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Abstract  
 Cell behavior is strongly influenced by the microenvironment.  In vitro studies have conclusively 

shown that chemistry, geometry, and mechanics have all been shown to influence or direct cellular 

proliferation, differentiation, and matrix formation.  However, few systems exist that allow researchers to 

study the interaction of these factors.  In this work, electrohydrodynamic jet (e-jet) printing is introduced as a 

method to pattern adhesion proteins on hydrogel substrates for cell culture.  First, a new technique to 

fabricate polyacrylamide substrates was developed and optimized.  Hydrogels were formulated with acrylic 

acid and activated with N-hydroxysuccinimide.  Protein density was shown to depend on the amount of 

acrylic acid, providing a novel way to control ligand density.  Second, e-jet was used to pattern extracellular 

matrix (ECM) proteins on activated polyacrylamide.  Protein conjugation was verified with 

immunohistochemistry, and functionality has demonstrated with cell adhesion.  Cells seeded on e-jet-

patterned substrates were cultured up to four days, growing to confluence within printed patterns without 

spreading onto non-ÐÁÔÔÅÒÎÅÄ ÒÅÇÉÏÎÓȢ  4ÈÅ ÓÕÂÓÔÒÁÔÅÓ ×ÅÒÅ ÎÅØÔ ÕÓÅÄ ÔÏ ÓÔÕÄÙ ÔÈÅ ÆÏÒÍÁÔÉÏÎ ÏÆ ȰÎÏÄÕÌÅÓȟȱ 

the fundamental unit of bone formation in vitro.  Nodule structure was evaluated after four days in culture, 

and patterned substrates were shown to be compatible with traction force microscopy (TFM).  These 

represented preliminary results for a larger study to evaluate how microenvironmental stiffness and 

geometry influence cytoskeletal contractility and ultimately bone formation.  Finally, a novel method was 

introduced to pattern both stiffness and chemistry at subcellular resolution.  Polyacrylamide spots printed 

with e-jet were backfilled with a second polymer mixture to create substrates with circular microwells.  Finite 

element modeling (FEM) was used to show that microwell topography was a result of backfill contraction 

during exposure.  The FE model was then used to make predictions for further substrate design.  The 

techniques presented in this thesis represent highly flexible, high resolution methods for crafting substrates 

to study microenvironmental regulation of cell behavior.  
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Chapter 1. Background and Motivation  

1.1. Introduction  

 Our long-term motivation is to identify and understand the microenvironmental factors that 

ÉÎÆÌÕÅÎÃÅ ÂÏÎÅ ÆÏÒÍÁÔÉÏÎȟ Á ÐÒÏÃÅÓÓ ÃÁÌÌÅÄ ȰÏÓÔÅÏÇÅÎÅÓÉÓȢȱ  /ÕÒ ÁÐÐÒÏÁÃÈ ÉÓ ÔÏ ÆÁÂÒÉÃÁÔÅ ÉÎ Öitro 

microenvironments with precisely-controlled mechanical and chemical properties in order to study cellular 

response in vitro.  To date, a number of studies have used in vitro systems to explore these factors one at a 

time.  Chen, Killian and others have shown how controlling the adhesion geometry of cells influences several 

behaviors, but only on substrates much more rigid than human tissue.  Discher, Janmey and many others have 

described how substrate stiffness influences cell behavior, but only with r andomly-adhered cells.  The 

motivation of this work was to develop in vitro platforms that enable the study of multiple interacting factors 

on cell behavior simultaneously. 

 Chapter 1 describes the process of osteogenesis and reviews previous work with in vitro systems 

designed to probe microenvironmental regulation of cells.  The chapter concludes with a description of 

electrohydrodynamic jet (e-jet) printing, a flexible micro- and nano-manufacturing platform.  Chapter 2 

describes the development and optimization of a method to prepare polyacrylamide substrates for cell 

culture that is compatible with e-jet printing.  Chapter 3 describes proof-of-concept work using e-jet to 

pattern proteins on polyacrylamide substrates.  This system is used in Chapter 4 to pattern multicellular 

structures compatible with traction force microscopy (TFM).  Chapter 5 then describes proof-of-concept work 

to pattern substrate chemistry and stiffness with e-jet printing.  Appendices with step-by-step protocols and 

supplementary information for each chapter are included at the end of the thesis. 

 

1.2. Osteogenesis 

1.2.1. cell differentiation and matrix formation in vivo  

 Bone-forming cells begin as multipotent mesenchymal stem cells (MSCs), which are maintained in a 

ÑÕÉÅÓÃÅÎÔ ÓÔÁÔÅ ×ÉÔÈÉÎ ÎÉÃÈÅÓ ÉÎ ÂÏÎÅ ÍÁÒÒÏ× ɍ0ÉÔÔÅÎÇÅÒ ρωωωɎȢ  7ÈÅÎ -3#Ó ÁÒÅ ȰÁÃÔÉÖÁÔÅÄȟȱ ÔÈÅÙ ÌÅÁÖÅ ÔÈÅ 

niche and travel to site of bone formation [Liu 2009]Ȣ  4ÈÅÓÅ ȰÐÒÅ-ÏÓÔÅÏÂÌÁÓÔÓȱ ÐÁÃË ÉÎÔÏ Á ÓÉÎÇÌÅ-layered sheet 

of cells, with bone-to-be on the basal side and, generally, marrow on the apical side.  These cells secrete 
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collagen and other proteins, organize it into a matrix, and mediate its mineralization.  A small percentage of 

these cells are embeded in the mineralizing matrix, ultimately becoming osteocytes [Bonewald 2011].  This 

progression is illustrated in Figure 1.1.  Along this continuum, researchers have identified as many as seven 

distinct stages of differentiation marked by differences in gene expression [Aubin 2008]. 

 

 

 

Figure 1.1.  (Top) Histology image of active osteoblasts a pig mandible [Lan Levengood 
2010].  (Bottom) Schematic of osteogenesis, where (a) multipotent MSCs are maintained in a 
ÑÕÉÅÓÃÅÎÔ ÓÔÁÔÅ ÕÎÔÉÌ ȰÁÃÔÉÖÁÔÅÄȱ ÔÏ ÐÒÏÌÉÆÅÒÁÔÅȟ ÍÉÇÒÁÔÅȟ ÏÒ ÄÉÆÆÅÒÅÎÔÉÁÔÅȢ  ɉÂɊ !ÃÔÉÖÁÔÅÄ -3#Ó 
that reach the site of differentiation form a continuous sheet of osteoblasts (c).  Osteoblasts 
synthesize and organize a collagenous matrix called osteoid, then mediate its mineralization.  
A subset of osteoblasts remains embedded in this matrix to become terminally-differentiated 
osteocytes.  Cadherin illustrations based on Mbalaviele et al. 2006. 
 
