
UC San Diego
UC San Diego Electronic Theses and Dissertations

Title
Dynamic surface topography influences cell function

Permalink
https://escholarship.org/uc/item/1wk0s089

Author
Kiang, Jennifer Deng

Publication Date
2012
 
Peer reviewed|Thesis/dissertation

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

https://escholarship.org/uc/item/1wk0s089
https://escholarship.org
http://www.cdlib.org/


 
 

 

 

 

 

 

UNIVERSITY OF CALIFORNIA, SAN DIEGO 

 

Dynamic Surface Topography Influences Cell Function 

 

 

 

 

A thesis submitted in partial satisfaction of the requirements for the degree of Master of Science 

 

 

in 

 

 

Bioengineering 

 

 

by 

 

 

Jennifer Deng Kiang 

 

 

 

 

 

 

 

Committee in charge: 

 Professor Adam J. Engler, Chair 

 Professor Shyni Varghese 

 Professor Juan Carlos del Alamo 

  

 

 

2012



 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Copyright 

Jennifer Deng Kiang, 2012 

All rights reserved. 



iii 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
The Thesis of Jennifer Deng Kiang is approved and it is acceptable in quality and form for 

publication on microfilm and electronically: 

 

 

________________________________________________________________________ 

 

 

________________________________________________________________________ 

 

 

________________________________________________________________________ 

                     Chair  

 

 

University of California, San Diego 

 

2012 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv 
 

TABLE OF CONTENTS 

 
   

   

 Signature Page   ................................................................................................... iii 

 Table of Contents   .............................................................................................. iv 

 Nomenclature   .................................................................................................... vi 

 List of Figures  .................................................................................................... vii 

 List of Tables   .................................................................................................... viii 

 Acknowledgements   .......................................................................................... ix 

 Abstract   ............................................................................................................. x 

   

I Introduction   ....................................................................................................... 1 

 1.1. Factors Implicated in Mesenchymal Stem Cell Differentiation  ... 1 

 1.2. Current Work in Micro- and Nano-topography to Influence Cell  

       Behavior   ........................................................................................ 

 

2 

 1.2.1. Types of Topographical Features    ................................ 2 

 1.2.2. Topographical Feature Size    .........................................  4 

 1.2.3. Spatial Organization of Topographical Features   ......... 5 

 1.3. Effect of Substrate Stiffness of Stem Cell Differentiation  ............ 5 

 1.4. Thesis Organization   ...................................................................... 6 

   

II Material Synthesis and Characterization   ………………………...................... 7 

 2.1. Material Synthesis   ........................................................................ 7 

 2.1.1. Synthesis of a Two-Layer Polyacrylamide Hydrogel  

          System ............................................................................ 

 

7 

 2.1.2. Magnetic Particle Selection and Fabrication   ................ 9 

 2.1.3. Microwire Fabrication   .................................................. 10 

 2.1.4. Fabrication of Microwire-Embedded Hydrogels   .......... 12 

 2.2. Material Characterization   .............................................................. 13 

 2.2.1. Magnetic Field-Induced Change in Topography   .......... 13 

 2.2.2. Comparison of Topographical and Lateral               

          Displacements  ..,............................................................. 

 

15 

 2.2.3. Atomic Force Microscopy   ............................................ 17 

 2.2.4  Resistance to Viscoelastic Creep   .................................. 23 

 2.3. Conclusions  .................................................................................... 25 

   

III Cellular Response to a Substrate with Dynamic Topography 26 

 3.1. Introduction   .................................................................................. 26 

 3.2. Methods   ........................................................................................ 26 

 3.2.1. Cell Type   ………………………………….…….......... 26 

 3.2.2. Transfection Protocol   .................................................... 26 

 3.2.3. Methods for Cellular Response to a Step-Function  

           Topography Change   ..................................................... 

 

28 

 3.2.4. Methods for Cellular Response to Dynamic  

           Topography Modulation   .............................................. 

 

28 

 3.3. Results   ........................................................................................... 29 

 3.3.1. Results of Cellular Response to a Step-Function  

           Topography Change   ..................................................... 

 

29 



v 
 

 3.3.2. Results of the Cellular Response to Dynamic 

Topography Modulation   …………………............................ 

 

33 

 

IV Conclusions   ...................................................................................................... 40 

   

 References   ........................................................................................................ 42 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vi 
 

 

NOMENCLATURE  
 

 

  
MSC mesenchymal stem cell 

BMSC bone marrow-derived mesenchymal stem cell 
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kPa kilopascal 

PA polyacrylamide 

mL milliliter 

mm millimeter 
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dH2O distilled water 

min minutes 

RPM rotations per minute 

sec seconds 

NaOH sodium hydroxide 

APS ammonium persulfate 

DCDMS dimethyldichlorosilane 

TEMED tetramethylethylenediamine 

UV ultraviolet 

HEPES 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid 

μg microgram 

PBS phosphate buffered saline 

NdFeB neodymium 

T Tesla 

AFM atomic force microscope 

mg milligram 

BSA bovine serum albumin 

hr hour 

nN nano-Newton 

DMEM Dulbecco’s Modified Eagle Medium 

FBS fetal bovine serum 

mM millimolar 

LB lysogeny broth 

TXRD Texas Red  

ANCOVA analysis of covariance 

Hz Hertz 

SEM standard error of the mean 
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ABSTRACT OF THE THESIS 
 

 

 

Dynamic Surface Topography Influences Cell Function 

 

 

 

by 
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University of California, San Diego, 2012 

 

Professor Adam J. Engler, Chair 

 

 Micro- and nano-scale changes in surface topography can modulate mesenchymal stem 

cell (MSC) differentiation; rough surfaces have been shown to induce osteogenesis to varying 

degrees depending on the scale and nature of the topographical features. However, in the in vivo 

environment, topography is constantly changing due to remodeling by cells within the niche. To 

better understand how mesenchymal stem cells respond to changes in topography over time, we 

developed a soft polyacrylamide hydrogel with magnetic nickel microwires randomly oriented in 

the surface of the material. Varying the magnetic field around the microwires can reversibly 

induce their alignment with the direction of the field, causing the smooth hydrogel surface to 

develop small wrinkles. By varying the density of wires in the hydrogel, surface roughness 

changes, ΔRRMS, ranged from 0.09 µm (wire-free substrates) to 0.52 µm (maximum wire density) 

a custom displacement mapping software. Time-dependent topographical changes were achieved 

by oscillating the field around the microwires using step function or cyclic changes.  Smooth 

muscle cells plated onto these substrates changed morphology by shrinking within minutes of 

inducing a step change in topography.   However, on a longer time scale characterized by a 



xi 
 

continual modulation of topography, cells show no appreciable response, likely due to their 

propensity to remodel over longer time scales. Being able to dynamically study how cells respond 

to changes in topography will improve our current understanding of topography-driven effects on  

cell behavior, and eventually, on stem cell differentiation.
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Chapter I 

