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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 (get) printing is introduced as a
method to pattern adhesion proteins on hydrogel substrates for cell culture. First, a newdenique to
fabricate polyacrylamide substrates was developed and optimized. Hydrogels were formulated with acrylic
acid and activated with Nhydroxysuccinimide. Protein density was shown to depend on the amount of
acrylic acid, providing a novel way to ontrol ligand density. Second, get 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 etjet-
patterned substrates were cultured up to four days, growing to confluence within printed patterns without
spreadingontononDP AOOAOT AA OACEIT T 08 AEA OOAOOOAOGAO xAOA 1 A@0
the fundamental unit of bone formationin 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 studyto evaluate how microenvironmental giffness 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 farther 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
ET £ OAT AA AiT A &£ Oi AGEITh A POI AAOGO AAiitrddA O1 OO6AT CAT AO]
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 haw 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 behaviobut only with randomly-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 withvitro 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 optirization of a method to prepare polyacrylamide substrates for cell
culture that is compatible with e-jet printing. Chapter 3 describes procff-concept work using ejet to
pattern proteins on polyacrylamide substrates. This system is used in Chapter 4attern multicellular
structures compatible with traction force microscopy (TFM). Chapter 5 then describes proaff-concept work
to pattern substrate chemistry and stiffness with get printing. Appendices with stepby-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
NOEAOAAT O OOAOA xEOEET TEAEAO ET AITA 1 AOOI x +0EOOAT CA
niche and travel to site of bone formation [Liu 20093 4 EAORO KOPIOAA OOOS mfefedishéei OT A Ol

of cells, with boneto-be on the basal side and, generally, marrow on the apical side. These cells secrete



collagen and other proteins, organize it into a matrix, and mediate its mineralizationd 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 d differentiation marked by differences in gene expression [Aubin 2008].

marow

osteoblasts
osteoid

mineralized bone

adipocytes

(a) |N-cad
MSC

(b)

preosteoblast

()

< osteoblast
vN-cadherin
vcadherin 11
integrin osteoid
= ECM protein mineralized bone

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
NOEAOAAT &6 OOAOA O1 OEI OAAOEOAOAAG O DPOI T EEZAOAOAR |
that reach the site of differentiation form a continuous sheet of osteoblasts (c). Osteoblasts
synthesize and organize a collagenous matrix called osteoid eth mediate its mineralization.
A subset of osteoblasts remains embedded in this matrix to become terminaltiifferentiated

osteocytes. Cadherin illustrations based on Mbalaviele et al. 2006.

At each stage in differentiation, the cells pass through disict microenvironments. MSCs begin in the
soft, fatty bone marrow. The marrow itself has a stiffnessf .250 kPa Winer 2009]. Osteoblasts are
00001 O1T AAA AU OEI E1I A0 AAIT1 O ATA A OOCEEEZATEIC | AOGOE@® AAI
modulus of 25-40 kPa [Engler 2006]. The osteoid mainly consists of collagen and is the precursor to

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

are completely surrounded by a tissue on the aer of 1-20 GPa [Gu&@008].