 

At each stage in differentiation, the cells pass through distinct microenvironments.  MSCs begin in the 

soft, fatty bone marrow.  The marrow itself has a stiffness of .250 kPa [Winer 2009].  Osteoblasts are 

ÓÕÒÒÏÕÎÄÅÄ ÂÙ ÓÉÍÉÌÁÒ ÃÅÌÌÓ ÁÎÄ Á ÓÔÉÆÆÅÎÉÎÇ ÍÁÔÒÉØ ÃÁÌÌÅÄ ÏÓÔÅÏÉÄȢ  4ÈÉÓ ÅÎÖÉÒÏÎÍÅÎÔ ÈÁÓ Á ÒÅÐÏÒÔÅÄ 9ÏÕÎÇȭÓ 

modulus of 25-40 kPa [Engler 2006].  The osteoid mainly consists of collagen and is the precursor to 

mineralized bone.  Osteocytes, widely-spaced and connected to each other only at the tips of long processes, 

are completely surrounded by a tissue on the order of 1-20 GPa [Guo 2008]. 
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1.2.2. nodules are the fundamental unit of bone formation in vitro  

 When osteoblasts are isolated from the body and cultured in vitro, they proliferate in a confluent 

ÍÁÓÓ ÁÎÄ ÆÏÒÍ Á ÍÕÌÔÉÃÅÌÌÕÌÁÒ ÓÔÒÕÃÔÕÒÅ ÃÁÌÌÅÄ Á ȰÎÏÄÕÌÅȱ ɍ.efussi 1997, Bellows 1986].  Where isolated cells 

are flat and widely-spread, cells in the center of nodules are tightly-packed and have a cuboidal morphology.  

The nodules eventually become multilayered structures, beneath which mineralized matrix first appears.  

Cells in the middle of the nodules express more advanced markers of osteogenesis compared with cells at the 

periphery [Pockwinse 1992, Nefussi 1997, Malaval 1999].  The mechanics of nodule formation are not well 

understood.  To our knowledge, there is no data on the minimum aggregate size or number of cells required 

to form a nodule.  The goal of Chapter 4 is to demonstrate that we can pattern osteoblasts into nodule-like 

structures on substrates that enable us to probe the mechanical interactions of cells with the substrate and 

with each other.  

1.2.3. cell lines as models for osteogenesis 

 In this work, we used three mouse-derived cell lines representing different points in differentiation.  

D1 ORL UVA cells are mesenchymal stem cells [Diduch 1993] capable of differentiating into either osteoblasts 

or adipocytes [Cui 1997].  MC3T3-E1 cells are widely-used as models of in vitro bone formation, and are 

ÇÅÎÅÒÁÌÌÙ ÒÅÆÅÒÒÅÄ ÔÏ ÁÓ ȰÐÒÅ-ÏÓÔÅÏÂÌÁÓÔÓȱ ɍ1ÕÁÒÌÅÓ ρωωςȟ 7ÁÎÇ ρωωωɎȢ  4ÈÅ ÔÈÉÒÄ ÃÅÌÌ ÌÉÎÅ ×Å ÕÓÅÄȟ MLO-A5, 

×ÁÓ ÄÅÒÉÖÅÄ ÂÙ ,ÙÄÉÁ "ÏÎÅ×ÁÌÄȭÓ ÌÁÂÏÒÁÔÏÒÙ ÁÓ Á ÍÏÄÅÌ ÆÏÒ ÌÁÔÅ-osteoblast/early-osteocyte cells [Kato 2001].  

Where D1s and E1s require 3-4 weeks before the matrix contains mineral deposits in vitro [Diduch 1993, 

Quarles 1992], A5s require less than a week [Kato 2001].  The structure of bone is different as well.  D1 and 

E1 cells (and primary osteoblast cells) form bone under multicellular structures termed nodules [Bellows and 

Aubin 1989].  The bone formed tends to resemble woven bone.  In contrast, A5s form a thin layer of 

mineralized matrix that more closely resembles lamellar bone [Barragan-Adjemian 2006]. 

 There are a wide range of cell lines and sources for primary cells available for studying osteoblasts 

[Kartsogiannis and Ng 2004, Boskey and Roy 2008].  Cell lines have the advantage of consistent phenotype 

and long-term renewal, while primary cells are better models for the in vivo environment [Freshney 2005].  A 

major concern with the use of cell lines in mechanobiology studies is whether they, having been habituated to 

growing on 2D polystyrene, still retain the same sensitivity to microenvironmental properties as primary 

cells.  However, both D1s and E1s [Kong 2005, Khatiwala 2006, Hsiong 2008] exhibit behaviors dependent on 
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substrate stiffness.  To our knowledge, the response of the more recently-derived MLO-A5 cell line to 

substrate mechanical properties has not been studied. 

 

1.3 Hydrogels as Models for the Mechanical Microenvironment  

1.3.1 substrate stiffness as a tool to modulate cellul ar contractility  

 Polyacrylamide hydrogels were first employed as cell substrates by Wang and Pelham [1998] as 

substitutes for soft silicone rubber membranes [Harris 1980, Oliver 1995], which had been previously used to 

measure cell traction.  These substrates were soft enough to deform without wrinkling, easy to fabricate, and 

linear elastic.  After polyacrylamide was used to show that substrate elasticity influenced cell migration 

[Pelham and Wang 1997], several research groups at University of Pennsylvania began using it as a tool to 

study other mechanosensitive cell behaviors.  Yeung et al. [2005] demonstrated that soft substrates limited 

the ability of cells to spread or form an actin cytoskeleton.  Paszek et al. [2005] then linked the stiffness of a 

polyacrylamide substrate to actin cytoskeletal tension and showed that an increase in both caused cancer 

cells to have malignant characteristics.  They also dissected the cascade of protein signals that connect the 

two.  Shortly thereafter, a third laboratory at Penn published a widely-cited article showing that the specific 

stiffness of polyacrylamide substrates induced MSCs to differentiate into different cell types [Engler 2006]. 

 4ÈÅ 9ÏÕÎÇȭÓ ÍÏÄÕÌÕÓ ÏÆ ÔÈÅ ÍÉÃÒÏÅÎÖÉÒÏÎÍÅÎÔ ÕÌÔÉÍÁÔÅÌÙ ÉÎÆÌÕÅÎÃÅÓ ÃÅÌÌ ÂÅÈÁÖior through 

cytoskeletal contractility [Janmey 2009, Janmey and Miller 2011, Mammoto and Ingber 2010, Vogel and 

Sheetz 2006, Vogel and Sheetz 2009, Wozniak and Chen 2009].  When a cell adheres to the extracellular 

matrix, myosin II ratchets tension into actin fibers, and the cell exerts traction that must be balanced through 

ÉÔÓ ÁÄÈÅÓÉÏÎÓ ÔÏ ÔÈÅ ÍÁÔÒÉØȢ  4ÈÉÓ ÃÏÎÔÒÁÃÔÉÌÉÔÙ ÉÓ ÃÁÌÌÅÄ ȰÐÒÅÓÔÒÅÓÓȱ ɍ7ÁÎÇ ςππςɎȢ  3ÏÆÔ ÅÎÖÉÒÏÎÍÅÎÔÓ ÌÉÍÉÔ 

ÃÏÎÔÒÁÃÔÉÌÉÔÙ ÔÈÒÏÕÇÈ .Å×ÔÏÎȭÓ 4ÈÉÒÄ ,Á× ÏÆ -ÏÔÉÏÎȡ ÁÎÙ ÆÏÒÃÅ ×ÉÔÈÉÎ ÔÈÅ ÃÅÌl must be balanced by an equal 

and opposite force outside of the cell.  Substrate stiffness and contractility were linked by Solon et al. [2007], 

×ÈÏ ÓÈÏ×ÅÄ ÔÈÁÔ ÔÈÅ 9ÏÕÎÇȭÓ ÍÏÄÕÌÕÓ ÏÆ Á ÃÅÌÌ ×ÁÓ ÍÁØÉÍÁÌÌÙ ÌÉÍÉÔÅÄ ÔÏ ÔÈÅ 9ÏÕÎÇȭÓ ÍÏÄÕÌÕÓ ÏÆ ÔÈÅ 

substrate to which it was attached. 