 

 

INTRODUCTION 

 

 
 

1.1. Factors Implicated in Mesenchymal Stem Cell Differentiation 

 Mesenchymal stem cells (MSCs) are a class of multipotent adult stem cells that can self-

renew, and differentiate into mesodermal lineages in response to specific microenvironmental 

niches, which are comprised of various soluble and insoluble chemical, structural, and 

mechanical factors [1].  Being able to control lineage expression in these cells, particularly at a 

high efficiency, has significant clinical applications where MSCs could be used to provide growth 

factors for tissue repair, or they themselves could repair or regenerate tissue damaged by disease, 

injury, or age. However, these in vivo microenvironments are very complex, and thus far have 

proved very difficult to replicate in vitro, often resulting in significant heterogeneity in the 

differentiated cell population[2].  

 The mechanical and structural factors that contribute to differentiation cues for MSCs can 

be broadly broken down into components such as matrix stiffness, architecture, and other external 

forces[3], but this thesis concentrates on the role of topography, specifically how its modulation 

over time may affect cell behavior. Being able to dynamically study how cells respond to changes 

in topography will improve our current understanding of topography-driven effects on 

cytoskeletal assembly and remodeling, and eventually, on stem cell differentiation.  This idea of 

topography, however, is also inherently coupled to substrate stiffness, as will be discussed. Prior 

to discussing the current work in this thesis, however, it is necessary to provide a concise review 

of the state of the field concerning the influence of topography on cell behavior. 
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1.2. Current Work in Micro- and Nano-topography to Influence Cell Behavior 

While many studies have examined the role of topography in conjunction with chemical 

differentiation factors [4, 5], recent work has demonstrated that topography alone, in the absence 

of any chemical cues, can alter cell behavior.  These topography-dependent characteristics 

include adhesion [6, 7], migration [8, 9], morphology [10], growth [11, 12], proliferation [13], 

and in particular, MSC differentiation[14].    

The idea of topography in this application encompasses all aspects of surface shapes and 

features including the type, size, and organization of features.  Surface chemistry (e.g. ligand 

type, patterning, spacing and density) is also often categorized into this field.  While all of these 

characteristics are relevant to topography, it is an exceedingly broad categorization because of the 

widely heterogeneous effects that different types and scales of topography can have on cells.  

Additionally, even in the absence of any chemical factors, topography is also inherently coupled 

to other types of extracellular cues, namely, substrate stiffness. Thus the discussion here as well 

as the thesis question of dynamic topography will be limited to submicron roughness changes. 

 

1.2.1. Types of Topographical Features 

The first aspect of micro- and nano-topography to be discussed is the type of feature 

studied, which is closely tied to the fabrication technique, i.e. electrospinning, lithography and 

etching, and phase separation, among other methods.  Electrospinning creates a fibrous mesh to 

which cells can adhere. The mesh is fabricated by applying a strong electric field to a droplet of 

(usually polymer) solution, which stretches it and causes it to solidify into micro- to nano-scale 

fibers. Electrospun nanofibers made of synthetic polymers have been shown to drive bone 

marrow-derived MSC’s (BMSC’s) to neuronal [4], epidermal [15], and chondrogenic [16] 

lineages depending on the growth factors added.  Despite growth factor signaling, stem cell 

induction via electrospun fibers has varied widely with similar conditions, resulting in both 
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osteogenic and adipogenic lineages [17]. The use of silk nanofibers, however, has been shown to 

encourage osteogenesis. Electrospinning allows for fine control over the fiber diameter, and the 

mixture of polymers at the monomer, fiber, and scaffold levels. The biggest drawback of 

electrospun fiber networks is the lack of control over matrix porosity[18]. 

Lithography is a technique used to create micro- and nano-pillars and grooves, as 

opposed to a 3D fiber network.  The lithographic process starts by selectively exposing parts of a 

light- or electron-sensitive material using a patterned mask, selectively removing the resist and 

leaving parts of the material susceptible to etching, resulting in features such as pillars and 

grooves. UV lithography is the most common technique used, and can develop features down to 1 

μm [19, 20]. Electron beam lithography has also become popular to fabricate nanoscale features 

with lateral resolution of less than 10 nm [19].  It has recently been used to synthesize pits and 

islands, in addition to grooves and pillars [21]. While lithography can generate a variety of 

features in regard to both scale and geometry and can be scalable to fit the throughput required 

for an application, it is an expensive and time-consuming fabrication process.  Lithography has 

been used in many instances to modulate BMSC differentiation. For example, a reverse casting of 

a PDMS mold with 13 μm grooves from a lithographically-patterned wafer was shown to 

upregulate neuronal markers in BMSC’s [22].  200 nm alumina and titania nanoparticles have 

also been shown to improve MSC cell adhesion and self-renewal [23, 24]. 

Polymer phase separation is another topography fabrication technique used to create 

micro- and nano-scale pits and islands in which microphase separation of dissimilar diblock 

copolymers, which may separate due to effects such as charge, phobicity/philicity, or solvent 

miscibility, create domains of dissimilar height. Typically it is difficult to control the order of 

these nanoscopic features, as phase separation is not patterned in any way, bus a recent study was 

able to create more controlled patterns by tethering phase-separating polymer blocks to yield 
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inverse micelles [25]. Polymer phase separation has been used to demonstrate modulation of 

functions such as cell adhesion, spreading, proliferation, and differentiation [26].   

 

1.2.2. Topographical Feature Size 

In its microenvironment, a cell will feel not only feel the geometry of the surfaces 

surrounding it, but the scale of those surfaces as well, e.g. porosity can dictate the effective 

dimensionality of a microenvironment.  Individual cells interact with features ranging from 

microns (such as the organization of surrounding cells and matrix fibrils) to nanometers (such as 

ligand presentation). Thus, in addition changing feature type, various groups have looked at the 

effect of modulating the size of their surface features while maintaining a constant geometry.  

