 

bio-scaffolds (e.g., implants), the cell harvesting systems (e.g., stem cell harvesting 

platform), or extracellular matrix in the host tissue and organs (e.g., in the preparation of 

xeno-transplant).  This understanding is also important in basic biology and medicine as 

it is involved in a myriad of subjects including development, tissue/organ structure and 

function, pathology and physiology. 

The effect of cell-ECM interactions on cellular regulation, development and 

general cell behavior is well recognized and is being subjected to intensive research 

effort.  Various aspects of this effect have been investigated and major determinants of 

the cell decision making process have been identified, which include dimensionality, 

chemical and biochemical composition as well as physical characteristics of the 

substrates.  Echoing the ever-increasing recognition of the significance of the mechanical 

and physical side of the cell-ECM interactions,3  we directed our effort to the study of 

the effect of the mechanical stiffness on neurons and associated astroglia and the 

effect of the neuron-astroglia interactions on their respective mechanosensing, 

aiming at neural tissue engineering applications including spinal cord injury repair.  This 

has been the motivation for the static study part of this dissertation research.  

The majority of the published studies were performed using substrates that 

remained unchanged or ‘static’ in their physical characteristics throughout the process.  
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Even though a number of studies of the ‘fourth dimension’ or temporal alterations in the 

cellular morphology and function have been conducted, little attention and effort has 

been given to the physical or mechanical dynamics of the microenvironment that 

cells are subject to.  That the dynamics of the microenvironment deserves consideration 

stems from, first of all, the fact that in actualities cells do reside in a constantly changing 

micro-environment, composed of extracellular matrices and other cells.  The ECM 

undergoes degradation and synthesis, which may lead to the alterations in the mechanical 

stiffness.  Its mechanical compliance could also be modified with ageing1, 2, 16, 21, 23, upon 

external assault, or through pathological processes8, 9, 11, 14, 17, 18, 20, 21, 25.  Moreover, 

dynamics in both cells and implants at the tissue-implant interface could give rise to the 

alterations in the cellular microenvironment15, 19, 24.  Thirdly, recent studies showed that 

the mechano-response is cell type specific, and also cellular property specific12, which 

shed light to the engineering potential of temporally changing mechanical stiffness, in 

achieving optimal combination of cell groups or cell properties at different time point.  

Lastly, controlling stem cell differentiation and harvest also desires the feasibility of 

modifying substrate compliance temporally in a controlled fashion4. 

We directed our effort to the study of the cellular responses to the changes in 

the mechanical compliances of the extracellular microenvironment, and do so in a 

quantitative manner.  This is a key part of our effort in addressing the inability of 

current biomemetic materials in going through defined temporal remodeling15.  In a word, 

the need to better understand the actualities of the cell behavior in a changing 

environment (e.g., normal tissue, development and pathological conditions, cell-implants 

interface), the capability of mimicking such changes in the substrates (i.e., DNA delivery 
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induced hydrogel modification) and the desirability of having such changes (e.g., 

engineering potential and stem cell therapy) motivate the part of this dissertation research 

involving dynamic substrates.   

 

 

1.2 Objective of the Dissertation Research 

 

For the scientist or engineer, the important questions he/she must find answers 
to are:  

 
How shall I formulate the problem? 
How shall I choose the alternate hypothesis?  
What kind of experiments would justify or deny or improve my hypotheses?  
How exhaustive should the investigation be?  
Where might errors appear?  
How much time is required to obtain a reasonable solution? At what cost?  
 
These are the questions which concern active investigators and are question of 

synthesis, which employ analyses as tools.  
 

—Y.C. Fung (Preface of A First Course in Continuum Mechanics) 
 

The research in our laboratory, in a broad sense and in the long run, is aimed at obtaining 

a better understanding of tissue-scaffold and cell-biomaterial interfacial events and at 

facilitating the design of implantable bio-scaffolds for various tissue engineering 

applications including spinal cord injury repair, liver tissue engineering and stem cell 

engineering.   

This Dissertation research examines the effect of the static and dynamic 

mechanical characteristics of a substrate or scaffold on the cell growth of two distinctive 

cell types, fibroblasts and neurons, and it explores the potential of engineering the 
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fibroblast growth and neurite (a collective term for axons and dendrites of neurons) 

outgrowth with mechanically dynamic cues.  The hypotheses we formulated for the study 

include,  

• Like other mechano-sensitive cells, neurons are able to sense and respond to the 

difference in the mechanical stiffness of the substrates, and the neuron-astroglia 

interactions impact their respective mechanosensing.  

• Cells are able to sense the dynamic alterations in the mechanical stiffness of the 

substrates, and respond by changing morphology, adhesion or neurite outgrowth.  

This dissertation research was conducted to address the following questions, 

• Do spinal cord neurons and astroglia respond to mechanical stiffness, and if so, do 

they respond differently with and without the presence of the other party, or their 

interactions?  Is there any possibility of engineering the neurite outgrowth?  

• Do cellular properties respond differently to the mechanical stiffness? Do they 

respond differently to distinctive ranges of stiffness?  

• Do cells respond to the changes of the mechanical stiffness of the substrate? If so, 

do they respond differently from one cell type to another, from one cellular 

property to another?  

• Is there a correlation between phenotype or morphological changes and cellular 

adhesion and cell-cell interactions amidst these mechano-responses?  

We utilized bis and DNA-crosslinked hydrogel systems in this pursuit, since these 

systems allow the controlled alterations of mechanical stiffness.   
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1.3 Dissertation Organization 

At the onset, following Chapter 1 is background information on cells and substrates as 

well as the rationale for the choice of the specific cell types and biomaterials. The 

overview of the research on the cell-ECM interactions and the specific mechanical aspect 

concludes Chapter 2 which provides readers a general idea of the context of this 

dissertation research. 

In Chapter 3, the research conducted on hydrogels with static mechanical stiffness 

is described.  To delineate the effect of the cell-cell interactions on cell-substrate 

mechano-responses particularly for neural cells, the mixed and pure cultures of spinal 

cord cells were investigated on bis-crosslinked hydrogels and results on the effect of 

neuron-astroglia interactions on mechano-sensing are presented first (Chapter 3A). 

Portions of this chapter were published in The Open Neuroscience Journal13,  

As a prelude to the dynamic study, the second half of the chapter 3 (Chapter 3B) 

is devoted to a discussion of the detailed responses of each cell property of the neuronal 

primary structures.  The responses were assessed on DNA crosslinked hydrogels whose 

design was also expanded.  This part is preceded by the discussion on the advantages of 

DNA gels over their bis-crosslinked counterparts.  The results of studies on both of these 

types of gels are presented in Chapter 3.  Portions of this chapter appeared in Annals of 

Biomedical Engineering12. 

Presented in Chapter 4 is the research using DNA-crosslinked hydrogels whose 

mechanical stiffnesses can be dynamically changed.  The chapter is divided into three 

parts, addressing issues regarding characterization of DNA incorporation into gel 

network upon delivery (Chapter 4A), fibroblast mechano-responses (Chapter 4B) and 
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neuronal mechano-responses (Chapter 4C) to the mechanical dynamics in the DNA gels.  

Two manuscripts are in preparation for the work reported in this portion of the 

dissertation.  

Chapter 5 concludes the dissertation with a summary of the observations and a 

discussion of the significance and novelty of the static and dynamic studies.  Then a 

discussion on the limitations and discretions is followed by comments on the potential 

direction of future research.   

In this dissertation, we refer to ‘static gels’ as the gels whose stiffness is not 

altered and ‘static study’ as the investigation conducted using these ‘static gels’; and 

‘dynamic gels’ are referred to as gels whose mechanical stiffness is modified due to the 

changes in the crosslinking density via DNA delivery and ‘dynamic study’ as the study 

performed using these ‘dynamic gels’.  
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CHAPTER 2 BACKGROUND 

 

 

2.1 DNA crosslinked hydrogels 

 

2.1.1 Polymer hydrogels 

Hydrogels are a class of hydrophilic polymers that possess both solid- and liquid-like 

properties.  They have attracted great interest and have become ever-increasingly popular 

for many applications, including biomedical ones, since the development of a crosslinked 

HEMA hydrogels in the sixties of the last century4, 23, 57, 58, 85, 91, 114, 115, 121.  A hydrogel 

typically consists of an insoluble network of crosslinked polymer chains immersed in 

solvent which can be 10-20% to many times of its dry weight after swelling57, 66.  Due to 

its hydrated nature, a hydrogel can better mimic the properties of the natural tissues and 

neural micro-environment that cells reside in.  This has also fueled the interest and 

development of hydrogels-based tissue engineering scaffolds.  In addition, hydrogels 

generally respond to the environmental factors such as temperature and pH, and thus are 

among the candidates for the development of drug delivery systems31. 

Based on the types of crosslinker, hydrogels can be categorized into two classes; 

gels with covalent junctions and gels with physical junctions (weak forces, physical 

entanglement or others), or more simply stated, chemical and physical gels.   

Natural polymers are synthesized by living organisms mostly through enzymatic 

processes, while synthetic polymers generally involve either condensation or addition 
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approaches57.  Crosslinking yields a polymer network where polymer chains are inter-

connected, many of which possess sol-gel transition characteristics. 

 

2.1.2 Natural vs. synthetic materials 

The materials that are used to construct scaffolds can be generally divided into three 

categories: natural and synthetic materials, and hybrid materials consisting of both natural 

and synthetic components.  Natural polymers such as alginate gels and collagen gels were 

among those whose use in tissue engineering applications were attempted earlier due to 

their inherent biocompatibility57.  However, they also possess a number of inherent 

disadvantages that include, but are not limited to, difficulties in fully characterizing 

bioactivities, batch-to-batch variations, potential transplant rejection or adverse host 

response3.  Synthetic polymers offer an alternative with relative abundance, availability 

and ease in characterization, which brings controllability and reproducibility where 

natural materials suffer3, 37.   

 

2.1.3 Biodegradable vs. non-biodegradable materials 

Bio-degradable, bio-erodable or bio-absorbable materials have the advantages over their 

counterpart of non-biodegradable materials in that they are relatively better characterized 

and have been used in the previous tissue engineering applications.  Although 

biodegradable materials have these apparent attractions, they are not without problems 

which include insufficient support caused by premature degradation and possible harmful 

intermediates in vivo5, 24.  Alternatively, non-absorbable polymers or their copolymers 

have also shown potential utility in tissue engineering applications, and have attracted 
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considerable interest38, 93.  For instance, in a recent study, Bakshi et al.5 found in animal 

studies, mild inflammatory responses, little scarring, significant angiogenesis, and axonal 

penetration in a scaffold made from poly-hydroxyethyl methacrylate (pHEMA), a non-

degradable hydrogel. 

 

2.1.4 The properties of DNA 

DNA (deoxyribonucleic acid) is a biopolymer of fundamental importance to living 

organisms and serves as the carrier of genetic information.  Since its discovery over half a 

century ago, more and more unique properties and functions have been identified.  It is 

now recognized that it is not only an ideal media for preserving hereditary codes, but also 

a good candidate as a structural component for materials and serves as building blocks for 

nanotechnology8, 42, 109, 119, 134.  Among these properties are molecular recognition 

(specificity), stable structure held by stacking H-bonds and other weak forces (stability), 

and flexibility in separation of the base-pairing allowing, for instance, DNA replication 

and recombination126.  

The hybridization reaction occurs between two complementary DNA strands, and 

is affected by temperature and strand length.  Branch migration takes place when a 

single-stranded DNA (ssDNA) competitively hybridizes with one strand of the DNA 

duplex, and extends the hybridization until that strand is displaced entirely from the 

original DNA duplex126.  The process has a low rate constant several orders of magnitude 

less than the hybridization reaction103, and by designing a toehold, the process has been 

shown to increase dramatically135 (Figure 2-1).  Yurke and Mills have determined that for 

a toehold length of eight bases, the exchange rate increases by six orders of magnitude135. 
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DNA re-association or re-annealing kinetics 

Upon being heated above its melting temperature (Tm), duplex DNA will separate into 

complimentary strands of ssDNA since the hydrogen bonds in between the two strands 

and other stabilizing forces in the duplex can not withstand the separating forces.  This 

process is also called thermal denaturation of the DNA, and can be reversed if the melted 

DNA is cooled slowly, for which the term ‘re-association’, ‘re-naturation’, or ‘re-

annealing’ is used7, 34, 74, 112.  Four major factors dictate the rate of re-association: 

temperature, salt concentration, DNA concentration, and the length of DNA strand74.  

The optimal re-association temperature is approximately 20°C below melting tem-

perature, and the presence of adequate amount of cations is necessary for re-annealing74. 

 

2.1.5 DNA as structural materials 

Although DNA primarily serves as a carrier of genetic information in biological 

organisms, it has proven useful in various applications42, 109, particularly in the 

construction of DNA nano-assemblies8 and DNA linked microstructures119.  The inherent 

advantages of using DNA over other macromolecules as a structural component include 

the predictability of DNA strand interaction due to the simplicity (only four distinct 

bases: A/T/G/C) and specificity of Watson-Crick base pairing.  With a persistence length 

of 50 nm, duplex DNA has a structural rigidity suitable for the construction of 

nanodevices.  The flexibility of single stranded DNA and the relatively weak bonding in 

duplex DNA allows interacting DNA strands to seek thermodynamically favored 

configurations, making possible programmed self assembly of complex structures. This 

also allows DNA to be used as a fuel to drive DNA nanomachines42.  DNA sliding, if 
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tailored through the choice of base sequence, may be useful in imparting unique pro-

perties to these materials90.  DNA containing hydrogels have also been constructed 27, 118. 

 

2.1.6 Using DNA to crosslink a polymer network  

DNA has been proven a useful material to give bulk materials added functionality. In 

particular, by using DNA hybridization instead of covalent bonding to form crosslinks 

between polymer strands, hydrogel polymers have been given a temperature-dependent 

rigidity and thermal reversibility in crosslinking and gelation78, 88.  This has generated 

interests in using DNA as crosslinking agent for various applications2, 76, 87, 104, 128. 

Polyacrylamide (PAM) gels have wide applications as biomaterials due to a 

number of advantages9.  By incorporating AcryditeTM modified oligonucleotides in PAM 

gels, in our laboratory, Lin and colleagues78 illustrated and characterized reversible 

gelation and achieved a range of stiffness from a few hundred Pa to 10 kPa by varying 

crosslinker DNA density77.  The ease with which the mechanical properties of DNA 

crosslinked gels can be changed suggests that they would be useful in tissue engineering 

applications. 

In these gels, AcryditeTM modified oligonucleotides co-polymerize with 

acrylamide monomers to form polymer long chains with DNA side chains of specific 

length and sequence designated as SA1 and SA2.  “Crosslinker” oligonucleotides (L2) 

with a ‘toehold’ assume the functions of a crosslinker by hybridizing with SA1 and SA2 

at the same time.  By carefully designing another single-stranded DNA (ssDNA), also 

called “removal” DNA, that is complementary to L2, one is able to reverse the 

crosslinking process (Figure 2-1).  



 

 

15

Replacing the covalently bound bis-crosslinks with paired DNA strands results in 

a gel possessing quite a few potentially useful properties, such as thermal reversibility 

with a tunable melting temperature, reversibility of gelation without heating and without 

the need of initiator-catalyst system for re-gelation78, 79.  More interestingly, by 

modifying the DNA crosslinking (i.e., oligonucleotide length or concentration), the 

mechanical properties of the gels can be engineered to take on particular values.  

Specifically, via delivery of more crosslinks, the DNA association/dissociation ratio 

could increase, resulting in a stiffened gel; in contrast, gels could be softened by lowering 

the crosslink density with removal DNA strands (designated as CL2, Figure 2-1) that are 

complementary to L2.  CL2 strands competitively base-pair with L2 strands and remove 

them from the gel network.  Examples of the major approaches used to alter DNA gel 

nano-scale structures and hence the gel’s physical properties are illustrated in Figure 2-2. 

Besides polyacrylamide, poly-hydroxyethyl methacrylate (pHEMA), poly-

hydroxy-propyl-methacrylamide(pHPMA), polymethyl methacrylate (pMMA), and 

copolymers (e.g. pHEMA-co-MMA and pHEMA-co-AEMA) are among the most 

studied non-biodegradable polymers for tissue engineering applications, including SCI 

research38, 45, 71, 93 owing in part to their resemblance to highly hydrated natural tissues102.  

The design of these polymers can benefit from the DNA crosslinking mechanism due to 

the presence of the vinyl group in their monomers (Table 2-1). They have been 

engineered to carry neuro-trophic factors and present communicating porous structures5, 

16, and to facilitate necrosis reduction, vasculature formation and axonal outgrowth across 

the graft-tissue interface 30, 71, 133. 
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Figure 2-1 Schematic depicting the reverse process of DNA crosslinking. 
By adding a toehold to the end of the L2 strand, the crosslinker can be displaced via 
delivery of CL2 (dotted line) complementary to L2, thus reducing the crosslinking level. 
 

 

Figure 2-2 Examples of the major approaches in altering mechanical properties of the 
DNA crosslinked hydrogels. 
Approaches include change in crosslinker length (i.e., number of bases), crosslink 
density, or monomer concentration.  R: polymer monomer. 
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Table 2-1 Examples of potential DNA crosslinked hydrogels.  
L2: crosslinker DNA.  

 
DNA X-linked 
polymer 

Gel preparation Chemical structure Notes 

pHEMA, 
poly-(hydroxyethyl 
methacrylate) 5, 22, 45 

Crosslink: L2 (replacing 
EGDMA) 
 
HEMA (Aldrich, St. 
Louis, MO) (20%-60%)  
 
Initiator-catalyst (APS-
TEMED) 

 

Pore size: 
10 µm to 
20 µm 

pHPMA, 
poly-
(hydroxypropyl-
methacrylamide) 38, 

113 

Crosslink: L2 (replacing 
DMHA) 
 
HPMA monomer 
 
Initiator (AIBN) 

 

Pore size: 
10 µm to 
50 µm 
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2.1.7 Mechanical characterization of hydrogels and soft materials 

The mechanical properties of hydrogels need to be characterized prior to their 

application, with respect to crosslink concentration, crosslink length, acrylamide 

monomer concentration and other parameters.  Previously, Pelham and Wang98 used a 

rather crude and simple way to measure the Young’s modulus where they applied weight 

(e.g. hanging binder clip) to the strips of gel sample and recorded deformation following 

conventional approach for materials like metals.  Later on, they made the samples in a 

‘dog-bone’ shape like that used in conventional mechanical measurements98, 129.  Because 

the viscoelastic nature of the hydrogels and loading conditions (i.e. clip hanging) 

complicate these testing procedures, better testing procedures are desired.  Wong et al129 

also pointed out that measurements performed on the surface of a gel or on a thin gel did 

not yield values that are identical to those obtained from bulk gels.  A micro-needle 

measurement technique was designed, and the researchers established the correlation 

between the deflection of the needle tip perpendicular to the gels and the forces that were 

generated70, 98.  This method has an inherent drawback that a highly localized force is 

generated and could induce stress concentration which renders the results unreliable.   

Another approach, known as the Hurtz cone method, is to drop a steel ball on the 

gel and calculate the compliance using the known force (weight of the ball) and measured 

indentation with the help of Hertz theory81, 129.  Particle image velocimetry (PIV) has 

been utilized to study the local deformation of the hydrogels63.  Recently, rheometry was 

employed to quantify the visco-elasticity of hydrogels44, 132.  Although the mechanical 

properties of gels can be characterized before their use in cell culture or tissue 

engineering experiments, in situ measurements during the course of the experiment and 
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under physiological conditions would be ideal.  Very recently, an atomic force 

microscopy  (AFM) technique has been implemented35, 40, 94, to probe the surface physical 

properties of the hydrogels in the aqueous conditions, with refined theoretical framework 

for interpretation of the data80.   

 

2.2 Choice of cell types 

 

2.2.1 Fibroblasts  

Fibroblast cells are among the most abundant cell types in various tissues and in almost 

every organ in human body55, 130, especially in the connective tissues.  They assume the 

role of ‘scaffold support’ maintaining the integrity of the tissue structures by synthesizing 

and remodeling extracellular matrices (ECM).  Fibroblast cells produce most of the ECM 

components82.  Additionally, they have been shown to play roles in would-healing, organ 

development, inflammation, among other things55.  Great progress has been made during 

the past few decades in engineering fibroblasts for various applications, including, 

vascular tissue engineering86, skin tissue engineering92, and neural tissue engineering107.  

The response and sensitivity of fibroblasts to mechanical cues is well 

documented. (See, for instance, references20, 26, 59, 100).  These cues consist of mechanical 

forces12, 36, 122, mechanical stress/strain32, as well as mechanical stiffness98, 123 of the ECM.  

 

2.2.2 Neurons and other cells in central nervous system 

The nervous system consists mainly of two groups of cells, the neurons and glia, with the 

former one classified based mainly on dendritic morphology21, 72 and the later composed 



 

 

20

of a number of subclasses (e.g., astrocyte, microglia, oligodendrocyte) differentiated 

based on their morphology and functions.  Unlike fibroblasts, neurons, the functional unit 

in the neural circuitry, are relatively specialized and exist mostly in the nervous system.  

Their role in transferring and processing information via intercellular signaling lays the 

foundation for the functioning of the nervous system.  The major disparity between 

neurons and other cell types lies in neurons’ inability to undergo mitosis.  Distinction in 

their functions also stems from their structures which differ greatly to those of the 

fibroblasts. Typically, a neuron has three distinctive structural elements, the axon, usually 

only one, from which the information is transferred to the next neuron, the dendrite where 

the information is received, and the cell body, or soma, which is capable of firing the 

action potential and releasing neurotransmitters19 (Figure 2-3).  Within the neuronal 

populations in the nervous system, subpopulations of neurons can also differ significantly 

from one another depending on the tissue types and functional roles, which adds greatly 

to the complexity in the identification, characterization, and engineering of the neurons72.  

Glial cells have long been thought to act as a ‘glue’, keeping neurons together, as 

indicated by how its name was coined19, 72.  More and more evidence has pointed to their 

active participation in the proper functioning of nerve cell and the nervous system15, 43.  

Unlike neurons, glial cells are capable of dividing and multiplying via mitosis.  
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2.2.3 Spinal cord injuries and therapeutic strategies 

 

2.2.3.1 Neural tissues  

The nervous system, composed of central and peripheral nervous systems (CNS/PNS), 

senses and responds to external stimuli, and contributes to the maintenance of 

homeostasis of the living organisms.  The CNS includes the brain and the spinal cord 

whose major function is the transmission of information between brain and the periphery 

of the body.  The spinal cord can be further subdivided into segments, and it is composed 

of two primary regions, the white matter and the gray matter.  The spinal cord is covered 

by meninges consisting of three layers, the outer dura mater, the arachnoid mater, and the 

pia mater13. 

 

2.2.3.2 Significance and challenges 

Each year, there are 10,000 new cases of traumatic SCI, with a prevalence of 200,000 in 

the general population.  These injuries bring about tremendous economic and emotional 

costs to the inflicted individuals and the society48, 84.  Once described as ‘a disease that 

cannot be treated’ by ancient Egyptians84, SCI has received great attention.  It is always 

accompanied by loss of functions such as breathing, bladder and bowel control, motility, 

and sexual functions. Considerable effort has been made in the recent decade in attempts 

to repair and regenerate neural tissues for patients with neurodegenerative diseases or 

traumatic injuries to the nervous system64, 107. Researchers have been searching for cures 

and have primarily identified axonal regeneration, synaptogenesis and formation of the 

neuronal circuitry among the key steps in gaining functional recovery after SCI. 
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Microscopically, spinal cord injury (SCI) often results in damage to axons in the 

white matter of the spinal cord and subsequent interruption of neuronal communication.  

 

2.2.3.3 Major approaches in finding the cure 

Unlike the major problems associated with a myriad of types of injuries and also distinct 

from injuries to the periphery nervous system (PNS), the challenges accompanying 

central nervous system (CNS) are many fold and unique (Figure 2-4).  They include, but 

are not limited to, the existence of regeneration-inhibiting glycoproteins, a much slower 

functioning of macrophages, unappreciable upregulation of cell adhesion molecules, glial 

scar formation, and the existence of the blood-spine barrier107.  Thinking in terms of the  

level of functional recovery required, the task of complete recovery might seem 

unachievable—not only would the axons have to be able to regenerate in a controlled 

fashion, but synapse formation also needs to occur to reestablish neural communication.  

Additionally PNS-CNS interfacial zone would also have to be functionally restored 41, 101. 

Encouraged by the progress in the basic research on neuroscience and the 

development in tissue engineering, various approaches (Fig. 2-4) have been attempted, to 

promote neuronal growth and protect neurons from further insults41, 107, which include 

designing bio-scaffolds, delivering trophic factors and other biological reagents, and 

cellular therapies utilizing cells such as olfactory ensheathing cells and stem cells.   

 

2.2.3.4 Tissue engineering approach and biomaterial design   

The re-establishment of neural circuitry via regeneration of axons is a critical step in 

reversing the effects of SCI.  While numerous biological and cellular therapies (i.e. stem 
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cell, olfactory ensheathing cell, pharmacological) are being pursued to enhance spinal 

cord nerve regeneration in searching for cures of spinal cord injuries (SCI) 41, 68, 107, nerve 

grafts or scaffolds providing physical support and guidance in addition to enabling bio-

molecule delivery hold great promise and are under aggressive development3, 47, 51, 93, 107. 

These grafts or scaffolds are desired to not only establish a bridge or channel allowing 

growth of regenerating axons from the proximal to the injury site and further to the distal 

target, but also provide a multitude of stimuli including physical ones to enhance and 

direct the regeneration of the neurites.  

In a recent study, Bakshi et al.5 found in animal studies, mild inflammatory 

responses, little scarring, significant angiogenesis, and axonal penetration occur in a 

hydrogel scaffold made from poly-hydroxyethyl methacrylate (pHEMA).  DNA 

crosslinking also can be applied to those polymers with demonstrated biocompatibility, 

and consequently confer on these polymers the versatility (e.g., tunable flexibility and 

non-chemical and non-thermal reversibility) to achieve significant axonal growth in 

addition to those aforementioned benefits.   

In the current work, we aim to design a DNA crosslinked hydrogel that can 

offer a conducive environment for axonal regeneration and neuritogenesis and at the 

same time enable the application of the external stimuli, such as dynamic mechanical 

stiffness, to the neuron and astroglia, in a manner that will facilitate and promote neurite 

regeneration (Figure 2-5). 
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Figure 2-3 Schematic of the typical morphology of a neuron. 
The neuron is composed of dendrite, axon, and neuronal soma.  Stemming from primary 
dendrites are secondary dendrites.  

Soma
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Figure 2-4 Summary of the major challenges in finding a cure for spinal cord injuries 
and the strategies proposed to tackle the problem.  
Extracted and modified from67. 
 
 
 

 

 
Figure 2-5 Tissue engineering approaches adopted in the current research 
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2.3 Cell-ECM interactions 

 

2.3.1 Cell-ECM interplay 

Interactions between cells and extracellular matrix (ECM) are subject to intensive 

research effort both experimentally and numerically in recent years17, 26.  These 

interactions, coupled with the cell-cell crosstalk, constitute the external factors that affect 

cell behavior.  There is an increasing awareness that mechanical interactions are an 

integral part of the cell-ECM interactions, in addition to the chemical interplays 6, 28. 

On the one hand, various chemical, biological, and mechanical information in 

ECM is gathered and processed for cellular decision making108, resulting in distinct 

cellular behaviors  (e.g., 39, 54).  Perhaps one of the most interesting reports about this is 

that responses of the collagen matrix to external loading are not brought about by changes 

in mechanical properties of the gels but mediated by cells20.  On the other hand, cells alter 

the surrounding environment by, e.g., secreting ECM components so as to adhere, 

proliferate, and locomote83; cells also induce the reorganization of ECM by exerting 

forces60.  The force generation is a very important capability of cells in, for example, 

wound closure mediation89 and tissue component alignment53. As another example, it is 

generally believed that fibroblasts apply mechanical pulling forces to collagen fibers in 

maintaining the integrity of connective tissue83.  Moreover, it has long been reported that 

cells react to reorganization of the ECM resulting from tractions by other cells56 and that 

cells incorporate feedback from ECM to adjust shape and function60.  Furthermore, 

dynamic analysis is inevitable in characterizing many cellular behaviors such as cellular 

motility and migration110.  As a result, this cell-cell interaction via ECM plus the possible 
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control mechanism and dynamic behavior in addition to aforementioned interaction 

between cells and ECM complicates the whole picture of cell-ECM events. 

 

2.3.2 Major determinants in cell responses and physical cues 

Recent studies28, 50 showed that in investigating cellular behavior under the influence of 

extracellular matrix (ECM) in vitro, one would less likely achieve an accurate 

representation of in vivo events without taking in account any of the following three 

factors: three-dimensionality, chemical composition and mechanical properties of the 

ECM.  These factors can be sensed following intracellular pathways and trigger a series 

of events leading to the alterations in gene expression, which is manifested in the 

phenotype (Figure 2-6).  Ever since the finding of Bissell’s group127, more and more 

proof has been presented from various studies for the importance of 3D cell culture in 

that a few observations made in 3D culture were quite different, if not opposite, to those 

in 2D culture and that 3D culture systems more closely resemble the cell environment in 

vivo1.  Spatial arrangement of the cells is important and cells on planar structure do not 

function in the same way as those in real tissues.  There are mainly three ways of creating 

a 3D culture system: simple gels incorporating collagen, customized gels form ECM of 

proper tissues and a basement membrane matrix—Matrigel14.  It was suggested that 3-D 

scaffolds and 3-D cultures might be fabricated in the same fashion 46.  

The effects of chemical cues provided by the ECM have also received 

considerable attention.  In particular, chemical composition in site of injury and 

molecular mechanism of repair has been intensively studied although this research is far 

from complete.  In contrast, mechanical stimuli provided by the ECM have attracted 
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substantial attention only relatively recently, despite the critical role played by 

mechanical stimuli including stiffness or compliance and viscosity of ECM on cellular 

behavior such as adhesion, migration, and signal transduction in development.  For 

instance, mechanical tension has been shown to determine the axonal fate in hippocampal 

neurons 69.  
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Figure 2-6 Schematic depicting the interactions between cells and the local micro-
environment at the molecular level.  
The principle holds that ‘Gene is the gun, ‘micro-environment’ pulls the trigger’.  
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2.3.3 Cell mechano-sensing 

In contrast to the long history of efforts directed to elucidate the roles of various 

biological molecules in cellular events, it has been about only a decade since physical 

cues, especially externally applied forces or tension18, 111, 136 and mechanical properties of 

the substrates or scaffolds10, 81, 98, started to draw ever-increasing attention.  However, 

external force or traction application remains a problem in vivo that could pose a great 

challenge for efforts to take advantage of cellular responses to mechanical cues for 

medical applications.  In contrast, much more control could be gained in synthetic media, 

over the physical properties of the substrate as a subset of mechanical cues provided to 

cells.  It can be achieved by carefully selecting materials and designing the substrates 

(2D) or the scaffolds (3D).  Among all of the physical properties that can be controlled  

are surface topography, surface pore size, and surface geometric patterns including those 

produced by micro-posts25.  

To better understand cell-ECM interactions, particularly, the coupling between 

mechanical responses and biological functions, much effort has been made in the 

qualitative or quantitative study of tissue and cell mechanics6.  For these studies, the 

elucidation of direction and magnitude of cellular forces acting on the ECM is of prime 

improtance33, 81, 106, 120.  In light of this, many experimental methods have been developed 

for the mechanical studies.  Elastic micropatterned substrates were designed by Schwarz 

et al.116 to monitor the cellular forces in the cell-ECM interface at the focal adhesion (FA) 

sites.  Comparing cellular forces measured on silicon elastomers by imaging their 

surfaces, Wroble et al. 131 were able to study the differential behavior in force exertion of 

fibroblasts and myofibroblasts. With the help of optical sectioning microscopy which 
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excludes the need of extrinsic marker, Vanni et al.120 investigated 3T3 fibroblast behavior 

with displacement measured in collagen gels and they found that the gel anisotropy due 

to cellular forces can be sensed by others cells even a relatively long distance away.  For 

a comprehensive review of ways of measuring cellular traction forces, one is referred to 

Beningo and Wang11 and Roy et al. 106. 

As an example of a cell for which mechanical interaction with the ECM is crucial 

to its function, consider myofibroblasts, also referred to as fibroblastic cells within 

granulation tissue.  They typically exert mechanical forces in normal tissue and under 

pathological conditions, e.g. Dupuytren’s disease49.  These cells play a critical role in 

wound healing but have a transitory existence in connective tissue injury117.  An 

underlying molecular mechanism has been proposed for the force generation as well as 

ECM synthesis of these cells that causes the reorganization of the ECM49, 117. The 

mechanical interaction of myofibroblasts with the ECM is apparent: it is the mechanical 

loads that activate cardiac fibroblasts and initiate their differentiation towards 

myofibroblasts124.  Fibroblastic cells on collagen gels exhibit a morphology that is 

distinct from that observed in common culture dishes, and such gels are contracted by 

cells and exhibit realignment of the collagen fibrils54.  