1.3.2 substrate stiffness and osteogenesis 

 A growing body of research has shown that matrix elasticity directs the behavior of osteoblasts and 

their precursors, at least in the earliest stages of osteogenesis [Engler 2006, Winer 2009, Hsiong 2008, 
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Huebsch 2010, Rowlands 2008].  Winer et al. [2009] showed that stiff hydrogels induced MSCs to proliferate, 

while softer substrates (matching marrow) kept the same cells in a quiescent state.  In the landmark study by 

Engler et al. [2006], MSCs expressed a transcription factor unique to osteoblasts on hydrogels with stiffness 

that matched osteoid (25-40 kPa).  Research looking at later markers of osteogenesis is contradictory.  A 

handful of studies posited that bone forms most efficiently in stiffer environments [Khatiwala 2006,  

Khatiwala 2006, Chatterjee 2010], while others said the opposite [Kong 2005, Keogh 2010]. 

 

 

Figure 1.2.  Graphical summary of research connecting osteogenesis to substrate stiffness 
based on hydrogel substrates culÔÕÒÅÄ ÉÎ ÖÉÔÒÏȢ  3ÃÁÌÅ ÓÈÏ×Ó 9ÏÕÎÇȭÓ ÍÏÄÕÌÕÓ ÏÎ Á ÌÏÇ ÓÃÁÌÅ 
with values from tissues and conventional cell culture materials.  Dotted lines indicate 3D 
environments. 
 

A number of factors could be responsible for the discrepancies in the studies above, but we 

hypothesized that the biggest issue is the lack of focus on cell-cell adhesions.  Study of early differentiation 

markers, including the seminal paper by Engler et al. [2006], relied entirely on sparsely-distributed or 

isolated cells that were often treated with drugs to prevent proliferation.  Studies looking at later markers 

required confluent cell layers.  As explained in section 1.2.2, confluence is required for nodule formation.  

Cells at confluence and within a nodule likely depend on their neighbors for mechanical support as much as, if 

not more than, the matrix below them.  This transition is understudied, though in an early paper on the 
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influence of substrate stiffness on endothelial cells, Yeung et al. [2005] made one comment: once cells 

reached confluence, they all adopted the same morphology regardless of substrate stiffness. 

We hypothesized that if cell contractility is important in middle and later stages of osteogenesis, 

osteoblasts must shift from integrin to cadherin adhesions to maintain it, and that such a shift is critical for 

nodule formation and ultimately mineralized matrix deposition.  By patterning small groups of cells on soft 

substrates, we would be able to determine how many cells are required for this process, and we could further 

use traction force microscopy to quantify any changes in contractility during this process.  In order to be able 

to address this, we needed to develop methods to pattern adhesion ligands on soft substrates.  The focus of 

this thesis was to develop novel and flexible methods to create these in vitro microenvironments. 

 

1.4 Polyacrylamide Functionalization Chemistry  

 Polyacrylamide is naturally resistant to protein adsorption, so researchers typically seek to 

covalently attach adhesion ligands to substrates used for cell culture.  For a comprehensive review of these 

methods, see Kandow et al. [2007].  The most widely-adopted technique involves a heterobifunctional 

crosslinker called N-sulfosuccinimidyl-6-ɉτȭ-azino-ςȭ-nitrophenylamino) hexanoate (sulfo-SANPAH).  See 

Aratyn Schaus et al. [2010] and Tse and Engler [2010] for thorough protocols.  Chapter 2 describes the 

development and optimization of an alternative method that is lower cost and compatible with protein 

patterning methods described later. 

1.4.1. polymerization and functionalization with sulfo -SANPAH 

Polyacrylamide forms a mesh with pores 1-100 nm in size [Trappmann 2012].  The pore size, and 

therefore the YoungȭÓ ÍÏÄÕÌÕÓȟ ÄÅÐÅÎÄ ÏÎ ÔÈÅ ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÏÆ ÁÃÒÙÌÁÍÉÄÅ ÍÏÎÏÍÅÒ ɉ!!ÍɊȟ ×ÈÉÃÈ ÆÏÒÍÓ ÔÈÅ 

ÂÁÃËÂÏÎÅ ÏÆ ÔÈÅ ÐÏÌÙÍÅÒȟ ÁÎÄ .ȟ.ȭ-methylenebisacrylamide (bis), a crosslinker [Kandow 2007].  Increasing 

the concentration of either results in a stiffer polymer and smaller pore size [Boudou 2006].  Polymerization 

is typically initiated by adding 10 wt.% ammonium persulfate (APS) and tetramethylenediamine (TEMED).  

When APS and TEMED are added at 1/200 vol. and 1/1000 vol., respectively, polymerization takes 

approximately 30 min [Kandow 2007].  Increasing the concentration of APS and TEMED results in faster 

polymerization times.  The process is illustrated in Figure 1.3. 
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Figure 1.3.  Thermal polymerization of polyacrylamide, adapted from Kandow et al. 2007. 
 

 Polyacrylamide substrates are typically activated by placing a droplet of sulfo-SANPAH 

solution on each hydrogel and exposing the surface to UV light.  Sulfo-SANPAH is a heterobifunctional 

crosslinker [Thermo Scientific].  A nitrophenyl azide group at one end is activated upon exposure, 

becoming a free radical capable of forming a covalent bond with a wide range of materials 

[Hermanson 2008] including acrylamide.  The opposite end of the crosslinker contains an N-

hydroxysuccinimide (NHS) group, which can react to amine groups (-NH2) on proteins [Hermanson 

2008]. 

 Sulfo-SANPAH has a number of drawbacks including high cost, the addition of non-aqueous 

solvents, difficulty in reproducibly controlling the power of UV light exposure, and difficulty in 

reliably achieving an even coating of protein [Damljanovic 2005, Kandow 2007].  For these reasons, 

we developed a functionalization procedure based on methods originally published by Beningo and 

Wang [2002] and described in greater detail by Kandow et al. [2007]. 

1.4.2. functionalization with N -hydroxysuccinimide  

The procedure described in Chapter 2 requires that polyacrylamide be formulated to contain acrylic 

acid (Figure 1.4).  Acrylic acid contains an acrylate group, allowing it to copolymerize with AAm and bis 
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[Mentor].  Just as importantly, acrylic acid provides a carboxyl group (-COOH), which is much more reactive 

than the amide groups (-CO-NH2) that comprise the bulk of the hydrogel. 

 

 

Figure 1.4. Thermal polymerization of polyacrylamide containing a small fraction of acrylic 
acid. 
 

 The carboxylic acid groups provide functional sites for activation with a carbodiimide.  Such 

molecules covalently link carboxylic acid groups with amine groups.  In Chapter 2, we use the most popular 

bioconjugation reagent available: 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) [Hermanson 

2008].  The conjugation is typically a two-step process.  DC first binds to the carboxyl groups on the hydrogel 

backbone, then facilitates a dehydration reaction with an amine-containing compound (such as a lysine 

residue on the surface of a protein), resulting in an amide bond (-CO-NH-) between the two substances.  