One particular area of interest has been to better define the upper and lower limits of 

topography that a cell will respond to.  However, there still appears to be disagreement as to its 

effects. Amongst varied feature types (e.g. pits, pillars), several reports indicate that cells appear 

to become smaller and rounded with less organized cytoskeletons when the feature size falls 

below 5 μm [19]. Other studies report that focal adhesion formation and cellular responses are 

impaired between the 50nm through the micron-level, but that stem cell adhesion and 

differentiation are improved on either a smaller or larger scale. These studies also looked at a 

variety of topographical features (e.g. pillars, islands, pits) [14].   

Finally, the application of carbon nanotubes to the question of topographical effect has 

also yielded distinctive results.  Oh, et al. found nanotubes with a 100nm diameter promoted 

osteogenic differentiation of MSC’s significantly more than those cultured on nanotubes with 

<50nm diameter [27].   

There is still considerable discrepancy in the literature regarding the effect of topography 

size on cell behavior. Many of the reviews in this area attempt to draw conclusions from studies 

that use widely varying types of topographical features that have been fabricated using different 
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methods, and have different inherent stiffnesses.   It is likely that the inconsistent conclusions are 

a result of these other factors; i.e. it seems premature to draw conclusions without more control of 

the variables involved. 

 

1.2.3. Spatial Organization of Topographical Features 

Many of these topographical patterns, notably grooves, islands, and pits fabricated by 

lithography, have a repeating order, or pattern. This also has a significant effect on how cells 

respond.  In the case of groove-like structures, while the degree of response was dependent on the 

cell type and groove characteristics, cells generally aligned and elongated in the direction of the 

groove.  This characteristic has proved valuable as a means of contact guidance for neuronal-type 

cells [22]. It has also been shown that no cell type thus far (with the exception of red blood cells) 

will respond to features placed more than 20 μm apart [19]. In regard to pits, it has been found 

that MSC’s respond much more strongly down an osteogenic lineage when confronted with an 

array of pits with controlled disorder, in comparison to a perfectly ordered pattern [21].  These 

examples demonstrate that the disparity between highly ordered and disordered patterns can result 

in significant differences in the morphology and differentiation of cells. 

 

1.3 Effect of Substrate Stiffness on Stem Cell Differentiation 

 Independent of topography type, size, organization, or frequency, all topographical 

features must be made in some material, and that material has an inherent Young’s modulus, E,  

or “stiffness”, which can be measured from the stress-strain relationship when a material is 

undergoing tensile loading. Therefore, it is also important to mention substrate stiffness as a 

consideration for cell behavior, especially given its previously documented influence on MSC 

differentiation.  It has been shown for a range of physiological stiffnesses (1, 11, and 34 kPa), that 

in the absence of any chemical factors, MSC’s can be induced towards neuronal, myogenic, and 

osteogenic lineages by substrate stiffness alone [28]. All topography studies thus far have been 
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performed on relatively stiff substrates, for example, polydimethylsiloxane (PDMS), 

poly(methylmethacrylate) (PMMA), polystyrene (PS), silicon, carbon nanotubes, and others [19]. 

As such, all effects on topography have been performed while coupled to a stiff substrate.  This is 

an obvious limitation to the work done so far to elucidate the role of topography on stem cell 

differentiation.  What would be the effect of topographical features on a soft substrate? This 

project proposes a platform that would allow for a modulation in substrate stiffness, as well as 

modulation of topography in both space and time. 

 

1.4. Thesis Organization 

This thesis provides a summary of a novel cell culture substrate platform that relies on 

the magnetic actuation of micron-scale magnetic particles embedded in a PA hydrogel to 

reversibly induce a random surface topography in a soft material to which cells can respond.  

Varying the magnetic field around the microwires can reversibly induce their alignment with the 

direction of the field, causing the smooth hydrogel surface to develop small wrinkles.  Details of 

the fabrication of the microwires and the hydrogel are described in Chapter II.  Chapter III 

discusses the response of cells on this substrate in two cases: the first being a step function 

change in topography from smooth to rough, and the second being a prolonged oscillation 

between the rough and smooth states.  A summary of this project and the implications of its 

results are laid out in Chapter IV. 
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Chapter II 

 

 

Material Synthesis and Characterization 

 

 
 

2.1. Material Synthesis 

This topographically dynamic cell culture substrate is composed of a soft polyacrylamide 

hydrogel with magnetic microwires embedded near the surface to induce reversible deformations, 

or “wrinkles” which cells can then respond to. This chapter discusses the protocol used to 

synthesize this hydrogel platform, as well as its subsequent material characterization. 

 

2.1.1 Synthesis of a Two-Layer Polyacrylamide Hydrogel System 

 Polyacrylamide hydrogels are a common biomaterial used for cell culture composed of 

acrylamide and bis-acrylamide monomers that are connected by free radical polymerization.  The 

side chains of the bis-acrylamide monomers are used to cross-link the acrylamide chains into a 

mesh (Figure 2.1).  A major benefit to the polyacrylamide hydrogel system is that surface 

chemistry can be kept constant while changing its mechanical properties [29]. The concentration 

of acrylamide and bis-acrylamide can be modulated to yield hydrogels with varying Young’s 

moduli while keeping the surface chemistry constant [29]. For my application, a PA hydrogel 

with a Young’s modulus of 1 kPa was used; the acrylamide and bis-acrylamide contents are as 

follows:  
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Figure 2.1. Schematic of polyacrylamide hydrogel assembly by free radical polymerization. 
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Table 2.1. Adapted from [29]. The relative concentrations of acrylamide and bis-acrylamide and 

their expected modulus of elasticity. The volumes in the last three columns make a total volume 

of 10 mL of hydrogel solution.  APS and TEMED are added at volumes of 1% and 0.1%, 

respectively. 

 

Hydrogel 

Stiffness 

(kPa) 

Acrylamide % Bis-

Acrylamide % 

Acrylamide 

from 40% 

stock (mL) 

Bis-

acrylamide 

from 2% 

stock (mL) 

Water (mL) 

1.00 ± 0.31 5 0.03 1.25 0.15 8.6 

 

  

Relatively soft hydrogels were used in order to maximize the deformation induced by the 

magnetic torqueing of the microwires.  These PA hydrogels were polymerized onto 25 mm glass 

coverslips that had been activated by amino-silanation to covalently bind the hydrogel to the 

surface of the coverslip.  As this could potentially be developed to drive mesenchymal stem cell 

differentiation, it should be noted that these stiffnesses on static PA hydrogels correspond to 

differentiation to a neuronal-like cell lineage [28]. 