 

2.3.4 Effect of substrate mechanical stiffness on cells 

Among critical extracellular cues, the effect of physical stimuli, including traction force, 

mechanical strain, surface topography39, 81, 95, 98, 99, 125, 129, 132 and particularly substrate 

stiffness, have been found to affect cellular behavior in a cell-type specific manner29, 44, 52, 

65, 75, 96, 97.  Mechanical stiffness, sometimes also referred to as mechanical rigidity or the 



 

 

32

inverse of the compliance, is an inherent property of a specific material.  It reflects the 

resistance of a structure to externally applied forces, and can be characterized by the 

force acted on a unit area over the deformation of a unit length resulting from the applied 

force.  In living tissues, these signals originate in the ECM which functions as a natural 

cell substrate and is characterized by tissue-specific protein compositions and cell-ECM 

interactions. 

In in vitro conditions, researchers have subjected cultured cells to various 

substrates composed of natural and synthetic hydrogels, such as collagen105 and 

pHEMA5, which mimic intrinsic ECM properties.  These hydrogels better represent cells' 

natural fluidic environment than in vitro culture plate systems do.  Wang and co-workers 

popularized bis-acrylamide crosslinked hydrogels (‘bis-gels’, hereafter) as substrates to 

study cell-substrate interaction125.  This model system has been utilized in studies 

involving a variety of cell types, including rat kidney epithelial cells97, 3T3 fibroblasts97, 

non-neuronal PNS (peripheral nervous system) cells105, hepatocytes73 and recently, CNS 

(central nervous system) cells 44, 52, 61, 95. 

Flanagan and colleagues44 investigated the response of neurons to gels with two 

different mechanical stiffnesses and found that mouse spinal cord neurons have more 

dendritic branches on softer gels (E~150 Pa) than on stiffer gels (E~1500 Pa).  Their 

study was extended to rat cortical neurons52, and the researchers showed that astrocytes 

spread less and had poor adhesion on softer gels with a shear modulus of 200 Pa (E~600 

Pa), while neurite elongation and attachment of neurons co-cultured with glia were not 

dramatically different from those on stiffer gels (E~27 kPa).  Our group very recently 

demonstrated that, due to the presence of neuron-astroglia interactions, the responses of 
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neurons and astroglia to the mechanical stiffness of the ECM could be different than 

those in their respective pure cultures61.  With a DNA crosslinked hydrogel, we also 

showed that different neuronal properties, including primary dendrite length and number 

and axonal length, respond in a distinctive fashion to the range of stiffness explored62.  It 

suggests that the neuronal cell body and neurites might have more than one way of 

detecting and responding to ECM stiffness. 
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CHAPTER 3A  EFFECT OF NEURON-ASTROGLIA 

INTERACTIONS 

 

3A.1 Background 

Recent studies have suggested that cells can integrate and respond to biological and 

chemical information as well as the physical properties of their extracellular matrix 

(ECM) 23, 26, 53.  This integration contributes to the inherent complexity of cellular-ECM 

interactions.  Among the physical stimuli, traction force, mechanical strain, surface 

topography, and particularly substrate stiffness have been identified and found to affect 

cellular behavior in a cell-type specific manner9, 14, 20, 24, 28, 29, 44.  Researchers have 

subjected cultured cells to various substrates composed of natural and synthetic hydrogels 

such as collagen50 and pHEMA(poly-hydroxy-ethyl methacrylate)3, which mimic 

intrinsic ECM properties and better represent cells' natural fluidic environment than the 

non-physiological in vitro culture plate systems do.  

 

3A.1.1 Bis-crosslinked polyacrylamide gel culture system  

Wang and co-workers popularized bis-acrylamide crosslinked hydrogels (‘bis-gels’, 

hereafter) as substrates to study cell-substrate interaction 56. This model system and their 

protocol has been utilized for a variety of cell types, including rat kidney epithelial 

cells45, 3T3 fibroblasts45, non-neuronal PNS (peripheral nervous system) cells50, and 

recently, mouse spinal cord20 and rat cortical neurons24.  Table 3A-1 shows a partial list 

of previous studies that have utilized this gel system.  The cells were subjected to 

mechanical cues alone or stimuli with a coupling of mechanical and biological cues17. 
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Cellular properties, including differentiation, proliferation, adhesion, spreading, and 

motility, have been investigated45, 46, 48, 51, 61.   

There is also a growing interest in extending this gel system to additional systems 

such as agarose4 and collagen50 gels, for the study of neurons in an attempt to provide 

information for the mechanical design of bio-scaffolds for tissue engineering 

applications.  Currently, there are few studies on neuronal cell types, and fewer on cells 

of the central nervous system.  Flanagan and colleagues20 investigated the response of 

neurons to gels with two different mechanical stiffnesses and found that mouse spinal 

cord neurons have more dendritic branches on softer gels (E~150 Pa) than on stiffer gels 

(E~1500 Pa).  Furthermore, they did not observe glial cells on these gels.  Recently, 

Flanagan’s study was extended to rat cortical neurons24, showing that astrocytes spread 

less and had poor adhesion on softer gels with a shear modulus of 200 Pa (E~600 Pa), 

while neurite elongation and attachment of neurons co-cultured with glia were not 

dramatically different from those on stiffer gels (E~27 kPa).   
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Table 3A-1 Partial list of the previous mechano-biology studies using bis-crosslinked 
PAM gels.  
(⇓ significant decrease, ⇑ significant increase, when the stiffness becomes higher); 
VSMC: Vascular smooth muscle cell.  
 
Gel stiffness (Pa) 
Low High 

Cell Type Major Observations 

20,000 
 

80,000 Rat kidney 
eptithelial/3T3 

Cell spreading ⇓ and migration rate ⇑ on softer 
gels45, 55  

5,000 35,000 Bovine VSMC Directional migration from soft to stiff area58  
2,000 
 

10,000 Hepatocyte Cell compaction ⇓ on soft gels; 
Liver-specific albumin secretion ⇓ on soft gels; 
Less spreading on soft gels51  

150 1650 Mouse spinal 
cord 

No glia grew on any of the gels; 
Neuron branch points⇑ on soft gels 20  

600 
 

27,000 Cortical cells Astrocyte spreading ⇓ organized F-actin⇓ on 
soft gels; 

Neurons extended long neurites and polymerize 
actin filaments on both soft and stiff gels24  

21 60, 000 PC-12 
neuronal like 

Threshold responses32 

 
Note:  Shear modulus has been converted to Young’s modulus by assuming Poisson's 
ratio of 0.5, purely elasticity and isotropy.  
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3A.1.2 Neuron-astroglia interactions 

It is not yet clear whether and how astroglia and neurons affect each other's growth on 

biomaterials of different stiffnesses.  The question remains open for previous studies 

using neural cells as to what extent their respective responses can be attributed solely to 

their own mechano-sensing mechanism.  The answers to this question are especially 

relevant in the applications where a differential effect of mechanical cues on cellular 

properties of neurons and astroglia is desired.  For instance, scaffolds that supply 

mechanical cues inhibiting astroglia growth while promoting neurite regeneration could 

be used to cope with the scar formation following spinal cord injuries   

Considerable effort has been directed towards delineating neuronal-glial 

interactions22.  It has been demonstrated that cellular crosstalk plays a critical role in 

development, plasticity, response to injury, and normal and disease states, both in 

general5 and in specific processes such as neuronal cell migration15, 36, synaptogenesis 

and synaptic plasticity 2, 57, and growth cone pathfinding7.  However, the role of neuron-

astroglia interactions in the mechano-sensing by neurons and glia has not yet been 

studied. 

 

3A.1.3 Mechanical stiffness range under study 

The majority of previous studies have been performed on bis-gel stiffness lower than 80 

kPa (Table 3A-1).  Mechanical testing results for various CNS (central nervous system) 

tissues of a number of different species provide the incentive for performing studies on 

stiffer gels.  These studies have shown a relatively broad range of stiffnesses from a few 

Pa to hundreds of kPa or higher and different moduli for the same tissue type from the 
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same species3, 19, 20, 47 (Table 3A-2).  In addition, many polymers, such as pHEMA and 

PLGA (poly-lactic-co-glycolic acid), used as implant materials in CNS tissue repair, have 

mechanical stiffnesses in the 100 kPa to MPa range10, 54.  Also, although close 

resemblance to the natural cell environment (e.g., fluidic and soft ECM) in designing 

biomaterials is of great significance, it is not without benefits to examine other 

possibilities (e.g., high stiffness), considering better neuronal growth on plastic culture 

plates that have a stiffness of GPa magnitude.  Consequently, from an engineering 

perspective, it is important to examine cell behavior on these higher stiffnesses.   

Thus, the objective of the research presented in this chapter was to investigate 

spinal cord cell adhesion and morphology on bis-gels whose stiffnesses span a large 

range, varying from ~300 Pa (soft gel) to ~230 kPa (hard gel).  In this research, the 

number and morphological properties of spinal cord neurons and astroglia in mixed and 

pure cultures were evaluated and contrasted.  The results of this study will aid in our 

understanding of the effects of neuron-astroglia interactions on each cell type's response 

to mechanical stiffness and guide us in devising a biomaterial that will achieve desired 

outcome of both neuronal and astroglial growth as well as neurite outgrowth.    
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Table 3A-2 Partial list of the stiffness of CNS tissues of different species. 
(SC = spinal cord; BR = brain) 

 

Specie Tissue Stiffness Techniques Ref 
Rat SC 0.1MPa~MPa  

(0.08MPa/0.12=0.67MPa) 
(1.88MPa) 

Uniaxial tensile tests 
 (at different rate:  0.002 to 
0.2 s-1) 

19 

Rat BR 330Pa (shear modulus) Rheology 24 
Cat SC 0.2~0.3MPa Uniaxial tensile tests 6 
Cattle  SC 0.6 or 0.365MPa (gray 

matter) 
0.277 or 0.154MPa (white 
matter) 

Uniaxial tensile tests  
(at rate of 0.5 to 0.005 
mm/second 
 

27 

Cattle SC 50Pa (shear modulus) Shear tests 20 
Rabbit SC N/A Compression (circular and 

dynamic manner) 
38 

Rabbit SC 3.4 kPa (for both gray and 
white matter) 

Aspiration using glass 
pipette 

42 

Rabbit SC 2.3MPa (for pia mater) 
w/ pia mater: 16kPa 
w/o pia mater: 5kPa 

Uniaxial tensile tests  
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Pig  BR 200Pa (shear modulus) 
Ogden coefficient  

Shear/ compression tests 47 

Human BR 275Pa (shear modulus) 
Human SC N/A 

 
MRI 

 
62 

Human  BR dura 
mater 

2.75MPa Tensile test; tearing strength 
tests 

60 
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3A.2 MATERIALS AND METHODS 

 

3A.2.1 Mechanical characterization of bis-gels 

Bis-gels with monomer concentrations of 3% and 5% and fixed acrylamide/bis-

acrylamide ratio (29:1) were prepared in micro-centrifuge tubes with initiator and catalyst 

(0.1% ammonium persulfate and 0.1% TEMED).  A steel bead (0.79 mm in diameter; 

Small Parts, Miami Lakes, FL) was embedded in the gel during polymerization, and a 

customized fixture was utilized to measure the mechanical properties of the gels (Fig. 

3A-1) 33.  The measurements were performed at room temperature (RT). 

The bulk elasticity modulus of the hydrogel is a function of the monomer 

concentration and crosslinker density33-35.  A calibrated magnetic force was applied to the 

bead and the displacement was measured with a video microscope.  The experimental 

method is non-intrusive and was used to monitor gel compliance changes.  Classical 

linear elasticity theory was used to model the test conditions as a problem of a rigid 

spherical inclusion in an isotropic, elastic medium.  Under the influence of an externally 

applied known magnetic load F, the sphere is displaced by a distance δ, which depends 

on the elastic modulus, Poisson’s ratio, and the boundary conditions.  Assuming gels are 

incompressible as they essentially are, the modulus computed, Ea, was expressed in the 

form: 

. 
2 o

⎟
⎠
⎞

⎜
⎝
⎛=

δπ
ρ F
R

Ea  

where R0 is the radius of the sphere and ρ is a geometrical factor to account for the effect 

of finite boundary.  In this study, ρ is determined to be 0.967.  
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Stiffnesses of bis-gels with monomer concentration higher than 10% (including 

10%, 15% and 20%) were evaluated by standard tensile tests (sample cross section 

diameter 15 mm, and length varying from 38.1 to 66.0 mm).  Each test has been repeated 

at least twice.  

 

3A.2.2 Bis-gel preparation 

Round glass coverslips (12 mm) were used for gel preparation according to the protocol 

of Pelham and Wang45, 56.  Briefly, the glass surface was activated by treatment with 3-

aminopropyltrimethxysilane and 0.5% glutaraldehyde (Sigma). A series of gels was 

prepared by pipetting 12 µl of gel solutions, containing 3-20% acrylamide monomer 

(acrylamide:bis of 29:1, EMD Chemicals, Gibbstown, NJ), 0.1% ammonium persulfate, 

and 0.1% TEMED, on the glass coverslip and covering it with another siliconized glass 

coverslip.  After polymerization was completed, the top coverslip was removed, and the 

gel bound to the bottom coverslip was transferred into a 24-well culture plate. Gels were 

washed and functionalized with Sulfo-SANPAH (Pierce, Rockford, IL). The gels were 

then coated with poly-D-lysine (1 mg/ml solution in water). Care has been taken to 

maintain flatness of the gel surface to minimize the effect of surface topography. The 

average thickness of the prepared gels is approximately 100 µm.  

 

3A.2.3 Mixed spinal cord cell culture 

Spinal cords were dissected from embryonic day 16 (E16) Sprague Dawley rats (Taconic, 

Hudson, NY), and cells were dissociated and plated on gels in 24-well plates at a cell 

density of 25,000 cells/cm2.  They were also plated to the control wells without gels and 
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treated with poly-D-lysine.  Cells were cultured in serum-containing medium (SCM; 

MEM containing 10% horse serum, 1% penicillin/streptomycin, 0.6% glucose) at 37 °C 

for 1 day.  At 2 DIV (days in vitro) SCM was changed to Neurobasal (NB) medium 

(Gibco) containing 2% B27 supplement (Gibco), 69 µg/ml L-glutamine, 25 µM beta-

mercaptoethanol, and 1% penicillin/streptomycin and grown for 6 days, after which the 

cells were fixed with 4% paraformaldehyde in PBS.  

 

 



 

 

52

 

Figure 3A-1 Experimental setup for non-intrusive measurement of mechanical 
properties of hydrogel materials. 
A magnet is used to apply a magnetic force on the steel bead embedded in the gel in a 
micro-centrifuge tube (shown in insert). Displacement of the bead under applied 
magnetic fields is measured with video microscopy and the corresponding mechanical 
stiffness is calculated. 
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3A.2.4 Pure spinal cord neuron culture 

To grow pure spinal neuron cultures, we followed the same steps (including cell seeding) 

in culturing mixed culture except that, after changing SCM to NB medium and allowing 

cells to grow for additional 24 hours, cytosine arabinoside (Ara-C, 5 µM) was added to 

these cultures to remove proliferating cells by inhibiting DNA synthesis.  The cell culture 

was then maintained for 3 days after which the Ara-C-containing media was changed to 

fresh NB media without Ara-C.  The neurons were grown for another 3 days and were 

fixed with 4% paraformaldehyde in PBS. 

 

3A.2.5 Pure astroglial culture 

Spinal cord astroglial cultures were derived from postnatal day 1 (P1) rats using a 

modified approach from McCarthy and de Vellis39.  Spinal cords were dissected and 

dissociated with trituration.  Cells were plated in tissue culture flasks at density of 1000 

cells/mm2.  Cultures were grown in NM-15 medium (84.4% MEM, 15% Fetal Bovine 

Serum, 0.6% glucose, supplemented with penicillin/streptomycin) for 9 days.  The 

medium was changed every 3 days.  The flasks were then shaken at 400 x rpm for 20 

minutes before the medium was changed and the floating cells (mostly microglia) were 

washed away.  The flasks were again shaken overnight at 250 x rpm to remove attached 

oligodendrocytes and remaining microglia.  Following shaking, floating cells were 

washed away and medium was changed.  Ara-C was added to final concentration of 10 

µM to reduce the number of undifferentiated cells.  Cultures were grown for 3 additional 

days before being trypsinized and re-plated on gels in 24-well plates with a cell density of 

25,000 cells/cm2.    
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3A.2.6 Immunostaining and cell counting 

Cells were blocked with PBS containing 2% normal goat serum, 0.1% Tween, and 0.02% 

sodium azide for 2 hr, and incubated with primary antibody overnight at 4o C.  Primary 

antibodies were as follows: mouse anti-MAP2 antibody to label neurons (1:500, BD 

PharMingen, San Diego, CA); rabbit anti-GFAP antibody to label mature astroglia 

(1:200, Abcam, Cambridge, MA); mouse anti-vimentin antibody to identify immature 

astroglia (1:500, Chemicon Inc., Temecula, CA).  Cells were washed three times with 

PBS and incubated with secondary antibodies (Cy3-conjugated anti-mouse IgG (1:200); 

Cy2-conjugated anti-rabbit IgG (1:200), Jackson ImmunoResearch, West Grove, PA) for 

1 hr at RT.  DAPI nuclear staining was performed to identify all intact cells in the culture.  

Cells were observed using fluorescence microscopy (Olympus IX50 microscope with a 

Cooke Sensicam CCD cooled camera fluorescence imaging system and Image Pro 

software (MediaCybernetics)) and MAP2+, GFAP+, or vimentin+ cells were counted 

from eight randomly selected areas of each well, aided with the corresponding images of 

DAPI staining.  Each experiment was repeated at least three times, and there were at least 

three gel samples for each group in every experiment. 

The primary and secondary antibodies that were used in this study are 

summarized in Table 3A-3.  
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Table 3A-3 Primary and secondary antibodies used in the dissertation research.  

(Ms = mouse; Ck = chick; Rb = rabbit) 

Antibody Host Target Dilution Vendor 
Anti-MAP2, 
monoclonal (mouse) 

Ms Neuronal cell body 
and dendrite 

1:1000 BD Pharmingen, 
San Diego, CA  

Anti-MAP2, 
polyclonal (chicken) 

Ck Neuronal cell body 
and dendrite 

1:5000 Chemicon, 
Temecula, CA 

Anti-GFAP, 
polyclonal 

Ms/Rb Mature astroglia 1:200 Abcam, 
Cambridge,MA 

Anti-Tau-1, 
monoclonal 

Ms Axon 1:1000 Chemicon 

Anti-Vimentin, 
monoclonal 

Ms Astrocyte Progenitor  1: 1000 Chemicon 

Anti-FAK, 
monoclonal 

Ms FAK, cell adhesion 1:300 Chemicon 

Anti-NCAM, 
polyclonal 

Rb NCAM, cell adhesion 1: 1000 Chemicon 

Anti-CNPase, 
monoclonal 

Ms Oligodendrocytes 1:2000 Abcam 

Anti-Nestin, 
monoclonal 

Ms Neuroepithelial 
stem/progenitor cells 

1:200 Chemicon 

Anti-A2B5, 
monoclonal 

Ms Stem cell marker, 
oligodendrocytes 
precursor cells 

1:500 Chemicon 

 

Secondary Antibody Specificity Dilution Vendor 
Cy2 Rb/Ms 1: 500 Jackson ImmonoResearch,  
Cy3 Ms 1: 200 Jackson ImmonoResearch,  
Cy5 Ck 1:300 Jackson ImmonoResearch,  
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3A.2.7 Assessment of dendrite number and neurite length 

Neurons were fixed and immunostained for MAP2 as described above.  Primary 

dendrites were counted as described previously1.  Neurite length was measured by using 

Scion Image software (Scion Corp., Frederick, MD).  Only those neurites with a clear 

end-point were measured and when the neurite connects two neurons, half of the neurite 

length was counted for both neurons. Dendrites of those neurons that overlap each other, 

which prevented origin determination, were not measured.  Cell numbers in control and 

treated groups were compared with one-way analysis of variance (ANOVA) followed by 

Tukey’s tests for multiple comparisons. 

 

3A.3 Results 

3A.3.1 Mechanical stiffness of bis-gels 

The elastic moduli of bis-gels with different monomer concentrations were either 

computed based on the formula described in the Materials and Methods section with the 

experimental measurements of applied magnetic forces and displacements, or measured 

by standard tensile tests (for gels with stiffness over ~50 kPa).  Mechanical stiffnesses of 

gels with acrylamide concentration ranging from 3 to 20% span three orders of 

magnitude (Fig. 3A-2).  It is noticed that the stiffness increases almost in a linear fashion 

with monomer concentration higher than 5% (Fig. 3A-2 in linear scale).  Note that 

mechanical stiffness and elastic modulus were used interchangeably in this work.  

Finally, it has been previously reported20 and confirmed in this study that 

functionalization and protein conjugation do not significantly alter the mechanical 

stiffness of the gels. 
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Figure 3A-2 Stiffness of the bis-crosslinked polyacrylamide hydrogel with respect to 
the monomer concentration at fixed monomer/crosslink ratio of 29:1. 
The stiffness increases with acrylamide monomer concentration. Single magnet set-up 
was used to acquire the first two data points, and Instron testing was used for the last 
three.  Error bars indicate standard error of mean. n >3, i.e., more than 3 samples were 
used to acquire each single data point.   
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3A.3.2 Gel functionalization for spinal cord cell attachment 

Without functionalization and subsequent protein conjugation, rat spinal cord neurons 

demonstrated low cell number or survivor rate, and large clumps and aggregations, 

suggesting that the substrates without functionalization or protein conjugation were less 

conductive for attachment and neurite elongation (Figure 3A-3).  

 

3A.3.3 Mixed spinal cord cell culture on bis-gels 

Typical morphology of neurons, mature (GFAP+) astroglia, and immature (vimentin+) 

astroglia in their co-culture on gels of three out of five different mechanical stiffnesses is 

shown in Figure 3A-4.  On all stiffnesses tested, rat spinal cord neurons extended 

processes from cell bodies, exhibiting no distinct difference from their counterparts on 

culture plates.  Mature astroglia (GFAP+) assumed a variety of morphologies: an 

extended string-shape, a star shape, or a small, round irregular shape, whereas vimentin+ 

immature astroglia displayed only the round (on softest gels) and polygonal 

morphologies. We also examined the growth of oligodendrocytes on gels by CNPase 

staining, and we found no detectable CNPase positive cells. 
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Figure 3A-3 Rat spinal cord neurons grown on functionalized (upper panel) and un-
functionalized (lower panel) bis-crosslinked polyacrylamide gels. 
Three different spots were imaged and the lower (10×) and higher (20×) magnification 
images showed that without functionalization, the survival rate is low and the cell growth 
is poor.  
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Figure 3A-4 Mixed culture of rat spinal cord cells on bis-crosslinked gels. 
Upper panel: MAP2 immunocytochemistry shows typical morphology of spinal cord 
neurons on three of five gels tested (300 Pa, 27 kPa, and 230 kPa). Middle: GFAP 
immunocytochemistry shows the growth of mature astroglia on bis-crosslinked gels. 
Lower panel: Vimentin immunocytochemistry shows the growth of immature astroglia. 
Scale bar: 100 µm. 
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3A.3.4 Effect of gel stiffness on spinal cord cell in mixed cultures 

There is a slight increase in the total cell number determined by nuclear staining when 

cells were cultured on gels of higher stiffness (Figure 3A-5).  Figure 3A-6 summarizes 

the alterations in number of neurons, mature (GFAP+) and immature (vimentin+) 

astroglia along with neurite numbers on gels with five different monomer concentrations.  

According to MAP2 immunostaining used to specifically visualize neurons, we found 

that neuronal adhesion in mixed cultures does not significantly change as gel stiffness 

increases (Fig. 3A-6A).  The number of neurons on gels ranging in stiffness from 300 Pa 

to 230 kPa was not significantly different.  

Immature astroglial cells (indicated by positive staining for vimentin, but not 

GFAP) increased in number as gel stiffness increased (Fig. 3A-6B).  All stiffnesses 

greater than 300 Pa had significantly more adherent immature astroglia.  On the other 

hand, the response of mature astroglia (visualized with GFAP immunostaining) to this 

range of stiffnesses exhibits a somewhat biphasic trend, that is, at different stiffness 

ranges the trend (decrease or increase) is different.  Mature astroglia are least adhesive to 

softest (300 Pa) gels.  There were a significantly higher number of adherent astrocytes on 

intermediate 27 kPa gels compared to 300 Pa gels.  Furthermore, while the average 

number of cells on 230 kPa gels was lower than intermediate stiffnesses, these 

differences were not significant (Fig. 3A-6C). These data suggest a possible optimal 

range of stiffness that best supports mature astroglia adhesion.     

In addition to cell counting, we also examined neurite length and numbers in 

MAP2+ neurons. We found that there was no significant difference in neurite length 

(Table 3A-4) with an average of approximately 50 µm.  Dendrite number, however, was 
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at a minimum when cells were plated on intermediate stiffnesses in mixed culture (Figure 

3A-6D).   Neurite numbers were significantly lower on 27 kPa and 47 kPa gels than on 

300 Pa gels. 

 

3A.3.5 Effect of gel stiffness on pure spinal cord neuron culture 

Based on GFAP and MAP2 immunostaining as well as nuclear staining, we confirmed 

that 95% of the total cell population is neuronal and that no mature astroglia can be 

detected in pure neuronal cultures (Fig. 3A-7A).  

Typical neuronal morphology can be seen on all gel samples. Unlike their 

counterparts in the mixed culture (Fig. 3A-6), there are more spinal cord neurons in pure 

culture as the substrate becomes more rigid (Figure 3A-7B)   Moreover, examination of 

neurite length and number at three unique stiffnesses revealed that neurite number was 

significantly lower on 47 kPa gels than the other two gel groups tested (Figure 3A-7C).  

In pure cultures, neurite number was examined on three of the five stiffnesses. Stiffnesses 

were chosen based on experimental data from mixed cultures, including one stiffness 

which yielded significantly fewer dendrites (47 kPa) as well as two others with non-

significant lower (6 kPa) and higher (230 kPa) dendrite numbers (Figure 3A-7C).  

Examination of the neurite length revealed no appreciable differences among gels groups 

(Figure 3A-7D).  
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Figure 3A-5 Change of total cell number of rat spinal cord cells on bis-gels with 
different stiffnesses. 
n >33 (views). 

 

 
 
Table 3A-4 Neurite length of spinal cord neurons in mixed cultures on different bis-
crosslinked polyacrylamide gels. 
There is no significant difference in neurite length between gel groups. 
 

Monomer Concentration 5% 10% 20% 
Neurite length (µm) 50.1 ± 2.3 48.6 ± 2.5 50.3 ± 3.0 

Note: value in mean ± SEM.  
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Figure 3A-6 Effects of gel stiffnesses on spinal cord cell growth. 
A: Quantification of MAP2+ neurons grown on bis-gels. The results indicate that 
neuronal cell number does not significantly change with gel stiffness.  B: Quantification 
of vimentin+ cells identifies immature astroglia grown on bis-gels. Immature astroglia 
adhesion increases with gel stiffness (p6kPa = 0.04, p27kPa = 0.02, p47kPa < 0.001, p230kPa < 
0.001).  C: Quantification of GFAP+ cells to identify mature astroglia grown on bis-gels. 
Mature astroglia preferentially adhere to 27 kPa gels (**p < 0.01). D: Neurite number is 
lowest on 27 (p < 0.001) and 47 kPa (p = 0.04) gels compared to 300 Pa gels. *p< 0.05, 
**p< 0.01, ***p< 0.001 by ANOVA followed by Tukey HSD test for multiple 
comparisons versus 300 Pa gel. 
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3A.3.6 Effect of gel stiffness on pure astroglia culture 

Representative images of pure astroglia immunostained for either GFAP or vimentin on 

three of the five stiffnesses tested are shown in Figure 3A-8A.  The adhesion of GFAP+ 

cells in pure astroglial cultures was similar to that in mixed culture (Fig. 3A-8B). 

Specifically, adhesion was very low on 300 Pa gels and cells preferentially adhered to 

gels with intermediate stiffness (27 kPa).  In contrast to the adhesion trend observed for 

immature astroglia in mixed cultures (Figure 3A-6B), cell number for vimentin+ 

immature astroglia in pure culture was not significantly affected (Fig. 3A-8C). 
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Figure 3A-7 Effects of gel stiffness on pure spinal cord neuron culture. 
A: MAP2 immunostaining shows that neurons grow on gels; DAPI staining shows that 
each intact nucleus corresponds to one MAP2+ cell (notice the condensed, bright nuclear 
staining indicating non-viable cells); GFAP staining shows that there are no mature 
astroglia surviving in the culture.  Scale bar: 100 µm.  B: There is a significant increase in 
MAP2+ neuron numbers as gel stiffness increases from 6 to 230 kPa. *p< 0.05 by 
ANOVA followed by Tukey HSD test versus 6 kPa gel. C: Neurons grown on 47 kPa gel 
have the lowest number of primary dendrites compared to 6 or 230 kPa gels, while the 
neurite numbers between 6 and 230 kPa groups did not significantly differ. D: Neurite 
length is not significantly different among different gel groups. *p< 0.05 by ANOVA 
followed by Tukey HSD test for multiple comparisons versus 6 kPa gel.   
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Figure 3A-8 Effects of gel stiffness on pure astrocyte culture. 
A: Representative images of pure astrocytes cultured on 6, 47 and 230 kPa gels 
immunostained for either GFAP or vimentin.  Scale bar: 30 µm.  B: Adhesion of GFAP+ 
cells increases with stiffness to a maximum at 47 kPa.  C: Vimentin+ cell counting shows 
that adhesion of immature astroglia is not significantly affected.  ∗p< 0.05 by ANOVA 
followed by Tukey HSD test for multiple comparisons versus 6 kPa gel.  



 

 

68

3A.4 Discussion 

Our current work asks whether or not differences in neuronal behavior induced by 

substrate rigidity can be fully attributed to mechanosensing of neurons alone or whether 

interactions between neurons and glia cells can affect their respective responses to 

mechanical stimuli.  We employed a well-developed polyacrylamide gel system, and by 

exposing cells to substrates with different mechanical stiffnesses but identical surface 

adhesion properties, we evaluated cell number, neurite length and number, either in co-

culture or in pure cultures.   Neuronal adhesion increased with increasing elastic modulus 

of the substrate in pure, but not mixed cultures (Figs. 3A-6A and 3A-7B).  Interactions 

between neurons and astroglia may contribute to this difference. The differences in 

neuron numbers in pure cultures among gel stiffness groups may have occurred due to the 

difference in neuronal precursor cell proliferating rates, since the precursor cells are 

present in the mixed cultures at the time of plating and will proliferate for several days12, 

all of which are under the influence of mechanical properties of the substrates.  A limited 

number of neurons were also found in aggregation with astroglia, which leads to the 

possibility that some neurons grew on top of astrocytes37.  AraC, a mitotic inhibitor, used 

in the pure neuronal culture might also be part of reason underlying the distinction. 

Average neurite length was not sensitive to the range of stiffness we investigated; 

however, average neurite number was lowest on gels with intermediate stiffness (27kPa 

or 47kPa) (Figs. 3A-6D and 3A-7C) in both mixed and pure cultures.  

We have also found that the number of GFAP+ mature astroglia in co-culture 

(Fig. 3A-6C) as well as pure astroglial culture (Fig. 3A-8B) was affected by gel stiffness. 

In the presence of neurons, gels of 27 kPa stiffness showed the highest number of 
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GFAP+ cells.  A similar trend was also found in pure neuronal culture (Fig. 3A-7C). 

Based on these observations, the possibility exists that neuronal cells could have intrinsic 

mechano-sensing mechanism to substrate stiffness, part of which will not be affected by 

the presence of astroglia and will lead to consistent behavior such as neurite outgrowth, 

although their attachment (cell number) to the substrate may apparently be altered.  The 

observation that neuronal number follows the same trend in mixed and pure cultures on 

the stiffness range explored contrasts with the report that astrocytes, particularly reactive 

astrocytes, release a number of pro-inflammatory cytokines that are implicated in neurite 

branching41.  Different than neurons whose average neurite number does not appear to be 

affected by the presence of astroglia, in the mixed culture, vimentin+ cells exhibited 

sensitivity to mechanical compliance in the range of 300 Pa to 230 kPa, as indicated by 

the increased cell number on stiffer gels (Fig. 3A-6B), and this sensitivity was not 

observed in pure astroglia culture (Fig. 3A-8C).  