However, the intermediate state is highly unstable.  The addition of NHS improves the reaction by displacing 

EDC in an intermediate step (Figure 1.5), while still remaining reactive towards lysine residues (Figure 1.6) 

[Hermanson 2008].  Note that this is the same reactive group used with sulfo-SANPAH, but it costs only a 

fraction of the price.  Chapter 2 describes the optimization of this method and explores the impact of acrylic 

acid on mechanical properties and cell adhesion. 
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Figure 1.5. Activation of acrylic acid groups in a polyacrylamide hydrogel, adapted from 
Hermanson [2008]. 
 

 
Figure 1.6. Protein binding to NHS-activated polyacrylamide. 

 

1.5. Patterning Cell Adhesion to Model the Geometric Microenvironment  

1.5.1. patterned cell cultures and osteogenesis 

 At around the same time as researchers were probing how substrate stiffness directs cell behavior, 

#ÈÒÉÓ #ÈÅÎȭÓ ÇÒÏÕÐ ɉÔÈÅÎ ÁÔ *ÏÈÎÓ (ÏÐËÉÎÓɊ ÓÈÏ×ÅÄ ÔÈÁÔ ÔÈÅ ÓÁÍÅ ÓÉÇÎÁÌÉÎÇ ÐÁÔÈ×ÁÙÓ ×ÅÒÅ ÁÃÔÉÖÁÔÅÄ ÉÎ ÃÅÌÌÓ 
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on rigid substrates that were confined to patterns [Nelson 2005].  Nelson et al. confined confluent cell 

aggregates to square or circular patterns, showed that cells at the edge of the patterns had higher cytoskeletal 

tension than those near the middle, and that those differences gave rise to patterns in proliferation.  After also 

ÍÏÖÉÎÇ ÔÏ 0ÅÎÎȟ #ÈÅÎȭÓ ÇÒÏÕÐ ×ÅÎÔ ÏÎ ÔÏ ÓÈÏ× ÔÈÁÔ ÓÉÍÉÌÁÒ ÐÁÔÔÅÒÎÓ ÇÁÖÅ ÒÉÓÅ ÔÏ ÐÁÔÔÅÒÎÅÄ ÄÉÆÆÅÒÅÎÔÉÁÔÉÏÎ 

[Alom Ruiz and Chen 2008]. 

 #ÈÅÎȭÓ ÅÁÒÌÉÅÒ ×ÏÒË ÓÈÏ×ÅÄ ÔÈÁÔ ÐÁÔÔÅÒÎÉÎÇ ÔÈÅ ÁÄÈÅÓÉÖÅ ÁÒÅÁ ÕÎÄÅÒ Á ÓÉÎÇÌÅ ÃÅÌÌ ÉÎÆÌÕÅÎÃÅÄ ×ÈÅther 

it lived or died [Chen 1997].  Limiting the adhesive area under an MSC caused it to differentiate into an 

adipocyte, while MSCs allowed to spread and generate more contractility expressed an early marker of 

osteogenesis [McBeath 2004].  Importantly, the cells modulated contractility via the same cytoskeletal 

mechanisms and signaling cascades being explored with substrate stiffness [McBeath 2004]. Later work 

showed that patterning cell shapes in ways that modulated cytoskeletal structure with without changing 

adhesion area also induced MSCs to differentiate into different lineages [Kilian 2010].  Patterning results 

showed that cells allowed to spread and generate significant contractility expressed early markers of 

osteogenesis, while those with limited contractility became adipocytes. 

1.5.2. patterned cell cultures on soft substrates  

 Given that both substrate stiffness and adhesion geometry influence osteogenesis, we sought to 

create a platform with which we could study the interaction of these and other factors.  In Chapter 3, 

describes such a system with e-jet printing.  However, others have described similar techniques.  

Ilkhanizadeh et al. [2007] described a method to pattern proteins on polyacrylamide hydrogels with e-jet 

printing, and Reticket-Flynn et al. [2012] used a microarray printer to do the same, both with features larger 

ÔÈÁÎ ρππ АÍ ÁÎÄ ÔÈÅÒÅÆÏÒÅ ÄÅÓÉÇÎÅÄ ÔÏ ÓÕÐÐÏÒÔ ÁÇÇÒÅÇÁÔÅÓ ÏÆ ÄÏÚÅÎÓȟ ÏÒ ÈÕÎÄÒÅÄÓȟ ÏÆ ÃÅÌÌÓȢ  *ÅÎÎÉÆÅÒ 7ÅÓÔȭÓ 

group has used photolithography to pattern smaller features on the surface of polyethylene glycol hydrogels 

[Hahn 2006, Moon 2009], but resolution is still limited to multicellular cultures.  A number of groups have 

achieved feature sizes between 2 and 100 µm using microcontact printing and conjugating ECM proteins to 

polyacrylamide with a variety of bioconjugate techniques [Burnham 2006, Damljanovic 2005, Hynd 2007, 

Cimetta 2009].  Even higher resolution (2-5 µm features) has been obtained by micropatterning on glass 

before physically entrapping proteins in polyacrylamide [Rape 2011, Tang 2012].  Unlike direct patterning, 

however, these ligands were not covalently linked to the hydrogel, which may make long-term culture 
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difficult.  A platform supporting long-term culture is critical for studies of osteogenesis, as matrix 

mineralization can take 3-4 weeks with the cell lines used here [Diduch 1993, Wang 1999].  

What sets e-jet apart from work with similar resolution is its flexibility.  Patterns can be quickly 

modified at no cost, and a comparatively minimal amount of protein ink is required.  Microcontact printing 

can be used to quickly pattern large areas and may be more suited to high-throughput manufacturing.  

However, the molds are expensive and require specialized equipment and a high degree of skill to fabricate.  

Additionally, stamps require a large amount of ink, much of which is wasted.  E-jet is described more 

thoroughly below and in Chapter 3. 

In Chapter 5, e-jet is used to pattern stiffness and chemistry at similar resolution.  There are even 

fewer methods to cÒÅÁÔÅ ÓÕÃÈ ÐÁÔÔÅÒÎÓ ÏÎ ÓÃÁÌÅÓ ÁÐÐÒÏÁÃÈÉÎÇ ÔÈÁÔ ÏÆ Á ÃÅÌÌȢ  #ÈÒÉÓ #ÈÅÎȭÓ ÇÒÏÕÐ ÕÓÅÄ 

micromolding to create squares 100 µm2 in size to study cell migration in response to sharp gradients in 

ÓÔÉÆÆÎÅÓÓȢ  *ÅÎÎÉÆÅÒ 7ÅÓÔȭÓ ÇÒÏÕÐ ÈÁÓ ÕÓÅÄ ÐÈÏÔÏÌÉÔÈÏÇÒÁÐÈÙ ÔÏ ÃÒÅÁÔe similar-sized features in polyethylene 

glycol [Nemir 2010].  Recently, Monge et al. [2013] presented a photolithography method to pattern stiffness 

in poly (L-lysine) hydrogels with features as small as 2 µm, similar to what we demonstrate with e-jet, though 

without differences in chemical properties between patterned and unpatterned regions.  Again, e-ÊÅÔȭÓ 

flexibility is an asset.  Micromolding and photolithography are limited to patterns fabricated on costly 

photomasks.  E-ÊÅÔȭÓ ÖÁÌÕÅ ÏÖÅÒ ÃÏÍÐÅÔÉÎÇ ÔÅchnologies is its capability to create a wide range of patterns 

with minimal amount of material. 