For this substrate, a dual-layer hydrogel system using a two-step polymerization process 

was adopted. It was necessary to confine the magnetic particles to the surface of the hydrogel so 

that they would provide a maximal torque on the surface.  This was achieved by first 

polymerizing a thick layer of PA, adding a small volume of wires suspended in solution, then 

polymerizing a thin layer of PA on top of that.  This system allows for the wires to remain 

confined to the top surface of the hydrogel where they can transduce the maximal force to 

deforming the hydrogel surface, while eliminating any effect of the high elastic modulus of the 

glass coverslip underneath.  

 

2.1.2. Magnetic Particle Selection and Fabrication 

Three types of magnetic nickel particles were polymerized into the top surface of the 

hydrogel. First, nickel nanowires (courtesy of Dr. Nathan Sniadecki at the University of 

Washington) (20 μm in length by 300 nm diameter), synthesized by electrolysis of a nickel  
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solution through an Anodisc filter were used [30]. With the strongest magnetic field available 

(see section 2.2.1), these nanowires proved to be too small, creating too little force to deform the 

hydrogel.  As shown in Figure 2.2, only the aligned bundles of wires that sometimes associated 

(usually ~1 μm in diameter) had enough torque to visibly deform the gel; the individual 

nanowires did not. The same conclusions resulted from tests with spherical nickel microbeads as 

well (1-4 μm diameter, Thermo Scientific #21353), where they did not generate enough force 

from the magnetic field to cause any topographical changes in the hydrogel. Based on the 

previous observations with aggregate wire bundles of this size, the magnetic particle size required 

to produce a response was at least 1 μm in diameter and 20 μm in length. Unfortunately, no such 

wires are commercially available, so a microwire fabrication procedure to make wires to these 

specifications was developed. 

 

2.1.3. Microwire Fabrication 

To fabricate microwires to these specifications, a 50 cm segment of 0.025 mm diameter 

nickel wire (#40672, Alfa Aesar) was used, cut it into ~1 cm lengths, and etched in a dilute acid 

solution of one part nitric acid and one part dH2O (prepared immediately before use) for 20 min.  

This yielded a wire diameter of approximately 5 μm.   The etching was terminated by diluting the 

acid solution out with water and embedding the resultant wires in Optimal Cutting Temperature 

(OCT) compound. The wires were all aligned to the same orientation by application of magnetic 

field.  Once the wires were frozen in solid state OCT, they were cryosectioned into 20 μm lengths 

by cutting sections perpendicular to the wire axis.  

To purify the wires, the OCT sections were diluted with 10 mL of dH2O, mixed well, and 

centrifuged for 5 min at 2000 RPM to sediment the OCT and any remaining debris.  The wires 

were then precipitated with a magnet, and the remaining solution discarded.  Another 10 mL of 

dH2O were added, the solution and wires mixed well, then spun down again for another 5 min at  
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Figure 2.2. Nickel nanowires polymerized in a 1 kPa two-layer PA hydrogel in a neutral state 

(left) and in the presence of a magnetic field (right). Scale bar = 20 μm. 
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2000 RPM.  Again, the wires were precipitated and the residual solution discarded.  The wires 

were then suspended in dH2O.  The wires were vortexed for 30 sec, sonicated for 10 min, 

autoclaved, and vortexed and sonicated again immediately prior to every use.  

 

2.1.4. Fabrication of Microwire-Embedded PA Hydrogels 

The microwire-embedded hydrogels were fabricated by the protocol briefly described in 

section 2.1.1. Amino-activated glass coverslips were made based on previous methods [29]. In 

summary, aminosilanation was achieved by drying NaOH uniformly onto the coverslip, adding 

APES, washing with dH2O, then incubating in gluteraldehyde. Coverslips were then dried from 

excess gluteraldehyde and ready for use.  Hydrogels were made on DCDMS-coated slides to 

make them hydrophobic so that the hydrogels would only adhere to the amino-activated 

coverslips, and not the opposing slide. To make the two-layer hydrogels, the acrylamide/bis-

acrylamide solution could be made ahead of time and stored; the APS and TEMED were added 

immediately prior to polymerization.  After adding the initiator, a 20 μL drop of wire solution 

was added to the hydrophobic slide, then a coverslip with its activated side down was carefully 

placed on top of it.  Once the first hydrogel was polymerized (~20 min), the coverslip with 

attached hydrogel was separated from the slide, and a 20 μL drop of wire solution was dropped 

onto the hydrogel and carefully spread with the side of a 20 μL pipette tip.  Any residual water 

sitting on the hydrogel was pipetted off, and another 8 μL of hydrogel solution was dropped onto 

the slide.  The coverslip was inverted (gel side down) to cover it.  Once the second layer had 

polymerized, the hydrogel was rinsed in dH2O and allowed to hydrate for at least 30 min before 

being coated with protein to promote cell adhesion.  The coverslip was immersed in Sulfo-

SAMPAH, a heterobifunctional protein cross-linker, and activated by UV light (305 nm 

wavelength) for 10 min.  The hydrogel was then washed three times in HEPES buffer under 
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sterile conditions and incubated with 10 μg/mL of human fibronectin at 37°C for at least two 

hours.  The hydrogels were then rinsed in PBS and ready for use. 

 

2.2. Material Characterization 

Two-layer PA hydrogels embedded with magnetic microwires deviate from previously 

characterized PA hydrogels due to their multi-step polymerization and inclusion of wires[29]; 

therefore, surface properties and hydrogel mechanics were measured.  Since the hydrogel is 

polymerized in two steps, the identical layers may mix, re-polymerizing and interacting with each 

other to change overall hydrogel stiffness. Introduction of nickel microwires into the substrate 

may also change local stiffness.  Given the repeated cycles of an oscillating magnetic field, it was 

also important to test for viscoelastic creep to ensure the integrity of the topographical features 

over time.  

 

2.2.1 Magnetic Field-Induced Change in Topography 

 The next step after developing the substrate was to confirm and quantify the changes in 

topography between rough and smooth states.  Confocal microscopy would not resolve the 

topographical features because of the size of the features, and the lack of z-resolution.  Therefore, 

traction force microscopy was used to visualize the surface topography. The magnetic field used 

in this experiment and the subsequent cell morphology experiments utilized two aligned NdFeB 

block magnets, each exerting a magnetic field of 0.31 T [30] with a small separation in the middle 

(Figure 2.3). Therefore, the field was primarily perpendicular to the plane of the hydrogel.  It 

should be noted though, that this cannot be used as a predictor of the features that the wires will 

create because the wires are oriented randomly.  