The differential effect of the mechanical characteristics of the hydrogel materials 

was observed in co-culture of neurons and astroglia (Fig. 3A-6A and 3A-6C).  These data 

will aid in the development of biomaterial scaffold designs, which support and promote 

neuronal growth while inhibiting astrocyte proliferation, differentiation, or growth.  This 

is important for inhibition of a glial scar when regeneration of neurites after spinal cord 

injury is an issue.  Our current data are also consistent with previous studies reporting 

that surface adhesion properties are not greatly altered by the stiffness of the substrate17, 

20, 24 and that variations in cell response can be primarily attributed to changes in the 

mechanical properties of the underlying gel.  
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Previous studies of mouse spinal cord and rat cortical neurons suggest softer gels 

are preferential for neuronal cells to grow based on a marked increase in branching 

number20.  We found that neuronal number does not differ significantly in the mixed 

culture to the range of stiffnesses under study.  Glial cells were also observed on the 

softest gels in our study, different than what was reported previously20.  Moreover, there 

are proportionally more neurons on soft gels in mixed culture, possibly due to inhibition 

of astroglial attachment24.  Differences between our study and those of Flanagan and 

colleagues20 and Georges and colleagues24 include the following:  First, we examined 

gels with a range of stiffnesses (300 Pa~230 kPa) that differs from those used in other 

studies (150 Pa ~ 1600 Pa in20 and 600 Pa ~ 27 kPa in24).  We chose the gel stiffnesses at 

these different magnitudes in such a way that they span a range from that of natural CNS 

material (300 Pa) to that of relatively stiff gel (20%, 230 kPa), which is close to the 

stiffness reported for implant materials and also other CNS tissues (e.g., hundreds of kPa 

for rat spinal cord in19, Table 3A-2).  This selection is also based on the possibility that 

the physiological stiffness condition is not necessarily the optimal condition for spinal 

cord nerve regeneration in vitro.  Secondly, the species difference (mouse vs. rat) and 

tissue type (cortex vs. spinal cord) could contribute to differences as well as culture 

medium conditions, for which we used serum-free medium with added supplements (e.g., 

B27). Moreover, there is also variation in the cell plating density used in cell culture. For 

E16 rat spinal cord cells, we found that too high a density can cause aggregation, while 

too low a density results in poor survival of cells.  Therefore, our work is not necessarily 

in conflict with previous work, but may complement the previous studies.   
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There is an ever-increasing recognition of the complex nature of neuron-astroglia 

interactions.  On one hand, glial cells, predominantly astrocytes, release soluble factors or 

secrete ECM components to regulate neuronal functioning, including synaptic 

transmission8 and synapse formation7, 40, axonal guidance7, and neuroprotection13, 16, 30, 59, 

especially after injury18, 52.  For example, in astrocyte-poor cultures, glutamate toxicity of 

cortical neurons is higher than that of neurons grown in astrocyte-rich culture49. On the 

other hand, neurons also actively participate in the regulation of glial activities such as 

migration and positioning7, by releasing TGF-β111, steroids21, and BDNF25, 31.  Neurons, 

due to the nature of their role in the nervous system, normally communicate with each 

other, and thus, it is likely that neuron-neuron interactions play a role in the regulation of 

cellular responses to mechanical cues.  It might be meaningful to be able to reseed glia 

cells back to the pure neuronal culture to see if the responses of neurons to the 

mechanical stiffnesses will be the same as those in the mixed culture.  

Finally, although the mechanical characterization of bis-gels has also been carried 

out by many other investigators17, 20, 24, 45, 56, 58; Table 3A-1), our study has several 

distinctions.  First, a non-intrusive method was used to measure the stiffness in situ.  

Second, other investigators altered the stiffness of the gels by keeping monomer 

concentration constant while varying crosslink concentration.  In our study, monomer-to-

crosslink ratio remained constant and the amounts of both were changed simultaneously. 

In summary, our study not only confirms that the mechanical stiffness of the 

substrate impacts neuron and astrocyte survival and growth, but also reveals that the way 

in which these individual cell types respond to mechanical stimuli is altered in the 

presence and absence of interaction with each other. The results from this study provide 
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important information for our understanding of the mechanical aspects of cellular-ECM 

interactions.  Further studies must be carried out before our in vitro data can be applied to 

developing cures for traumatic CNS injuries. 
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CHAPTER 3B SPINAL CORD NEURONS ON DNA GELS 

 

 

3B.1 Background 

Understanding the interplay between cells and the extracellular matrix (ECM) is 

fundamental for the successful design of biomaterials for tissue engineering applications.  

It provides insight into biomaterial-tissue interactions since these biomaterials essentially 

serve as analogs of the ECM2, 58.  Specific cellular properties have been found to be 

sensitive to substrate compliance for a number of cell types in various culture systems14, 

40, 44, 54.  Among these systems, the bis-acrylamide crosslinked polyacrylamide hydrogel 

(‘bis-gel’, hereafter) has been gaining popularity in probing cell mechanosensing and 

cell-substrate interactions, and it has recently been used for the study of CNS (central 

nervous system) cells22, 27, 39, 43.  For instance, for the range of stiffness of tens of Pa to a 

few kPa, neurite branching number (i.e., secondary dendritic number) is significantly 

higher and astroglia are less adherent to softer gels22, 27.  When grown on bis-gels and 

other hydrogels, PC12 cells showed changes in neurite outgrowth with changes in 

substrate compliance30, 43.  Furthermore, it has been recently shown that neuron-astroglial 

interactions are among the key factors in cell decision-making in response to substrate 

rigidities39.  These studies shed light upon the potential for promoting neurite elongation, 

neurite branching, axonal regeneration, and the possibility of differentially controlling 

neuronal and astroglial populations (e.g. for overcoming glial scar formation) by 

modulating the mechanical properties of substrates.   
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3B.1.1 Significance of the substrate mechanical stiffness 

In addition to the long-established recognition that biomechanical interactions are critical 

to bioscaffold design for major load-bearing tissues18, 29, 61, there is an increasing 

awareness that mechanical properties also play a key role in successful utilization of 

scaffolds for those tissues whose major functions are not load-bearing63, such as the 

spinal cord3.  This is partly based on the knowledge gained during recent decades that 

mechanical interactions are an integral part of cellular/tissue-ECM events in addition to 

chemical interplay at both molecular and cellular levels5, 13.  Moreover, among all of the 

parameters of biomechanical design, in addition to mechanical compatibility 

considerations, mechanical stiffness or rigidity of the materials has been drawing 

increasing attention17, 21, 31, 32, 63, 66.  In light of this, there is a growing interest in 

incorporating mechanical cues in biomaterial design for neural tissue engineering 

applications, including those for spinal cord injury recovery, where axonal regeneration, 

synaptogenesis and rewiring of neural circuitry is strongly desired 20, 35, 53. 

 

3B.1.2 Contrast between bis-gel and DNA-gel systems 

Although the use of bis-gels has yielded interesting results, introducing a DNA 

crosslinking mechanism into gel formation to replace bis-acrylamide should provide new 

possibilities due to changes in the nanostructures of the gel network1, 47, 48 (e.g. as the 

design shown in Fig. 3B-1).  By incorporating AcryditeTM modified oligonucleotides into 

polyacrylamide gels, in our laboratory, Lin and colleagues47 illustrated and characterized 

reversible temperature-independent gelation.  These DNA-crosslinked hydrogels 

(referred to as ‘DNA gels’ hereafter) have a range of stiffness from a few hundred Pa to 
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10 kPa depending on the crosslinker DNA density.  Incorporation of DNA crosslinking 

allows versatility in supplying mechanical cues, which is beneficial in designing 

hydrogels for various applications.  For example, changes in the length and design of 

crosslinker DNA make it possible for DNA gels to carry molecules, such as growth 

factors, of different sizes.  Liedl and co-workers45 found that quantum dots did not move 

out of DNA gels of certain design.  This study provided insight to the nano-level 

structures of the gels that may lead to their use as a drug delivery vehicle.  The ease with 

which crosslinking density can be changed facilitates the dynamic modulation of 

mechanical stiffness.  Ongoing work in this area is presented in this dissertation.  

In the work described in this section, the possibility of modifying gel properties 

by varying crosslinker length and monomer concentration has been further explored.  As 

a prelude to the study to temporally alter gel stiffness and provide dynamic mechanical 

cues to cells, the range of the stiffness has been expanded and made available to probe 

cellular responses.  This was motivated by the fact that mechanical stiffnesses of CNS 

tissues range from a few Pa to hundreds of kPa26, 33, 51 and that polymers currently used in 

CNS tissue repair have rigidities of more than 30 kPa and up to MPa15, 64.  Similar to their 

bis-crosslinked counterparts, DNA gels must be functionalized for protein conjugation 

and cell attachment.  The hypothesis has been tested that DNA gels can be functionalized 

in a fashion similar to that used with bis-gels by deploying a bi-functional linker and that 

the different DNA gel designs employed will vary in mechanical stiffness but not in 

surface ligand density.  Cellular behavior of primary rat spinal cord cells has been 

examined and emphasis was placed on the neurite outgrowth of spinal cord neurons.  

Finally, the neuronal expression of focal adhesion kinase (FAK), one of the key 
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regulators of various cell activities at focal adhesions (FAs) or point contacts, has been 

assessed.  The results provide insight into the mechanisms of neuronal cell mechano-

sensing and will assist in incorporating mechanical cues into the design of biomaterials 

for neural tissue engineering applications.   

 

3B.2 Materials and methods  

 

3B.2.1 DNA gel design and preparation 

Figure 3B-1A depicts the chemical structure of DNA and bis-crosslinked polyacrylamide 

hydrogels.  The base sequences for the DNA strands used in this structure were designed 

in a manner similar to that reported by Lin and colleagues47, 48 from our laboratory.  

Customized software was utilized to minimize unwanted hybridization, to reduce 

possibilities of secondary structures, and to reach balanced AT/GC content.  These 

customized DNA strands, a number of which were modified with AcryditeTM, were 

manufactured and shipped lyophilized by Integrated DNA Technologies, Coralville, IA.    

DNA gels were prepared according to a protocol previously published47.  Briefly, 

AcryditeTM modified DNA strands SA1 and SA2 were respectively co-polymerized with 

4% or 10% acrylamide monomer, initiated by 0.05% ammonium persulfate (APS) and 

catalyzed by 0.5% TEMED, in TBE (10×) buffer to form polymer solutions (Figure 3B-

2).  The solutions were de-aerated with nitrogen bubbling before and after addition of 

APS and TEMED, and formed long polymer chains with SA1 or SA2 as side chains.  The 

SA1 and SA2 polymer solutions were then mixed and stirred, and a solution containing 

crosslinker L2 (3 mM in TE buffer) was added to the mixture to form gels.  During the 
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process, the mixture was heated to over 70°C, well above the DNA melting temperature, 

to facilitate mixing, and cooled to allow re-gelation.  

 

3B.2.2 Mechanical characterization of DNA gels 

Viscosity tests were performed to determine the gel point, or the critical crosslinker 

density, of the DNA gels, using a previously reported method47 based on the observation 

of no appreciable movement from a steel bead (0.79mm in diameter, Small Parts, Miami 

Lakes, FL) for a time period of over 24 hrs at room temperature (RT).  For stiffness tests, 

DNA gels were prepared at the critical crosslinker densities in microcentrifuge tubes 

mounted to a customized fixture similar to the one used before46, 47, and the 

measurements were performed as detailed previously47.  In brief, by applying a calibrated 

magnetic force to a bead embedded in the gel sample and measuring the resulting 

displacement of the bead at 14~15°C, one can calculate the stiffness based on a solution 

previously formulated47.  An increment of 5% crosslinker was then added to the gels, and 

measurements were repeated.  After reaching 100% crosslinking, additional crosslinker 

DNA solution was added, and testing was performed to ensure that the gel was fully 

crosslinked. 
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Figure 3B-1 Chemical structures of DNA- and bis-crosslinked hydrogels, and DNA gel 
design schemes.  
(A) Chemical structures of DNA and bis crosslinked polyacrylamide gels. SA1 and SA2 
denote the side DNA chains with AcryditeTM modification, and L2 represents crosslinker 
DNA complimentary to both SA1 and SA2.  (B) Two schemes of DNA gel comparisons.  
I. Changes in the length of crosslinkers at full crosslinking (as detailed in Table 3B-1); II. 
Changes in the level of crosslinking (50%, 80% and 100%) with the same crosslinker 
length.  R indicates the monomer of vinyl polymers, and in this study it represents 
acrylamide. 
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Figure 3B-2 Schematic of DNA gel synthesis. 
Co-polymerization of acrylamide monomer and Acrydite (R) modified DNA results in 
polymer chains with DNA side chain, and upon delivery of crosslinker DNA, a gel can be 
formed. 
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3B.2.3 DNA gel functionalization and assessment of ligand density 

DNA gels were immobilized onto coverglass by using an optical adhesive (#72, Norland, 

New Brunswick, NJ) and were kept in PBS at 4°C until usage.  To activate the gels for 

cell attachment, a bifunctional photoactivable crosslinker, Sulfo SANPAH (Pierce, 

Rockford, IL), in HEPES was applied, allowing conjugation of adhesion-promoting 

molecules.  The functional groups in Sulfo SANPAH covalently bind to both N-H sites 

on polyacrylamide backbones and amino groups.  Poly-D-lysine (PDL, Sigma, St. Louis, 

MO) at 1 mg/mL was applied in all experiments except that in those for the measurement 

of gel surface ligand density, a mixture of type I collagen  (USB, Cleveland, OH) and 

collagen fluorescein (Elastin, Owensville, MO) was applied at different ratios for a final 

concentration of 0.2 mg/mL.  PDL is a sufficient adhesive substrate, although other ECM 

molecules (e.g., fibronectin, laminin) can also be used.  After incubation at 4°C 

overnight, excess PDL or collagen was removed.  Images of the surfaces of collagen 

coated gel samples were taken at a fixed exposure time by using an Olympus IX50 

fluorescent microscope system.  Eight random fields from each gel sample were imaged, 

and the mean value of fluorescence intensity was measured.  

 

3B.2.4 Rat spinal cord cell culture 

All animal work was carried out with an approved protocol from the Rutgers University 

Animal Care and Facilities Committee.  Cells were obtained from spinal cords dissected 

from rat embryos at 16 days gestation and dissociated (Sprague Dawley rats, Taconic, 

Hudson, NY).  The cells were then plated on functionalized DNA gels in 24-well culture 

plates at a density of 5×104 cells/cm2 in serum-containing medium (minimum essential 
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medium, 10% horse serum and 0.6% glucose supplemented with antibiotics 

(penicillin/streptomycin)).  Plates were kept in a humidified CO2 incubator at 37°C.  One 

day after cell plating, the medium was changed to Neurobasal medium (Gibco) 

supplemented with B-27, antibiotics, and β-mercaptoethanol (1 µL per 500 mL medium) 

to promote neuronal growth.  

 

3B.2.5 Immunocytochemistry and cell counting 

For immunocytochemistry, cells were grown for 6 days in vitro (6 DIV) and fixed using 

paraformaldehyde  (4% in PBS) for 20 min, and incubated in blocking solution (PBS 

with 0.1% Triton X-100, 2% normal goat serum, 0.02% sodium azide) for 30 min.  Cells 

were incubated with the following antibodies: chicken polyclonal antibody against MAP2 

(1:2000, Chemicon, Temecula, CA); rabbit polyclonal antibody against GFAP (1:200, 

Abcam, Cambridge, MA), monoclonal antibody against Tau-1 (1:1000, Chemicon), or 

monoclonal antibody against FAK (1:300, Chemicon).  Cells were then incubated with 

the appropriate secondary antibodies (1:200, Jackson Immuno-Research) for 1 hr at RT.  

Intact cells were identified with DAPI nuclear staining.  Labeled cells were visualized 

with fluorescence microscopy (Olympus IX50 microscope with a Cooke Sensicam 

charge-coupled device cooled camera fluorescence imaging system and Image Pro 

(Media Cybernetics, Bethesda, MD) software).  On each gel sample, the areas with cell 

growth were imaged, and MAP2+ and GFAP+ cells were counted manually, aided with 

corresponding images of DAPI staining by using ImageJ software (NIH, Bethesda, MD).  

Total cell counts were also performed based on DAPI staining.  Each experiment was 

repeated at least three times.  
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The primary and secondary antibodies that were used in this study are summarized 

in Table 3A-3 in Chapter 3A.  

 

3B.2.6 Characterization of neurite outgrowth and statistical analysis 

Axons were identified by immunostaining for Tau-1, whereas dendrites were identified 

by MAP2 immunostaining.  Primary dendrites were identified as processes directly 

extending from the soma, and the primary dendrite length was determined from the point 

where the dendrites emanated from soma to the tip of the neurites.  Neurite length was 

measured with Scion Image software (Scion Corp., Frederick, MD) and calibrated to 

yield absolute distance in metric units.  The number of primary dendrites was counted 

and their length was measured only for those isolated neurons with clear morphology, 

and axonal length was measured for all Tau-1-positive processes, including those 

extending from a clump of cells28, 42.  The mean primary dendrite length, primary 

dendrite number, and axonal length were recorded for each neuron and grouped for each 

gel condition.  In assessing FAK expression in the neuronal cell body, the cells were 

imaged at a fixed exposure time and neurons were identified based on MAP2 

immunofluorescence.  The level of FAK expression in the cell body of individual neurons 

was assessed and grouped for each gel condition.   

One way ANOVA was carried out to compare the four different gel conditions, 

followed by Tukey’s multiple comparisons test.  If only two groups of data were 

compared, an unpaired two-tailed t-test was performed to determine significance.  The 

difference in distribution among distinct groups was assessed by using Chi-square test of 

goodness of fit.  p<0.05 was considered significant.  
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3B.3 Results 

 

3B.3.1 DNA sequence and DNA gel design 

Two crosslinkers of differing length were designed.  The base sequences for the DNA 

strands of these two crosslinkers, arrived at by the optimization procedure, are given in A 

and B of Table 3B-1.  SA1 and SA2 denote the DNA side chains and have a length of 10 

nucleotides each in Design A and 20 nucleotides each in Design B.  L2 represents 

crosslinker DNA which can base-pair with both SA1 and SA2 (Fig. 3B-1), hence 

20/20/40 (length of SA1/SA2/L2) denotes Design A and 10/10/20 denotes Design B.  The 

molar concentration of SA1 is always equal to that of SA2.  If equimolar concentrations 

of SA1 and L2 are present in the gel network, the gel is referred to as being 100% or fully 

crosslinked.  When the molar concentration of L2 is only 50%, 80%, or 100% of that of 

SA1, the gel is referred to as being 50%, 80%, and 100% crosslinked, respectively.  

Observations that there was no increase in the gel stiffness upon adding extra crosslinkers 

after reaching 100% crosslinking confirmed that the gels were fully crosslinked.  It is 

noticed that it is possible that not all SA1 and SA2 strands contribute to the functional 

crosslinking of the gel network; and that the actual crosslinking density will be lower 

than what one can infer from the concentration of SA1 and SA2.  Thus, gels were 

prepared with SA1 and SA2 stoichiometrically, and the degree of crosslinking was 

inferred from the amount of L2 added; and a ratio of L2 to SA1 or SA2 was used as an 

approximation for the degree of crosslinking.    

In Scheme I (Fig. 3B-1B), the effect of crosslinker length and monomer 

concentration on the mechanical properties of the gels was studied, and the cells were 
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plated onto gels of two different designs at full crosslinking.  The crosslinker length in 

Design A is double that of Design B, and the monomer concentration is lower.  In 

contrast, in Scheme II (Fig. 3B-1B), the dependency of mechanical properties on the level 

of crosslinking for gels with Design B was investigated.  It should be noted that the 

crosslinker between polymer chains is half of the total length of the crosslinker DNA 

(Fig. 3B-1A).   This is due to the fact that only half of the length of the L2 strand is 

employed in forming the duplex DNA spacer between the two polyacrylamide chains in 

the crosslink structure (Fig. 3B-1A).  The remaining length of the L2 strand is simply 

employed to hold one of the polyacrylamide strands to the crosslink structure but does 

not contribute to the spacing between attachment points on the crosslinker structure (Fig. 

3B-1A).  This configuration was necessitated by the fact that Acrydite modification of 

DNA is available at only the 5’ end from the manufacturer (Integrated DNA 

Technologies, Coralville, IA.). 

An example of DNA crosslinked hydrogel on coverglass in the experiment is 

shown in Fig. 3B-3.  
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Table 3B-1 DNA sequence of Designs A and B used in the study of spinal cord cells 
on DNA gels with static stiffness.  

 
(A) DNA 

strand 
# of bases Design A- DNA sequence (5’ to 3’) 

 SA1  20 ACG GAG GTG TAT GCA ATG TC 
 SA2 20 CAT GCT TAG GGA CGA CTG GA 
 L2 40 TCC AGT CGT CCC TAA GCA TGG ACA TTG 

CAT ACA CCT CCG T 
 
(B) DNA 

strand 
# of bases Design B - DNA sequence (5’ to 3’) 

 SA1 10 GCA CCT TTG C 
 SA2 10 GTC AGA ATG A 
 L2 20 TCA TTC TGA CGC AAA GGT GC 
 
 

 

 
 

Figure 3B-3 A DNA crosslinked hydrogel was immobilized on a circular cover glass 
(12mm in diameter) with thickness of approximately 100~300µm. 
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3B.3.2 Viscosity and stiffness of DNA-crosslinked gels 

Previously, 25% crosslinking was determined to be critical for DNA gels of Design A at 

room temperature (RT)47, where gelation starts to occur.  Viscosity data show that for 

DNA gels of Design B, the critical crosslinker density is approximately 30% at RT since 

this is the lowest crosslinking density that we studied for which we did not observe 

appreciable movement of the bead in the gel over a time period of 24 hrs according to the 

protocol (Figure 3B-4).  Mechanical stiffness values were obtained by measuring the 

resulting displacement of embedded beads in response to applied calibrated magnetic 

force.  The measurement was repeated for DNA gels at different levels of crosslinking 

(Table 3B-2).  For both designs, as the level of crosslinking approaches 100%, the 

modulus increases.  For Design B, a relatively larger stiffness range (hundreds of Pa to 

~30 kPa) was achieved than that of Design A.  Note that mechanical stiffness and elastic 

modulus were used interchangeably in this dissertation.  To gels of 100% crosslinking, 

when excess crosslinker DNA was added, the gel stiffness remained unchanged.  We note 

that the examinations were performed under RT in which gels were not fully swelled, as 

the first priority was given to probing cellular behavior and activities.  

After the available stiffness range (a few hundred Pa to ~30 kPa) was identified, 

target mechanical stiffnesses of 6.6, 17.1 and 30 kPa were chosen for the study in Scheme 

II, which include the stiffness of soft substrates (~5 kPa) that have been previously 

studied27, 43, the largest stiffness available for gels with Design B (30 kPa), and an 

intermediate stiffness (~15 kPa).  Based on the results from mechanical characterization, 

it was determined that DNA gels with Design B at 50%, 80%, and 100% crosslinking 

have the desired stiffnesses.  
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Table 3B-2 Mechanical stiffness of the DNA crosslinked polyacrylamide hydrogels 
used in the study of spinal cord cells on DNA gels with static stiffness. 
 
 Design B Design A 
DNA crosslinker length 10/10/20 20/20/40 
Monomer 
Concentration 

10% 10% 4% 

DNA crosslinker 
density 

50% 80% 100% 100% 100% 

Stiffness  (kPa) * 6.6 ± 0.6 17.1 ± 0.8 29.8 ± 2.5 25.2 ± 0.5 10.4 ± 0.6 

Designation B50 B80 B100  A100 

* Mean  ± SEM (Standard Error of Mean) 
 

 

 

 

Figure 3B-4 Changes in viscosity of DNA gels of Design B with respect to the 
temperature at various levels of crosslinking.  
Only 0%, 14%, 27%, 30% and 100% are shown for clarity. Note that at 37°C, the DNA 
gels at 30% crosslinking are effectively solid. 
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3B.3.3 Assessment of gel surface ligand density 

In order to rule out the possible contribution of variation in gel surface ligand density to 

changes in cellular behavior, fluorescence intensity of collagen was used as an indicator 

of surface ligand density in a way similar to that in previous studies (e.g., 19).  The initial 

collagen concentration used (0.5~1×105 ng/cm2) was much higher than that studied 

previously19, 25, ensuring that the amount of collagen was excessive and not limiting, and 

that all of the possible adhesion sites were occupied (Figure 3B-5).  There is no 

significant difference in the surface fluorescence intensity of labeled collagen among 

DNA gels of different designs or different levels of crosslinking (Fig. 3B-6).  Since the 

size of bound type I collagen (~300 kD) on the surface is comparable to that of PDL 

(~150 kDa), the ligand density available on the DNA gel surface for cellular attachment 

where PDL was used is not significantly different than that probed in fluorescence 

intensity studies.  It is emphasized here that the absolute ligand density is not critical to 

this work, and that maintaining relative density is sufficient to eliminate the effect of 

surface ligand density on the differential cellular responses.  Based on gel 

electrophoresis, no noticeable damage to DNA strands was observed after they were 

exposed to UV light at exposure times and intensities applied in DNA gel immobilization 

and functionalization.   
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Figure 3B-5 Fluorescent density of collagen on DNA gels assessed with increased (left 
to right) percentage of fluorescent collagen replacement of regular collagen.  
0%, 5%, 10%, and 15% from left to right. 
 
 

 

Figure 3B-6 Fluorescence intensity (in arbitrary units, A.U.) of bound type-I collagen, 
when 0%, 5% and 10% of total collagen is fluorescent, to the surface of the DNA gels. 
DNA gels are of Designs A and B and of different percentages of crosslinking.  Error 
bars represent standard error of mean.  n ≥ 8. 
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3B.3.4 Spinal cord cell growth on DNA crosslinked gels 

Rat spinal cord cells exhibit typical morphology on DNA gels (Fig. 3B-7).  MAP2 and 

Tau-1 immunostaining (Fig. 3B-7:A-B) demonstrates neurite outgrowth on DNA gels. 

Neuronal cells extended processes (Fig. 3B-7:A-B and Fig. 3B-10).  Only those isolated 

neurons with clear morphology were chosen for characterization of the primary dendrites.  

There were a variety of morphologies seen in GFAP+ mature astroglia, such as elongated 

fibroblastic (upper image in the inserts of Fig. 3B-7D) and process bearing (lower image 

in the inserts of Fig. 3B-7D) shapes.  Among the intact cells (Fig. 3B-7C) on DNA gels, 

approximately 60% were MAP2+ neurons and GFAP+ mature astroglia, combined 

although the proportion of each cell type varies from 20% to 40%.  The remaining 40% 

of the total cell population most likely contains immature astroglia, fibroblasts and neural 

precursor cells.  Occasionally, relatively long neurites can be observed as illustrated in 

Fig. 3B-8.  

It has been suggested that neurons might use astroglia as a soft substrate (with 

modulus of a few hundred Pa49).  On DNA gels, it was found that although some spinal 

cord neurons grew together with astroglia in relatively large aggregates (Fig. 3B-7:A-D), 

a significant proportion of the neurons adhered to DNA gels relatively far away from 

each other, in close proximity, or cluster in groups (Fig. 3B-7:A-C).  Aggregates of spinal 

cord cells also occur on glass coverslips, although this occurs less often, and are 

attributable to interactions between cells due to factors, such as release of trophic factors.  

The number of neurons, GFAP+ mature astroglia, and total intact cells (indicated 

by DAPI stain) increase as the gels become stiffer (Fig. 3B-9).  The increase in neuronal 

and total cell number was significant between the stiffest (29.8 kPa) and the softest (6.6 
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kPa) gels, similar to the growth on bis-gels39.  The spinal cord cells rarely adhered to gel 

surfaces that were not functionalized, and direct incubation of non-functionalized gels 

with PDL did not improve cell attachment.  In other words, functionalization of DNA 

gels is needed for protein conjugation and hence cell attachment. 
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Figure 3B-7 Attachment and growth of rat spinal cord cells on DNA crosslinked gels. 
Low-power images of immunostaining of (A) MAP2 for dendrite and soma, (B) Tau-1 
for axon, (C) DAPI staining for intact nuclei, and (D) GFAP for mature astroglia of the 
same area on the gel surface.  Inserts of (D) illustrate the morphologies of astroglia with 
upper image showing elongated fibroblastic shape and lower one showing process-
bearing shape. Red: Tau-1 immunostaining; Green: MAP2 immunostaining; Blue: GFAP 
immunostaining; Purple: DAPI staining.  Scale bar is 50 µm.   
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Figure 3B-8 Rat spinal cord cells extended processes on DNA crosslinked poly-
acrylamide hydrogels, with visible length of approximately 1 mm. 
Scale bar: 100 µm. 
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Figure 3B-9 Changes of MAP2+ neuron, GFAP+ astroglia, and total cell numbers in 
response to the stiffness of the DNA crosslinked gels. 
A significant increase was observed in cell numbers when comparing those on the stiffest 
gels (B100) to those on the softest gels (A100 or B50) as determined by two-tailed 
unpaired t-test. ## p< 0.005 for total cell number and # p< 0.01 for neurons.  No 
significant difference was found as determined by one-way ANOVA with Tukey’s post-
test for all four gel conditions.  There was no significant difference in GFAP+ mature 
astroglia number among gel groups.  Error bars represent standard error of mean.  n ≥ 8. 
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3B.3.5 Neurite outgrowth on DNA crosslinked gels 

The neurons also extended axons on the DNA gels (arrow and arrowhead in Fig. 3B-

10A).  Typical multipolar morphology of neurons was observed (Fig. 3B-10B).  In 

addition, it was previously reported that the specificity of Tau-1 staining on axons varies 

depending on factors such as the state of Tau-1 phosphorylation in hippocampal neuronal 

culture16.  For spinal cord neurons, axons can be differentiated from dendrites based on 

Tau-1 staining (Figs. 3B-10 A and C).  Tau-1 was also expressed in the soma of a small 

number of neurons. 

To assess the effect of substrate stiffness on outgrowth of the primary dendrites, 

the number of primary dendrites was counted for each neuron, and the length of each 

dendrite (according to MAP2+ immunostaining) was measured only for those neurons 

with clear morphology.  No significant differences in mean primary dendrite length per 

neuron were found for cells on DNA gels with stiffness ranging from 6.6 to 29.8 kPa 

(Fig. 3B-11A).  However, there was a significant difference in primary dendrite number 

between gels with greatest stiffness (29.8 kPa) and the gels with the other three 

stiffnesses, and this increase is approximately 10% (Fig. 3B-11B).  Comparison of axonal 

length per neuron on different DNA gel groups revealed a decrease of approximately 

25% from gels with stiffnesses less than 10 kPa to those of tens of kPa (Fig. 3B-11C).   

Neurite outgrowth of the total neuronal cell population was further examined.  

Consistent with the observation that changes in rigidity have no significant effect on the 

mean primary dendrite length, frequency plots showed that the proportion of neurons 

extending same lengths of neurite is not significantly changed (Figs. 3B-12 A1-A2).  A 

greater proportion of neurons extend more primary dendrites as the substrates become 
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stiffer (Figs. 3B-12 B1-B2).  Interestingly, the trend was the reversed for axonal length 

(Figs. 3B-12 C1-C2).  Furthermore, a larger proportion of  neurons have primary 

dendrites of approximately 40 µm (Figs. 3B-12 A1-A2), suggesting that the net rate of 

neurite elongation of these CNS neurons (not peripheral nervous system neurons) is 

approximately 10 µm per day, as neurons were seen to start extending processes on DIV 

3 and were analyzed on DIV 6.  For axons, the net rate of growth is approximately 25 µm 

per day, considering the majority of the neurons have axons of approximately 100 µm 

(Figs. 3B-12 C1-C2). 

 

3B.3.6 FAK expression in neurons on DNA gels 

To investigate possible alterations of FAK expression in neurons grown on DNA gels of 

different sequence designs or levels of crosslinking, double immunolabeling was 

performed with antibodies against FAK and MAP2.  As shown in Fig. 3B-13:A-F,  FAK 

is expressed in the soma, axons, and dendrites of neurons, with especially high abundance 

at growth cones and the ventral part of the soma where neurites originate8, 62, 69.  It was 

observed that certain MAP2 positive neurites were FAK negative, i.e. there was no 

detectable FAK expression in these neurites at the time of fixation.  Quantification of 

FAK expression in the neuronal soma shows that as the substrate stiffens there is a 

significant reduction in FAK expression (Fig. 3B-13G), suggesting a negative correlation 

between DNA gel stiffness and FAK protein expression in neurons. 
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Figure 3B-10 Morphology of rat spinal cord neurons on DNA crosslinked hydrogels.  
(A) High-power image of Tau-1 staining shows axons (arrow and arrow head).  Arrow 
points to the axon terminal (axt). (B) Spinal cord neurons with typical multi-polar 
morphologies.  (C) Overlay of higher power images of MAP2 and Tau-1 stain reveals 
that axons and dendrites could reside closely in parallel with each other. Red: Tau-1 
immunostaining; Green: MAP2 immunostaining; Blue: GFAP immunostaining; Purple: 
DAPI staining.  Scale bar is 50 µm.   
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Figure 3B-11. Neurite outgrowth on DNA gels with different levels of crosslinking or 
with crosslinkers of different length and monomer concentration. 
Comparison of neurite outgrowth, including mean primary dendrite length, primary 
dendrite number, and axonal length per neuron, on DNA gels of Designs A (■) and B 
(▲) (Table 3B-1).  (A) Mean primary dendrite length.  No significant difference between 
groups was observed.  (B) Primary dendrite number.  A significant difference was 
observed between stiffest gels (B100) and the rest of the three groups as determined by 
two-tailed unpaired t-test. # p< 0.01.  No significant difference was found as determined 
by one-way ANOVA with Tukey’s post-test for all four groups. (C) Axonal length.  
Axons on softer gels are significantly longer than that on stiffer gels as determined by 
one-way ANOVA followed by Tukey’s test.  * p< 0.05 between B50 and B100 gels and 
between A100 and B80 gels; ** p<0.01 between B50 and B80 gels.  Error bars represent 
standard error of mean. n ≥ 50.  