  

1.6 Hydrogels as Tools to Quantify Cell Contractility  

 Hydrogels can be used to measure cell contractility as well as to modulate it.  Pelham and Wang 

[1999]  were the first to use polyacrylamide for this purpose by embedding beads in the hydrogel and 

tracking their displacement as a result of cell contraction.  This, and subsequent work with traction force 

microscopy (TFM), was limited to two dimensions.  Only lateral forces exerted by cells could be measured.  In 

Chapter 4, we use a TFM method developed by Franck et al. [Franck 2007, Franck 2011] to measure the 

displacement of beads in three dimensions using confocal microscopy.  The technique showed that single cells 

exerted vertical forces on 2D polyacrylamide substrates in addition to lateral forces [Maskarinec 2009]. 
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A number of studies have been published with multicellular models, looking at how cell-matrix and 

cell-cell forces are balanced in epithelial [du Roure 2005, Trepat 2009, Maruthamutu 2011, Notbohm 2012, 

Mertz 2013], and endothelial [Hur 2012] cells.  A few studies have gone farther and looked at traction forces 

under patterned single [Rape 2011] and multicellular aggregates [Nelson 2005, Alom Ruiz and Chen 2008].  

In all cases, traction stresses are highest at the periphery and lowest near the center of adhesion.  In other 

words, cells at the edges provide mechanical support via cell-matrix adhesions for cells on the interior, which 

rely primaril y on cadherins. Our goal is to use TFM to track how cells shift from primarily integrin to 

primarily cadherin adhesions, which, as described above, are critical for bone formation.  Alom Ruiz and Chen 

[2008] linked patterned traction forces to early osteoblastic differentiation by MSCs, but such cells were 

several steps short of being matrix-producing osteoblasts.  In Chapter 4, we pattern osteoblasts on TFM 

substrates and present initial results of a study to compare the traction forces exerted by multicellular 

ȬÎÏÄÕÌÅÓȭ ÐÁÔÔÅÒÎÅÄ ×ÉÔÈ ÄÉÆÆÅÒÅÎÔ ÄÉÁÍÅÔÅÒÓȟ ÁÎÄ ÏÆ ÃÅÌÌÓ ÌÉÎÅÓ ÒÅÐÒÅÓÅÎÔÉÎÇ ÔÈÒÅÅ ÄÉÓÔÉÎÃÔ ÓÔÁÇÅÓ ÏÆ 

osteogenesis. 

 

1.7 E-Jet Printing as a Tool to Pattern Hydrogel Microenvironments  

 This thesis introduces e-jet printing as a method to pattern polyacrylamide microenvironments, 

including substrates compatible with TFM.  High-resolution e-jet printing was developed by Park et al. 

[2007], and subsequently refined and enhanced by research groups within the NSF-funded Nano-CEMMS 

Center at UIUC [Park 2008, Mishra 2010].  A conductive ink is loaded into a reservoir with a pulled glass 

capillary nozzle with inner diameters ranging from 10 µm down to 500 nm.  With low air pressure (the exact 

amount depending on ink properties and nozzle geometry), the ink will form a spherical meniscus at the tip 

of the nozzle.  An electric field applied to the meniscus pulls it into a Taylor cone [Park 2007] and precise 

balance between the strength of the field, the backpressure, and the capillary pressure inside the nozzle 

determine the size and frequency of droplets that jet from the tip of this meniscus [Park 2007].  Further 

developments in pulsed voltage waveforms have increased the reliability and repeatability of droplet size and 

placement at high speeds.  What sets the UIUC system (Figure 1.8 and Figure 1.9) apart from other, 

previously-published e-jet systems [Poon 2002, Mongkoldhumrongkul 2009, Poncelet 2012] is the use of 
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small-diameter nozzles and using an electric field more to drive jetting than simply shape the meniscus of a 

stream generated driven primarily by a syringe pump. 

 

 

Figure 1.7.  Schematic of forces that influence (top) inkjet-style printing and (bottom) e-jet 
printing.  The electric field shapes the liquid meniscus, resulting in smaller droplets. 
 

 The e-jet printer is pictured in Figure 1.8.a.  Ink was loaded in a syringe reservoir and mounted above 

a translating stage.  The metal-coated nozzle was electrically connected to a computer-controlled power 

supply.  The substrate itself was placed on a conductive slide for easier handling (Figure 1.8.b).  Small strips 

of conductive tape were used to connect the thin hydrogel slab attached to a coverglass to the grounded slide.  

Figure 1.4.c is a screenshot from the camera system used to position the stages and monitor printing.  Nozzles 

×ÅÒÅ ÔÙÐÉÃÁÌÌÙ ÐÏÓÉÔÉÏÎÅÄ σπ ʈÍ ÁÂÏÖÅ ÔÈÅ ÓÕÂÓÔÒÁÔÅȟ ÂÁÓÅÄ ÏÎ ×ÏÒË ÂÙ 0ÁÒË ÅÔ ÁÌȢ ɍςππχɎȢ 
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Figure 1.8.  (a) Photograph of the e-jet mounts used in the Macromolecular Biosciences 
paper [Poellmann 2011].  (b) Photograph of hydrogel substrate, mounted on a coverglass, 
and attached to a conductive slide for easier handling.  The hydrogel was connected to 
ground by means of conductive tape.  The stage in this case was obscured by aluminum foil.  
(c) Image taken from camera during printing.  The nozzle is visible at the top of the screen, 
as is its reflection in the gel. 
 

E-jet printing required a conductive ink capable of continuous jetting, and a stable substrate.  The 

protein-based inks introduced in Chapter 3 were originally based on nucleic acid inks published by Park et al. 

[2008].  NaCl was included to provide the mobile charges necessary for meniscus formation, but we had 

significant problems with nozzle clogging.  Two possible causes of clogging were protein aggregation inside 

the nozzle and water evaporation at the meniscus.  We included glycerol in the ink to help with both, as it 

disrupts secondary bonding between proteins [Vagenende 2009] and its hygroscopic properties help prevent 

evaporation.  Second, following publication of our Macromolecular Bioscience paper [Poellmann 2011], we 

switched to an LED light source that produced significantly less heat than the previous, camera-mounted 

halogen light.  Further details on ink formulation are included in Chapter 3 and Appendix C.I. 
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The other challenge was in adapting polyacrylamide substrates for e-jet printing.  In early tests with 

fully -hydrated substrates, we observed the gel shrinking from evaporation.  This contraction increased nozzle 

standoff height, resulting in a continuously-weakening electric field and making consistent printing 

impossible.  Chapter 2 describes a novel method that we developed.  First, we soaked the hydrogels in 

mixture of glycerol and salt before partially dehydrating them on a hotplate.  The volume collapsed, but the 

glycerol held enough water in to keep its shape, and the NaCl provided charge mobility crucial to generating 

the electric field. 