 Using an image analysis software developed by Dr. Juan Carlos del Alamo, traction force 

microscopy was performed on the hydrogels to detect displacements and traction forces in 3D.  It 

was originally developed to look at traction forces that single cells will exert on a deformable  



 
14 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3. Schematic of magnet orientation used to acquire confocal stacks for traction force 

microscopy. 
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hydrogel, but it was used in this project to visualize the features created by the microwires 

deforming the hydrogel.  Since the software relies on a fluorescent particle tracking algorithm, 

0.1 μm fluorescent microspheres (Invitrogen, #F8803) were added to the hydrogel during the 

polymerization step at a concentration of 30 μL per mL of PA solution.  The beads were added to 

the unpolymerized solution, vortexed for 30 sec, and sonicated for 10 min to ensure even 

distribution.  APS and TEMED were added to initiate polymerization.  For the purposes of the 

experiment detailed here, the only relevant deformation was in the surface of the hydrogel, so 

fluorescent beads were only added to the 8 μL upper hydrogel layer. Two sets of confocal z-stack 

images were taken through the top layer of the hydrogel (usually about 10-15 μm thick with one 

z-stack every 0.4 μm) to capture bead positions in the undeformed state as well as in the magnetic 

field-induced “rough” state. The traction force software was then able to track groups of particles 

to compute the displacements of the hydrogel in x-, y-, and z-dimensions (Figure 2.4A, B). 

Samples with varying wire concentrations were analyzed, and a relatively strong positive 

correlation was found between wire density (as measured by the ratio of wire area to total view 

area), and surface roughness (Figure 2.4C).  

 

2.2.2 Comparison of Topographical and Lateral Displacements 

 PA hydrogels are almost entirely water, and thus experimentally-determined Poisson’s 

ratios range from 0.33-0.45 [31].  This translates into the fact that being an elastic solid, any 

perturbation caused by a wire in the z-direction will be equally compensated in the x- and y-

directions.  Because this project focuses on the effect of topography and not strain, on cell 

morphology, it was important to verify that majority of the displacements within the hydrogel 

occurred in the z-direction.  This was analyzed by looking at all of the images used to 

characterize the surface roughness, and additionally looking at the x- and y- displacements at 

each point, in addition to the z-displacements. For each frame of view, the x- and y-displacements  
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Figure 2.4. Microwire-embedded matrix characterization. (A) Displacement field induced by 

microwires in a 0.31 T magnetic field from traction force microscopy (TFM) analysis. Scale bar = 

20 μm (B) Topographical map of surface feature changes, features are on the order of 0.5-1.0μm. 
(C) TFM analysis shows a positive correlation between the root-mean-square surface surface 

roughness (RRMS) and wire density; y=4.1542x + 0.0928, R
2
=0.744. 
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at each point were compared to the z-displacement to create a map where the x- and y-

displacements exceeded the z-displacements and vice versa (Figure 2.5A). Global displacement 

ratios, regardless of substrate roughness, were also expressed as the ratio of z-displacements 

averaged over the entire image, to the averaged x- and y-displacements to give a general 

‘displacement ratio’.  A value greater than 1 would imply a greater deformation in the z-, than in 

the x- or y-directions. Figure 2.5B shows that while there was considerable variability between 

the samples, in general z-displacements exceeded x- or y-displacements. 

 

2.2.3 Atomic Force Microscopy  

In addition to topography, i.e. ∆RRMS, the static hydrogel properties, including elastic 

modulus and topography, also required characterization. The atomic force microscope (AFM) is 

essentially a very sensitive cantilever that can detect micro- to nano-scale changes in topography 

and modulus.  Figure 2.6 illustrates the mechanics of the AFM.  A cantilever tip is attached to the 

cantilever point, and a laser is directed onto the cantilever tip to produce a deflection beam to 

some point in its resting state. The cantilever is attached to a piezo-electric motor to ensure fine z-

direction control.  As the tip approaches and touches the surface, there is no change in deflection, 

but once it contacts the material, increasing indentation results in increasing force imparted on the 

material from the cantilever.  Based on the change in deflection in relation to the distance that the 

cantilever moves in the z-direction, the modulus and topography of the sample can be 

calculated[32].   

 For this experiment, a gold-plated pyramidal cantilever tip was used because of the fine 

spatial detail that it can resolve. Also, the hydrogel samples were coated in 1 mg/mL bovine 

serum albumin (BSA) for 12-24 hr before imaging to counter hydrophobic effects.  The AFM tip 

and sample are both very prone to interactions, meaning that when the tip contacts the hydrogel 

surface, it is resistant to release.  This “stickiness” can impede the collection of measurements.   
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Figure 2.5. (A) Brightfield displacement map (with x- and y-displacements denoted by the 

direction and magnitude of the arrows, and z-displacements denoted by color) overlaid with 

shaded maps of displacement comparison.  The white areas indicate regions where the x- and y-

displacements exceed the z-displacements. (B) Overall, the z-displacements exceed both the x- 

and y-displacements (i.e. the displacement ratio is greater than 1). 
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Figure 2.6. Schematic of AFM mechanism. A laser is directed at the pyramidal cantilever tip, 

which then deflects light to a point on the detector.  When the cantilever tip indents into the 

sample, it bends slightly and changes the position of the deflection beam.  
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The BSA provides an inert coating to minimize any interactions between the tip and hydrogel 

surface. Because this substrate is very soft and “sticky”, a low trigger force (3 nN) and high force 

distance (7-8 μm) were used.  A low trigger force signals the tip to release without indenting very 

deeply into the sample, and a high force distance allows the tip to move 7-8 μm in the z-direction, 

to minimize the likelihood that the tip will remain bonded to the surface of the hydrogel. 

 The AFM was used first to look at the initial topography of the undeformed hydrogel.  

The AFM hardware and software work together to output topography by utilizing the motor to 

keep track of how far the tip moves until it reaches its trigger force, and tracking that trigger force 

z-position as the surface z-position (Figure 2.7A).  However, the inherent flaw in this method is 

that with a sample of varying stiffness, the tip will only indent shallowly into a stiff surface 

before reaching its trigger force, and deeply into a soft surface.  Therefore, using this algorithm 

on a hypothetical surface that is perfectly smooth but varies in stiffness will show peaks at its stiff 

points and valleys at its soft points.  For this experiment, a correction software (courtesy of Dr. 