 

 

102

    
 

Figure 3B-12 Frequency plots of mean primary dendrite length (A), Primary dendrite 
number (B), and axonal length (C) per neuron on DNA gels of two designs.   
(A) Proportion of neurons having different length of primary dendrites remains 
unchanged on DNA gels. (B) A larger proportion of neurons have over 4 primary 
dendrites on the stiffest gels (B100, dark color bar) than the other three groups (light 
color bars) as determined by Chi-square test (p<0.05).  (C) A smaller proportion of 
neurons have long (over 160 µm) axon on B80 and B100 gels (dark color bars) than those 
on B50 and A100 gels (light color bar), as determined by Chi-square test (p<0.01).  
Comparisons were made between groups with bars of light color and those with bars of 
dark color. 
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Figure 3B-13 Double immunolabeling and DAPI staining of spinal cord cells on DNA 
crosslinked gels of Designs A (A-C) and B (D-F) using monoclonal antibodies against 
MAP2 and focal adhesion kinase (FAK). 
MAP2 immunoreactivity is shown in A and D, while FAK immunostaining in B and E.  
Overlay of FAK immunostaining and DAPI staining indicates that localization of FAK 
occurs at high levels in the cell body and at low levels in neurites (C and F). On DNA 
gels of Design A (A-C), FAK staining identifies axons (MAP2 negative, arrowhead in B) 
and FAK expression is low or absent on some dendrites (arrow in A).  Similar 
observations were made on DNA gels of Design B (D-F).  There is elevated expression of 
FAK at growth cones (arrowhead in E) when compared to the rest of the neurites.  G. 
Quantification of focal adhesion kinase expression in the cell body of neurons grown on 
DNA gels of different designs or crosslinkers of different lengths. Immunofluorescence 
(IF) intensity (in arbitrary units, A. U.) on B50 gels is significantly higher than that on 
B80 gels (*** p< 0.001) or B100 gels (** p< 0.01) as determined by one-way ANOVA 
followed by Tukey’s multiple comparisons test. Representative images of FAK 
immunostaining are shown below the bar chart for each gel group. Error bars represent 
standard error of mean. n ≥ 19.   Red: Tau-1 immunostaining; Green: MAP2 
immunostaining; Blue: GFAP immunostaining; Purple: DAPI staining.  Scale bar is 30 
µm.  
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3B.4 Discussion 

 

3B.4.1 Mechanical sensitivity of neurite outgrowth 

In the present work, based on the previous studies 47, the design parameter space has been 

expanded by including crosslinker length and monomer concentration.  The stiffness 

range available has been extended from a few hundred Pa to 30 kPa, and it has been 

demonstrated that by altering the nanoscale structure in the network, gel properties can be 

modified.  These gels were functionalized in a similar fashion to those crosslinked by bis-

acrylamide, and the surface ligand density was found to be independent of the design of 

the DNA crosslinker or gel stiffness.  As substrates become more rigid, neuronal and total 

cell number increase, while the proportion of neurons and astroglia combined in the total 

cell population remains stable, in line with observations made on bis-gels39.  Neurite 

outgrowth of primary spinal cord neurons was characterized, and it was found that 

cellular properties such as dendrite length, dendritic number, and axonal length respond 

differently to the distinct ranges of DNA gel stiffness, guiding design of gel stiffness to 

achieve specific cellular properties. The potential involvement of FAK, a critical 

regulator of many cellular activities, in neurite outgrowth in response to mechanical 

stimuli is suggested.  A summary of the observations from this study is provided in Table 

3B-3. 

Compared to a very recent study43, the current work focused on primary cells 

from dissociated rat spinal cord including neurons and astroglia, and a more 

physiologically relevant culture system than cell lines.  Similar observations that primary 

dendrite length is not significantly different on gels of this stiffness range were made also 
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in reference43, while in this work, it was found that primary dendrite number and axonal 

length, processes crucial to both development and recovery of the neural circuitry, were 

significantly affected by gel stiffness.  The distinction in the observations between the 

two studies could be partly attributed to the difference in cell types and the presence of 

cell-cell interactions in the mixed culture.  In comparison to the work by Georges and 

colleagues27 on rat cortical neurons and Flanagan and co-workers22 on mouse spinal cord 

neurons, this study concentrated on spinal cord neuronal and astroglial adhesion in mixed 

culture, and outgrowth of both dendrites and axons, which have rarely been addressed 

and are of importance for understanding cellular mechano-responses for tailoring specific 

cellular properties for tissue engineering applications (e.g. axonal elongation for spinal 

cord injuries).  Most of the previous studies on the effect of mechanical stimuli on 

cellular behavior have focused primarily on the end points, i.e., the lowest and highest 

stiffnesses.  The possibility exists that cellular response to substrate stiffness is not 

monotonic, and information regarding the sensitivity towards the range of stiffness 

should also be important, which has been indicated previously43.  Therefore, in the 

current study, intermediate stiffnesses have been incorporated.  Additionally, the range of 

substrate stiffness in our work (6.6 to 30 kPa) is also different than that in reference22 

(150 Pa to 1650 Pa). 
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Table 3B-3 Summary of the observations of spinal cord cellular behavior as DNA gel 
mechanical stiffness increases from 6 kPa to 30 kPa 
 (↑ significant increase;  ↓ significant decrease; → no significant change)  

 

 

Parameters Outcome 
Total cell number ↑ 
Neuronal cell # ↑ 
Astroglia cell # → 
Mean primary dendrite length per neuron → 
Maximal primary dendrite length per neuron → 
Total primary dendrite length per neuron → 
Primary dendrite number ↑ 
Axonal length per neuron ↓
Proportion of neurons bearing longer primary dendrites → 
Proportion of neurons bearing higher primary dendrite number  ↑ 
Proportion of neurons bearing longer axons ↓
FAK expression in the neuronal cell body ↓
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On DNA gels with mechanical stiffness ranging from a few kPa to 30 kPa, it was 

found that primary dendrite length is not sensitive to changes in rigidity (Fig. 3B-11A) 

but that primary dendrite number significantly increases.  The increase occurs on gel 

stiffness between stiffnesses of 17.1 kPa and 29.8 kPa (Fig. 3B-11B), whereas a decrease 

in axonal length is evident before rigidity reaches 17.1 kPa (Fig. 3B-11C).  Moreover, a 

greater proportion of neurons on stiffest gels have more primary dendrites (Fig. 3B-12B) 

and a higher proportion of neurons on DNA gels of stiffness lower than 17.1 kPa have 

longer axons (Fig. 3B-12C) than those of other groups.  Taken together, these results 

suggest that there maybe a distinct sensitivity and threshold for specific properties of 

dendrites and axons (i.e., primary dendrite number, axonal length, secondary dendrite 

number or branching, etc.).  This could be specific to spinal cord neurons, but 

nevertheless, this property is beneficial for biomaterial design for spinal cord nerve 

regeneration, i.e. to include mechanical stimuli in the bio-scaffold design.  It should also 

be noted that there is no significant difference in neurite outgrowth on DNA gels with 

close stiffness of 6.6 kPa (Design B50) and 10 kPa (Design A100) (Fig. 3B-11), 

suggesting that physical properties other than stiffness do not significantly influence 

neurite outgrowth behavior (e.g., primary morphology). 

Again, although mimicking the natural mechanical environment of the intact 

spinal cord is of concern, it is not without benefit to study a different range of mechanical 

properties of biomaterials to understand how to engineer a desired outcome, such as 

spinal cord nerve regeneration.  Previously, it was reported that mechanosensing of 

neurons and astroglia could be altered by their interaction39.  Therefore, it is likely that 

neurite outgrowth behavior is a result of coupling between cell-substrate interactions and 
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cell-cell interactions, including neuron-neuron and neuron-astroglia communication.  

However, our previous study on neuron-glia interactions in a bis-gel system39 has yielded 

findings that certain neuronal properties might not be changed.  For example, when 

subjected to the same substrate stiffness, neuronal and astroglial survival varies while 

neurite outgrowth, including primary dendrite length and number remains the same under 

the absence and the presence of neuron-astroglia interactions.  Thus, it is likely that 

primary morphology of neurons on DNA gels exhibit similar pattern and might not be 

significantly altered by the presence of astroglia.  It is also possible that DNA gel 

substrate stiffness also affects secondary dendrites (i.e., neurites extending from a 

primary neurite), which remains to be investigated.   For instance, the number, density or 

length of the secondary neurites could be affected in a way that could assume a pattern 

that differs from that of the primary ones.      

 

3B.4.2 Mechanical stimuli provided by DNA gels 

The correlation between the nano-scale structure in the DNA crosslinker and the 

mechanical stiffness of the bulk material was investigated.  For the DNA gels of both 

Designs A and B, %T (monomer mass plus crosslinker at equivalent number of moles per 

100 µL of gel), an indicator of the amount of polymer mass, is approximately 7.7%, and 

%C (proportion of bis-acrylamide in monomer and crosslinker mixture) is approximately 

0.06~0.13%, depending on the degree of crosslinking. This indicates that the polymer 

mass in the gel network of gels of both designs is not significantly different.  However, 

mechanical testing suggested that the stiffness of gels of Design B100 is approximately 

20% higher than that of Design A with 10% monomer.  Conceptually, as the length of the 
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crosslinker DNA is reduced, long polymer chains are brought closer making it harder for 

polymer chains to slide by each other, which was suggested in a previous work50 and also 

demonstrated numerically55.  It is noted that the energy to bend a DNA strand is inversely 

correlated to its length9, which might contribute to the distinctions between gels of two 

different crosslinker length.  The comparisons between DNA gels of different crosslinker 

designs indicate that by modifying the nano-structure of the crosslinkers and/or monomer 

concentration, the physical properties, including mechanical stiffness, can be affected in a 

way that reflects the chemical structures and physical interactions of the components of 

the gels.  

It is possible that alteration in DNA crosslinking leads to changes in modification 

of surface physical properties other than stiffness.  It is noted that both polyacrylamide 

and DNA are completely wettable as evidenced by the fact that both are water soluble 

even at high concentration and high molecular weight.  Meanwhile, DNA gels have low 

polymer density (the percent weight of polymer is approximately 7% for our gels), 

consisting mostly of water.  Hence, the addition of extra crosslinker strands is not 

expected to significantly change the hydrophilicity or surface energy of the gel surface.   

Surface pore size has been show to be important.  In our studies, the pore size of the 

DNA gels might be larger than their bis-crosslinked counter-part whose pore size has 

been studied before and has been show to be in the range of a few angstroms, considering 

that crosslinker DNA is a few nm (10 to 20 bases) and that bis-acrylamide is below 1 nm 

in length.  However, the resulting pore size is most likely still well below the range (a 

few microns or higher3) that affects neural cell behavior.  In addition, no significant 

neurite in-growth into the gels was noticed. 
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There are several reasons why polyacrylamide was chosen as the target polymer 

for DNA crosslinking.  First, polyacrylamide hydrogels have long been used in in vitro 

studies as well as in medical applications, such as plastic surgery or soft tissue filler36, 70 

where the monomer content is less than 1% (medical grade).  Second, due to the 

incorporation of AcryditeTM in polymer formation, DNA crosslinking can also be applied 

to a number of other vinyl polymers10, 23. One expects that DNA-crosslinked versions of 

these other polymers will exhibit behavior some, if not all, of which could be similar to 

DNA-crosslinked polyacrylamide.  For instance, the effect of the crosslinker length and 

density on gel stiffness and the effect of stiffness on neurite growth might be comparable.  

Therefore, studies using DNA crosslinked polyacrylamide gels should provide general 

guidance for DNA-crosslinked polymer hydrogel design.  Additionally, the results of 

studies on mechanosensing by neurons can be more meaningful when analyzed in the 

context of mechanobiology studies using a popular bis-gel system68. 

 

3B.4.3 FAK expression in neurons in response to stiffness 

As a non-receptor tyrosine kinase, focal adhesion kinase (FAK), plays a critical role in 

mediating communication between cells and ECM via physical linkage, particularly focal 

adhesions (FAs) or point contacts7, and is heavily involved in various cellular processes, 

especially cellular mechanosensing and mechanotransduction6, 59, 60, 67, 71. The dependence 

of formation of FAs on FAK has been reported to be different for neuronal and non-

neuronal cells57.  In the central nervous system (CNS), FAK also plays important roles in 

the regulation of neuronal activities, ranging from neuronal migration during 

development and synapse formation to axonal growth, guidance, and branching, and 
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neurite outgrowth8, 41, 52, 56, 57, 59.  Taken together with previous findings that neurite 

outgrowth is altered as substrate stiffness changes22, 30, 39, 43, it is tempting to speculate 

that FAK is involved in the neurite outgrowth in response to the mechanical 

characteristics of the ECM that neurons contact.   

Indeed, here it was shown that FAK expression in the cell bodies of spinal cord 

neurons negatively correlates with mechanical stiffness (Fig. 3B-13G).  A few major 

pathways have been proposed to be important for the mechanical signal transduction, 

namely mechanically-activated ion channels, transmembrane integrin and its binding to 

ECM, and cadherins and desmosomes between adjacent cells4, 71.  Most of the work has 

pointed to FAK due to its activation after binding of integrin to the ECM or following 

depolarization of the plasma membrane.  Activation of FAK initiates a cascade of 

intracellular events in cellular responses to mechanical stimuli11, 24, 59.  Also, it was found 

that both axonal length and FAK expression decrease with increased gel stiffness, 

whereas primary dendrite number displays an opposite trend.  Consequently, the data 

from this study suggest that decreased FAK expression in response to increased 

mechanical stiffness of ECM may be involved in the shortening of the axons, most likely 

by regulating netrin-mediated axonal guidance via activation of FAK and binding to 

netrin receptors7.  Some investigators have reported that association of FAK and another 

tyrosine kinase, Pyk2, with integrin and growth factor receptors at adhesion sites 

participates in the regulation of neurite extension37.  This could contribute to mechanisms 

underlying outgrowth behavior of primary dendrites observed in the present work.  

Another possible mechanism is the interaction between FAK and Rho7 which has been 

shown to play an important role in the regulation of dendritic growth 65.  Lastly, there has 
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been a recognition of the role of FAK in the regulation of F-actin dynamics, cytoskeleton 

remodeling, and focal adhesion turnover7, 59.  This could partly explain why some 

MAP2+ neurites are FAK negative in the present study, as also suggested in the work by 

Contestabile, et al. 12. 

 

3B.5 Conclusions 

It has been demonstrated that by varying the design parameters of DNA crosslinkers one 

is able to engineer the mechanical stiffness of hydrogels.  Three parameters, namely 

crosslinker length, monomer concentration and degree of crosslinking, were chosen and 

the available stiffness from these DNA gels ranges from a few hundred Pa up to 30 kPa.  

These gels can be functionalized and conjugated with ECM proteins for neuronal cell 

attachment.  Subject to the mechanical cues presented by the DNA gels, spinal cord 

neurons extend more primary dendrites and shorter axons on stiffer gels, as evidenced by 

the fact that a greater percentage of neurons have longer primary dendrites and shorter 

axons on gels of higher stiffness.  The length and number of primary dendrites and length 

of the axons show distinct sensitivities to the range of stiffness. The expression of focal 

adhesion kinase (FAK) negatively correlates with the increase in gel substrate stiffness, 

suggesting its involvement in neuritogenesis in response to mechanical stiffness.  The 

findings from this study are useful for incorporating mechanical cues in biomaterial 

design for neural tissue engineering applications. 
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CHAPTER 4A ACELLULAR STUDIES 

 

 

4A.1 Background 

 

4A.1.1 DNA diffusion 

In the current studies, DNA strands with specific sequence design were delivered to 

change the crosslinking level of the DNA gels.  After DNA is delivered to the solution 

where DNA gels are immersed, we primarily rely on diffusion to drive the DNA strands 

into the gel network1.  Although in previous work electrophoretic forces were applied5 to 

drive DNA into DNA gels, this has limited applicability for in vitro and in vivo studies.  

The pore size of the DNA crosslinked polyacrylamide gels in the current work is 

likely in the range of 10~100 nm, since that of their bis-crosslinked counterparts is in the 

tens of nanometer range8.  The diameter of the flexible single-stranded DNA is much 

smaller than that of double-stranded DNA (approximately 2 nm6, 11).  The diffusion of 

ssDNA into a hydrogel is dependent on the initial DNA concentration, temperature, the 

relative size of the DNA strand to the average pore diameter, and the surface area for 

diffusion.  The diffusion will continue until equilibrium in the DNA concentration 

between inside and outside the gel network is established, as it is essentially driven by 

concentration difference across the gel surface.  In addition, once the DNA gets into the 

gel, it base-pairs with available SA1 and SA2 DNA side chains (Figures 2-1 and 3B-1), 

driving the equilibrium to the direction to force more ssDNA into the gel network.  
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4A.1.2 Previous DNA gel study with DNA delivery 

The changes in the properties of DNA crosslinked hydrogels have been reported and 

studied by both our group5 and others12.   In our group, Lin and colleagues5 found that 

with the delivery of ‘fuel strands’, the stiffness of the gels increases two-fold from 

approximately 200 Pa to 640 Pa; with the initial delivery of the exact amount needed to 

occupy all the binding sites on the DNA crosslinks.  The delivery process, driven by 

application of an electric field, required eight house5.   It is thus hypothesized that 

without the electric field, the time frame for diffusion would be much greater.  However, 

in the preparation of DNA gels for cell culture, the gels were relatively thin (500~1000 

µm in thickness) and the surface area is much larger than that in the funnel as used by Lin 

and colleagues5, thus it was expected the time frame for incorporation of DNA in these 

two systems would be comparable.  However, it is important to directly determine the 

time scale with which the DNA incorporation into gel network occurs; and it is important 

to monitor the mechanical stiffness change with time.  

 

4A.1.3 Hydrogel property change upon DNA delivery 

The incorporation of crosslinker DNA or its complement into the gel network could 

result in a change in the crosslinking density, which, in turn, leads to stiffness change and 

a sol-gel transition if the critical gelation point is reached5, 12. An interesting illustration 

of this is provided by recent work in which de-gelation is induced in by adenosine 

aptamer interactions13. 

An increase in the level of crosslinking in the hydrogel network could also 

potentially cause the compaction or shrinking of the substrate that cells are residing on, 
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since the change in the crosslinking density could lead to the change in swelling 

equilibrium3, 9, 10.  In addition, the increase or decrease in the degree of crosslinking may 

directly cause volume change as it affects the inner structure of the gel network.  This 

possibility has attracted much interest2, 4, 7.  It is, therefore, conceivable that by altering 

the crosslinking density, two mechanical stimuli could surface, one of which is the 

mechanical stiffness and the other is the gel compaction or expansion.  If the DNA 

application occurs while cells are growing in place, the volume change in the gels could 

translate into compressive or tensile forces that cells respond to.  

 

4A.1.4 Gel preparation using DNA without purification 

The DNA strands used in this work were primarily acquired from Integrated DNA 

technologies (Coralville, IA), and the cost for purification (HPLC or PAGE) consists over 

half of the total cost of the synthesized DNA strands.  On the condition that the absence 

of purification does not significantly change the DNA gel preparation and crosslinking, it 

is advantageous to consider alternatives to the purification, or to simply avoid applying 

purification.  The estimated purity according to the IDT for DNA gels of three different 

available sequence designs is shown in Figure 4A-1.  For the rest of the dissertation, the 

DNA strands without HPLC or PAGE purification were used.    

 

4A.1.5 The purpose of the acellular study 

As has been discussed, the acellular study mimicking the cellular conditions was 

designed to confirm DNA incorporation into the gel network under the conditions applied 
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in cellular testing.  The potential local deformation of DNA gel upon DNA strand 

delivery and after the change in the crosslinking level was also estimated.  

 

4A.2 DNA incorporation into the gel network 

 

4A.2.1 Rationale 

By measuring the quantity of DNA residual in the aqueous solution where the DNA gel 

resides, one should be able to infer the amount of delivered DNA that is incorporated into 

the gel network.  To eliminate the possibility that DNA strands stay in the gel network 

but do not participate in the crosslinking and thus do not contribute to the mechanical 

property change of the gels, a negative control is deployed where a DNA strand with the 

size comparable to that of the intended crosslinker DNA but with non-specific sequence 

is employed.   

 

4A.2.2 Materials and Methods 

 

4A.2.2.1 Calibration of multi-mode plate reader 

Spectrophotometric measurement of DNA concentration is performed by using a 

microplate reader (DTX 800, Beckman Coulter, Fullerton, CA).   A series of dilution of 

crosslinker DNA solution was used to assess the linearity correlating the optical density 

reading and the DNA concentration.  A DNA sample solution with initial concentration 

of 1.22 mg/L was used and a series of samples with dilution of 1 to 300, 600, 1200, 2400, 

4800, 9600, and 19200 were prepared. 
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4A.2.2.2 DNA gel preparation 

We followed the procedures outlined in Chapter 3B in synthesizing DNA crosslinked 

hydrogels.  Design B of DNA gels (14/14/40, Appendix 2) was adopted to mimic the 

conditions in fibroblast culture.  

Five groups of DNA gels of Design B at 50% crosslinking, two groups of DNA 

gels at 80% crosslinking, and one group of 100% crosslinking were prepared and 

immobilized (Table 4A-1), in a manner similar to those used for fibroblast cell culture, 

except that they did not go through functionalization and protein conjugation.  The gel 

groups were rinsed in DPBS (Dulbecco's Modified Buffer Saline) containing Ca2+ and 

Mg2+ (Sigma-Aldrich) at 1 mL/well in a 24 well plate.  The samples were also kept in the 

incubator at 37C for two days in a way mimicking the conditions in cell culture, to allow 

the gel to swell to equilibrium and to release prestress in the DNA gels5.  

 

4A.2.2.3 Spectrophotometric determination of DNA concentration 

At the end of the two days (Day 2) of incubation, the buffer in the wells for the previous 

step was changed and the proper amount of DNA crosslinker solution (according to Table 

4A-1) was delivered.  Two control groups with no DNA gels were prepared, to which 0% 

and 50% of crosslinker needed for full crosslinking was delivered.  Two days (Day 4) 

following the incubation of these samples after DNA addition, the buffer rinsing the gels 

was collected.  The concentration of the single-stranded DNA in the medium was 

evaluated by using aforementioned multi-mode micro-plate reader.  The collected 

solution was transferred to a UV plate (Corning Costar #3635, Sigma Aldrich) to be fed 

into the microplate reader.  
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4A.2.3 Results 

 

4A.2.3.1 Calibration of multi-mode plate reader 

To substantiate DNA incorporation into the gel network after delivery, we prepared DNA 

gels exactly the same way they were prepared in cellular experiments including DNA 

delivery and gel incubation, except for the functionalization and cell plating.  DNA 

concentration measurement was performed on the buffer solution in which DNA gels 

were kept and stored for duration of two days after delivery.  The DNA concentration has 

been obtained by multiplication of the optical density (O.D.) reading from the microplate 

reader and the converting factors (33 for ssDNA and 50 for dsDNA) as well as dilution.  

The results are shown in Figure 4A-2.  The linearity between DNA concentration and 

reading from micro-plate in the range of 0 to 1.3 was confirmed.  

 

4A.2.2.2 DNA concentration measurement 

The DNA concentrations in DPBS buffer (with Ca++ and Mg++, Sigma Aldrich) were 

measured and the raw data are as shown in Figure 4A-3.  It is apparent that the reading 

contains the contribution from the auto-fluorescence from the buffer (reading for 0% 

sample, Figure 4A-3).  Moreover, in the gel groups with no DNA delivery (i.e., D50, D80 

and D100 groups, Figure 4A-3), there is a significant reading, which most likely is due to 

both auto-fluorescence of the buffer and small pieces of DNA gel that sheds from the 

bulk of the DNA gels, or non-specific ssDNA strands owing to the exclusion of DNA 

purification.  
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After subtracting the part of the contribution due to auto fluorescence of DPBS 

buffer, fragmented polymer gel pieces and non-specific DNA strands, the results are 

shown in Figure 4A-4.  From the fact that the DNA concentrations in two sample groups, 

D50_Non and 50%, were comparable, it is evident that only DNA strands with specific 

sequence that is complementary to the crosslinker DNA can be taken up by the DNA gels 

and removed from the solution.  There might be some of the DNA strands that entered 

into the gels do not participate in crosslinking, but their quantity is negligible.  

Comparison among gel groups of initial 50% crosslinking density (D50, D50_80, and 

D50_100) demonstrates that the majority of the DNA strands delivered diffused into the 

gel network and were incorporated (Figure 4A-4).  This was also seen for the DNA gel 

groups with initial 80% crosslinking level.  

 

4A.2.4 Summary 

It was confirmed that the majority of the delivered DNA strands were indeed 

incorporated into the gel network.  We assessed DNA strand incorporation by using gels 

of Design B (14/14/40, Appendix 2).  However, we expect DNA gel with Designs A 

(used in neuronal dynamic study) and B to behave in the same manner in terms of DNA 

incorporation.  The incorporation of the complementary strands to crosslinker DNA into 

the gel network is also anticipated to behave in the same manner.  These strands were 

used in the study of neuronal responses towards dynamic stiffness (Chapter 4C) where 

gels of Design A were used. 
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4A.3 Discussion 

In this chapter, by assessing the reduction in the purity of acquired DNA strands, we have 

determined the use of DNA strand without HPLC or PAGE purification as a way of 

carrying out experiments while reducing the cost.   The incorporation of the crosslinker 

DNA into the gel network has been confirmed by measuring the residual DNA 

concentration.  This is a way of indirectly probing the incorporation of the delivered 

DNA strands.  In a separate line of research, with the help of micro-beads which serve as 

location markers inside the DNA gel, we attempted to quantify the local deformation 

(Appendix 1).  We have showed that, based on a limited number of testings and 

estimation, the DNA delivery induced deformation, under the specific conditions of our 

cellular studies, including medium volume, quantity of DNA delivered, delivery profile, 

and time course followed, is most likely not sufficient to induce towed neurite elongation.  

Much larger strain generation and force application may be feasible with different 

experimental conditions, and this is being pursued in ongoing investigation.  

Therefore, we concluded that the alteration in the elongation of the neurites will 

be attributed primarily to the stiffness change caused by changes in DNA gel crosslinking 

level.  
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Table 4A-1 The initial and final crosslinking density of different schemes of 
crosslinker DNA delivery. 

*ssDNA strands of non-specific sequence were delivered. 

Designation D50 D50_80 D50_100 D50_Non D80 D80_100 D100 
Initial 
crosslinking 
density 

50% 50% 50% 50% 80% 80% 100% 

Final 
crosslinking 
density 

50% 80% 100% 50% 80% 100% 100% 

DNA delivery ⎯ 30% 50% 50%* ⎯ 20% ⎯ 
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Figure 4A-1 Change of DNA purity with the length of the ssDNA used in DNA gel 
designs of A, B, and C (Appendix 2).  
Estimation made according to IDT specification. 

 

 
 
Figure 4A-2 Calibration for spectrophotometric determination of the DNA 
concentration.  
A series of dilutions of the ssDNA solution in DPBS containing Mg++ and Ca++ was 
prepared, and their concentration was calculated assuming 100% purity, and 
concentration (O.D.) was obtained by using UV spectrophotometer.  The linearity of 
DNA concentration is confirmed when the OD reading is smaller than 1.3.  
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Figure 4A-3 The concentration of residual DNA in the buffer solution rinsing DNA 
gels, as determined by spectrophotometric measurement two days after the DNA delivery 
to the DNA gel groups 
The significant reading from static gel groups (A and B) mostly likely is due to the DNA 
gel pieces that shed from bulk DNA gel network and the auto-fluorescence of the buffer 
used (C). Comparisons in residual ssDNA concentration between gel groups with same 
50% initial crosslinking density are made in (I); other three gel groups are in (II); controls 
for DNA gel quantification are in (III). n ≥3. 
 

 
Figure 4A-4 Adjusted DNA concentration determined by spectrophotometric 
measurement two days after the DNA delivery to the DNA gel groups 
Significant proportion of the DNA was incorporated to the gel network as indicated by A, 
B, C in reference to 30%, 50% and 20% crosslinked density represented by dotted lines, 
respectively.  Comparisons between gel groups with same 50% initial crosslinking 
density are made in (I) and they are adjusted by subtracting the optical density (OD) 
value for D50 groups.  Other three gel groups are in (II) and are adjusted by subtracting 
the OD for D80 group to eliminate the contribution from possible free-flowing gel pieces 
and auto-fluorescence of the buffer. Controls for DNA gel quantification are in (III), and 
adjusted by subtracting the OD for 0% group in control. n ≥3  
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CHAPTER 4B FIBROBLAST GROWTH ON A DYNAMIC 

SUBSTRATE  

 

 

4B.1 Background 

 

4B.1.1 Fibroblast mechano-sensing 

The connective tissue where fibroblasts reside experiences constant external tension, and 

fibroblasts receive and sense mechanical cues from the ECM, that include mechanical 

forces10, 59, 70, 83, stress or strain20, 53, and stiffness 11, 20, 29, 73, primarily via integrin linkage, 

focal adhesion and the associated cytoskeleton structures28.  In response, mechanical 

perceptions are converted to biochemical cues, following the common pathways where 

these cues normally converge.  Subsequently, these initiate cellular changes in shape28, 

spreading50, traction force applied to the ECM, , migration behavior56 and other cell 

properties28, 77.  

Cell shape has important implications in cellular functioning and growth13, 57, 72.  

Both projection or spreading area and aspect ratio have been studied previously as 

indicators of cell adhesion properties and polarity.  Cell projection area was strongly 

influenced by geometric factors13, 81 of the substrates, and was found to positively 

correlate with traction force that cells generate.  For instance, in a very recent study using 

micro-islands of specific geometry and area, Li and co-workers38 reported that decreases 

in cell-generated traction force correlates with the decreased aspect ratio when cell 

spreading (or projection area) remains unchanged. 
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Owing to the mechanically sensitive nature, and their ubiquitousness in the 

tissues, fibroblasts were chosen as the model cell type for our probe of the cellular 

responses to the dynamic stiffnesses.  

 

4B.1.2 Dynamic stimuli 

The temporal changes or dynamics in cell morphology, adhesion, migration, proliferation 

and function have been widely investigated19, 48, 50, 56, 67.  However, the majority of the 

substrates employed in these studies and other biological studies were of fixed 

mechanical stiffness and/or biological features throughout the culture.  

 Pioneering work on cellular response to dynamically changing substrate cues has 

been carried out mainly by Whitesides1 and Mrksich82 and their coworkers, and their 

work was followed by other investigators37.  They also supplied these dynamic cues to 

cells and examined cellular responses.  While the findings are interesting, the utility of 

their strategies is limited, largely due to the reliance of these approaches on the coupling 

between electrical, chemical (including pH), mechanical, thermal, optical and 

biochemical (e.g., protein conformation) cues37, 45, 52, 66, 75, 79, 80 whose applicability in in 

vivo conditions is problematic.  Moreover, the induced changes are either of surface 

biochemical properties or of the presentation and biological activities of the surface 

ligands45.  In a handful of other studies, the substrates were modified, but the 

modifications were limited to dynamic load or deformation18.  For instance, Petroll et 

al.49 used micro-needles to apply local stress to cells which initiates a quasi-stiffness 

change in the local cellular environment.  They observed cellular contraction when force 

or tension was applied towards the cells, whereas a bi-phasic behavior, that is, retraction 
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of the pseudopodia proceeded by elongation, appeared when they pulled on the ECM 

away from cells.  In these experiments with mechanical load or deformation, the rigidity 

of the substrates did not change significantly.  In the system that we devised, mechanical 

stiffness can be changed with potential strain generation (Chapter 4A).  

 

4B.1.3 Dynamic stiffness of the substrate 

Among the myriad of factors that affect cell growth are the mechanical properties of the 

extracellular matrix (ECM)17, 21, 24.  To better understand the mechanical interactions 

between cells and ECM, various substrates have been utilized to present different 

stiffness to a number of cell types.  These cell culture systems include, bis-crosslinked 

polyacrylamide hydrogel76, two- and three-dimensional collagen gels62, fibrin gel25 and 

other gel systems.  The responses to the gels were found to be cell-type specific and 

depends on the range of the stiffness9, 62, 76. 

In actualities, cells reside in a dynamic environment7, 15, 43 and are in contact with 

the extracellular matrix (ECM) and other cells.  The ECM undergoes constant synthesis 

and degradation, which could cause its mechanical rigidity to vary4.  Its mechanical 

stiffness can also be significantly altered with ageing, upon external mechanical loading, 

or via pathological processes (e.g., cancer)23, 26, 29, 46, 61.  Moreover, at the tissue-implant 

interfaces, dynamic processes and changes for both tissues and implant can lead to 

alteration in the mechanical compliance, and thus, cannot be overlooked42, 48, 64.  