 The entire printing system is pictured in Figure 1.9, below.  The 5-axis stage was mounted on a 

vibration -isolating table.  A fixture flexible to accommodate a diverse set of users was positioned above the 

grounded stage.  A camera mounted with a high-magnification lens was fixed on the nozzle tip, illuminated 

from behind with an LED light source.  After initial set-up, the user adjusted backpressure manually (Figure 

1.9.c), while controlling stage positioning and voltage from a computer station (Figure 1.9.d). 
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Figure 1.9.  (a) Photograph of the current printer from the front and (b) rear.  Compared 
with th e system pictured in Figure 1.4, this system uses a different reservoir mount and low-
heat, LED light source.  (c) Photograph showing further components of the e-jet system.  
Backpressure was controlled manually through the pressure regulator, while voltage from 
the power supply was controlled via a computer.  (d) Photograph of the control interface.  
Custom-written Labview programs developed by the Nano-CEMMS group were used to 
control stage positioning (right) and voltage waveforms (center).  The camera feed was 
displayed on a second computer (left). 
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Chapter 2. Activating Polyacrylamide for Patterning ECM Proteins  

Portions of this chapter have been accepted for publication in: 

Poellmann and Wagoner Johnson, Ȱ#ÈÁÒÁÃÔÅÒÉÚÉÎÇ ÁÎÄ ÐÁÔÔÅÒÎÉÎÇ ÐÏÌÙÁÃÒÙÌÁÍÉÄÅ ÓÕÂÓÔÒÁÔÅÓ 

functionalized with N-ÈÙÄÒÏØÙÓÕÃÃÉÎÉÍÉÄÅȟȱ #ÅÌÌÕÌÁÒ ÁÎÄ -ÏÌÅÃÕÌÁÒ "ÉÏÅÎÇÉÎÅÅÒÉÎÇȟ ÁÃÃÅÐÔÅÄȢ 

2.1. Introduction  

 Polyacrylamide is one of the most widely used materials for studying the mechanical 

interaction between cells and a substrate [Kandow 2007].  Shortly after the discovery that cells exert 

forces on soft, thin, silicone membranes [Harris 1980, Oliver 1995], polyacrylamide became the 

preferred alternative.  It was soft enough to deform yet wouldÎȭÔ ×ÒÉÎËÌÅȟ ÉÔ ×ÁÓ ÌÉÎÅÁÒ ÅÌÁÓÔÉÃȟ ÁÎÄ ÉÔ 

was easy to fabricate [Kandow 2007].  The forces exerted by cells were tracked by embedding beads 

in the hydrogel and measuring their displacement, then using the elastic modulus of the gel to 

calculate forces [Wang and Pelham 1998].  After polyacrylamide was used to show that substrate 

elasticity influenced cell migration [Pelham and Wang 1997, Lo 2000, Gray 2003], several research 

ÇÒÏÕÐÓ ÕÓÅÄ ÔÈÅ ÍÁÔÅÒÉÁÌ ÔÏ ÓÈÏ× ÔÈÁÔ ÁÌÔÅÒÉÎÇ ÔÈÅ 9ÏÕÎÇȭÓ ÍÏÄÕÌÕÓ ÉÎÆÌÕÅÎÃÅÄ ÃÙÔÏÓkeletal structure 

[Yeung 2005], proliferation [Winer 2009], metastatic behavior [Paszek 2005], and differentiation 

[Engler 2006].   

 While a number of other materials can and have been used to study the influence of 

substrate elasticity on cell behavior, polyacrylamide has many advantages.  It is linear elastic and can 

ÂÅ ÔÕÎÅÄ ÔÏ ÍÁÔÃÈ ÔÈÅ 9ÏÕÎÇȭÓ ÍÏÄÕÌÕÓ ÏÆ ÍÏÓÔ ÓÏÆÔ ÔÉÓÓÕÅÓ ÉÎ ÔÈÅ ÂÏÄÙ ɉπȢυ-50 kPa).  It is cheap and 

easy to fabricate, in large part because biologists have long used polyacrylamide gels for 

electrophoresis.  It is clear and can be cast in thin sheets, making it compatible with inverted 

microscopes [Kandow 2007].  Although a hydrogel, the pores are on the order of nanometers 

[Trappman 2012], significantly smaller than single cells.  Drawbacks include the cytotoxicity of 

acrylamide monomer, which restricts its use to two-dimensional substrates.  This restriction, in 

combination with its mechanical properties, makes polyacrylamide an inexact substitute for the 3D, 

fibrous, strain-stiffening environment of the extracellular matrix [Wen and Janmey 2013].  On the 

other hand, linear elasticity makes analysis much easier, particularly with traction force microscopy.  
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Further, we posit that a 2D surface is a reasonable model for the osteoblast microenvironment, as 

these cells form a confluent monolayer whose basal surface is adhered to soft osteoid, and whose 

apical surface is exposed to the much-softer marrow (see Figure 1.1). 

 The purpose of this work was to characterize and optimize a procedure to activate 

polyacrylamide substrates for e-jet printing.  Polyacrylamide resists protein adsorption, so adhesion 

ligands must be chemically bound to the substrate.  We built upon a procedure previously published 

by Kandow et al. [2007], though it has not been widely adapted by the community.  Compared to the 

conventional methods for polyacrylamide activation [see Aratyn Schaus 2010 and Tse and Engler 

2010 for recent protocols], our procedure was compatible with micropatterning processes, used less-

costly reagents, and offered a different strategy to control ligand density. 

 A brief summary of the method is as follows.  A fraction of acrylamide monomer (AAm) was 

substituted with acrylic acid, which incorporated into the polymer backbone [Mentor] and provided 

functional sites for further chemical modification with a carbodiimide (EDC) and N-

hydroxysuccinimide (NHS) [Beningo and Wang 2002].  The hydrogels were soaked in a glycerol and 

salt solution and partially dehydrated such that they remained conductive enough to be compatible 

with e-jet, but did not lose volume due to evaporation during printing.  Decreasing volume changes 

the stand-off height between the nozzle and the substrate, which affects the jetting stability.  Drying 

also protected the stability of NHS groups [Hermanson 2008].  Lysine groups on proteins or peptides 

that came in contact with the substrate displaced the NHS, forming a covalent bond with the polymer 

backbone [Grabarek and Gergely 1990, Hermanson 2008, Saha 2008].  Unreacted NHS groups 

hydrolyzed during rehydration [Hermanson 2008], leaving a surface resistant to cell adhesion.  

Figure 2.1 illustrates our procedure along side the more commonly-used method involving sulfo-

SANPAH.  Further details are included in Chapter 1.3 and Appendix B.I. 
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Figure 2.1. (Left) Summary of polyacrylamide activation with sulfo-SANPAH and 
protein conjugation based on the procedure [Aratyn-Schaus 2010].  This procedure 
is only shown as a reference, and was not quantitatively evaluated or compared to 
our method.  (Right) Summary of the fully-optimized NHS activation method 
described here. 
 