Alex Fuhrmann) was able to circumvent this problem.  Assuming that the sample is a viscoelastic 

solid, there should be two linear regions when the AFM force curve is transformed using a 

Hertzian model; one region where there is no change in deflection in relation to moving the motor 

in the z-direction before the tip contacts the surface, and another region where the deflection 

changes linearly with the change in z which occurs after the tip contacts the surface and is 

indenting in (Figure 2.7B).  This software finds the slopes of these two linear regions and 

calculates where they should theoretically intersect to yield the surface z-position (Figure 2.7B).  

In this way, it can compensate for areas of higher or lower elastic modulus.  

 The results of these topography maps (Figure 2.8) show a relatively flat surface with a 

gradual slope over the wire.  While the total height difference amount to ~5 μm, we postulated 

that it should not be a factor influencing cell behavior because of the scale of the gentle slope  
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Figure 2.7. (A) AFM force curve and corresponding (B) Hertzian transformation highlighting the 

two linear regions and corrected contact point. 
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Figure 2.8. Effects of microwires on PA polymerization (A) Relative surface topography of 

hydrogel over a wire (B) PA stiffness decreases 2-fold over a microwire (C) Brightfield image of 

AFM scan. Yellow box outlines the maximum scan area; blue box outlines the scan area used 

(60μm x 50μm). Scale bar = 50 μm. 
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over the wire in comparison to the smaller wire-induced topography. However, to substantiate 

this hypothesis, we added an extra control in the cell experiments (Section 3.3.1)  

 The Young’s modulus over a wire embedded in the hydrogel was also calculated from the 

slope of the second linear region of the Hertzian model.  This relates the movement of the 

cantilever to the change in deflection, or the resistance of the material to indentation by the 

cantilever.  The stiffness of the hydrogel was shown to increase to about 3 kPa over the microwire 

(Figure 2.8). The differences in topography and stiffness over the microwires were accounted for 

by adding an extra control hydrogel to the cell experiments.  In addition to the static hydrogel 

control (with microwires but no magnetic actuation), a control of a static PA hydrogel with no 

wires was also included, but neither dataset shown, as both reflect previous data of uniform 

material [33]. 

 

2.2.4 Resistance to Viscoelastic Creep  

 The last parameter tested for this substrate was its tendency towards viscoelastic creep, or 

the plastic deformation of a sample under constant load at constant temperature over time [34].  

Polymers, such as PA, are prone to exhibiting an initial strain when load is applied, but 

continuing to plastically deform over time.  To test this, four sets of confocal stacks were 

acquired.  At t=0 h, a set of images over a single wire with no magnetic actuation was acquired.  

Another set of images was taken immediately after in the presence of a magnetic field and the 

displacements were calculated (Figure 2.9A).  The magnetic field was left in place for 24 h.  A set 

of images was taken with the magnet in place; then the magnet was removed and a final set of 

images of the hydrogel in its undeformed state was acquired (Figure 2.9B).  TFM analysis 

showed no significant difference in the displacement field between t=0 h and 24 h as compared to 

the initial undeformed state (t=0 h) (Figure 2.9C).  Also, there was no significant change in  
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Figure 2.9. .Topographical features are resistant to viscoelastic creep. (A) Initial displacement 

field induced by a microwire in a magnetic field, t=0 h. Scale bar = 20 μm.  (B) Displacement 

field after 20 h exposure to magnetic field; the displacement fields of (A) and (B) show no loss of 

features to viscoelastic creep. (C) TFM microscopy analysis shows no change in surface 

roughness over time (n=3). 
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displacement between the initial undeformed and final undeformed states, indicating that no 

plastic deformation occurs over the 24 h time period. 

 

2.3 Conclusions 

This substrate was able to generate microscale topographical changes in the surface of a 

soft hydrogel. by the magnetic deformation of microwires.  The addition of microwires yielded 

small aberrations in the material properties of the hydrogel as characterized by AFM, leading to 

the addition of a wire-less control in the cell experiments. However, the features have been shown 

to remain robust over time, and should therefore be conducive to studying the effects of dynamic 

topography on cell culture. 
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Chapter III 

 

 

Cellular Response to a Substrate with Dynamic Topography 

 

 
 

3.1. Introduction 

Once substrate synthesis had been optimized and the substrate itself fully characterized, it 

was important to understand cellular response in topography, i.e. from a smooth to a rough 

surface.  We hypothesized that the cell’s cytoskeleton should have some response to this 

topography change, and wanted to be able to track that response in real time.  The second part of 

the cell work looked at the response over a longer time frame; in particular, how cells might react 

to a constantly changing topography.  It aimed to compare the morphology of cell populations 

under static topography conditions (no magnetic actuation) to those that are under the stress of a 

continually changing topographical surface. 

 

3.2 Methods 

 

3.2.1 Cell Type 

 A7R5 rat smooth muscle cells were used to study the cellular response to the 

topographically dynamic substrate.   These are large cells with easily identifiable cytoskeletal 

structures that have been previously used to look at the effect of substrate compliance (i.e. 

modulus) on spreading and cytoskeletal organization.  These cells were cultured with Low 

Glucose DMEM (Gibco #18855) with 10% FBS, 2mM glutamine, and antibiotics/antimycotics, 

and 0.25% Trypsin-EDTA for passaging. 

 

3.2.2. Transfection Protocol 
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To visualize the actin cytoskeleton, the cells were transfected with RFP-Actin, which, in 

addition to fluorescently illuminating the actin filaments, would slightly overexpress actin to 

improve cell attachment and viability on a soft substrate [35]. The plasmid, pTagRFP-N vector 

(Evrogen #FP142, courtesy of Dr. Shu Chien), was transformed into DH5α E.coli by heat shock 

at 42°C. 1 μL of 1μg/μL plasmid was added to 50 μL of E.coli culture.  The transformed cells 

were plated onto LB/Kanamycin selection plates.  Individual colonies were selected and grown in 

LB broth overnight.  The culture was then purified using the stock solutions and protocol of the 

UltraClean 6-minute Mini Plasmid Preparation Kit (Mo Bio Laboratories, #12300-100).  The 

plasmid concentration was then quantified by spectrophotometer at 260 nm.  The plasmid was 

prepared in advance and stored at -20°C.  