Particularly in loading-bearing tissues14, 35, ECM mechanical properties can be changed 

by exposure to changing load conditions through, for example, collagen realignment44, 68.   
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Recent studies from our group revealed evidence that specific cellular properties 

respond differently to distinct mechanical stiffness ranges33. From an engineering 

viewpoint, it is sometimes beneficial to be able to control the time course of the physical 

properties of the biomaterials for the implants to provide optimal conditions for a specific 

desired outcome at different points during time progression.  For instance, based on the 

results from our latest report33, initial softer substrates foster axonal elongation and 

stiffening of the substrates at a later stage could encourage outgrowth of more primary 

dendrites of neurons, thus promoting synaptogenesis.  Since cues such as mechanical 

compliance can direct cell fate determination22, time control of these cues is also likely to 

be of importance in tissue engineering effort directed towards establishing cell harvesting 

systems for stem cell therapeutic applications.  All of these reasons make it most 

desirable to have a dynamic cell culture system with controlled temporal property 

changes.  This also contributes to the effort in addressing the static nature of the current 

bio-artificial materials and the lack of the ability to go through defined temporal 

remodeling of the current bio-memetic materials37.  

Previous work from our group showed that by supplying DNA crosslinker or its 

complementary strands, changes in the mechanical stiffnesses, together with de-gelation, 

are possible with DNA crosslinked hydrogels40.  In the current work, we set to explore 

the potential of designing DNA gel system with specific target crosslinking level and 

examine cellular responses to such changes.  
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4B.2 Materials and Methods 

 

4B.2.1  DNA sequence design and DNA gel preparation 

DNA sequence design was carried out and DNA crosslinked polyacrylamide gels were 

synthesized following a method previously described33, 41.  New sequence design of DNA 

side chains 14 nucleotides (nt) long and crosslinker DNA of 40 nt long was conducted.  

Optimized DNA sequences obtained from the customized program were queried against 

the National Center for Biotechnology Information (NCBI) nucleotide database by using 

a basic local alignment search tool (BLAST) algorithm2 for close resemblance to 

biological sequences.   The closeness of the sequences to those of the genome for the rat 

(GFP fibroblasts) and the mouse (L929 fibroblasts) was checked in the screening. 

 

4B.2.2 DNA and bis gel functionalization 

DNA gel immobilization was performed by following a previous method by using an 

optical adhesive33.  Bis gels were prepared and immobilized used a method detailed in 

Chapter 3A and previously34.  A bifunctional photoactivable crosslinker, Sulfo SANPAH 

(Pierce, Rockford, IL) in HEPES was used to conjugate ECM molecules onto the gel 

surface for cell attachment.  Type I collagen (USB, Cleveland, OH) was applied at 0.2 

mg/mL in acetic acid (0.02 M) and stored at 4°C for overnight, after which excess 

collagen was removed. 
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4B.2.3 Mechanical characterization 

We followed the procedures outlined in Section 3.2.3 of Chapter 3 on the mechanical 

characterization of DNA gels.  In brief, by applying a calibrated magnetic force to a bead 

embedded in the gel sample and measuring the resulting displacement of the bead at 

14~15°C, one can calculate the stiffness based on a solution formulated before41.  An 

increment of 5% crosslinker was then added to the gels, and measurements were 

repeated.  After reaching 100% crosslinking, additional crosslinker DNA solution was 

added, and testing was performed to ensure that stiffness does not increase beyond 100% 

crosslinking, which demonstrates that the gel was fully crosslinked.  All the experiments 

were performed at RT. 

 

4B.2.4 Fibroblast cell culture and DNA delivery 

L9292 and GFP (obtained from skin tissues of the neonates of a transfected rat) 

fibroblasts were a gift from Margaret Julias and Drs David Shreiber and Helen Buettner 

from Chemical and Biochemical Engineering Department at Rutgers University.  Both 

types of cells were maintained in Dulbecco's Modified Eagle's Medium (DMEM, 10% 

fetal bovine serum, 2% L-glutamine supplemented with antibiotics (penicillin/ 

streptomycin)).  The medium was changed periodically until confluence when cells were 

passed.  The schemes of DNA delivery and sample group setting used in this study are 

detailed in Figure 4B-1, and the schematic of the expected alterations in the gel groups is 

shown in Figure 4B-2.  At the time of experiment, L929 cells were on the 13-15th 

passage and GFP was on 5–7th passage.  Cells were plated at 1 × 104 cells/cm2 in the 

aforementioned medium at 37°C and 5% CO2.  The cell seeding density is relatively low 
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in comparison to normal culture, to reduce cell aggregation, to minimize cell-cell 

interactions, and to allow for longer time of culture before confluence is reached.  With 

this cell plating density, it was made sure that the culture would not reach confluence 

until after 4 DIV (days in vitro).  At 2 DIV, an appropriate amount of crosslinker DNA 

solution (3 mM in TE buffer) was added to the culture as shown in Table 4B-1.   

Delivered DNA is expected to diffuse into the DNA gel network and get incorporated as 

it base-pairs with available SA1 and SA2 side chains.  To assess the effect of the foreign 

DNA on the fibroblast growth, we cultured fibroblast on 24 well plates and for one group 

of cells we delivered DNA to the medium (DNA+) and none for the other (DNA-).  The 

quantity of the delivered DNA was the same as what we delivered in the studies of cells 

grown on DNA gels. Comparisons were made between these two groups.   

 

4B.2.5 Cell growth characterization and statistical analysis 

At 4 DIV, cells were fixed using paraformaldehyde (4% in PBS) for 20 min and 

incubated in blocking solution (PBS with 0.1% Triton X-100, 2% normal goat serum, 

0.02% sodium azide) for 30 min at RT to eliminate non-specific antibody binding.  

Subsequently, monoclonal antibody against FAK (1:300, Chemicon) was used for cell 

incubation for two hours at RT or overnight at 4C, followed by appropriate secondary 

antibody (raised in goat, 1:200, Jackson ImmunoReseach).  For actin staining, cells were 

permeabilized with 0.5% Triton X-100 incubation of 15 min at RT before rhodamine 

phalloidin (1:300, Invitrogen) was applied.  The cells were kept in rhodamine-conjugated 

phalloidin for 20 min at RT.  DAPI staining was performed to identify intact cells that 

were marked for morphological characterization.  Cells with condensed nuclei as 
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identified by DAPI were excluded from characterization, and the number of intact cells 

was counted for each image. 

Cells grown on DNA gels were imaged under the same conditions (same exposure 

time and setting) using fluorescence microscopy in order to quantify FAK intensity and 

make comparisons between different groups38.  Firstly, the fluorescence intensity inside 

the fibroblast cell body was measured using ImageJ software (NIH, Bethesda, MD), 

which yielded the mean, maximal and minimal intensity inside each cell body.  Care was 

exercised to ensure that area close to the edge was not included to avoid the potential 

contribution from the outside background.  The ratio between maximum and minimum of 

intensity is an indicator of the size of the focal adhesion, which is proportional to the 

quantity of FAK recruited at FA3, 27.  Secondly, to eliminate the effect of potential non-

specific binding of the fluorophore, two gel groups each for both static and dynamic gels 

were used in which fluorophores were applied without prior treatment with primary 

antibodies.  Cell bodies were imaged, and the fluorescence intensity was assessed.  The 

final fluorescence intensity was calculated by subtracting the fluorescence due to non-

specific binding (2nd step) from that obtained in the first step. 

Cell spreading area was measured by manually tracing along the boundary of the 

cell outline in the phase contrast images with the help of ImageJ software (NIH, 

Bethesda, MD).  By fitting the cell outline to an ellipse by using ImageJ, the aspect ratio 

was calculated by dividing length of the major axis with that of the minor axis.  For the 

case when comparisons are made among three or more groups of DNA gels with same 

initial gel design (e.g., D50, D50_80, and D50_Non are of the same initial DNA gel 

design as D50), one way ANOVA was implemented, whereas if only two groups of data 
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were compared, unpaired two-tailed t-test was performed to determine significance.  The 

difference in distribution among distinct groups was assessed by using Chi-square test of 

goodness of fit.  p<0.05 was considered significant. 
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Figure 4B-1 Schemes of DNA delivery to the fibroblast culture on DNA crosslinked 
hydrogels. 
At Day 0, the cells are seeded and allowed to adhere and grow for two days.  Different 
amount of crosslinker DNA is delivered at Day 2.  DNA diffusion into gel network is 
estimated to be within hours and fibroblasts will be exposed to the changing stiffness of 
the DNA gel.  Cells were fixed at Day 4, and analyzed. 
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DNA gels of 50% crosslinking 

+  L2 (30%)

+RanL2

DNA gels of 80% crosslinking

DNA gels of 100% crosslinking+  L2 (50%)

DNA gels of 50% crosslinking

 
 

 
Figure 4B-2 Schematic illustrating the alteration of the mechanical properties of the 
DNA crosslinked hydrogels via DNA delivery. 
Delivered crosslinker DNA diffuses into gel network and gets incorporated, which results 
in the changes in the crosslinking density.  It is noted that delivery of DNA strands with 
non-specific sequence (indicated as +RanL2) is used as a negative control. 
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4B.3 Results  

 

4B.3.1 Effect of substrate mechanical stiffness on fibroblast growth 

We first confirmed the mechano-sensing capability of the two types of fibroblasts, 

namely, L929 fibroblasts and GFP fibroblasts to the range of stiffness (300 Pa to 230 

kPa) by using a bis-crosslinked polyacrylamide hydrogel.  The stiffness range is what is 

available from DNA crosslinked gels.  L929 fibroblasts, for example, exhibited a much 

better survival on bis-gels with stiffness two orders of magnitude higher than that of the 

soft gels (Figure 4B-3).  

 

4B.3.2 DNA sequence screening and similarity analysis 

The sequences of crosslinker DNA of both designs (Table 4B-2) and their 

complementary strands were acquired based on the aforementioned method and checked 

against the rat and mouse genome for similarity with BLAST search.  No significant 

similarity was found for both sequences of the complementary strands of CL2 (Table 4B-

2) in Designs A and B (Appendix 4).  The likelihood is small that delivered crosslinker 

DNA could act as anti-sense DNA affecting gene expression, which could potentially 

alter the phenotype of the cells.  Thus, it is unlikely that these DNA strands would cause 

any significant change in the cellular response, particularly in their morphology and 

adhesion. 
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Table 4B-1 The initial and final crosslinking density of different schemes of 
crosslinker DNA delivery. 

*ssDNA strand of non-specific sequence was delivered.  
 
 
 
 
Table 4B-2 DNA sequence design for the study of fibroblasts on DNA gels with 
dynamic stiffness. 
SA1 and SA2 are single-stranded DNA (ssDNA) side chains.  L2 is the crosslinker DNA 
with part of its sequences complementary to SA1 and SA2.  CL2 is the strand 
complementary to L2.  NonL2 is the ssDNA whose sequence is not complementary to 
SA1, SA2 or L2.  
 
(A) DNA 

strand 
# of bases Design A- DNA sequence (5’ to 3’) 

 SA1  10 GCA CCT TTG C 
 SA2 10 GTC AGA ATG A 
 L2 30 TCA TTC TGA CGC AAA GGT GCG CTA CAC 

TTG 
 CL2 30 CAA GTG TAG CGC ACC TTT GCG TCA GAA 

TGA 
 NonL2 30 AAA AAA AAA AAA AAA AAA AAA AAA AAA 

AAA 
 
(B) DNA 

strand 
# of bases Design B - DNA sequence (5’ to 3’) 

 SA1 14 CGT GGC ATA GGA CT 
 SA2 14 GTT TCC CAA TCA GA 
 L2 40 TCT GAT TGG GAA ACA GTC CTA TGC CAC 

GGT TAC CTT CAT C 
 CL2 40 GAT GAA GGT AAC CGT GGC ATA GGA 

CTG TTT CCC AAT CAG A 
 

 

Designation D50 D50_80 D50_Non D80 D80_100 D100 D50_100 
Initial 
crosslinking 
density 

50% 50% 50% 80% 80% 100% 50% 

Final 
crosslinking 
disunity 

50% 80% 50% 80% 100% 100% 100% 

DNA delivery ⎯ 30% 50%* ⎯ 20% ⎯ 50% 
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L929 Fibroblasts on Polyacrylamide hydrogels 

 

   
 

 

Figure 4B-3 The survival and proliferation of L929 cells correlate strongly with the 
substrate mechanical stiffness. 
As the stiffness of the bis-crosslinked gels increases from 0.3 kPa (left most) to 
intermediate one of 5.8 kPa, and to the stiffest substrate (46.6 kPa, right most), survival is 
greatly improved as indicated by the number of polarized cells. 
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4B.3.3 Mechanical stiffness of the substrates 

The mechanical stiffness of the DNA gels of Design B (14/14/40) at 50%, 80%, and 

100% crosslinking, respectively, is shown in Table 4B-3.  As crosslinking level rises, the 

gels get stiffer.  The range of mechanical stiffness of the resulting gels is 5.9~22.9 kPa 

(Table 4B-3), comparable to that of the gels of Design A (10/10/30).  We note that the 

examinations were performed under RT in which gels were not fully swelled, as the first 

priority was given to probing cellular behavior and activities. 

 

4B.3.4 Effect of DNA delivery on L929 and GFP fibroblast growth 

To examine the direct effect of delivered foreign DNA on fibroblast growth, crosslinker 

DNA was delivered to fibroblasts grown on tissue culture plate (DNA+) with quantity 

same to that used in the cell culture on gels.  Cells in both conditions (with and without 

DNA delivery, or DNA+ and DNA-, respectively) exhibited similar polarized 

morphology (Figure 4B-4, upper panel).  Most L929 fibroblasts are bipolar while a 

considerable number of them displayed stellar or multipolar shape.  A small percentage 

of cells remain round.  Characterization was performed only on the polarized fibroblasts.  

There is no significant difference in the primary morphology of the cells, including 

spreading area, aspect ratio, or cell density between the two groups (DNA+ vs. DNA-, 

Figure 4B-4, Lower panel).  Similar observations were made for GFP fibroblasts (Figure 

4B-5).  GFP fibroblasts displayed a variety of morphologies, including polygonal and 

triangular shapes.  Their morphology was assessed based on the fluorescent images of 

GFP expression (Figure 4B-5, upper panel).   
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Combined with the finding in the BLAST search, these results confirmed that the 

delivered DNA per se does not significantly affect fibroblast cell survival, adhesion or 

proliferation.  Hence, whatever difference shows up between DNA gel groups in the cell 

growth studies on dynamic gels can be attributed to the stiffness change induced by the 

introduction of the crosslinker DNA and the incorporation of these strands into the gel 

network. 

 

4B.3.5 Effect of dynamic stiffness on L929 fibroblasts 

Examination of fibroblast growth on 2 day in vitro (DIV) on DNA gels of both Designs A 

and B (Table 4B-2) before DNA delivery reveals little difference in projection area and 

aspect ratio of gels of two designs at the same crosslinking density (Figure 4B-6).  

Consequently, we decided to focus on cell growth on DNA gels of Design B (14/14/40), 

and performed immunofluorescence staining for FAK and staining for F-actin. 

To facilitate the understanding of the results, it would be instrumental to consider 

gels of 50%, 80%, and 100% crosslinking as soft, medium, and stiff gels, respectively; 

thus groups of D50_80, D80_100, and D50_100 are essentially Soft_Medium, 

Medium_Stiff, and Soft_Stiff groups, respectively, in terms of crosslinking density and 

thus stiffness change.   

Figure 4B-7 (upper panel) is exemplary of the typical morphologies of L929 

fibroblasts grown on six DNA gel groups (the D50_100 group is excluded) on 4 DIV, 

two days after DNA delivery.  Following the aforementioned protocol, these cells were 

characterized.   The results are illustrated in lower panel of Figure 4B-7, and the figures 

were divided into three sections, with section (I) on the comparison between the negative 
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control (D50_Non) and D50 gel groups, section (II) on the comparison between gel 

groups of initial crosslinking density at 50% (D50, D50_80, and D50_100), and section 

(III) on rest of the three groups (D80, D80_100, and D100).  The details of the results are 

as follows:  

(I) No appreciable difference was found in the spreading area or aspect ratio 

between L929 fibroblasts grown on DNA gels of the two designs D50_Non and D50.  

This confirms that the exogenous DNA delivered to the cell culture did not give rise to 

significant modification to the cellular behavior due to potential cellular intake of these 

short ssDNA (30 or 40 nucleotides).  These observations do not change when cells were 

on the culture plate or on the gels (I in Figure 4B-7, lower panel).  

(II) There is a significant cell contraction on D50_80 gels, as indicated in the 

cell projection area (II in Figure 4B-7), while, interestingly, cells became more polarized 

(i.e., higher aspect ratio) (II in Figure 4B-7, lower panel).  This is almost the same for the 

comparison between D50 and D50_100 groups, except that on D50_100 gel group, cells 

maintain their projection area while becoming more polarized.   

(III) Delivery of 20% crosslinker DNA to the gel group with 80% initial 

crosslinking density resulted in a change similar to that seen between D50 and D50_100. 

In particular, there is no apparent difference in projection area while polarity of the cells 

strengthens (III in Figure 4B-7, lower panel).  

There is no significant difference in cell projection area between the three DNA 

gel groups of D50, D80 and D100 (Figure 4B-7) although the projection area seems to 

reach a maximum on D80 gels with intermediate stiffness, and is significantly lower on 

D100 gels than that on D80 gels.  This is also in agreement with the observations on 2 
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DIV before DNA delivery (Figures 4B-6 and 4B-7).  For the trend in cell growth among 

D50, D80, and D100 groups, the only difference noticed between 4 DIV (Figure 4B-7) 

and 2 DIV (Figure 4B-6) was that the projection area increased from approximately 500 

µm2 on 2 DIV to 600 µm2 on 4 DIV.  In contrast, the aspect ratio increases as the 

substrate stiffens, and this trend did not change with the mechanical dynamics in DNA 

gels (Figures 4B-6 and 4B-7).  The aspect ratio assessed in the current study is 

comparable to that reported for B16F10 rat melanoma cells (e.g., 1~ 4 31), but lower than 

that for NIH 3T3 cells (e.g., 1~1474, and 1~ 686).  

After assessment of the average behavior of the total cell population grown on 

DNA gel groups, we focused on the impact of the mechanical stiffness change on the 

cellular response in terms of the population distribution.  In the comparison in II (Figure 

4B-7), it is clear that on D50_80 gels, unlike that on D50 and D50_100 gels, a much 

greater proportion of the cells have projection area smaller than 600 µm2, whereas there 

is no difference in the projection area of populations between the  D50 and D50_100 

groups (Figure 4B-8:A1).  The difference in cell distribution in projection area is not 

significant among D80, D80100 and D100 groups, although there appears that a larger 

number of cells have a much larger projection area (>1500  µm2) on D80, D80_100, and 

D100 groups (Figure 4B-8:A2). 
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Table 4B-3 Mechanical stiffness of the DNA crosslinked polyacrylamide hydrogels gels 
used in this study. 
 
 Design B 
DNA crosslinker length 14/14/40 
Monomer Concentration 10% 
DNA crosslinker density 50% 80% 100% 
Stiffness  (kPa) * 5.85± 0.62 12.67 ± 1.33 22.88 ± 2.77 
Designation B50 B80 B100 

* Mean ± SEM (Standard Error of Mean) 
 
 

 

 
 

Figure 4B-4 The growth of L929 fibroblasts on tissue culture plates, with (DNA+) and 
without (DNA-) DNA delivery.  
Delivered crosslinker DNA did not significantly alter cellular properties, including 
spreading area, aspect ratio, or cell number. n > 100 for projection area and aspect ratio; n 
= 6 for cell number. Scale bar: 100 um. 
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Figure 4B-5 The growth of GFP fibroblasts on tissue culture plates, with (DNA+) and 
without (DNA-) DNA delivery. 
Delivered crosslinker DNA did not significantly (p>0.1) alter cellular properties, 
including spreading area, aspect ratio, or cell number. n > 10 for projection area and 
aspect ratio; n = 6 for cell number per view.  Scale bar: 100 um.  
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Figure 4B-6 Projection area and aspect ratio of L929 fibroblasts on DNA crosslinked 
hydrogels of Designs A (▲) and B (■) (Table 4B-2) on Day 2, before DNA delivery.  
There is no significant difference between gels of two designs at the same crosslinking 
density. n ≥20.  
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Figure 4B-7 L929 fibroblasts growth on dynamic DNA substrates. 
 (Upper panel) Typical morphology of L929 fibroblasts grown on DNA crosslinked 
hydrogels at Day 4, two days following DNA delivery. Scale bar is 100 µm.  (Lower 
panel) Projection area and aspect ratio of L929 fibroblasts on DNA crosslinked hydrogels 
on Day 4.  *** p<0.001, * p<0.05 as determined by one-way ANOVA followed by 
Tukey’s multiple comparisons test.  # p<0.05 as determined by two-tailed unpaired t-test.   
No significant difference was found as determined by one-way ANOVA with Tukey’s 
multiple comparisons test. Error bars represent standard error of mean. n>160 for 
spreading area; n>100 for aspect ratio. 
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Figure 4B-8 Frequency plots of projection area (A) and aspect ratio (B) of L929 
fibroblasts grown on dynamic DNA crosslinked hydrogels. 
(A1) Among the three groups of gels with starting crosslinking density at 50%, the 
proportion of the cells on D50_80 gels having small projection area is greater than that on 
the other two groups.  (A2) Among the three groups of D80, D80_100 and D100, a 
greater proportion of fibroblasts have large projection area (> 1200 µm2) than that on the 
other gel groups.  (B1) A greater proportion of cells have more polarized or elongated 
shape on dynamic gels (D50_80 or D50_100) than that on D50 group.  (B2) The 
proportion of cells having more polarized shape on D80 is less than that on the other two 
groups.  
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For aspect ratio, the DNA delivery to 50% crosslinked gels resulted in the 

increase in the degree of elongation of L929 cells (Figure 4B-8:B1), and significant 

difference was found in between D50 and the other groups (D50_80 or D50_100) where 

more cells became more polarized after DNA delivery.  The impact from dynamic 

stiffness on cellular polarity is significant by comparing groups of D80, D80_100 and 

D100, and on gels of D80_100 cells were more elongated (Figure 4B-8:B2). 

 

4B.3.6 Effect of dynamic stiffness on GFP fibroblasts 

GFP fibroblasts exhibited typical morphologies as shown by GFP expression (Figure 4B-

9, upper panel, D100 group is not shown).  Following the same time line in DNA 

delivery and cell culture, GFP cells adhered to the surface of DNA gels and spread 

(Figure 4B-9, upper panel).  The results are illustrated in lower panel of Figure 4B-9, and 

the figures were divided into three sections, with section (I) on the comparison between 

the negative control (D50_Non) and D50 gel groups, section (II) on the comparison 

between gel groups of initial crosslinking density at 50% (D50, D50_80, and D50_100), 

and section (III) on rest of the three groups (D80, D80_100, and D100).  The details of 

the results are as follows:  

(I) As seen in the case for L929 fibroblasts, there is no significant difference in 

the projection area or aspect ratio of GFP fibroblasts between D50 and D50_Non groups 

where ssDNA strands were delivered which are of non-specific DNA sequence (I in 

Figure 4B-9, lower panel).  
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(II) Among three DNA gel groups, D50, D50_80, and D50_100, only on 

D50_80 group, GFP cells displayed significantly smaller projection area and increased 

polarity  (II in Figure 4B-9, lower panel).  

(III) Similar to the responses of L929 cells on D80_100 gel group, the projection 

area of the GFP fibroblasts did not vary greatly; however, the aspect ratio remained the 

same (III in Figure 4B-9, lower panel) which is different than that of the L292 fibroblast 

counterpart.  

Again, comparisons among GFP fibroblasts on three groups, D50, D80, and 

D100, show a trend similar to that shown by L929 cells.  Cell projection area decreases 

on D100 gels as compared to two other groups, whereas the aspect ratio is higher on the 

stiffest gels.  

A greater proportion of GFP fibroblasts ‘shrinks’ and reduces the projection area 

in response to the mechanical stiffness hike from the D50 to D50_80 gels (Figure 4B-10: 

A1), while this did not occur for cells on D50_100, where the stiffness change is greater. 

A larger percentage of these cells on D50_80 become more polarized (Figure 4B-10: B1).  

The proportion of cells with specific projection area and aspect ratio was not significantly 

altered on other gel groups (D80, D80_100, and D100, Figure 4B-10:A2 & B2). 
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Figure 4B-9 GFP fibroblasts growth on dynamic DNA substrates. 
 (Upper panel) Typical morphology of GFP fibroblasts grown on DNA crosslinked 
hydrogels at Day 4, two days following DNA delivery. They have much larger projection 
area than L929 fibroblasts.  Scale bar is 100 µm.  (Lower panel) Projection area and 
aspect ratio of GFP fibroblasts on DNA crosslinked hydrogels on Day 4.  ** p<0.01, * 
p<0.05 as determined by one-way ANOVA followed by Tukey’s multiple comparisons 
test.  ###p<0.001, # p<0.05 as determined by two-tailed unpaired t-test.  No significant 
difference was found as determined by one-way ANOVA with Tukey’s multiple 
comparisons test.  Error bars represent standard error of mean.  n>25.   
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Figure 4B-10 Frequency plots of projection area (A) and aspect ratio (B) of GFP 
fibroblasts grown on dynamic DNA crosslinked hydrogels. 
 (A1) Among the three groups of gels with a starting crosslinking density of 50%, the 
proportion of the GFP cells in D50_80 having small projection area is greater than that of 
the other two groups.  (A2) Among the three groups of D80, D80_100, and D100, a 
greater proportion of fibroblasts have large projection area (> 15,000 µm2) on D80 and 
D80_100 gels than that of D100.  (B1) A greater proportion of cells have more polarized 
or elongated shape on D50_80 gels than that of the other two groups. (B2) The proportion 
of cells having more polarized shape on D100 is greater than that of the other two groups.  
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4B.4 Discussion 

 

4B.4.1 Mechanically dynamic cues applied to fibroblasts 

Probing of the mechanical characteristics of the extracellular matrix (ECM) is an integral 

part of cell decision making process.  Most, if not all, of the previous work studying 

cellular response to mechanical stiffness has focused on the ‘static’ setting of the culture 

system, where the stiffness of the substrates or scaffold remain unchanged throughout the 

culture.  However, the stiffness of the natural environment of the cells can be, sometimes 

greatly, altered due to pathological conditions or tissue re-modeling during development, 

upon dynamic external load, or external assault.  With the help of a DNA crosslinking 

mechanism, we are able to modify the substrate stiffness in situ during culture.  To our 

knowledge, it is the first time that fibroblasts’ responses to the changing stiffness of the 

substrate have been studied and quantified. 

Our approach is significantly different than the previous approaches where 

mechanical load or deformation was applied.  Although mechanical load or deformation 

was relatively easy to compute and implement in vitro, the applicability in vivo is 

questionable.  In our DNA gel system, the mechanical properties can be adjusted simply 

through DNA delivery and with carefully designed delivery profiles and experimental 

conditions, which potentially can be used in clinical setting.  In addition, forces can be 

potentially generated from the DNA gels based on the deformation induced by changes in 

the crosslinking level.  These make DNA gels promising in utilities for tissue engineering 

applications.   
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Based on the results from the acellular study outlined in Chapter 4A and the 

results in the quantification of the local deformation with microbeads (Appendix 1), we 

attribute the changes in the cellular responses to the alterations in the mechanical 

compliance induced by DNA delivery and the resulting crosslinking level change.  As we 

discussed in Chapter 3B, DNA incorporation might also cause changes in other physical 

or chemical properties.  From the examination of the neuronal growth and neurite 

outgrowth in the static studies, it appears that other properties (e.g., surface topography, 

surface pore size and adhesivity) do not change significantly33, 40 or at least not 

significantly enough to induce alterations in cellular responses.  

Our effort in the study of the cellular responses to dynamic cues has been focused 

on the feasibility of changing the mechanical compliance of the substrate, and in the 

implementation of the cellular culture and characterization of the cellular behavior.  We 

have the capability of measuring the stiffness of the soft materials at various stiffness 

ranges and length scales through the use of traditional mechanical testing mythology, 

magnetic-bead based testing schemes, and a magnetic-microneedle based testing scheme.   

 

4B.4.2 Expression of FAK and F-actin in L929 fibroblasts 

To eliminate the possibility of inaccurate interpretation of the immunofluorescent 

staining due to cross-over in the fluorescence channels, we performed tests on the 

specificity on secondary antibodies.  The results show that there is non-appreciable cross-

over between fluorescence channels, thus eliminating its possible contribution to the 

fluorescence intensity measurement (Figure 4B-11). 
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 The L929 fibroblasts grown on the DNA gel substrate were stained with 

antibodies against focal adhesion kinase, and the F-actin structures in the cytoskeleton 

were highlighted with the help of fluorophore-conjugated phalloidin (Figure 4B-12).  

FAK was expressed in both cell soma and processes.  High abundance was seen on the 

periphery of the soma, whereas relatively low expression was seen in the center of the 

cell body (Figure 4B-12).  Cells appeared to express more FAK on D50 gels, and there is 

also higher expression of FAK on both D80_100 and D100 gels (Figure 4B-12).  It is 

further observed that the co-expression of the FAK and F-actin in the cells is high, 

suggesting the close affinity of FAK to the actin of cytoskeleton, which agrees with the 

previous reports58 (Figure 4B-12).   

 The quantification of the fluorescence is illustrated in Figure 4B-13, and the 

figures were divided into three sections, with section (I) on the comparisons between the 

negative control (D50_Non) and D50 gel groups, section (II) on the comparisons between 

gel groups of initial crosslinking density at 50% (D50, D50_80, and D50_100), and 

section (III) on rest of the three groups (D80, D80_100, and D100).  Quantification of the 

FAK intensity in the cell soma (Figure 4B-13) reveals the following observations:  

(I) There is no appreciable variation in the immuno-staining intensity or 

maximum/minimum ratio of intensity between D50_Non and D50 gel groups.  This 

further confirms the observations from the preceding sections that the DNA strands 

themselves do not significantly alter cell behavior.  Thus the distinction in the behavior 

between static and dynamic gel groups can be attributed to the stiffness change induced 

by DNA strand incorporation and DNA crosslinking density increase (I of Figure 4B-13).  
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(II) A significant reduction in the FAK expression was seen on dynamic gels of 

both D50_80 and D50_100 gels (II of Figure 4B-13, upper panel), while no marked 

difference was found in the ratio of maximum/minimum of intensity in the cell body (II 

of Figure 4B-13, lower panel). 

(III) As to the gel groups of D80, D80_100 and D100, it was found that on the 

dynamic gels, the mean intensity of the FAK expression was greatly elevated (III of 

Figure 4B-13, upper panel), whereas the ratio of maximum/minimum of intensity stayed 

the same (III of Figure 4B-13, lower panel).  On D100 gels, both the ratio and the mean 

intensity of the FAK expression were significantly higher than the other gel groups.   

Despite the caution exercised in quantifying the intensity of FAK expression 

based on immuno-fluorescence, possibilities exist that the practical aspects, including 

measurement methodology, instrumentation involved, and reagents used, could more or 

less affect the observations.  For instance, it is possible that the choice of focal planes for 

the fluorescence microscopy adds to the variation between samples.   

 

4B.4.3 Distribution of FAK and F-actin in GFP fibroblasts 

For GFP fibroblasts which are much larger in size compared to L929 cells, the F-actin 

was found aligning the direction of cell elongation and concentrates on the boundary of 

the cell periphery (Figure 4B-14).  Cell nuclei were not all stained by F-actin.  Moreover, 

on D50_80 gels, cells appeared to be smaller in size (i.e., projection area) and more 

polarized (upper panel, Figure 4B-14).  There did not seem to be any significant 

difference in cell shape between the D80 and D80_100 groups.   
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 All of the cells expressed FAK in the cell body as seen in Figure 4B-15.  Most of 

the cell nuclei appeared to be FAK negative, except for the cases on D80_100 and D100 

groups.  As seen in L929 cells, GFP fibroblasts displayed a strong correlation between 

FAK and actin (GFP expressing cytoskeleton) (Figure 4B-15).   

 

4B.4.4 FAK expression and actin structure of cells on dynamic gels 

Anchorage-dependent cells largely establish connections with the ECM via focal 

adhesion or focal contacts51.  Focal adhesion is the focal point of multiple signaling 

pathways and is essentially the convergence point for the mechanical and biochemical 

coupling in cell sensing51, 55 of the external signals.  Focal adhesions kinase (FAK), as we 

have implicated in the study of neuronal response to mechanical stiffness by using a 

DNA crosslinked hydrogel (Chapter 3B), has been shown to be heavily involved in the 

mechano-sensing of external forces or substrate mechanical stiffness changes.  

Mechanical stiffness has been shown to impact the structures of focal adhesion and its 

dynamics21.  For instance, Wang et al.69 showed that non-FAK-expressing cells did not 

show a response to the changes in the substrate, where as FAK-expressing cells 

demonstrated distinctive responses to the compliance differences in the underlying 

substrate.  Therefore, it is reasonable to hypothesize that FAK is also involved in the cell 

adjustment to the changing external physical conditions.  Li et al39 detected that when 

endothelial cells are at the state of being stretched, the phosphorylated form of FAK is 

co-expressed with regular form of FAK, suggesting the recruitment of the regular form of 

FAK in response to mechanical stimuli. 
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It is noted that appropriate isotype control can be applied to further study the 

specificity of the FAK antibodies in assessing the fluorescence intensity.  Additional 

studies can also be conducted to analyze other molecules involved in the cellular 

adhesion.  