20 
 

 The result of this work was a method to functionalize polyacrylamide substrates, validated 

and optimized for e-jet printing.  We first demonstrated that acrylic acid was incorporated into the 

polymer during polymerization.  We then conducted tensile tests to determine the influence of 

ÁÃÒÙÌÉÃ ÁÃÉÄ ÏÎ 9ÏÕÎÇȭÓ ÍÏÄÕÌÕÓȟ ÁÎÄ ÔÏ ÉÄÅÎÔÉÆÙ ÔÈÅ ÍÉØÔÕÒÅÓ ÔÏ ÂÅ ÕÓÅÄ ÉÎ ÆÕÒÔÈÅÒ ÅØÐÅÒÉÍÅÎÔÓȢ  7Å 

used a quantitative protein assay to optimize the pH of two buffered solutions and to determine that 

the amount of protein bound to the substrates depended on acrylic acid concentration.  Finally, we 

demonstrated that cells adhere to polyacrylamide functionalized with this method.  The work 

presented here has been submitted for publication and is currently in peer review. 

 

2.2. Methods 

2.2.1. substrate preparation  

 Glass coverslips of various sizes (VWR or Corning) were cleaned before etching for 30 min in 

10 N NaOH.  After rinsing with ethanol, the coverslips were treated for 2 h under 2 vol.% 3-

(trimethoxysilyl) propyl methacrylate (acryl -silane, Sigma) in 95 vol.% ethanol, pH 5.  The coverslips 

were rinsed with ethanol and heated at 100̄C hotplate for 2 min. 

 Prepolymer solutions consisting of acrylamide (AAm, 40 wt.% stock solution, Bio-Rad), and 

N,N-methylenebisacrylamide (bis, 2% stock solution, Bio-Rad) were prepared in 50 mM HEPES-

buffered saline, pH 8 (Sigma).  Where indicated below, acrylic acid monomer was substituted for an 

equivalent amount of AAm monomer at 0.2-1.0 wt.%, and the pH was balanced by adding 10 N NaOH.  

Polymerization was initiated by adding 0.05 wt.% ammonium persulfate (APS, Bio-Rad) and 0.10 

ÖÏÌȢϷ .ȟ.ȟ.ȭȟ.ȭ-tetramethylethylenediamine (TEMED, Bio-Rad). 

 In toluidine and BSA ÅØÐÅÒÉÍÅÎÔÓȟ υπ ʈÌ ÄÒÏÐÌÅÔÓ ÏÆ ÐÒÅÐÌÙÍÅÒ ×ÅÒÅ ÓÁÎÄ×ÉÃÈÅÄ ÂÅÔ×ÅÅÎ 

acryl-silanated, 12 mm-diameter coverslips and a polystyrene plate.  Tensile test samples were cast 

in a 3D-printed mold (Object Geometries Eden 350, FullCure 720 polymer) and capped with an 

ÕÎÍÏÄÉÆÉÅÄ ÇÌÁÓÓ ÓÌÉÄÅȢ  #ÅÌÌ ÅØÐÅÒÉÍÅÎÔÓ ÉÎÖÏÌÖÅÄ ÓÕÂÓÔÒÁÔÅÓ ÃÁÓÔ ÂÙ ÓÁÎÄ×ÉÃÈÉÎÇ ςυ ʈÌ ÄÒÏÐÌÅÔÓ 

between 22 mm square acryl-silanated coverslips and 18 mm square coverslips that had been 

treated in a vacuum desiccator for 2 h with (tridecafluoro-1,1,2,2-tetrahydrooctyl) -1-trichlorosilane 

(fluoro -silane, UCT), rinsed with ethanol and dried. 
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2.2.2. toluidine blue stain to detect acrylic acid  

 Toludine blue stain reversibly binds to carboxylic acid groups in a pH-dependent manner 

[Sano 1993, Nakajima and Ikada 1995].  Hydrogels were thoroughly rinsed in saline, pH 10, before 

treating for 5 h with 0.5 mM toluidine blue O (Sigma).  Unbound stain was then washed out in three 

additional rinses of pH 10 saline over the course of 12 h.  The amount of bound stain was quantified 

by soaking the hydrogels in 50 vol.% glacial acetic acid (Fisher) for 90 min and measuring the 

absorbance of the resulting solution at 633 nm (BioTek Synergy HT microplate reader).  A standard 

curve of toluidine blue in the same solution was used for quantification. 

φȢφȢχȢ ÔÅÎÓÉÌÅ ÔÅÓÔÓ ÔÏ ÄÅÔÅÒÍÉÎÅ 9ÏÕÎÇȭÓ ÍÏÄÕÌÕÓ 

 Tensile samples were cast in molds with gage sections 3 mm deep, 6 mm wide, and 16 mm 

ÌÏÎÇȢ  4ÈÅ ×ÉÄÅ ÅÎÄÓ ÏÆ ÔÈÅ ÍÏÌÄ ÃÏÎÔÁÉÎÅÄ ÇÒÏÏÖÅÓ ÔÏ ÈÏÌÄ σȾφτȱ ÄÉÁÍÅÔÅÒ ÓÔÁÉÎÌÅÓÓ ÓÔÅÅÌ ÒÏÄÓ 

(McMaster Carr).  Total monomer/bis concentration ranged from 4.20/0.10 to 14.2/0.35 wt.% (total 

monomer = AAm + acrylic acid).  The hydrogels, polymerized around the rods, were separated from 

the mold and soaked overnight in PBS.  The ends of each sample were reinforced with cyanoacrylate 

glue (Loctite Gel).  Four small spots of glue were placed in the gage section and used as strain 

markers. 

 The rods were set in a custom-designed fixture [Poellmann 2012] mounted in a Bose 

Electroforce Biodynamic test system.  The system was fitted with a 1000 g load cell and was enclosed 

in a 37̄ C incubator.  The sample chamber was filled with PBS and allowed 5 min to equilibrate prior 

to each test.  Samples were stretched at 0.05 mm/s, corresponding to a strain rate of approximately 

0.002 s-1 monitored with a video extensometer (Bose).  Stress and strain signals were smoothed 

using a 9-point moving average filter and fit using least-squares between 0 and 20% strain. 

2.2.4. substrate activation  

 Bovine serum albumin (BSA, Sigma) was used as a model protein in early tests.  Hydrogels 

were soaked overnight in a PBS solution containing 20 vol.% glycerol before activating for 10 min 

with 3 mM EDC (Thermo Pierce) and 5 mM NHS (Thermo Pierce) in MES-buffered saline with 

variable pH.  After rinsing in DI water, 100 ʈÌ ÄÒÏÐÌÅÔÓ ÏÆ ρ ×ÔȢϷ "3! ɉ3ÉÇÍÁɊ ÉÎ 0"3 ÏÒ (%0%3-

buffered saline (variable pH) were placed on each hydrogel for 2 h.  
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Later tests involved a mixture of ECM proteins consisting of 0.35 mg/ml collagen I (BD 

Biosciences), 0.05 mg/ml fibronectin (BD Biosciences), 20 vol.% glycerol (Fisher), and 0.5 vol.% 

Tween-20 (Sigma) in HEPES-buffered saline, pH 8.  This mixture was ultimately optimized as an e-jet 

ink (Chapter 3).  Hydrogels were soaked overnight in a PBS solution containing 5 vol.% glycerol 

before activating for 30 min with 15 mM EDC and 25 mM NHS in MES-buffered saline, pH 5.  

3ÕÂÓÔÒÁÔÅÓ ×ÅÒÅ ÔÒÅÁÔÅÄ ×ÉÔÈ ςπ ʈÌ Å-ÊÅÔ ÉÎË ɉψ ʈÇ ÔÏÔÁÌ ÐÒÏÔÅÉÎɊ ÆÏÒ σ È ÂÅÆÏÒÅ ÒÉÎÓÉÎÇ ÁÎÄ ÃÏÎÄÕÃÔÉÎÇ 

assays. 