Lipofectamine 2000 was used to then transfect the mammalian cells.  One day before the 

transfection, 40,000-50,000 cells were plated in each well of a 6-well plate and allowed to adhere 

and spread.  On the day of the tranfection, culture media was removed and replaced with DMEM 

+ 2% FBS (no antibiotics) to serum-starve cells.  For each well, 4 μg of RFP-Actin were added to 

250 μL of Opti-MEM Reduced serum media.  In a separate tube, 5 μL of Lipofectamine 2000 

were added to 250 μL of Opti-MEM and incubated for 5 min at room temperature.  The RFP-

Actin and Lipofectamine were then gently mixed and incubated for 20 min at room temperature.  

The low-serum media was then aspirated out of the wells, 1.5 mL of fresh low-serum media 

(DMEM + 2% FBS, no antibiotics) and 500 μL of complexes were added to each well.  The 

complexes were then incubated with the cells at 37°C for 24 h.  After 24 h (day 0 post-

transfection), the transfection media was removed and replaced with normal culture media.  On 

day 2 post-transfection, selection media (Low Glucose DMEM with 10% FBS, and streptomycin, 

penicillin, and neomycin) was added to select for plasmid-expressing cells.  On days 3 and 4 post-

transfection, the cells expressed the highest levels of RFP-Actin and were replated onto hydrogels 

for experiments. 
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3.2.3. Methods for Cellular Response to a Step-Function Topography Change 

The cells used for this experiment were 3-4 days post-transfection to optimize RFP-Actin 

expression.  Depending on the confluency (a function of the number of days post-transfection and 

the transfection survival rate), 1-2 wells of a 6-well plate were plated onto one 25 mm diameter 

wire-embedded hydrogel.  The cells were allowed to adhere and spread for 4 h, then rinsed in 

fresh media to remove all non-adherent cells.  The coverslip was then mounted onto a coverslip 

holder (ASI Imaging) with a LiveCell temperature control (Pathology Devices, Inc.), to maintain 

temperature, and a Nikon 60X high numerical aperture water immersion objective lens.  It should 

be noted that because the LiveCell temperature control and the coverslip were manufactured by 

two different companies, they were not built to be interfaced. When used in this application, the 

LiveCell temperature control read out an incorrect temperature due to unanticipated heat transfer.  

This was likely due to the material properties of the coverslip holder, and the immersion lens 

acting as a heat sink to draw heat away from the coverslip.  Using a thermocouple, it was 

determined that when the LiveCell temperature control was maximized (temperature control set at 

70°C), the temperature at the coverslip was 32°C. While 32°C was not optimal for A7R5 

viability, any temperature effects were compensated by adding cells to a simple two-layer PA 

hydrogel without microwires, as a control of cell behavior in that environment.  

 Once the coverslip had been mounted with the temperature control, images of transfected 

cells in the presence of wires were taken in both brightfield and with the Texas Red fluorescent 

filter at t=0 min. Subsequent fluorescent images were taken every 2 minutes for a total of 12 

minutes.  At t=14 min, the magnet was added, and a brightfield and fluorescent image was 

acquired for each cell. The fluorescent images were then acquired every two minutes until the 

contrast became minimal due to photobleaching.  

 

3.2.4. Methods for Cellular Response to Dynamic Topography Modulation 
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To achieve continual magnetic oscillation, an incubator-safe magnetic actuator was 

designed to rotate the magnet at 1 Hz close to and then far away from the hydrogel as shown in 

Figure 3.1. When the magnet was in range to induce a topography change, it was in the same 

geometry as in the step function experiment.  Like the step-function experiment, this experiment 

utilized cells 3-4 days post-transfection, plated at a density of 1-2 wells per hydrogel.  Cells were 

seeded onto three hydrogels: two microwire-embedded hydrogels, and one control hydrogel 

without microwires.  The cells were allowed to adhere and spread for 4 h, and then rinsed with 

media to remove all non-adherent cells. After 4 h, one microwire-embedded hydrogel was placed 

on the magnetic actuator to subject it to dynamic topography, while the two controls (one 

microwire-embedded and one control hydrogel) were cultured under static conditions.  The cells 

were incubated under these conditions for 20-24 h, then fixed and mounted a slide.  Fluorescent 

images (Texas Red filter) and brightfield images were acquired of cells with high RFP expression 

and their surrounding wires. 

 

3.3. Results 

 

3.3.1 Results of the Cellular Response to a Step-Function Topography Change 

Consistent with previous results of A7R5’s on a soft polyacrylamide hydrogel[35], most cells 

were not well-spread enough on the soft substrate to see well-defined individual actin filaments 

[35]; however, the area of the cell was usually well-defined, sometimes with a ring of brighter 

signal around the cell’s perimeter (Figure 3.2).  Cells selected for tracking also exhibited high 

RFP signal.  The results for this experiment include following twelve cells with varying surface 

roughness between RRMS = 0.175 μm and 0.522 μm and three control cells with no wires. The 

cells and corresponding roughnesses in ascending order were as follows: 
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Figure 3.1. Magnetic actuator designed to reversibly induce a magnetic field to the coverslips.  

The battery-powered servo motor rotates the magnet alternatively between the two coverslip 

holders at ~60 RPM. 
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Figure 3.2. Representative images of cells with high RFP-Actin transfection levels and 

surrounding microwires in brightfield (top) and Texas Red (bottom). 
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Table 3.1. Summary of cells subjected to a step function topography change and their 

corresponding surface roughness values. 

 

Experimental Group Initial Cell Area in μm
2
 Surface Roughness (RRMS) 

in μm 

Control 816.2  0.089 

Control 733.7  0.089 

Control 648.3  0.089 

Wire 335.2  0.175 

Wire 495.8  0.181 

Wire 535.6  0.183 

Wire 1255.5 0.183 

Wire 421.2  0.186 

Wire 300.9  0.239 

Wire 898.5  0.268 

Wire 939.5 0.345 

Wire 443.1  0.363 

Wire 713.1 0.429 

Wire 493.6  0.514 

Wire 375.8  0.522 

 

 

 Each image sequence was stacked to create a time lapse video of the cell’s response to 

the topography change. Each image in the sequence was then thresholded individually to account 

for photobleaching effects.  The primary endpoint for this experiment was to quantify the change 

in cell spread area, calculated by dividing the cell area at each time point by the initial cell area 

(at t=0 min). 