DNA crosslinked hydrogels provide a platform for the study of FAK expression 

in response to mechanical stiffness in the time dimension, in contrast to the majority of 

the previous work which was limited to gels of discrete and static stiffnesses.  By using 

DNA crosslinked polyacrylamide hydrogels, we were able to observe cellular responses 

to changing mechanical stiffnesses as well as focal adhesion organization.  In both GFP 

and L929 fibroblasts, FAK expression concentrates in the peri-nuclear part of the cells as 

expected since focal adhesions are closely associated with the termini of actin structures, 

especially those thick actin fibers36. 

The variation in the FAK expression of cells in the same gel group is small 

enough to be negligible.  On the softer gels as well as those with initial 50% crosslinking 

(D50_80 and D50_100), FAK expression is relatively low in comparison to that on the 

stiffer gels (D80, D80_100, and D100).  This is consistent with previous reports that on 

softer gels the stress fiber formed by actin and supported by FA is irregular and highly 

dynamic, whereas on stiffer gels it assumes normal morphology and is relatively stable58, 

60. 

The size of focal adhesion is indicated by the ratio between the maximal and 

minimal fluorescence intensity of the expressed FAK.  This follows from the fact that the 

maximal immune-fluorescence intensity is a measure of how much FAK has been 

recruited to the focal adhesion3, 27.  The minimal immune-fluorescence provides a 
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convenient normalization since it is approximately the same across the sample groups.  

Therefore, the higher the max./min. ratio, the greater the size of FA.  Since the mean 

intensity of FAK expression in the cell body is positively correlated to both the number 

and size of FA, we qualitatively estimate the focal adhesion size for comparison, based 

on the mean intensity (Figure 4B-13, upper) of the FAK expression and the ratio of 

max./min intensity (Figure 4B-13, lower).  We recognized the following relationship:  

 

(Mean intensity) ∝ [(FA size) × (FA number)], i.e.,  

(FA number) ∝ [(Mean intensity) / (FA size)] 

 

Focal adhesion has been shown to be a significant component of the cell 

mechanosensing machinery and in cell motility58, and its organization is strongly 

dependent on the substrate mechanical stiffness47, 81.  It has been established by the 

previous studies that actin structures and focal adhesion are closely associated since actin 

structures connect with extracellular matrix mainly through focal adhesions or focal 

contacts and stability of focal adhesions or focal contacts is dependent on the integrity of 

the actin structure36.  These adhesions are controlled by two major mechanisms, 

depending on the molecular organization of adhesions at the cell-biomaterial interface, 

both of which involve both FAK and the cytoskeleton, as summarized by Katz et al36.  

Contraction of actin fibers has been implicated as important in FA movement.  ,It was 

reported that the engagement of actin with FA sites occurs in a different fashion for 

stationary and mobile cells58.  Potentially, stress fiber formation is sensitive to the 
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chemical composition on the surface as well.  Therefore in our study, we maintain the 

same adhesiveness for all gel samples as probed and demonstrated by using fluorescent 

collagen previously47, 81 (chapter 3B).  

Microtubules, as a primary cytoskeleton component, can potential play a 

significant role in the mechanosensing.  For examples, it was suggested that although 

only actin is needed for extension of pseudopodia and formation of bipolar shape, 

interactions between microtubules and microfilament is required to enable elongation of 

fibroblasts65.  It is conceivable that intermediate filaments also participate in the 

stiffening and re-organization of the actin filaments in response to the changing stiffness 

of ECM at cells’ immediate proximity71.  This could be involved in the progression of the 

decease, and be part of the underlying mechanism of the pathological processes, e.g., 

cancer.  
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Figure 4B-11  Study of the ‘bleeding-over’ of the fluorescence channels.   

In the first sample group (the first row), the primary antibody FAK was used in 
incubation of fixed cells and permeabilization was performed; in the second sample 
group, only antibody again FAK was used and in the third group only actin staining was 
applied.  In the last groups, neither FAK nor Actin staining was applied.  Secondary 
antibodies against FAK and Cy5 were applied to all groups.  The comparisons between 
gel groups demonstrate that there is non-appreciable cross-over between fluorescence 
channels, thus eliminating its possible contribution to the fluorescence intensity 
measurement.  Scale bar: 100 µm. 
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Figure 4B-12 FAK expression and actin staining of L929 fibroblasts on four groups of 
DNA gel samples: D50, D50_100, D80_100 and D100. 
Scale bar is 100 µm.  FAK concentrates on the peripheral of the cell soma (arrow)  
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Figure 4B-13 Quantification of the fluorescence intensity (in arbitrary unit, A.U.) of 
focal adhesion kinase (FAK) of L929 fibroblast grown on DNA gels. 
 (upper panel) Mean fluorescence intensity. (lower panel) the ratio between maximal and 
minimal intensity in each cell. *** p<0.001, **p<0.01, as determined by one-way 
ANOVA followed by Tukey’s multiple comparisons test. n ≥27. 
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. 
 

 
 
Figure 4B-14  Actin staining of GFP fibroblasts grown on DNA crosslinked gels. 
Staining of F-actin correlates well with GFP expressed everywhere in the cells and 
concentrates in the cell nuclei (arrow).  A small number of the nuclei were not stained 
with F-actin (filled arrow head).  F-actin expression sometimes concentrates on the edge 
of the cells (hollow arrow head).  Scale bar: 100 µm. 
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Figure 4B-15 FAK immunostaining of GFP fibroblasts grown on DNA crosslinked 
gels. 
The nuclei of the GFP fibroblast appear to be FAK negative (arrow) for most of the cells, 
except that on D80_100 and D100 gels, cell nuclei were also stained (arrow head).  Scale 
bar: 100 µm. 
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4B.4.5 Cell growth in response to mechanically dynamic cues 

Two types of fibroblasts, L929 and GFP fibroblasts, differ in their responses to the 

changes in the stiffness but also share some common traits in their responses.  L292 is a 

subclone of the parental strain L, derived from normal mouse subcutaneous areolar and 

adipose tissue. GFP cells were derived from neonatal rat skin after transfection.  The 

consideration of choice of cell types is on the fact that they are from different species and 

distinct tissue types though both are fibroblasts.  When the DNA gel substrate changes 

from 50% to 80% crosslinking, both L929 and GFP cells significantly contract and 

reduce their projection area while becoming more polarized.  L929 cells also maintain the 

focal adhesion kinase expression.  When the substrate changes from 50% to 100% 

crosslinking, there is no noticeable change in projection area for either L929 or GFP, 

while L929 cells become more polarized and GFP cells do not.  When the substrate 

changes from 80% to 100% crosslinking, again, there is no noticeable change in 

projection area for either L929 or GFP, while L929 cells become more polarized and 

GFP cells do not.  If one compares DNA gels of 100% crosslinking both from static and 

dynamic (i.e., D80_100) gels, both L929 and GFP cells are more spread on dynamic gels, 

while GFP cells are more polarized on static gels and L929 cells are not.   

Our data show that it is the mechanical property change triggered by external 

DNA rather than delivered DNA per se that is causing the alterations in the cellular 

responses.  This is one of the very first attempts to examine the time-domain for cellular 

response to mechanical stiffness of the substrate or the ECM.  This report offers the 

evidence that cells do respond to dynamic alternations in the mechanical characteristics 

of the ECM.  Reasonably, the complete picture of the cell-ECM interaction may require 
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investigation of many more factors than we currently have.  These factors include the 

interactive nature of the cell-ECM relationship, as cells facing the substrate stiffness 

change can actively modify the close surroundings.  They also include the timing of the 

stiffness change and also that of the time course of cellular responses15, which 

necessitates time-lapse studies.   

Cell aggregation and subsequent dominant cell-cell interactions could greatly 

affect the cellular sensing of the substrate’s physical and biophysical characteristics. 

Reports have been made suggesting that cells are able to sense the stiffness of cells 

adjacent to them60.  Therefore, the characterization of the cell projection area and aspect 

ratio was conducted on only ‘isolated’ fibroblasts and aggregates were not characterized.  

The results of the cell shape (projection area and aspect ratio) and FAK 

expression level are summarized in Table 4B-4.  There appears to be a biphasic trend 

with 80% crosslinked gel as a threshold line.  This finding might be explained by a recent 

study, on the stiffness of fibroblasts themselves60, where fibroblasts match their own 

rigidity with that of the ECM, or adopt a slightly lower stiffness.  They can do so below a 

stiffness threshold of 20 kPa.  Beyond this threshold, the cells are not able to increase 

their own stiffnesses and, instead, form stress fibers and modulate their adhesion to the 

substrates.  In our study of the L929 cells, beyond a stiffness of 80% gels, cells not only 

change polarity but also alter their adhesion properties, which also depend on the starting 

stiffness (Figure 4B-7 and Table 4B-4).  

On the dynamic gels, uniformly the L929 fibroblasts respond by becoming more 

polarized (i.e., increase in aspect ratio) (Table 4B-4A), although it is unclear whether this 

response can be attributed primarily to cell initial responses to changes or cell responses 
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to the progression of changes.  When the ending stiffness is no more than that of the 80% 

crosslinked gels, cells not only contract but may also reduce the number of focal contacts, 

for both the total population and the subpopulations investigated (Table 4B-4A).  

Experiencing the same ending stiffness, cells on gel groups D80_100 and D50_100 

maintain their projection area, while exhibiting striking contrasts in the number of focal 

contacts (Table 4B-4A).   

Compared with the static gels with the same ending stiffness, dynamic gels result 

in a different outcome for the cell projection area, the aspect ratio and the focal adhesion 

structures (Table 4B-4B).  These results show the importance of carrying out studies such 

as we have performed on the effect of dynamic mechanical cues on the cellular growth.  

The GFP fibroblasts also show this behavior (Table 4B-5), where comparisons between 

D50_80 and D80, between D50_100 and D100, and between D80_100 and D100 show 

the marked disparity in cell projection area and polarity.  Additionally, L929 fibroblasts 

and GFP cells responded in similar fashion for both projection area and aspect ratio to the 

same ending stiffness of 100% gels (D80_100 and D50_100), and showed reduced 

projection area and augmented aspect ratio on D50_80 gels (Tables 4B-4 and 4B-5).  In 

contrast to L929 fibroblasts, GFP cells did not become more polarized in response to 

dynamic stiffnesses (D50_100 and D80_100 gels, Figures 4B-7, 4B-9 and 4B-13).  
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Table 4B-4 Comparisons between L929 cell behavior on starting stiffness and that on 
dynamic stiffness (A), and between cell behavior on dynamic stiffness and that on static 
gels with same ending stiffness (B). 
The ellipse represents a typical L929 cell, and the size is proportional to the projection 
area. The level of elongation indicates the aspect ratio.  Black dots represent focal 
contacts, with their number and size related to those of the focal contacts.  (PA = 
projection area; AR = aspect ratio; FA = focal adhesion; P1 = proportion of cells with 
larger projection area; P2 = proportion of cells with greater polarity) (↑ increase;  ↓ 
decrease; → no change) 
 

 

(A)  Starting vs. Dynamic PA AR FA # FA size P1 P2 

 D50 D50_80 

 

↓ ↑ ↓ → ↓ ↑ 
D80 D80_100 

 

→ ↑ ↑ → → ↑ 

D50 D50_100 

→ ↑ ↓ → → ↑ 

(B)  Dynamic vs. Static Final PA AR FA # FA size P1 P2 

      

 D50_80 D80

 

↑ → → → → →
 D100D80_100 

↓ → ? ↑ → ↓ 

 D100D50_100 

→ → ? ↑ → → 
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Table 4B-5 Comparisons between GFP fibroblast behavior on starting stiffness and that 
on dynamic stiffness, and between cell behavior on dynamic stiffness and that on static 
gels with same ending stiffness. 
The parallelograms schematically indicate the responses exhibited by typical GFP 
fibroblasts.  The size of the parallelograms is proportional to the projection area. The 
degree of elongation indicates aspect ratio.  (PA = Projection Area; AR = Aspect Ratio; 
P1 = Proportion of cells with larger projection area; P2 = Proportion of cells with greater 
polarity) (↑ increase;  ↓ decrease; → no change) 
 
 

 
 
 
 

Starting vs. Dynamic vs. Static Final PA AR P1 P2 

 D50 D5080 D80

 

↓↑ ↑↓ ↓↑ ↑↓ 
 D50 D50100 D100

→↓ →↑ →↓ →↑ 

D 80100 D80 D100

→↓ →↑ →↓ →↑ 
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4B.4.6  Factors in fibroblast mechanosensing of dynamic stiffness 

A partial list of the important factors influencing cellular responses to dynamic 

mechanical stiffness changes is summarized in Table 4B-6.  These factors include the 

range of stiffness, starting and ending stiffness, cellular properties, cell types and rate of 

changes in mechanical stiffness.  A schematic depicting mechanisms in cellular 

mechanosensing and responses to mechanical stiffness change in the ECM is presented in 

Figure 4B-16.  

Cells actively probe the stiffness of the substrate by applying traction forces 

largely via integrin linkage in the focal adhesion complex (FAC) where FAK is among 

the key participants and regulators28, 30, 77.  As the stiffness increases, as is the case in the 

current study, the resistance to the cell-generated traction forces intensify, and cells 

receive the feedback, also via integrin linkage.  This information, together with other 

physical cues, dimensionality, biochemical and biological cues (e.g., growth factors), as 

well as cell-cell interactions (if cell-cell contact occurs) is integrated by cells for decision 

making.  The cells respond by modulating focal adhesion, stress fiber formation, cell 

shape, and other cellular properties, until a new force or tensional balance is reached 

(Figure 4B-16).  

Our observations suggest that there might be a cut-off point in stiffness between 

the mechanical stiffness of 80% crosslinked DNA gels and 100% crosslinked DNA gels 

with regards to fibroblast responses to dynamic stiffnesses.  Additionally, there seems to 

be a distinction between cellular response to acute and progressive change in mechanical 

stiffness.  When cells were plated on stiffer substrates, they were essentially subject to the 

rather abrupt change in mechanical micro-environment, while on dynamic gels, DNA 
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delivery induced mechanical change is relatively progressive and slower, and cells might 

have a different mechanism to cope with the alterations.  Thus, it is possible that cells 

have distinctive ways and kinetics in adapting to the different mechanical compliances. 

Cells reside in the microenvironment with a balance in forces before changes in 

the mechanics of the micro-environment are made30.  It is through the linkage between 

the cytoskeleton and the ECM that cells not only apply tension and forces to actively pull 

on the ECM (natural or synthetic) or adjacent cells but also receive resistance and other 

feedback before responding to this feedback21.  This forms the basis of cell mechano-

sensing in adhesion-dependent mechano-sensitivity7.  

The applied forces generated by the interactions between actin and myosin 

filaments are transmitted to the substrate largely via focal adhesion and are often referred 

to as traction forces7, 12, 21.  The focal adhesion is the mature form of the focal complex.  

The maturation occurs during the stress fiber formation7, 14.  The time scale in cell 

exerting traction forces, receiving feedback or response from ECM, and the time scale 

over which cells respond to these feedbacks is likely to be seconds to hours5, 21, 78.  This 

time scale lies within the time duration adopted in the current studies (~48 hrs).  The 

forces applied on these focal adhesions or focal complexes depend on the mechanical 

characteristics on the substrate.  They could be external forces or those generated by cells 

themselves in their active probing of the microenvironment, which is involved in cellular 

sensing and in generating responses to the mechanical stiffness.  These forces, in turn, 

modulate the assembly/disassembly and maturation of the focal adhesions14.  On the soft 

substrate, the force needed to sustain adhesion sites and associated stress fibers is 

markedly smaller than that on the rigid surfaces, and consequently, the size or the 
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dimension of the focal adhesion formed is much smaller7, 47.  This agrees with our finding 

that on stiff gels (i.e. D100), the size of the focal adhesion is significantly higher.   

Generally, the increase in the mechanical stiffness will translate, at cellular or 

sub-cellular level, into greater resistance to the forces exerted by the cells, which will 

engage cells in generating greater traction forces32, 84.  The greater forces, subsequently, 

cause focal adhesion to increase in size (manifested by FAK fluorescence intensity and 

the max/min fluorescence ratio) and the strength of the coupling to the cytoskeleton14.  

Focal adhesion kinase is the earliest marker for FA signaling and demonstrates great 

sensitivity towards tension, making it a reliable indicator for the cell adhesion 

properties14.  In this study, we found that comparison among static gels does support this 

notion, although there appeared to be a threshold, with cut-off point lying somewhere 

close to the stiffness of 80% gels.  This phenomenon may be related to the presence of a 

set-point, ‘optimal’ strain or stress, that is ‘best’ for cells20, 21, 54, 60, which may also be 

associated with the existence of pre-stress in cells.  In essence, it might be similar to the 

concept of ‘intrinsic frequency’ of an object in dynamics, where harmonic motion 

(equilibrium in the forces that cells are experiencing) can be reached if external 

frequency (ECM mechanical stiffness) matches the intrinsic one (cellular stiffness).  If 

this hypothesis is correct, then the prestress in the cell cytoskeleton may essentially serve 

as a probe for cell mechano-sensing.  

Strikingly, on dynamic gels, and especially with comparisons between dynamic 

gels and ending stiffness, cells were not able to alter their focal adhesion enough to reach 

the conditions on the targeting stiffness.  However, they altered their shape, and became 

more elongated or polarized, which is closely related to the stress fiber formation and 
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traction force generation.  Therefore, it is suggested that alteration in the focal adhesion 

and cell shape (related to stress fiber) might be among the major routes through which 

cells cope with the dynamics in the mechanical stiffness of the gels.  

The end results of the mechano-sensing is the formation of a new equilibrium16, 63, 

also termed as ‘tensional homeostasis’ in the cellular and tissue level46, which is most 

likely a dynamic one16, 63.  The imbalance of the mechanical tension or forces has 

implications in pathology46.  Thus, the differential responses to the static and dynamic 

stiffnesses lie in the way to reach the equilibrium from onset of the imbalance, through 

modulation of the focal adhesion, stress fiber formation, cell shape control, cell stiffness 

or their combinations.  The cells likely seek the most effective way of establishing the 

new balance, and, as generally recognized, up-regulating focal adhesion might be the 

choice when facing the large stiffness since force generation is more efficient8.  If the 

static stiffness case can be categorized as much greater rate of stiffness change (Figure 

4B-17), then the efficient way of force generation maybe modified if the rate of the 

change is slower, as suggested by the current study.   

Although we have tried to minimize the possible cell-cell interactions in the 

fibroblast culture by restricting the cell plating density, there is still a possibility that 

interactions between fibroblasts, for example, via soluble factors, could affect their 

growth as well as their responses to the mechanical dynamics.  It is worthwhile pointing 

out that we have not investigated proliferation and the effect of mechanically dynamic 

stimuli on proliferation.  It would be also interesting to see if cells would further alter 

their shape and behavior, in general, with longer time in culture (e.g. on 6 or 8 DIV).  

Also worthwhile noting is that the response of fibroblast cells to the dynamic mechanical 
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characteristics also depends on the nature of the ECM that they are subjected to36.  Thus, 

by using other ECM molecules such as fibronectin, fibrin, or laminin, the cellular 

responses to the mechanical dynamics might vary.  Lastly, only stiffness increase has 

been presented in this work, and cellular responses to the decrease in the mechanical 

rigidity might also be substantial, and could be distinct from those on stiffening gels 

(Figure 4B-18).    

 

Summary  

The current work further underscores the importance of the understanding of the dynamic 

aspect of cell-ECM interactions, outlines a feasible approach to mimic the mechanical 

variations in the physiological conditions, and provides guidelines for three-dimensional 

bio-scaffold design for tissue engineering applications.  The strategy developed in this 

work will ultimately lead to the design and synthesis of a bio-scaffold with controlled 

mechanical stiffness changes whereby to construct a more physiologically relevant 

environment and to engineer cellular morphogenesis and functions.   
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Table 4B-6  Important factors influencing the cellular responses to mechanically 
dynamic cues.  
 
Parameters Examples of comparisons  
Rate of change Abrupt (static) vs. progressive, e.g., D50_100 vs. D100 
Stiffness range  50% 80% vs.  80% 100% 
Starting stiffness 50% 100% vs. 80% 100% 
Ending stiffness 50% 100% vs. 50% 80% 
Cellular property Projection Area vs. Aspect Ratio vs. FAK expression 
Cell type L929 vs. GFP  
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Figure 4B-16 Schematic for the cell-ECM interface with the emphasis on cell mechano-
sensing and responses to the stiffness change in the ECM or gel substrate. 
(1)  Cells actively probe the stiffness of the substrate by applying traction forces largely 
through integrin linkage in the focal adhesion complex (FAC) where FAK is among the 
key factors. (2) As the stiffness increases, the resistance to the cell-generated traction 
forces intensifies, and cell receives the feedback also via integrin linkage.  This 
information, together with other physical cues, dimensionality, biochemical and 
biological cues (e.g., growth factors), as well as cell-cell interactions if cell-cell contact 
occurs, is received by the cell via integrin linkage (I) or other pathways (II) and is 
integrated by cells for decision making. (3) Cells respond by modulating focal adhesion, 
stress fiber structure, cell shape, and other cellular properties.  
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Figure 4B-17 Illustration showing that on the gels with static stiffness, the cells are 
subjected to much greater rate of change in the mechanical stiffness upon plating than 
that on the gels of dynamic stiffnesses. 
 
 
 
 
 

 
 
 
Figure 4B-18 Schematic of the modifications of the mechanical compliance of the 
substrate upon the delivery of crosslinker DNA or its complements (‘Removal DNA’). 

Both increase and decrease in the mechanical stiffness can be made available.  
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CHAPTER 4C SPINAL CORD NEURONS ON A DYNAMIC 

SUBSTRATES 

 

 

4C.1 Background  

 

4C.1.1  Neuronal mechano-sensing 

By using a number of hydrogel-based cell culture systems, previous studies by our 

group28, 29 and others17, 20, 47, 54 showed that neurons and other cell types, including 

fibroblasts, epithelial cells, hepatocytes and embryonic stem cells 36, have the capability 

of sensing and reacting to mechanical stiffnesses.  Flanagan and colleagues17 first 

introduced a popular bis-acrylamide crosslinked hydrogel based culture system for 

probing neuronal behavior and found that, indeed, compared to those grown on gels of 

550 Pa (shear modulus), mouse spinal cord neurons on much softer gels (50 Pa, shear 

modulus) have significantly higher dendrite branch number (i.e., secondary dendrite 

number), and glial cell growth is notably suppressed.  Along the same line, cortical 

neurons were the subject of the study by Georges and co-workers20.  They also observed 

strikingly less spreading of astrocytes and disorganized F-actin structure on 

approximately 200 Pa (shear modulus) substrates than on 9 kPa (shear modulus) 

substrates.  PC12 cells, a neuron-like cell type, were cultured on a polyethylene glycol 

(PEG) hydrogel, and their outgrowth was found to be greater on more compliant 

hydrogels23.  Leach et al.32 further discovered that, on a stiffness range lower than that in 

the work by Gunn et al.23, neurites appear to demonstrate preference for more rigid gels, 
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which suggests an optimal stiffness range and that the preference over stiffness is not 

monotonic.  Contributing factors such as species difference and cell type disparity were 

noted in these studies and demonstrate the complexity of neuronal mechano-sensing.  On 

the system level, mechanical cues, such as stress, have been implicated in neuro-

degenerative disorders24 (for instance, by promoting protein aggregation) and spinal cord 

injury (SCI).  

Recently, by examining neurite outgrowth of rat spinal cord cells on bis gels, our 

group pointed out that for primary neuronal types including rat spinal cord neurons, 

neuron-astroglia interactions would be coupled with their respective mechano-

responses29.  It was further recognized that even for the primary structures, including 

primary dendrite and axons, for each property, there is a distinctive response to 

mechanical stiffness depending on the stiffness range28.  For instance, on softer gels 

(around a few kPa), primary dendrite number is lower while axons are significantly 

longer, whereas the average primary dendrite length remains unchanged over the range of 

gel stiffnesses.   

A partial list of published studies on the mechano-sensing of the neurons to the 

substrate mechanical stiffness is presented in Table 4C-1.  
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Table 4C-1 Partial list of the previous reports of neuronal responses to the rigidity of 
the substrate and ECM. 
(Ms = mouse; Rt = rat; Ck = chick; PAM = polyacrylamide; SC = spinal cord; DRG = 
dorsal root ganglion; PAM = polyacrylamide gels; DNA-PAM = DNA crosslinked 
polyacrylamide gels; ⇓ decrease; ⇑ increase) 
 
Neuronal type Substrate Major observations Ref.
Ms SC  PAM No glia grew on any of the gels (50~550 Pa); 

Neuron branch points⇑ on soft gels 17 

17 

Ms cortical PAM Astrocytes spreading ⇓ organized F-actin⇓ on soft 
gels; 

Neurons extended long neurites and polymerize 
actin filaments on both soft and stiff gels 20 

20 

Ck DRG Collagen Duro-taxis 47 
Ck DRG PAM Neurite extension on soft gels 54 
Ms 
hippocampal 

PAM Neurite extension inhibited on rigid surfaces 30 

PC12* PAM Threshold response  32 
Rt SC PAM Neuron-glia interactions affect cell mechano-

sensing 
29 

Rt SC DNA-PAM Mechanosensing of neurons is cell property 
specific 
Axons length ⇑ dendrites length does not change; 
Dendrite number ⇓ on soft gels, 

28 

Ck DRG Agarose gel Rate of neurite extension was inversely correlated 
to the mechanical stiffness   

4 

* These are neuron-like cells.  
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4C.1.2  Mechanically dynamic stimuli 

CNS tissue, like other tissues, constantly undergoes remodeling, and ECM undergoes 

degradation and synthesis, which forms the basis for potential mechanical stiffness 

changes.  Moreover, under external load, their mechanical compliance may be modified.  

For instance, there is a significant increase in mechanical stiffness of dura mater upon 

mechanical load37, 46, 53.  

As with the case of fibroblasts, the neurons of the CNS experience constantly 

changing physiological conditions, in this case due, in part, to the functional roles 

assumed by the abundant supporting glial cells.  These glia work closely with neurons by 

acting as scaffolds for neuronal migration and axonal elongation, providing structural 

support to neurons by secreting ECM molecules such as proteoglycans and proteins and 

scavenging debris generated by neurons35.  As a result, neurites extend in an environment 

which is both complex and dynamic12.  This picture has been established by some early 

studies including one on the mechanical stiffness of the brain tissues14 and other reports26, 

50.  Ageing and pathological conditions could also add to the variation in the mechanical 

property changes of the CNS19.  

 We deployed DNA crosslinked polyacrylamide hydrogel to probe the mechano-

responses of the rat spinal cord cells as we did for the fibroblasts in Chapter 4B.   

Dynamic stiffness changes were introduced and neurite outgrowth was assessed.  
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4C.2 Materials and methods 

 

4C.2.1 DNA sequence design and DNA gel preparation 

Sequences of Design B (10/10/20, Table 3B-1 and Appendix 2) were chosen, and in order 

to make it possible to decrease the DNA crosslinking density, a toe-hold region was 

designed and added to the end of the crosslinker L2 used in the study with static stiffness 

(Chapter 3B) (Figure 2-1 and Table 4C-2).  Like the sequences of the strands for Design 

B, the sequence of the toe-hold was chosen to minimize unwanted hybridization, reduce 

the possibility of secondary structure formation, and to reach balanced AT/GC content.  

Delivery of the complement of L2 and its toe-hold will enable reduction in the 

crosslinking level, owing to DNA strand displacement via branch migration (Figure 2-1).  

It was assumed that, by attachment of the toe-hold sequence to 3’ of the crosslinker 

DNA, the resulting mechanical stiffness of the gel would not be significantly changed, 

since the toehold does not participate in crosslinking and is flexible as single stranded 

DNA.  For instance, it is conceivable that 10/10/20 gels (Table 3B-1B) and 10/10/30 gels 

(Table 4C-2) have the same rigidity under the same level of crosslinking and 

experimental conditions.  

DNA gels were prepared following procedures as described in Chapter 3B, 

Section 3B.2.1.  The gels were crosslinked either at 100% or 50%, which means that the 

initial quantity (in number of moles) of the crosslinker DNA is either the same or half of 

that of SA1 and SA2.  Prepared DNA gels were then rinsed and allowed to swell to 

equilibrium for over two days. 
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4C.2.2 DNA gel functionalization 

The procedure used for DNA gel immobilization, functionalization and protein 

conjugation is outlined in Figure 4C-1.  DNA gel immobilization was performed by 

following a previous method using an optical adhesive28 (Figure 4C-1).  A bifunctional 

photo-activable crosslinker, Sulfo SANPAH (Pierce, Rockford, IL), in HEPES was used 

to conjugate ECM molecules onto the gel surface for cell attachment.  Poly-D-lysine 

(PDL, Sigma, St. Louis, MO) at 1 mg/mL was applied in all experiments and stored at 

4°C for overnight, after which excess PDL was removed.   

 

4C.2.3 Neuronal cell culture and DNA delivery 

Procedures for acquisition of rat embryonic spinal cord, spinal cord dissociation, and cell 

culture were followed as described in Chapter 3B.  On DIV 4, an appropriate amount of 

sterile ssDNA strand was added to the cell culture, and the culture was kept a humidified 

CO2 incubator at 37°C for three more days, and on DIV 7, cells were fixed.  The details 

of the DNA delivery to each of the gel groups are provided in Table 4C-3 and Figure 4C-

2.  The minimal number of experiments performed was three.  

Two sample groups were used to study the potential direct effect of the exogenous 

DNA on neurite outgrowth.  One of the groups consisted of PDL coated culture plates 

without exogenous DNA addition (designated as ‘DNA-‘); the other is identical except 

that CL2 (Table 4C-2) was added to assess the biological effect of the delivered DNA 

(designed as ‘DNA+’).  For dynamic DNA gels, three dynamic gel groups were adopted, 

including D100_80 (100% 80%), D100_50 (100% 50%), and D100_Non 

(100% 100%) with the delivery of DNA strands of non-specific sequences, where the 
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percentages are in terms of crosslink density of DNA gels).  A 30-nt long strand of poly-

A sequence (NonL2) was used as the non-specific sequence, and D100_Non was 

introduced to serve as negative control for the other groups.   

 

4C.2.4 Cell growth characterization and statistical analysis 

Similar to the studies carried out in Chapter 3B, spinal cord cells were fixed, blocked and 

immunostained for axon (anti-Tau-1), dendrites and cell body (anti-MAP2), and DAPI 

stain was performed to identify intact cells.  The antibodies used in the current study were 

also the same as those used in Chapter 3B, with the addition of the polyclonal antibody 

against neural cell adhesion molecules (N-CAM) (1:1000, Chemicon) for which cells 

were not permeabilized.  In actin staining, cells were permeabilized by 0.5% Triton X-

100 incubation for 15 min at RT before rhodamine phalloidin (1:300, Invitrogen) was 

applied. The cells were kept in rhodamine-conjugated phalloidin for 20 min at RT 

followed by intensive rinsing. 

In quantification of the FAK expression in the neuronal cell body, spinal cord 

cells grown on DNA gels were imaged under the same conditions (same exposure time 

and camera setting) using fluorescence microscopy.  The fluorescence intensity inside the 

neuronal cell body (identified by MAP2 immunofluorescence) was measured using 

ImageJ software (NIH, Bethesda, MD), which yielded the mean, maximal and minimum 

of intensity inside the cell body.  The FAK fluorescence intensity in each neuron was 

grouped for each gel condition.  In quantification of the neurite growth, a blinding 

procedure was used to eliminate possible operator bias (conscious or unconscious) due to 

the knowledge of the results from neurons on static gels (Chapter 3B). 
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When making comparisons among three and more groups of DNA gels with same 

initial gel design (e.g., D100, D100_80, and D100_50, are of the same initial DNA gel 

design as D100), one way ANOVA was implemented, followed by Tukey’s multiple 

comparisons test.  If only two groups of data were compared, unpaired two-tailed t-test 

was performed to determine significance.  The difference in distribution among distinct 

groups was assessed by using Chi-square test of goodness of fit.  p<0.05 was considered 

significant. 
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Figure 4C-1 Schematic of procedures in the preparation of DNA crosslinked poly-
acrylamide hydrogel. 
First, gels were immobilized by using an optical glue under UV exposure.  A bifunctional 
crosslinker, Sulfo SANPAH  is used to conjugate protein to the gel surface.  
 

 
Figure 4C-2 Schematic of the DNA delivery to the DNA gel groups for spinal cord cell 
culture.  
At Day 0, the cells are seeded and allowed to adhere and grow for two days.  As 
indicated, various amounts of crosslinker DNA is delivered at Day 4.  DNA diffusion into 
gel network is estimated to be within hours and spinal cord cells will be exposed to the 
changing stiffness of the DNA gel.  Cells were fixed at Day 7, and analyzed. 
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4C.3 Results 

 

4C.3.1 DNA sequence screening and similarity analysis 

The sequences of the DNA strands used in preparation of DNA gels are similar to that 

used in Chapter 3B, except that a 10 nt long toe-hold region is attached to the 3’ end of 

the crosslinker DNA to enable de-gelation (Table 4C-2).   The sequences of crosslinker 

DNA (L2, Table 4C-2) and their complementary strands (CL2) were queried against the 

National Center for Biotechnology Information (NCBI) nucleotide database by using a 

basic local alignment search tool (BLAST) algorithm2 for close resemblance to the 

biological sequences and particularly in relation to CNS tissues and cells.  The genome 

for rat (rat spinal cord) was checked against in the screening. 