2.2.5. assays and stains to evaluate protein binding  

 Protein conjugation was quantified with a Micro Bicinchononic Acid (microBCA) assay kit 

(Thermo Pierce).  Sample hydrogels and control hydrogels were broken into pieces and placed in 

glass test tubes with 2 ml assay working reagent.  The test tubes were placed in a 60̄C water bath 

and incubated for 1 h.  The absorbance of the final solution was read at 562 nm.  Standard curves 

were created using unmodified hydrogels and the appropriate protein mixture added directly to the 

working reagent.  Quantitative assays were used to optimize the pH of the NHS activation and protein 

buffers, to quantify the influence of stiffness on ECM coating density, and to quantify the influence of 

acrylic acid on ECM coating density. 

 Protein conjugation was also semi-quantitatively measured using Coomassie blue staining 

(Bio-Rad).  Substrates were activated as described above and treated with droplets of BSA in PBS.  

After rinsing, bound protein was fixed for 30 min in 50 vol.% methanol, 40 vol.% DI water, and 10 

vol.% glacial acetic acid ɀ the same solution commonly used to fix proteins in electrophoresis gels.  

Substrates were stained with 0.1 mg/ml Coomassie blue G-250 (Bio-Rad) in 5 vol.% ethanol and 10 

vol.% o-phosphoric acid (Fisher, 80% stock solution) for 1 h.  The substrates were rinsed for 1 h, 

dried in air, and photographed with a Canon Powershot SX100 IS digital camera.  NIH ImageJ was 

used for semi-quantitative analysis.  Protein density, in arbitrary units, was defined as the difference 

between thÅ ȰÇÒÅÅÎȱ ÉÎÔÅÎÓÉÔÙ ÏÆ ÔÈÅ ÓÔÁÉÎÅÄ ÐÏÒÔÉÏÎ ÏÆ ÅÁÃÈ ÇÅÌ ÁÎÄ ÁÎ ÕÎÓÔÁÉÎÅÄ ÐÏÒÔÉÏÎ ÏÆ ÔÈÅ ÓÁÍÅ 

sample. 
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2.2.6. cell culture 

To determine the influence of acrylic acid on cell adhesion, MC3T3-E1 cells (ATCC) were 

evaluated on substrates containing 8.2/0.2 wt.% total monomer/bis and modified with a uniform 

coating of e-jet ink.  Cells were sparsely seeded (5 x 103 cells in a 35 mm dish) on substrates 

containing 0-πȢψ ×ÔȢϷ ÁÃÒÙÌÉÃ ÁÃÉÄȟ ÆÉØÅÄ ÁÆÔÅÒ σφ Èȟ ÁÎÄ ÓÔÁÉÎÅÄ ×ÉÔÈ 3ÁÎÄÅÒÓÏÎȭÓ ÒÁÐÉÄ ÂÏÎÅ ÓÔÁÉÎ 

[Poellmann 2010] before imaging using a Leica DMI 400 B inverted microscope at 10x with a 

QImaging Retiga 2000R digital camera.  Cell outlines were traced and shape factors calculated using 

NIH ImageJ. 

Large-scale (cm) patterning was demonstrated on 0.4 wt.% acrylic acid substrates.  D1 ORL 

UVA cells (ATCC) were seeded near-confluence on substrates that were partially coated by flattening 

20 ʈÌ ÄÒÏÐÌÅÔÓ ÏÆ Å-jet ink on an NHS-ÁÃÔÉÖÁÔÅÄ ÓÕÂÓÔÒÁÔÅ ×ÉÔÈ ρς ʈÍ-diameter, unmodified glass 

coverslips.  Substrates were imaged after 3 days. 

2.2.7. statistics 

 All data in the text below are presented as means ± standard deviations of at least three 

independent measurements.  Error bars on bar graphs represent ± standard deviations.  One- and 

two-way analysis of variance (ANOVA) tests with Tukey post-hoc means comparisons were 

conducted using R software [Dalgaard 2002].  Plots were created with R [Wickham 2009] and 

Microsoft Excel. 

 

2.3 Results and Discussion 

2.3.1 acrylic acid copolymerized with AAm/bis  

 Hydrogels were soaked in toluidine blue stain, which binds to carboxylic acid groups at high 

pH [Sano 1993, Nakajima and Ikada 1995], to show that acrylic acid was incorporated into the 

polymer.  Unbound stain was removed with several rinses in saline with pH 10.  Bound stain was 

then eluted from the gels by placing them in acetic acid, and we used the absorbance of the resulting 

solutions for quantification.  The amount of toluidine blue increased with both total monomer/bis (p 

= .0003) and acrylic acid (p < .0001), and some interaction was detected between the two (p = .0502, 

Figure 2.2).  
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Figure 2.2 Toluidine stain was used to show that acrylic acid copolymerized with 
AAm and bis.  The stain bound reversibly to carboxylic acid groups, and as 
predicted, increased in hydrogels containing acrylic acid.  The amount of stain also 
increased with total monomer/bis.  See Table B.1 for pairwise comparisons. 
 

 The trend of increasing toluidine blue with increasing acrylic acid confirmed that acrylic acid 

was incorporated into the hydrogels.  Results between 0.2 and 0.4 wt.% acrylic acid did not reach 

statistical significance (p = .1707), but both were greater than 0.0 wt.% (p < .0050).  There were two 

possible reasons for the observed increase with total monomer/bis.  First, more acrylic acid 

incorporated into gels when it has more AAm to polymerize with.  In that case, softer hydrogels 

would have fewer sites available for protein conjugation than stiffer gels.  The second possibility was 

that hydrogels with higher total monomer/bis have smaller pores, and therefore trap more stain by 

limiting diffusion during rinsing. The second explanation was more likely, given that even gels 

without any acrylic acid bound about half as much stain as those with it.  However, further tests 

described below also suggest that fewer binding sites are available on softer gels.  Given the high 

scatter in results with the stain, we recommend that spectroscopic (such as NMR or Raman) methods 

be used in the future to detect and quantify acrylic acid incorporation. 

2.3.2. acrylic acid did not influence tensile properties up to 0.4 wt.%  

0ÒÅÃÉÓÅ ÍÅÁÓÕÒÅÍÅÎÔ ÏÆ ÔÈÅ 9ÏÕÎÇȭÓ ÍÏÄÕÌÕÓ ×ÁÓ ÎÅÃÅÓÓÁÒÙ ÔÏ ÃÏÍÐÁÒÅ ÏÕÒ ÒÅÓÕÌÔÓ ÔÏ 

previously published work, to relate our results to the mechanical microenvironments that cells 

experience in vivo, and to accurately measure forces exerted by cells in traction force microscopy.  

7Å ×ÅÒÅ ÁÌÓÏ ÔÈÅ ÆÉÒÓÔ ÔÏ ÄÅÔÅÒÍÉÎÅ ÔÈÅ ÉÎÆÌÕÅÎÃÅ ÏÆ ÁÃÒÙÌÉÃ ÁÃÉÄ ÏÎ ÔÈÅ 9ÏÕÎÇȭÓ ÍÏÄÕÌÕÓ ÏÎ ÔÈÅÓÅ 