 

                                                                       (1)    

 

 

To analyze these cells, the cells were binned into two categorizations. The data was first binned 

by initial cell spread area into a control group, a “small” cell group (A0 = 301 μm
2
 to 536 μm

2
), 

and a “large” cell group (A0 = 713 μm
2
 to 1256 μm

2
).  The data was then binned by surface 
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roughness into a control group, a “low” surface roughness group (RRMS = 0.175 to 0.186 μm), and 

a “high” surface roughness group (RRMS = 0.238 to 0.522 μm).  The changes in cell area were 

averaged over each group at each time point and plotted as a function of cell size (Figure 3.3A) 

and surface roughness (Figure 3.3B). It appears that a step function change in topography causes 

cells to decrease in area (Figure 3.4) but is not dependent on initial cell size. However, this 

decrease in cell spread area does seem to be dependent on surface roughness. While both 

roughness groups (RRMS <200 nm, RRMS >200 nm) were significantly different from the control 

group, it appears that a less rough surface (RRMS < 200 nm) elicits a more gradual change in area, 

while a more rough surface induces a more immediate change. 

 

3.3.2 Results of the Cellular Response to Dynamic Topography Modulation 

 To analyze the cells, a perimeter was hand-drawn around the brightfield images and 

thresholded.  The brightfield images were used instead of Texas Red because some of the 

fluorescent actin did not extend into the lamellopodia.  Because this experiment compares 

populations of cells, instead of a single cell to itself over time, it was important to accurately 

determine the area of the cell. In addition to the cell area, the length of the major and minor axis 

of the cell, and the cell angle, were also calculated.  The primary endpoints of this experiment 

were cell spread area and spindle factor.  Cell spread area was calculated in μm
2
 from the 

thresholded image of the cell.  The spindle factor is a metric used by Engler and co-workers, [28] 

and others, which is defined by: 

 

               [          ] [          ]                                              (2)    
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Figure 3.3. Change in cell area (A/A0) as a function of time. Cells were binned (A) by size and 

(B) by surface roughness. Analysis of covariance (ANCOVA) between two groups indicates that 

for (A), only the difference between the control and large cells was statistically significant 

(p<0.001) and for (B), the difference between all of the groups was statistically significant 

(p<0.005). Error bar = SEM. 
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Figure 3.4. Cell area decrease in response to magnetic actuation. A cell introduced to a step 

function change in topography (RRMS = 0.268μm) (top) and a static (control) cell (bottom) at t = 

14 min (left), immediately after the magnetic field was activated, and at t = 36 min (right).  The 

cell on the dynamic surface decreases in area significantly more rapidly than the control cell. 
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This metric is such that a perfectly circular cell would have a spindle factor of 1, and a polarized 

cell would have a spindle factor greater than 1.  

 Before looking at the effect of the dynamic topography on the cell populations, it was 

imperative to verify our earlier hypothesis, that the microwires would have no effect on the cells 

in terms of any changes in stiffness and undeformed topography.  This was done by comparing 

the control gel (no microwires) to the static gel (microwires but no magnetic actuation).  Figure 

3.5A and B show that based on the spindle factor and cell spread area, there is no significant 

difference between the cells on the control and static gels.  Calculation of the orientation 

correlation factor (OCF) also confirmed that the cells were not affected by the wire stiffness 

(Figure 3.5C). The OCF is defined as: 

 

    
 

 
[   (  )   ]                                                             (3)    

 

where ϴ is defined as the angle difference between each cell and each wire.  An average OCF of 

0 would indicate that the cells were oriented in the same direction as the wires.  An average OCF 

of 1 would indicate that the cells were oriented in the opposite (180°) direction as the wires.  An 

average OCF of 0.5 would indicate no correlation between the cell and wire orientations. The 

OCF was calculated for both the static and dynamic coverslips (it is not applicable for the control 

group, since there are no wires to orient with). Based on Figure 3.5, it can be assumed that the 

presence of wires in the gel, and any effect that they might have on cell morphology, is 

negligible.   

 Once the wires were established to have no effect on cell morphology, the analysis 

focused on the effect of dynamically oscillating surface topography on cell morphology.  In 

Figure 3.6, the cell spread area for each cell was plotted in relation to its surface roughness,  
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Figure 3.5. No significant difference between cell spread area (p=0.934) and spindle factor  

(p=0.771) indicate no effect of embedded microwires on cell morphology.  OCF of both the static 

and dynamic coverslips show that the cells do not orient preferentially in the axis of the wires 

(p=0.785). 
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Figure 3.6. Relationship between surface roughness and cell spread area for dynamic and static 

cell populations. 
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calculated from the thresholded wire area using the correlation function in Figure 2.4. The 

correlation between surface roughness and both cell spread area and spindle factor appears to be 

relatively low.  A possible explanation is that within the 24 h time period, the cells have time to 

internally rearrange their cytoskeleton and position to best cope with the changing topography.  If 

the cells have time to figure out the patterns of how the topography is changing, it could arrange 

itself to be least affected by the topographical effects and therefore mitigate any global changes 

that would be observed in either spread area or spindle factor.   
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Chapter IV 

 

 

Conclusions 

 

 
 

Through this project, a topographically unique cell culture substrate was introduced. This 

substrate was distinctive because of its ability to reversibly induce topography changes despite 

some limitations in creating modest lateral strains.   This preliminary cell experiments, however, 

primarily demonstrated that cells appear to respond at short time intervals to a change in 

topography, but can remodel themselves to adjust to their environment over time.  This response 

seems to be dependent on how much the cell is initially spread. If the cell is initially large and 

well-spread, it can detect these topographical changes more acutely and thus react more 

drastically.  However, over a longer time frame, for example continuous modulation over 24h, it 

appears that cells can position themselves in terms of their geometry and position to mitigate the 

effects of the changing topography. Therefore, there appears to be no significant difference 

between cells that have been subjected to the prolonged dynamic topography and those that have 

not. 

Beyond what this project has explored, there are potentially many other ways to modulate 

this platform so that it can be used for slightly different applications. For example, the potential to 

modulate the substrate stiffness could elucidate the interplay between the role of stiffness and 

topography in general cell behavior, and more specifically, stem cell differentiation.  Also, 

changing the type or orientation of the magnetic particles could yield different topographies as 

well as induce different order within the matrix, e.g. nematic ordering of cells; aligning the 

particles with a magnetic field pre-polymerization could yield an organized, as opposed to 

random topography. By introducing the controllable variables of substrate stiffness and time-
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dependent topography, this thesis is able to broaden the study of how microenvironment 

topography affects cell behavior, and will hopefully lead to a better understanding of the factors 

that are involved with microscale cell niches. 
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