No significant similarity was found for the sequences of the complementary 

strands of CL2 (Table 4C-2) in Design B (Appendix 4).  The likelihood is small that 

delivered crosslinker DNA could act as anti-sense DNA affecting gene expression, which 

could potentially alter the phenotype of the cells including neurons.  Thus, it is unlikely 

that these DNA strands would cause any significant change in the cell response and 

behavior as manifested in their morphology and function. 
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 Table 4C-2 DNA sequences used in the study of neurite outgrowth on DNA gels with 
dynamic stiffness. . 
SA1 and SA2 are single-stranded DNA (ssDNA) side chains.  L2 is the crosslinker DNA 
with part of its sequence complementary to SA1 and SA2.  CL2 is the strand 
complementary to L2.  L2_Non is the ssDNA whose sequences are not complementary to 
SA1, SA2 or L2 and here we used poly-A sequence.  
 
 DNA strand # nt Design A- DNA sequence (5’ to 3’) 
 SA1  10 GCA CCT TTG C 
 SA2 10 GTC AGA ATG A 
 L2 30 TCA TTC TGA CGC AAA GGT GCG CTA CAC TTG 
 CL2 30 CAA GTG TAG CGC ACC TTT GCG TCA GAA TGA 
 L2_Non 30 AAA AAA AAA AAA AAA AAA AAA AAA AAA AAA 

 

 

 

 

Table 4C-3 The initial and final crosslinking density of different schemes of 
crosslinker DNA delivery. 

*ssDNA with non-specific sequence was delivered. 

Designation D100_Non D100 D100_80 D100_50 D50 
Initial crosslinking density 100% 100% 100% 100% 50% 
Final crosslinking disunity 100% 100% 80% 50% 50% 
DNA delivery 50% * ⎯ 20%* 50% ⎯ 
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4C.3.2 Effect of DNA delivery on neurite outgrowth 

Neurite outgrowth of the spinal cord cells cultured on tissue culture plates with delivery 

of exogenous ssDNA (DNA+) was compared with that of the normal control group 

(DNA-) to assess the potential direct effect of the delivered exogenous DNA on neurite 

outgrowth.  The largest quantity of crosslinker DNA delivered for the groups using DNA 

gels was applied (50%, Table 4C-3).  There was no apparent difference in the 

morphology of neurites (axons identified by Tau-1 immunostaining and dendrites by 

MAP2 immunostaining) (Figure 4C-3, upper panel).  Quantification of the primary 

dendrite length and number, and axonal length did not reveal notable variation (Figure 

4C-3, lower panel). 

This, together with the findings from BLAST search, shows that the delivered 

DNA per se does not markedly alter neuronal survival or neurite outgrowth, and that the 

difference between DNA gel groups, if any, can be attributed to the stiffness change 

induced by the introduction of the crosslinker DNA or its complementary strand, and also 

the incorporation of these strands into the gel network.  

 

4C.3.3  Effect of DNA -induced stiffness change on neurite outgrowth 

The multi-polar morphology displayed by spinal cord neurons on dynamic DNA gel 

groups (D100_80 and D100_50) is similar to that on DNA gels with static stiffnesses 

(Figure 4C-4).  GFAP positive mature astroglia were sporadically seen across the gel 

groups.  There is no distinguishable difference in the total cell number or neuronal cell 

number on different DNA gel groups.  Due to the fact that these cells are from embryos, 

some neurons might not be mature enough to express MAP2, a mature neuronal marker. 
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To facilitate the understanding of the results, it would be instrumental to consider 

gels of 50% and 100% crosslinking as soft and stiff gels, respectively; thus groups of 

D100_80 and D100_50 are essentially Stiff_Medium and stiff_Soft groups, respectively, 

in terms of changes in stiffness and crosslinking density.  

Similar to the observations made on gels with static stiffnesses28, there are cells 

that grew closely in relatively large aggregates.  This also takes place on normal tissue 

culture plates which is reflective of the fact that normal neuronal function involves cell-

cell and cell-substrate interactions51.  However, a number of neurons grew relatively far 

from neighboring neurons and extended long axons (Figure 4C-4).  The network formed 

by axons is sparse in some cases and rather dense in others (Figure 4C-4).  For the 

characterization of dendritic morphology, only those isolated neurons with clear primary 

dendritic structures were chosen, and for the length measurement of axons, all traceable 

Tau-1 positive processes with clear starting and ending point were measured.  The results 

are presented in Figure 4C-5, and the figures were divided into three sections, with 

Section (I) on the comparison between the negative control (D100_Non) and D100 gel 

group, Section (II) on the comparison between gel groups of initial crosslinking density at 

100% (D100, D100_80, and D100_50), and Section (III) on the comparison between gel 

group of the same final crosslinking density at 50% (D100_50 and D50).  Details of the 

results are as follows:  

(I)  As a first step, we investigated the potential effect of exogenous DNA on 

neurite outgrowth of spinal cord neurons on DNA gels if the intake of these short (30 

bps) ssDNA or dsDNA does occur and trigger cellular responses.  For the three neuronal 

cell properties, including primary dendrite length, primary dendrite number, and axonal 
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length, there is no distinguishable differences between two groups of D100 and 

D100_Non (Tables 4C-2 and 4C-3) where DNA strands were of non-specific sequence 

but same length as the intended crosslinker DNA (I of Figure 4C-5).   

(II)  Three groups of DNA gel groups of initial crosslinking of 100% were then 

compared, two of which received ssDNA (CL2) complementary to the crosslinker DNA 

(L2) (Table 4C-2) at different amount to reach different final crosslinking density (Table 

4C-3).  Outgrowth of primary dendrite of a neuron averagely decreases although the 

decrease is not notable (Section II of Figure 4C-5A), while the number of the primary 

dendrites was significantly reduced by approximately 20% (Section II of Figure 4C-5B).  

The length of axons on dynamic substrates (100_80 and 100_50) also increases and the 

difference is marked by approximately 20% (Section II of Figure 4C-5C). 

(III)  Except for the mean primary dendrite length (Section III of Figure 4C-5A), 

the primary neurites behavior on dynamic substrates is the same as that on the static 

substrate whose crosslinking density is the same as the ending density in dynamic 

substrates (Section III of Figure 4C-5: B&C). 

As a next step, we examined the neuronal population distribution in terms of 

neurite outgrowth on different groups (Figure 4C-6).  On D100_50 gels, as the 

crosslinking density decreases from 100% to 50%, a larger percentage of neurons have 

primary dendrites shorter than 40 µm in average while fewer neurons have primary 

dendrite longer than 100 µm (Figure 4C-6A).  As the stiffness of the substrate decreases 

(D100 to D100_50), a significantly smaller (p<0.01) proportion of neurons exhibits more 

than three primary dendrites (Figure 4C-6B).  A significantly greater proportion of 

neurons extended longer (>240 µm) axons when the substrate became softer (e.g., D100 
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vs.D100_50) (Figure 4C-6C).  This is in line with the observations made in the study 

using gels with static stiffnesses28. 

 

4C.3.4 FAK expression in neurons on dynamic DNA gels 

Typical images of focal adhesion kinase (FAK) expression in neurons grown on DNA 

gels with dynamic stiffnesses are shown in Figures 4C-7 and 4C-8.  As reported 

previously, FAK is expressed in the neuronal cell soma, dendrites and axons.  In the 

mixed cell population of spinal cord cells, FAK was expressed mainly in neurons and 

only occasionally expressed by other cells (Figure 4C-7).   

The fluorescence intensity of FAK in the neuronal soma (identified by MAP2 

immuno-fluorescence) was quantified, and there is an apparent difference between gel 

group whose stiffness was changed from that of the 100% to 50% crosslinked gels 

(D100_50) and gels with 50% crosslinking throughout the process (D50) (Figure 4C-9, 

upper panel).  The comparison between D100 and D50 groups was also in accordance 

with the previous finding that there is higher expression of FAK on softer gels28.   At the 

same time, the variation in the expression in the neuronal cell body, as indicated by the 

ratio between maximal and minimal expression of FAK (Figure 4C-9, lower panel) was 

greatest on stiffest D100 gels (p<0.05).   

 

4C.3.5 N-CAM expression of spinal cord cells on dynamic substrate 

Neuronal cell adhesion molecules (N-CAM) were expressed by neurons and other cells as 

well (Figure 4C-7), though the expression was not homogenous.  It was rarely expressed 

at the neurites, and commonly in a non-continuous and discrete manner (Figure 4C-7).  
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Abundance of N-CAM expression was seen in the cell aggregates where fluorescence 

intensity was highest on the periphery of the neuronal soma (Figure 4C-7).  

F-actin staining using phallotoxins showed (Figure 4C-8) that the co-expression 

between FAK and F-actin is dominant and that there appeared to be a reduction in the F-

actin expression in D100_50 gel groups (Figure 4C-8).  Unlike that of N-CAM, the 

expression of F-actin was not limited to cell soma, and F-actin was also stained in the 

neurites (Figure 4C-8).  The intensity of F-actin staining appeared to decrease with the 

softening of the gels (e.g., from D100 to D100_50 or D50) (Figure 4C-8). 
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Figure 4C-3 Neurite outgrowth on tissue culture plates with (DNA+) and without 
(DNA-) DNA delivery. 
(Upper panel) Typical morphology of neurons grown on the plates. Scale bar is 30 µm. 
(Lower panel) Delivered crosslinker DNA did not significantly alter cellular properties, 
including primary dendrite length, primary dendrite number or axonal length. n ≥34 for 
mean primary dendrite length; n ≥53 for mean primary dendrite number; n ≥25 for axonal 
length.  
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Figure 4C-4 Typical image of spinal cord neurons grown on DNA crosslinked 
hydrogels with both static (D100 and D50) and dynamic (D100_80 and D100_50) 
stiffnesses. 
Tau-1 immunostaining indicates axons and occasionally neuronal soma, and MAP2 
immunostaining shows dendrite and neuronal soma.  The blurriness of part of the images 
is due to the relative unevenness on the gel surface. Scale bar is 100 µm.    
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Figure 4C-5 Neurite outgrowth on DNA gels with dynamic stiffnesses. 
Comparison of neurite outgrowth, including mean primary dendrite length, primary 
dendrite number and axonal length per neuron. In section (I), there is no significant 
difference between D100 and D100_Non, suggesting that delivered DNA does not 
significantly affect neurite outgrowth. (A) Mean primary dendrite length.  No significant 
difference between groups was observed except that mean primary dendrite length of 
D100_50 is significantly lower than that on D100 as determined by one-way ANOVA 
with Tukey’s post-test for all three groups.  (B) Primary dendrite number.  A significant 
difference was observed between stiffest gels (D100) and D100_50 as determined by 
one-way ANOVA with Tukey’s post-test for all four groups, and also between D100 and 
D50 as determined by two-tailed unpaired t-test. # p< 0.05.  No significant difference was 
found as determined by one-way ANOVA with Tukey’s post-test for all four groups.  (C) 
Axonal length.  Axons on softer gels (D100_50 and D50) are significantly longer than 
that on stiffer gels as determined by two-tailed unpaired t-test. # p< 0.05.  No significant 
different was found as determined by one-way ANOVA followed by Tukey’s test.  Error 
bars represent standard error of mean. n > 25.  
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Figure 4C-6 Frequency plots of mean primary dendrite length (A), primary dendrite 
number (B), and axonal length (C) per neuron on DNA gels with dynamic stiffnesses. 
(A) Proportion of neurons having mean primary dendrite length of longer than 80 um on 
D100_50 group is much less than D50 as determined by Chi-square test (p < 0.001), and 
slightly lower than the other two groups. (B) A larger proportion of neurons have over 4 
primary dendrites on the stiffest gels than the other three groups as determined by Chi-
square test (p<0.001).  (C) A smaller proportion of neurons have long (over 240 µm) 
axon on D100 and D100_80 gels than those on B50 and A100 gels as determined by Chi-
square test (p<0.01).   
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Figure 4C-7 Typical images of focal adhesion kinase (FAK) and neural-cell adhesion 
molecules (N-CAM) in the spinal cord neurons grown on DNA gels with dynamic 
stiffnesses. 
For each gel group, immunostaining images of FAK (Red), N-CAM (Blue) and MAP2 
(Green) are shown for the same spot, along side with DAPI (Purple) nuclei staining.  
FAK was expressed in both dendrites and axons (arrow), and MAP2 negative cells (*).  
N-CAN was expressed in the neuronal soma and other cells (#).  For isolated neurons, the 
expression of N-CAM is not uniform (Arrow head).  Abundance in N-CAM expression 
can be seen in the cell aggregates and localized in the periphery of the neuronal soma 
(white rectangle).  N-CAM was also expressed along side the axons with the presence of 
supporting cells (identified by MAP2 negative with DAPI positive nuclei) (@) on the 
gels.  Scale bar is 100 µm.  
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Figure 4C-8 Typical images of focal adhesion kinase (FAK) and actin in the spinal 
cord neurons grown on DNA gels with dynamic stiffnesses. 
There appeared to be a decrease in the F-actin expression with the drop in the 
crosslinking density or substrate rigidity (arrow head).  Scale bar is 100 µm.   
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Figure 4C-9 Focal adhesion kinase (FAK) expression in the spinal cord neurons grown 
on DNA gels with dynamic stiffnesses. 
(Upper panel)  There is a significant difference between D100 and D50 based on two-
tailed unpaired t-test. # p< 0.05. A significant difference was found as determined by 
one-way ANOVA with Tukey’s post-test between D100_50 and D50 for all four groups. 
***p<0.005.  (Lower panel) The disparity is shown by the ratio of maximal/minimal 
expression intensity in the neuronal cell body. n ≥ 15. 
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4C.4 Discussion 

 

4C.4.1 Mechanically dynamic cues applied to neurons 

Thanks to the unique opportunities offered by the DNA crosslinked hydrogels, we were 

able to modify the substrate mechanical stiffness while spinal cord cells were growing on 

top of the gel substrates.  As previous studies imply, by increasing the crosslinking 

density in the DNA gels, the potential compaction of the gel network would take place, 

which can be translated into compression rather than traction or tensional forces for the 

neurons.  Inspired by the towed growth demonstrated before6, 15 where application of 

force to the neurite promotes its elongation, we decided to use the reverse of gelation.  By 

including a toe-hold at the end of the crosslinker DNA, one is able to introduce 

complementary strand to the crosslinkers, and displace the crosslinker DNA out of the gel 

network, whereby reducing the crosslinking density and hence the mechanical stiffness.  

This choice was further favored due to the latest finding from our group that longer axons 

were seen on the softer gels28.  In other words, by lowering the DNA gel crosslinking 

level, we attempted to provide two potential cues, one of which is the decrease in the 

mechanical stiffnesses, and the other is the possible expansion of the gels.  Based on the 

results from the preliminary study on local deformation of the gels (Appendix 1), it was 

recognized that the strain rate generated in the specific delivery conditions (initial 

medium volume, quantity of DNA delivered, time course allowed and surface area of the 

gels) was most likely not enough to significantly affect neurite growth.  As a result, we 

attribute the changes, if any, in the neurite outgrowth in this study primarily to the 

variation in the mechanical stiffness of the gels.  It is noted that by varying the delivery 
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conditions, much larger force application and strain generation may be possible, for 

which investigation is ongoing.  

In the work discussed here, there are three dynamic gels groups, with D100_Non 

(Table 4C-3) serving as a negative control to show that it is the mechanical property 

change induced by the DNA delivery and incorporation into the gel network that leads to 

the differential behavior in the neurite outgrowth.  D100_80 and D100_50 (Table 4C-3) 

were chosen due to the availability of the results for comparisons (D100, D80, and D50) 

from the study on responses of neurite outgrowth to mechanical stiffness outlined in 

Chapter 3B.  The difference between static and dynamic studies lies primarily in the fact 

that in the static study, the cells were plated on the gels with specific stiffness, and the 

rate of the stiffness change cells experience is rather dramatic or instantaneous at the 

time of cell seeding; whereas in the dynamic stiffness cases, the gel stiffness cells 

experience is gradually or progressively modified.   

As was argued for the case of the DNA gels we employed in the study presented 

in Chapter 3B28, it is suggested that the variation in the crosslinking density does not 

cause pronounced changes in other surface mechanical characteristics (e.g., surface 

topography, surface pore size, and the level of hydrophilicity).  Thus, the differential 

response between static and dynamic studies is attributed primarily to the cellular 

response to dramatic or gradual rigidity change of the underlying substrates.   

Most of the previous work on the mechanical responses of neuronal growth and 

neurite outgrowth involves substrates with discrete and pre-determined mechanical 

stiffnesses17, 20, 28, 30, 32, 54 or stiffness gradients47.  To our knowledge, this is the first time 

that dynamic mechanical stiffness was applied during the course of in in vitro conditions 
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and that the response of neurite outgrowth to the temporally varying stiffness of the 

substrate was studied and also quantified. 

 

4C.4.2 Neurite outgrowth in response to mechanically dynamic cues 

As a control on the gel and cellular response to the presence of single stranded DNA non-

complementary to the crosslinker DNA, we showed that applied poly-A oligomers did 

not initiate any change in the mechanical stiffnesses of the substrate and did not impact 

the neurite outgrowth.   

When the substrates become softer (initial 100% crosslinking in D100 groups), 

the primary dendrite number decreases, the mean primary dendrite length drops, and the 

axonal length markedly increases.  This substantiates our hypothesis that neurons, like 

mechano-sensitive cells such as fibroblasts, are capable of detecting alterations in the 

mechanical stiffness in the local micro-environment and are capable of responding to that 

change in a way that is manifested by neurite outgrowth.  This provides guidance for 

neural tissue engineering in cases where promoting axonal regeneration and growth is 

desired.   

Unique in their functional role in the nervous system and assuming processes in 

their structure, or neurites, including axons and dendrites and further secondary structures 

(e.g., secondary dendrites), neuronal responses are largely displayed in the modulation of 

the neurite outgrowth, rather than cell shape or polarity as is the case for fibroblasts.  

Additionally, in contrast to the mechanical responses of fibroblasts to the dynamic 

stiffness, the observations of neurons on the dynamic gels are similar to those made on 

static gels with the same ending crosslinking density (for instance, D100_50 vs. D50) 
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with the exception of mean primary dendrite length.  For fibroblasts, cells on static and 

dynamic gels of the same ending stiffness differ greatly in projection area, aspect ratio or 

FA organization, as highlighted in Figure 4B-7 and Chapter 4B.  This suggests that the 

fibroblasts, being more mechanically sensitive, could actively modify and adjust their 

growth and other behavior (e.g., projection area, polarity, or FA organization) to the 

changing environment whereas neurons would elect to respond to the environment in 

different ways.   

Primary dendrite length showed no appreciable difference among the cell groups, 

including both static stiffness (Figure 3B-11) and dynamic stiffness groups (Figure 4C-5), 

and was measured to be approximately 40 µm.  Primary dendrite number on gels of same 

crosslinking density (e.g., B100 in Figure 3B-11 vs. D100 in Figure 4C-5) is comparable 

between dynamic and static gels.  Axonal length in all the dynamic stiffness gel groups 

was approximately 20 µm28 longer than that of the corresponding static gels groups.  See 

for example, B50 in Figure 3B-11C and D50 in Figure 4C-5C, axonal length increase 

from 130 µm to 150 µm.  This is mainly due to the fact that we allowed neurons to 

extend processes for one more day (DIV 6 vs. DIV 7), in the experiments reported in this 

section.  This extra day was intended to provide sufficient time for DNA incorporation 

into gel network, and for neurons to sense and respond to the dynamic stiffness.  It is also 

noted that average primary dendrite number (three) for the stiffest gel (D100) is the same 

as that on the culture plate (Figure 4C-3) which has a stiffness in the gigapascal range.  

This suggests that there exists a threshold stiffness, or set-point, between that of 80% and 

100% DNA gels28 beyond which the average primary dendrite number will be 

approximately three, assuming that the surface adhesive properties are comparable.  



 

 

216

It is also observed that the effect of the substrate mechanical stiffnesses on the 

average neurite outgrowth is in concert with that on the basis of population distribution.  

The possible causes for the distinction in the population distributions for all gel groups 

include the differential responses of the subpopulation in the total neuronal population 

(e.g., motor, sensory and inter-neurons) to mechanical stiffness, and responses from glial 

and/or other cell types, particularly immature neurons or neural progenitor cells (e.g., 

nestin positive cells) and astroglia (e.g., mature GFAP positive cells or immature 

vimentin positive cells), to alterations in the mechanical stiffness.  The responses of the 

non-neuronal cells could result in biological or biochemical cues (e.g., trophic factors 

secreted by glia) affecting neurons.  If such processes do occur, the neuronal behavior 

change cannot be attributed, at least entirely, to the change in mechanical stiffness of the 

substrates.  It is noted that by combining the behavior of primary dendrites and axons, 

one sees that the neurite outgrowth is more pronounced on softer gels, in agreement with 

most of the previous reports offering no differentiation between dendrites and axons, and 

instead lumping them as neurites17, 20, 28-30, 32, 47, 54.  

As we previously observed28, glial cell survival did not change notably with the 

stiffness range under study, although there was a biphasic trend in their survival on bis-

crosslinked hydrogels29 where glia cell density peaks at an intermediate stiffness of 

approximately 27 kPa and markedly changed over a small stiffness range.  Neurons 

generally do not proliferate and their survival does not seem to be greatly affected by the 

mechanical stiffness.  Therefore in the work presented in this section, we focused  

primarily on neurite outgrowth.  Additionally, as the previous studies probing the surface 

ligand density have revealed (Figure 3B-6), delivery of crosslinker DNA does not 
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significantly alter the surface adhesiveness.  PDL, like other ECM molecules including 

fibronectin, collagen, and proteoglycans40, 44, is sufficient for the probe of neuronal 

growth and neurite outgrowth responses.  We chose PDL for neuronal attachment to the 

substrates also in consistence with the previous work presented in Chapter 3B.   

It is necessary to note that it is possible that secondary structures of the neurites 

can also respond to the mechanical stiffness change and have implications in the 

functioning of neurons, which merits investigation.   

 

4C.4.3 FAK and N-CAM expression in response to dynamic substrate 

Triple immuno-staining of focal adhesion kinase, N-CAM, and MAP2 was carried out on 

the neurons on the dynamic DNA gels.  FAK expression is primarily from neurons, and 

both axon and dendrite express FAK, as observed previously28.   

As in the analysis conducted in the study using fibroblasts, the following 

relationship in the FAK expression is use in the interpretation of the FAK expression 

data,  

(Mean intensity) ∝[(FA size) × (FA number)]. 

The max./min. ratio of the intensity is proportional to the quantity of FAK recruited at the 

FA sites3, 22 and is an indicator of the size of FA.  Thus based on the mean intensity (4C-

9, upper penal) and the size of FA, estimated by the ratio of max./min. intensity (4C-9, 

lower panel), one is able to estimate the relative number of FA for comparisons.  

The ratio of max./min. of FAK intensity is significantly higher on stiffer gels 

(D100), consistent with the general observations that stiffer gels promote up-regulation of 

focal adhesion, such as recruiting FAK to the FA point.  This behavior is similar to that 
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for fibroblasts (Chapter 4B, Figure 4B-13), where on stiff gels the size of FA is notably 

greater.  Also, the mean fluorescence intensity of FAK on stiffer gels is pronouncedly 

lower than that on the softer gels28, suggesting that the number of FA on softer gels (D50) 

is much greater than that on stiffer gels.  Considering the dynamic gel groups, however, 

the level of FAK immuno-reactivity on dynamic gels (D100_50) differs greatly from that 

on static gels (D50) (Figure 4C-9).  There appeared to be significantly lower number of 

FA on dynamic gels.  

N-CAM is a class of trans-membrane proteins, expressed on neurons and a 

number of other cells34, that plays roles in cell-cell adhesion.  Members of this class also 

contain RGD (Arg-Gly-Asp-) motif in the extracellular domain which is commonly 

recognized in binding to integrins, again suggesting their involvement in cell-substrate 

interactions.  Thus, N-CAM was shown to be involved in the coupling of cell-cell 

interplay and cell-substrate interactions1, 5.  Not surprisingly, it has been implicated in 

neuronal migration41, retina layering7 and in neuritogenesis13, neurite fasciculation43, 

synaptogenesis and synaptic plasticity11, 39, 42, during both adulthood and developement9, 

34, as well as in responses of nervous system to external assault38.  Previous reports 

showed that in mediating cell-substrate interactions by N-CAM, F-actin flow was 

attenuated and traction force was generated for growth cone movement5.   

Unlike FAK, which is expressed in both neuronal soma and processes for spinal 

cord cells on DNA gels, N-CAM was rarely seen expressed on the dendrites or axons 

(except the growth cone).  Double staining of the FAK and actin confirmed the close 

association of the focal adhesion with microfilaments.  The heterogeneity in FAK 

expression among the neuronal population (Figure 4C-7) was also reported previously52.  
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The abundance of N-CAM expression (Figure 4C-7) in part of the neurons and the co-

expression of N-CAM and FAK accords well with the observations made by other 

investigators that N-CAM clustering recruits FAK33, 42.  Therefore, the localization of N-

CAM correlates with its diversified functional roles in the tissue, especially in neural 

tissues.  The expression of N-CAM appears to be dynamic and mobile along the neurite42.  

In particular, Sytnyk and co-workers43, 49 observed that N-CAM immunoreactivity in the 

neuronal soma and growth cone is much higher than that in the center of neurite, which is 

in agreement with the current study.  This phenomenon is mainly due to the fact that N-

CAM is mostly synthesized inside the somata and trafficked via axonal transport18, 43. 

Cell-cell interactions, whether they are neuronal interactions, glial interactions or 

neuron-astroglia interactions, are necessary for the proper wiring of the neural circuitry 

and functioning of the nervous system.  Their respective mechanical response can be 

drastically altered by the cell-cell interactions, as reflected by the studies on both 

fibroblasts55 and neurons29.  For examples, on soft gels, Yeung et al. 55 found that with 

the presence of cell-cell contact, the stress fibers form, whereas in the absence of such 

interactions no stress fibers appear.  

Despite the caution exercised in quantifying the intensity of FAK expression in 

neurons based on immuno-fluorescence, possibilities exist that the practical aspects, 

including measurement methodology, instrumentation involved, and reagents used, could 

more or less affect the observations.  For instance, similar to the case for fibroblasts, it is 

possible that the choice of focal plane with the fluorescence microscopy might add to the 

variation between samples.   
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4C.4.4 Factors in neuronal sensing and response to dynamic stiffness 

The major changes observed in neuronal properties, including primary dendrite length 

and number, axonal length, and FAK expression in the neuronal cell body, are 

summarized in Table 4C-4.  A partial list of the important factors in dictating neuronal 

responses to the dynamic stiffness is summarized in Table 4C-5.  A schematic of 

neuronal cellular mechano-sensing and responses to mechanical stiffness change in the 

ECM is presented in Figure 4C-10.  In general, neurite outgrowth can be determined by 

three major factors: cell-substrate direct contact; direct cell-cell contact, and cell-cell 

interactions via soluble factors34. 

Due to the embryonic nature of the cell source used in the current study, the cell 

population consists of a considerable portion of the embryonic stem cell or progenitor 

cells.  Indeed, we detected a large number of nestin positive cells in the cell population on 

culture plates throughout seven days of culture (Figure 4C-11).  Thus the mechanical 

response of neurons to dynamic stiffness is also coupled with the natural development 

and growth of the neurons.  It was observed that Tau-1 and MAP2 immunostaining 

showed great abundance after 3 DIV (Figure 4C-12), beyond which the immuno-

expression does not appear to change greatly in the level of expression and number of 

cell expressing Tau-1 or MAP2.  This formed the basis of the rationale of delivering 

crosslinker DNA to the culture on 4 DIV in the current work. 

In the last chapter (Chapter 4B), we pointed that it has been suggested that 

fibroblasts have a threshold, or ‘set point’, in the sensitivity towards mechanical stiffness 

(e.g., ~20 kPa for NIH 3T3 fibroblasts45).  Neurons may not be an exception.  Probably 

not coincidentally, many reports shared a common finding that there exists a set-point for 



 

 

221

force application (not the strain rate, which is limited by the intracellular transport) to 

induce neurite elongation15, 16, 25, 56.  

It was speculated that the increase in stiffness of ECM in a number of cases (e.g., 

tumor) could lead to integrin clustering and altered contractility27.  This, together with the 

changes in the focal adhesion, indicates that the changes in ECM stiffness cause loss of 

dynamic equilibrium in the tension at the cell-ECM interfaces.  In order to compensate 

for the imbalance and to reach a new equilibrium, neurons could either adapt to the new 

physical status or actively modify the local ECM by secreting ECM molecules.  

Meanwhile, they can also signal other cell types such as astroglia or oligodendricytes, 

which serve supporting roles in the nervous system.  Again, essentially, through the effort 

from neurons and possibly other cells, a new balance can be put in place via the negative 

feedback loop.   However, it was also implicated that cells, in response to the imbalance 

caused by the stiffening of the ECM, can further increase the ECM stiffness.  This 

positive feedback loop has been implicated in generating un-controlled changes that give 

rise to pathological conditions27.   

The static stiffness used in the current study is effectively a force application with 

much larger rate (force increase in a unit time) than that on the dynamic counterparts.  

This is because the instantaneous presentation of the substrate to cells, right after 

dissection, poses much greater resistance to the active pulling of the neurons in probing 

the micro-environment.  Fass and Odde15 reported that there is a less chance for neurites 

to initiate when the ramp rate of force application is high, which might explain why in 

our study, the decrease in the primary dendrite number is more pronounced on D100_50 

gels than that on D100_80 gels (Figure 4C-5), as the former presents steeper ramp in 
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applied force or resistance.  The dependence of neurite initiation on tensile forces has 

been part of the differential responses of neuronal cells to force application in both long-

term or short time scale15.    

The mechanism involved in the cell mechanosensing outlined in Chapter 4B 

(Figure 4B-16) hold true for neurons.  Neurons actively probe the stiffness of the 

substrate by applying traction forces largely through integrin linkage in the focal 

adhesion complex (FAC) where FAK is among the key players (Figure 4C-10).  As the 

stiffness increases, the resistance to the cell-generated traction forces (esp. at the growth 

cone) becomes greater, and the cell receives the feedback, also via integrin linkage, 

where MAP2 and N-CAM participate in the processes.  This information, together with 

other physical cues, dimensionality, biochemical and biological cues (e.g., trophic 

factors), as well as cell-cell interactions (e.g., in neuronal aggregates), is integrated by 

neurons for decision making.  During the process, N-CAM serves to couple the cell-cell 

and cell-substrate interactions.  Neurons respond largely by modulating focal adhesion, 

and/or neurite outgrowth, and other properties (Figure 4C-10). 

There are, however, a few distinctions in the mechanosensing mechanism 

between neurons and fibroblast, which originate from unique functional role and 

associated structures of neurons:  

1. Active probing of the micro-environment has been shown a critical 

component in growth cone path-finding and axonal elongation, unique to neurons6, 15, 25, 

as demonstrated in the dynamic protrusion and retraction of membrane structures21.  The 

correlation between rate of elongation and mechanical stiffness of ECM might also 

involve the intrinsic tension in the neurites as well as the adhesion properties54.  
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2. Different primary structures may have different mechanisms in mechano-

sensing and different choice of key information.  For example, it was hypothesized that 

axons might rely on compression in the microtubules while dendrites depend on adhesion 

in elongation31 in mechano-sensing.  

3. Due to the intrinsic involvement of cell-cell interactions of nervous system, 

coupling between cell-substrate and cell-cell interactions could play an important role in 

the neuronal mechano-sensing.  N-CAM as one of the handful molecules assuming the 

‘coordinator’ role functions in a unique way that is not found in fibroblasts mechano-

sensing48.  A very recent study on the mechanical properties of neuronal processes, 

somata and glial cells revealed that both neuronal processes and glia are softer than 

neuronal soma, suggesting that neuronal processes may use glia as substrate, and in doing 

so, they match their compliance to that of the glia.  This extends the stiffness-matching 

phenomena found in fibroblasts10, 45.  Another distinction is that instead of soma, the 

neuronal processes adjust their stiffnesses, and respond in elongation or retraction8.  

It remains a question, however, as to where the neuronal mechano-sensor is 

located.  Is it in the cell body, the dendrite or the axon or in all, and if the sensors are in 

all of three, then how does neuron integrate the information and direct intracellular 

trafficking for neurite elongation? 

Summary 

In summary, neuronal mechano-sensing capability is further confirmed and expanded to 

the case of dynamic stiffnesses of the substrates.  It was found that changing mechanical 

properties might be used as a way to alter neuronal growth and neurite outgrowth, giving 

rise to a novel way of promoting neurite outgrowth.  
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Table 4C-4 Comparisons of neurite outgrowth between static and dynamic gels with the 
same starting stiffness and between dynamic and static gels with the same ending 
stiffness.. 
A typical neuron is shown for each condition, and comparisons are made in primary 
dendrite length and number, axonal length and FA number and size between D100 and 
D100_50, and between D100_50 and D50.  *Estimate based on the mean FAK 
expression and the max./min. intensity ratio.  (↑ increase;  ↓ decrease; → no change from 
the upper group to the lower group) 
 
D100    vs.    D100_50   vs. D50  Primary 

Dendrite 
Length 

Primary 
Dendrite 
Number 

Axonal 
Length 

FAK 
# 

FAK 
size 

 

              D100 

↓ ↓ ↑ ↑*
 ↓ 

 

  D100_50 
 

     D50

↑ → → ↑ →

 
 
 
Table 4C-5 Important factors affecting the response in neuronal growth and neurite 
outgrowth to dynamic stiffnesses. 
 

Parameters Examples of comparisons 
Rate of change Abrupt (static) vs. progressive (dynamic) 
Stiffness range  D100_80 (100% 80%) vs. D100_50 (100% 50%) 
Ending stiffness D100_80 (100% 80%) vs. D100_50 (100% 50%) 
Cellular properties Primary dendrite length vs. axonal length  
Cell type Fibroblast vs. neuron 
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Others 
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MAP2 

 

Figure 4C-10 Schematic for the cell-ECM interface events with the emphasis on 
neuronal mechanosensing and responses to the stiffness change in the ECM or gel 
substrate 
(1) Neurons actively probe the stiffness of the substrate by applying traction forces, 
largely through integrin linkage in the focal adhesion complex (FAC) where FAK is 
among the important factors.  (2) As the stiffness increases, the resistance to the cell-
generated traction forces intensifies, and cell receives the feedback also via integrin 
linkage, where MAP2 and N-CAM are involved.  This information, together with other 
physical cues, dimensionality, biochemical and biological cues (e.g., growth factors), as 
well as cell-cell interactions if cell-cell contact occurs (i.e., in neuronal aggregates), is 
integrated by neurons for decision making.  (3) Neurons respond by modulating focal 
adhesion, and/or stress fiber, neurite outgrowth, and other cellular properties. 
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Figure 4C-11 Nestin immunostaining of the spinal cord cells showing neural progenitor 
cells on culture plates during the course of the culture. 
Scale bar is 100 µm. 
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Figure 4C-12 Tau-1 and MAP2 immunostaining of the spinal cord cells showing 
dendrites and axons, respectively, on culture plates during the course of the culture. 
Scale bar is 100 µm. 
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Chapter 5 CONCLUSIONS AND SUMMARY 

 

 

5.1  Summary of the dissertation work  

 

5.1.1 Summary of motivation and key observations 

The detailed objectives and key observations of each research projects involved in this 

dissertation research are summarized in Table 5-1.  

 



 

 

233

Table 5-1 Summary of motivation and key observations of the dissertation work 

(SC: spinal cord; E: stiffness) 

 Cells Gels Objectives Observations 
SC

 c
el

ls
 

B
is

 g
el

s 

 Apply a popular culture 
system (bis-gel) to 
study spinal cord cells;  

 Expand E range;  
 Include intermediate E;

 Neuron-astroglia interactions affect a 
number of cellular properties; 

 Mechano-sensing is E range specific 
(not necessarily monotonic, but bi- or 
multi-phasic); 

G
el

s w
ith

 S
TA

TI
C

 st
iff

ne
ss

es
 

SC
 c

el
ls

 

D
N

A
 g

el
s 

 Establish reference line 
for dynamic study; 

 Expand DNA design;  
 Study cell population 

distribution; 
 Differentiate axons 

from dendrites; 

 Mechano-sensing is neuronal cell 
property specific; 

 FAK involvement in the neuronal 
mechano-sensing; 

 Mechano-sensing is E range specific 
(not necessarily monotonic, but bi- or 
multi-phasic); 

A
ce

llu
la

r 

D
N

A
 g

el
s 

 Confirm DNA 
incorporation into gels; 

 Estimate the potential 
deformation due to 
DNA incorporation; 

 Majority of the DNA gets incorporated 
to the network; 

 DNA incorporation induced 
deformation is most likely not great 
enough to affect neurite outgrowth in 
this specific case, but could be 
different in other cases; 

Tw
o 

fib
ro

bl
as

ts
 

D
N

A
 g

el
s 

 Assess the potential 
effect of exogenous 
DNA on the fibroblast 
growth; BLAST search;

 Assess effect of 
dynamic E on 
mechano-sensitive 
cells; 

 BLAST search and morphological 
examination shows no effect from 
exogenous DNA on fibroblast growth; 

 Fibroblasts show differential 
sensitivity to dynamic E, depending on 
E range, starting/ending E; 

 Sensitivity is also cell-property 
specific and cell-type specific; 

 Fibroblasts show response also in FAK 
expression; 

G
el

s w
ith

 D
Y

N
A

M
IC

 st
iff

ne
ss

es
 

SC
 c

el
ls

 

D
N

A
 g

el
s 

 Assess the potential 
effect of exogenous 
DNA on the neurite 
outgrowth; BLAST 
search; 

 Assess effect of 
dynamic E on neurite 
outgrowth; 

 Assess FAK and 
NCAM involvement; 

 BLAST search and morphological 
examination shows no effect from 
exogenous DNA on neuron’s primary 
structures;  

 Responses of neurons to dynamic 
stiffness are in line with the static 
study except for the primary dendrite 
length;  

 Neurons show response also in FAK 
expression;  
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5.1.2 Significance 

The significance of this dissertation research and major contribution to the understanding 

of basic science, engineering principles and design guidelines include the following:  

 

1 It highlights the importance of the mechanical aspect of the cell-ECM interactions, 

particularly cellular response to mechanical stiffness.  

With the ever-increasing recognition of the mechanical aspect of the cell-

ECM interactions, this work shows that again for neurons and other cell types the 

responses to the mechanical stiffness need to be addressed and taken into account in 

the design of tissue engineering scaffolds and constructs.  

 

2 It reveals the complexity of the mechanical aspect highlighting cell-property 

specificity, cell-type specificity and stiffness-range specificity, which can be further 

coupled with the cell-cell interactions, and other factors, including dimensionality 

and biological cues. 

The differential responses among different cell types (neuron vs. glia vs. 

L929 fibroblast vs. GFP fibroblast), different cell properties (axon vs. dendrite; 

projection area vs. aspect ratio) that were characterized on different rigidity ranges 

demonstrate the array of factors that will have to be incorporated in the full 

description of the cellular responses to mechanical compliances for the design of 

biomaterials. 
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3 It adds a new dimension, Time, to the mechanical properties of the substrate in the 

understanding of the cell-ECM events.  

To our knowledge, there has not been any study demonstrating application 

of mechanically dynamic substrates, which mimic the natural environment of the 

cells in the normal and pathological conditions and take advantage of differential 

behavior among cell properties.  We have successfully devised substrates that are 

mechanically dynamic and we have investigated the effect of the time-dependent 

changes in the mechanical properties of a substrate on cellular behavior, and 

provided quantitative data for the responses.  The observations make promising the 

engineered control of cell growth and neurite outgrowth through the use of dynamic 

mechanical stiffnesses.  

 

4 It provides design guidelines for the choice of the mechanical stiffness of the bio-

scaffold in the tissue engineering applications 

The results in this study have direct relevance to the neural and skin tissue 

engineering, and can be extended to other tissue engineering areas 

 

 

5.1.3 Novelty 

The novelty in this dissertation in the choice of cell types, cell culture platforms, and the 

design of the experiments include the following:  
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1. We based our model system on a DNA crosslinked hydrogel which allows 

dynamic modification of the mechanical properties of the substrate.  

The use of single-stranded DNA (ssDNA) as external stimuli 

circumvents the need for environmental changes which are practically 

problematic in most cases, and delivery of DNA can benefit from the research in 

gene delivery. 

 

2. We considered two cell types, one of which is known to be mechanically sensitive 

and assumes roles in load-bearing tissues, and the other whose mechanical 

sensing capability has just started being appreciated.  

In this study, both L929 and GFP fibroblasts were cultured on DNA 

gels, and their responses to the altered mechanical characteristics of the gel 

induced by delivered crosslinked DNA were assessed.   Neurons were cultured on 

both bis- and DN-A crosslinked gels of static and dynamic rigidity.  The results 

can be used to engineer cell growth, and the properties of the materials can be 

tailored to specific bioengineering applications. 

 

3. We differentiated between axons and dendrites.  

The majority of the reports on the neuronal responses to the mechanical 

cues were focused on neurites.  Axons and dendrites assume different functional 

roles in the neuronal functioning and their difference, at least in the neuronal 

mechano-responses, has long been overlooked since they are often lumped as 

neurites.  Indeed, we observed differential behavior of axons and dendrites 
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towards mechanical stimuli, and this difference can facilitate the design of the 

neural tissue scaffolds.  

 

4. We confirmed the generation of the mechanical dynamics  

 By using an indirect measurement, we discerned DNA strand diffusion 

as well as DNA incorporation into gel network.  Inspired by commonly used 

traction force assay, we quantified deformation with help of micro-beads. 

 

5. We proposed and implemented novel ideas in the design of the experiments 

In the experimental design, we introduced DNA strands with non-

specific sequence but comparable molecular weight and length as a negative 

control.  In the characterization and analysis of neuronal behavior, we include the 

analysis of the cell population distribution in addition to the analysis of the 

aggregate behavior, which offers more insight in the neuronal mechanosensing 

that can not be obtained by only considering aggregate behavior. 

 

5.2 Limitations and discretion 

Although we are excited to report the interesting results, we are aware of the limitations 

in the interpretation, utility and applicability of the results and wish to exercise discretion.   

 

1. Possible involvement of other factors in affecting cell responses.  

Complexity in the cellular decision making process makes it necessary 

to be cautious in interpretation of the results.  The potential factors involve in the 
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cell-ECM event other than mechanical stiffness include dimensionality, biological 

cues, adhesive cues, and other physical cues.  

Dimensionality 

We realize three-dimensional (3D) cell culture is more physiologically relevant 

and one should be very cautious in extending observations and implications from 

2D studies to their 3D counterparts.  Nevertheless, the information from 2D 

studies is still important.  This is because, on the one hand, in many cases where 

3D culture investigation is, at least at this moment, prohibitively costly, 2D 

research is perhaps the only practically feasible approach; on the other hand, the 

results from 2D and 3D studies are not always completely different, indicating 

that 2D research could in a number of cases provide a very similar or approximate 

image of what happens in in vivo1.  In this study, we tend to extract information 

from 2D culture system and make comparisons to the results from previous 

studies.  Thus, this early study serves as the initial step towards future work using 

animal models.  

Adhesive properties 

The coupling between the adhesion properties and cell mechano-sensing 

has been well documented2.  We chose poly-D-lysine in the study of neurons and 

collagen for fibroblast culture, although other ECM molecules can be used such 

as proteoglycans, fibronectins, and Matrigel (TM)3, 4. 
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2. Possible cell-cell interactions in affecting cellular responses 

It is possible that glia and other non-neuronal cells in the mixed 

population can respond to the mechanical stiffness in a manner that is different 

from that of the neurons, or respond differently on gels of static and dynamic 

stiffnesses.  There is a possibility that they can influence neuronal behavior by, 

for example, releasing soluble growth factors. 

 

3. Methodology in studying time-dependent behavior 

All observations and comparisons made in this research were based on 

statistical analysis of cell properties at particular time points.  It would be 

definitely better to be able to conduct time-lapse study delineating the time 

progression in the neuronal responses.  Current work might be limited due to 

sample size, sample selection, etc.  However, time lapse study is not without 

concerns.  Potential elevated photo-toxicity and photo-bleaching in the 

fluorescence microscopy pose limits to their utility. 

 

4. Possibility of the presence of prestress in the gels 

One of the other concerns regarding the utility of the results from this 

study is the possibility of prestress in the gels.  For instance, it was found that 

there is prestress in collagen gel substrate5 from gel formation and cell culturing.  

The prestress in the DNA gel system, if significant, could make the interpretation 

of the experimental data questionable. 
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5.3 Future work  

 

1.  Delivery Profiles 

Different delivery profiles will be presented to cells, including the time 

point of delivery, the delivery frequency, and quantity of each delivery, which 

will undoubtedly affect the dynamics of DNA incorporation into the gel network, 

as well as the dynamics in the mechanical stiffness of the gels.  Investigation on 

the magnitude and rate of the stiffness change together with the stiffness range 

will provide detailed information regarding the optimization of the 

implementation of the dynamic compliances.  Moreover, it would be meaningful 

to probe the potential cellular response to both increase and decrease in the 

mechanical stiffnesses of the substrates for any specific cell type.  

 

2.  Time-lapse study 

It would be interesting to probe the dynamics and time course of the 

responses of cells to the dynamic cues.  The intermediate stage in the cellular 

responses and neurite outgrowth would provide more information for both basic 

understanding and engineering designs.  In the time-lapse study of neuronal 

response to dynamic substrates, one may have to deploy either transfected 

neurons or neuron-specific dye to identify neurons, and trace their growth.  
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3 Three dimensional culture system 

Since it is expected that DNA crosslinking mechanism can be applied to 

the vinyl polymers, it would be highly significant to replace polyacrylamide with 

other polymers with demonstrated biocompatibilities and benefits for cell and 

tissue growth.  

 

4.  Local dynamics via local DNA delivery 

The capability of locally modifying mechanical properties holds many-

fold promises.  It could enable differential cellular responses in a location-specific 

manner (e.g., inside glia scar, distal or proximal to injury site in SCI).  

Additionally, it would enable the establishment of gradients in mechanical 

properties to facilitate directional and guided growth.    

 

5 Application oriented 

Further study of the effect of mechanical dynamics on stem cell growth 

and differentiation and the development of stem cell harvesting system could 

utilize the results from this dissertation research.   Scaffold design for neural and 

skin tissue engineering can reference the results provided herein on neurons and 

fibroblasts.  

 
 
References 

1. Abbott, A. Cell culture: Biology's new dimension. Nature. 424:870-872, 2003. 
2. Bershadsky, A. D., N. Q. Balaban, and B. Geiger. Adhesion-dependent cell 

mechanosensitivity. Annu Rev Cell Dev Biol. 19:677-695, 2003. 



 

 

242

3. Flanagan, L. A., Y. E. Ju, B. Marg, M. Osterfield, and P. A. Janmey. Neurite 
branching on deformable substrates. Neuroreport. 13:2411-2415, 2002. 

4. Georges, P. C., W. J. Miller, D. F. Meaney, E. S. Sawyer, and P. A. Janmey. 
Matrices with compliance comparable to that of brain tissue select neuronal over 
glial growth in mixed cortical cultures. Biophys J. 90:3012-3018, 2006. 

5. Wang, N., I. M. Tolic-Norrelykke, J. Chen, S. M. Mijailovich, J. P. Butler, J. J. 
Fredberg, and D. Stamenovic. Cell prestress. I. Stiffness and prestress are closely 
associated in adherent contractile cells. Am J Physiol Cell Physiol. 282:C606-616, 
2002. 

 
 



 

 

243

APPENDICES 

 

Appendix 1:  Mechanical characterization with microbeads 

Appendix 2:  DNA sequence design used in this dissertation research 

Appendix 3:  AFM probe of the neuronal micro-environment 

Appendix 4: BLAST search results 

 

 

Appe 1 Mechanical characterization with microbeads 

 

1.1 Background 

 

1.1.1 Potential neurite elongation induced by gel deformation 

Previous studies have shown that the traction force applied on the microenvironment that 

cells reside also plays a determining role in neuronal morphology and function, including 

neuronal polarity, and neurite elongation5, 8, 12.  

Table App 1-1 shows key observations on stretching induced neurite growth 

(Figure App1-1) from published studies.   Of particular relevance to the current study is 

the following:  

• For chick sensory ganglion neurons, pulling speed up to 100 µm/hr was applied, 

resulting in elongation of up to 960 µm1.  

• Stretching rate beyond 84 mm/hr is detrimental, while half that pulling speed is 

beneficial for neurite outgrowth11. 
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Taken together, these results demonstrate that tension-mediated axonal growth is a force-

dependent phenomenon. 

 

1.1.2 Rationale 

The aim of this study is to probe the displacement field by utilizing the location marker to 

assess the contraction of the DNA hydrogels upon increase in crosslinking density.  There 

are two commonly adopted approaches in acquiring spatial distribution of the traction 

forces10.  The first is to track the movement of the residing beads inside the deformable 

substrates and the second to measure the mechanical responses of force-sensing elements. 

The first approach is chosen in the study owing to its relative ease to work with. 

 

1.2 Materials and method 

 

1.2.1 Choice of micro-bead 

Due to the magnification needed to both visualize beads in the gels and capture as many 

beads as possible in a single view,  spherical beads of 4~5 micron (Polysciences Inc., 

Warrington, PA) were used and a magnification of 200X was applied with each image 

containing an average of 20 microbeads.  

 

1.2.2 DNA gel preparation and DNA delivery 

DNA gels of Design B (Appendix 2, 14/14/40) were prepared according to the protocol 

outlined before (Chapter 3B), except that 10% of the gel volume was replaced by micro-

bead solution (0.18 mg/mL).  Initial DNA crosslinking density was 50%.  Gels were 

immobilized to a 12 mm coverglasses by using an optical glue.  Each gel is 26 uL in 
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volume7. After swelling in PBS for two nights in the incubator (37°C), crosslinker DNA 

in the amount needed for 100% crosslinking was delivered to the gel.    

 

1.2.3 Imaging and Image analysis 

Images of the same spot in the gels were recorded immediately after DNA deliver and at 

the end of two days after DNA delivery.  The fixed objects on the underlying coverglass 

were used to register the microbeads embedded in the gels for both images.  The focal 

planes were chosen to be in between 40% and 60% of the depth of the gels, to minimize 

the edge effect.  The coordinates of each identifiable bead were measured with ImageJ 

software (NIH, Bethesda, MD).   

 

1.3 Results 

DNA gel samples were prepared by using DNA Design B of 14/14/40, and a spot on such 

gel sample was chosen for imaging (Figure App 1-2).   The thickness of the gel was 340 

µm as determined by using focusing mechanism.  

At different time points (0hr, 33hrs, etc.) images of the spatial distribution of the 

micro-beads were taken (Figure App 1-3(A)&(B)).  Then each bead was registered 

(Figure App 1-3(C)) with the two dimensional displacement vectors being calculated 

from the change of the coordinate of each bead.  Figure App 1-4 illustrates the magnitude 

and direction of displacement vectors for the local deformation in the DNA, as indicated 

by the embedded microbeads.  There is an apparent trend in deformation towards the 

center of the gel sample (Figure App1-2), and the magnitude increases away from the 

center (Figures App1-4&5).   A contour map and surface plot of the distribution of the 
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deformation was generated by using Surfer software (Golden Software, Golden, CO) and 

is shown in Figures App 1-4&5, where the general trend of deformation as indicated in 

Figure App 1-6 is clear.  

Due to the limited number of the markers that were traced, the contour plot was 

generated displaying local concentration (foci) of displacement (Figures App 1-4&5).  

With greater number and density of location markers, one will be able to see the 

displacement distribution in a graded fashion.  It is then estimated that the maximal 

deformation generated from this area (as seen in Figure App 1-6) is approximately 4 µm/ 

2.5 mm, which is 1.6 × 10-3.    

For neurons, the typical dimension of a neurite is approximately 10-50 µm, and in 

33 hr time period, the contraction induced elongation rate (Figure App 1-1) is 

approximately 2 × 10-3 µm/hr.  For axons of length up to 1 mm, the elongation rate is 

approximately 0.04 µm/hr.  Both of these elongation rates are much lower than those 

reported in previously published work (1.5 µm/hr, Table App1-1)6, 12.  

 

1.4  Discussion 

Although the results of the strain distribution in this study are limited due to the number 

of beads available and the imaging resolution, the method of deriving strain fields proves 

to be feasible and can provide sufficient quantitative information of gel system and can 

facilitate the analysis of the mechanical stresses and traction forces.  

The density of the beads distributed in the gels together with the relative dimen-

sion of beads to cells partly determines the accuracy that can be achieved.  For example, 

Butler et al.2 chose 0.2 µm beads to study human airway smooth muscle cells that are 
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much larger than the fibroblasts in our experiments, and constructed traction fields from 

displacement distribution based on an exact solution involving a Fourier transformation.  

Other factors affecting the sensitivity and accuracy of this technique include the 

resolution of the imaging devices utilized and efficacy of the adopted method (e.g., FEA 

based or Fourier transformation based method).  Nevertheless, this method demonstrated 

the feasibility of probing the local deformation in soft materials.  
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Table App 1-1. Key observations in stretching induced neurite growth from published 
studies. 
 
Key observations Neuronal cell type Ref. 
 Pulling speed up to 100 µm/hr 
 Elongation of neurite up to 960 µm 

Chick sensory 
ganglion neuron 

1 

 Tension threshold required for growth is 250~5600pN 
 Growth sensitivity of neurite to tension is 10pN (at a 

elongation rate of 1.5µm/hr) 

Chick sensory 
neuron 

6, 12 

 Tension threshold required for growth is 200~400pN 
 Growth rate of 100µm/hr at a tensions of less than 

1000pN 
 Increase of 1-3 µm/hr in growth rate for additional 

10pN 

Rat hippocampal 
neuron 

9 

 Tension threshold required for growth is 
1000~2000pN 

Peripheral neuron 4, 12 

 Growth rate of bundle of axons is 1mm/day 
 Stretching rate of 3.5mm/5min is good and 7mm/5 

min is detrimental.  
 Peak forces: 450pN at 3.5mm/5min and 900pN at 

7mm/5 min 

Bundles of axons;  
Primary rat cortical 
neurons  (E18); 
Differentiated 
human neurons 
from the N-tera2 
(NT2) cell line 

11 

 Tension threshold for elongation is 15-100 pN 
 Slow initial force ramps (1.5 and 11 pN/s) more likely 

to initiate axon than fast ones (450 pN/s) 

Embryonic chick 
forebrain neurons 

3 

 Tension threshold for elongation is 1500 pN with over 
700 pN for E14 neurons 

 Force application at 10 and 500 pN/s has similar 
possibility in initiating axonal growth 

Embryonic chick 
forebrain neurons 
(between E7 and 
E22 or equivalent) 

4 

 Note: 1 pN=10-12 N 
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ε

 
 
Figure App1-1.  Schematic of the concept of potential strain-induced elongation of the 
neurites.  By decreasing the crosslinking level in DNA gels, it is possible to induce 
reverse of the gel compaction. 
 
 

 
 

 
Figure App 1-2.  Schematic of experiments using microbeads to probe the deformation 
of the DNA crosslinked hydrogels.  A rectangular area approximately 2.5 mm away from 
the center was probed on a circular DNA gel sample (5mm in diameter and 340 µm in 
height). 
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Figure App 1-3. Distribution of the fluorescent beads in the area of interest. (A) 
Distribution of the beads at t = 0 hrs; (B) Distribution of the beads at t = 33 hrs; (C) 
Superposed bead distribution at t = 0hrs (red and solid circle) and t =33 hrs (dark blue 
and open circle) after registration.   
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Figure App 1-4.  Vector and contour map indicating the distribution of the deformation 
in the DNA gels based on the displacement of the embedded beads.  The general trend of 
deformation towards the center of the gel is apparent, and the magnitude increases away 
from the center.  Coordinates and magnitude of the deformation are in µm.  
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Figure App 1-5. Contour map and surface plot of the deformation as shown in Figure 
App 1-4.  The contour map (upper) shows the loci of deformation, which appear mainly 
due to the spacing between the beads and bead density in the gels.  Coordinates and 
magnitude of the deformation are in µm. 
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Figure App 1-6.  The trend line showing the strain distribution in the DNA gel samples 
as showing in Figure App 1-4.  The loci showing in Figure App 1-4 were attributed to the 
artifacts due to the limit on the number of beads, the spacing, and the smoothing 
algorithm used in generating contour.  If one ignores the loci and general distribution can 
be mapped as shown above.  The highest deformation one can find is approximately 3.8 
µm. 
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Appe 2 DNA sequence design used in this dissertation research (bp = base pairs) 
 
The DNA sequence designs used in this dissertation research are summarized in Table 
App 2-1.  
 
 
 
Table App 2-1 Sequence design used in this dissertation work.  
 
(A) Name # of 

bps 
DNA sequence (5’ to 3’) MW Tm 

(C) 
 SSA1 10 5’-Acrydite-GCA CCT TTG C-3’  3226.2 34.9 
 SSA2 10 5’-Acrydite-GTC AGA ATG A-3’ 3323.3 23.6 
 SL2 20 5’-TCA TTC TGA CGC AAA GGT GC-3’ 6117.0 56.0 
 SL2-D 30 5’-TCA TTC TGA CGC AAA GGT GC -- 

GCT ACA CTT G  
9182.0 63.9 

 SL2-R 30 5’-CAA GTG TAG C -- GC ACC TTT GCG 
TCA GAA TGA 

9231.0 63.9 

 L2_Non 30 5’-AAA AAA AAA AAA AAA AAA AAA AAA 
AAA AAA -3’ 

9334.3 46.7 

Note:  This design is used in the study described in Chapters 3B and 4C. 
 
 
(B) Name # of 

bps 
DNA sequence (5’ to 3’) MW Tm 

(C) 
 SMA1 14 5’-Acrydite- CGT GGC ATA GGA CT-3’ 4551.1 46.9 
 SMA2 14 5’-Acrydite- GTT TCC CAA TCA GA-3’ 4470.0 40.2 
 ML2 40 5’-TCT GAT TGG GAA ACA GTC CTA 

TGC CAC GGT TAC CTT CAT C-3’ 
12222.0 65.9 

 MR1 40 5’-GAT GAA GGT AAC CGT GGC ATA 
GGA CTG TTT CCC AAT CAG A-3’ 

12369.1 65.9 

Note:  This design is used in the study described in Chapter 4B. 
 
 
(C) Name # of 

bps 
DNA sequence (5’ to 3’) MW Tm 

(C) 
 SA1  20 5’-Acrydite-ACG GAG GTG TAT GCA 

ATG TC-3’  
6444.3 55.0 

 SA2 20 5’-Acrydite-CAT GCT TAG GGA CGA 
CTG GA-3’   

6429.3 56.6 

 L2 40 5’-TCC AGT CGT CCC TAA GCA TGG 
ACA TTG CAT ACA CCT CCG T-3’ 

12151.9 68.8 

Note:  This design is used in the study described in Chapter 3B. 
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Appe 3 AFM testing of spinal cord neurons on hydrogels  

(Performed by Dr. David Lin from NIH and Frank Xue Jiang) 

 

This study is aimed to provide insight into mechano-response of neurons to the substrate 

mechanical stiffness and potential remodeling of the extracellular matrix (ECM) by the 

neurons or astroglia.  We will approach this goal by focusing on the micro-environment 

(tens to hundreds of micron area surrounding neurons) as well as the mechanical 

properties of the soma and neurites, including axons and dendrites, in contrast to those of 

the substrates. 

The information obtained will facilitate biomaterial and bio-scaffold design for 

neural tissue engineering.  The AFM has emerged as a powerful tool for characterizing 

surface properties and analyzing nano scale structures.  Its prevalence in many fields, 

notably neuroscience and biomedical engineering, stems from unique features not found 

in other imaging and probing techniques.  These features (e.g., concurrent imaging and 

mechanical probing, availability of different tips, and the ability to probe samples 

submerged in liquid) make it an ideal tool for probing the mechanical properties of sub-

cellular structures under near native conditions. 

Micro- and nanoindentation of samples was performed using a Bioscope SZ AFM 

with the latest NanoScope V controller (maximal image resolutions of 5120 × 5120 

pixels) and integrated optical microscopy capabilities.  A scan resolution of 32×32 

indentations was employed.  To prevent damage to the cells, maximal indentation depths 

were kept below 100 nm.  Under such conditions, it is expected that linear elasticity 

theory can be applied with minimal loss of accuracy in the data analysis. 
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Cell population was maintained under normal culture conditions in culture dishes 

prior to testing.  To minimize the potential of contamination, AFM tips and tip holders 

were sterilized with alcohol solution and subjected to UV-ozone cleaning protocols.  A 

typical view of phase contrast micrograph of neurons on 8% bis-crosslinked gels and an 

AFM scan image is shown in Figure App 3-1.  

 

 

 

Figure App 3-1. (Right) Rat spinal cord cells cultured on 8% Bis-crosslinked 
polyacrylamide gels.  (Left) An AFM scanning image indicates the topography of the 
circled area in the right-hand image.  
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Appe 4 BLAST search results 

 

4.1 Purpose 

The delivered DNA strands, in most cases, in the single-stranded form, can potentially 

alter the biological activities of the cells, including fibroblasts and spinal cord cells.  One 

of the possible ways for this to happen is that these short ssDNA strands can be taken up 

by cells and act as anti-sense DNAs to modify gene expression.  For instance, these DNA 

strands could pair with target messenger RNA (mRNA) and prevent the translation of the 

mRNA.   

 It is, therefore, necessary to conduct a search of the sequence of the delivered 

DNA against the genome of the specific species to examine the probability of sequence 

matching.  The survey can be conducted by comparing the sequence of the DNA strands 

against the National Center for Biotechnology Information (NCBI) nucleotide database 

by using a basic local alignment search tool (BLAST) algorithm for close resemblance to 

biological sequences.    

 

4.2 Procedure 

We first identify the complement of the delivered ssDNA strand and the target biological 

tissue types to compare with (Table App 4-1).  All surveys were conducted on NCBI 

website (http://blast.ncbi.nlm.nih.gov/Blast.cgi).  First, the appropriate specie was chosen 

according to Table App 4-1.  Second, the corresponding sequence was entered, and 

‘genome (all assemblies)’ database and ‘megaBLAST’ program’ were opted.   The search 

program yielded reports with the assessment of the level of resemblance.   
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4.2  Results 

The results are summarized in Table App 4-2.  No significant similarity was found for the 

delivered DNA strands used in this dissertation work with the sequence in the genome of 

specific species.   

   A typical search summary (example shown for L2 in Design A) from The 

National Library of Medicine (NLM)@NIH website is shown below (upper panel), and 

an example of sequence matching is shown below in the lower panel: 

 

Search Parameters 
Program blastn 
Word size 28 
Expect value 0.01 
Hitlist size 100 
Match/Mismatch scores 1,-2 
Gapcosts 0,0 
Low Complexity Filter Yes 
Filter string  m L; R -d rodents.lib;
Genetic Code 1 

Database 
Posted date Nov 13, 2008 12:23 PM
Number of letters 5,387,086,425 
Number of sequences 8,014 
Entrez query none 
 

 
Karlin-Altschul statistics 
Params Ungapped Gapped 
Lambda 1.33271 1.28 
K 0.620991 0.46 
H 1.12409 0.85 

Results Statistics 
Length adjustment 25 
Effective length of query 5 
Effective length of database 5386886075 
Effective search space 26934430375
Effective search space used 26934430375
 
 

 
No significant similarity found. For reasons why,click here 
Other reports: Search Summary [Taxonomy reports] 
 
Score = 34.2 bits (17),  Expect = 5.7 
 Identities = 20/21 (95%), Gaps = 0/21 (0%) 
 Strand=Plus/Plus 
 
Query  2         ATGAAGGTAACCGTGGCATAG  22 
                 |||||||||||| |||||||| 
Sbjct  24293024  ATGAAGGTAACCTTGGCATAG  24293044 
 
 Features flanking this part of subject sequence: 
   238699 bp at 5' side: cadherin 10 
   257928 bp at 3' side: hypothetical protein 
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4.3  Summary 

 The likelihood is small that delivered crosslinker DNA could act as anti-sense DNA 

affecting gene expression, which could potentially alter the phenotype of the cells.  Thus, 

it is unlikely that these DNA strands per se would cause any significant change in the 

cellular response, particularly in their morphology and adhesion. 
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Table App 4-1.  The key information used for conducting BLAST searches for close 
resemblance to biological sequences.  
 
Study conducted Crosslinker L2  Specie Tissue type 
L929 fibroblasts  
(Chapter 4B) 

Design B (14/14/40) Mouse 
 

Subcutaneous areolar 
and adipose tissue  

GFP fibroblasts 
(Chapter 4B) 

Design B (14/14/40) Rat 
 

Skin tissues  
 

Spinal cord neurons 
(Chapter 4C) 

Design A (10/10/30)  Rat CNS, Spinal cord  

 

 

Table App 4-2.  Results for BLAST search for close resemblance to biological 
sequences.  
DNA 
gel 

Length/ 
maximal 
length of 
matching 

Database Name Query 
ID 

Program Conclusion 

Design 
A 

30/16 gpipe/10116/all_contig 
 
rat build 4 genome database 
(reference and alternate 
assemblies) 

lcl|5243 
 

BLASTN 
2.2.18+ 

No 
significant 
similarity 
found. 

Design 
B 

40/20 dbindex/10090/allcontig_and_rna 
 
mouse build 37 RNA, reference 
and alternate assemblies 

lcl|13815 BLASTN 
2.2.18+ 

No 
significant 
similarity 
found. 

Design 
B 

40/20 gpipe/10116/all_contig 
 
rat build 4 genome database 
(reference and alternate 
assemblies) 

lcl|22858 
 

BLASTN 
2.2.18+ 
 

No 
significant 
similarity 
found. 
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