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
i AOGO AT A &£ Of A 1 01 OEAAT 1 Ocfudsino90, BEIAWE (086D AvhékdiidolatddiellA O1 1T AOD]
are flat and widely-spread, cells in the center of nodules are tightipacked and have a cuboidal morphology.
The nodules eventually become multilayered structures, beneath which mineralized matrix firstppears.
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, theg 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 nodlike
structures on substrates that enable us to probe the mechanical interactiomd cells with the substrate and
with each other.
1.2.3. cell lines as models for osteogenesis
In this work, we used three mousederived cell lines representing different points in differentiation.
D1 ORL UVA cells are mesenchymal stem cells [Diduch 1988pable of differentiating into either osteoblasts
or adipocytes [Cui 1997]. MC3T&EL1 cells are widelyused as models of in vitro bone formation, and are
CAT ACAT T U OAAKGAIAATIAONOD OGHAMOI A0 pwwgh 7 AMLOAS wwwY 8 4
xAO AROEOAA AU , UAEA " 11 AxAloddbifiastieaklydstOokyieic@ls)KafoQ00H. | T AAT .
Where D1s and E1ls require 3 weeks before the matrix contains mineral deposits in vitro [Diduch 1993,
Quarles 1992], A5s require less thn 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 contta#5s form a thin layer of
mineralized matrix that more closely resembles lamellar bone [Barraga#djemian 2006].
There are a wide range of cell lines and sources for primary cells available for studying osteoblasts
[Kartsogiannis and Ng 2004, Boskey anBoy 2008]. Cell lines have the advantage of consistent phenotype
and longterm 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 whetherely, 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 recentiigrived MLO-A5S 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 subsaites 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 PennsyNamegan 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 widelycited article showing that the specific
stiffness of polyacrylamide substrates induced MSCs to differentiate into different cell types [Engler 2006].
4EA 9101 ¢c80 11T ADQI 6O 1T &£ GEA 1 EAOT Al ibrhéighi AT O O1 OEIl AC
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 Il ratchets tension into atin fibers, and the cell exerts traction that must be balanced through
EOO AAEAOCEIT O OI OEA 1 AOOE®S AEEO Ai 1 OOAAOQEI EOU EO AAI
AT 1T OOAAOQEI EOU OEOI OCE . AxOi 1380 4 ERmGGhibebaancedibynequaDET T ¢ AT |
and opposite force outside of the cell. Substrate stiffness and contractility were linked by Solon et al. [2007],
xEl OEI xAA OEAO OEA 9101 ¢80 i1 AOI OO 1T £ A AAIl xAO | AGE]
substrate towhich 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, Winel02) 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 statén the landmark study by
Engler et al. [2006],MSCs expressed a transcription factor unique to osteoblasts on hydrogels with stiffness
that matched osteoid (2540 kPa). Research looking at later markers of osteogenesis is contradictory. A
handful of studies posited that bone forms most efficientlyn stiffer environments [Khatiwala 2006,

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

; /Keogh 2010 Kong 2005
mate markers“"_,_; \
Khatiwala QOO%haj(terjee 291 0—— Khatiwala 2007
ﬁate markers e i
Huebsch 2010  Engler 2006

/

T /‘_1/1 _Rowlands 2008
early markers

~__Hsiong 2008

T Winer 2009 /
|proliferation :

1 kPa 1 MPa 1 GPa
1 1 1 1 I Y
log(E) | | | ||
brain| |fat |osteoid Belyatyrens bone
muscle
cell cell healing glass
(lower) (upper) bone

Figure 1.2. Graphical summary of research connecting osteogenesis to substrate stiffness o )
based on hydrogel substratesc@ OOAA ET OEOOIT 8 3AAT A OET xO 9101 ¢80
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 ce#ll adhesions. Study of early differentiation

markers, including the seminal paper by Engler etla[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 faxdule 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 substratestiffness 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 stagesf 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 woud 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 gatn 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 adsoption, 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 widebdopted technique involves a heterobifunctional
crosslinker called N-sulfosuccinimidyl-6-j t®a@ino-¢ -ditrophenylamino) hexanoate (sulfoSANPAH). 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 tlat 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 4100 nm in size [Trappmann 2012]. The pore size, and
thereforethe Young O 1 1 AOI OOh AAPAT A 11 OEA AT 1T AAT OOAOQEIT 1 &£ AAC
AAAEAT T A 1T £ OE A-ma@nhylenebisdclamidk (bi), a.ciossliker [Kandow 2007]. Increasing
the concentration of either results in a stiffer polymer and smaéir 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.



acrylamide N,N'methylene-bis-acrylamide (bis)

NH o 0
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le} N N
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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 SUSBANPAH
solution on each hydrogel and exposing the surface to UV light. SU8ANPAH is a heterobifunctional
crosslinker [Thermo Scientific]. A nitrophenyl azide group at onend 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 ar N
hydroxysuccinimide (NHS) group, which can ract to amine groups {NH) on proteins [Hermanson
2008].

SulfooSANPAH has a number of drawbacks including high cost, the addition of ragueous
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



[Mentor]. Just as importantly, acrylic acid provides a carboxyl groupCOOH), which is much more reactive

than the amide groups ¢CONHz) that comprise the bulk of the hydrogel.

acrylamide acrylic acid N,N'methylene-bis-acrylamide (bis)
NH OH o 0
/W 2 . /Y .
x PN F
o NN

1/200 10% w/v ammonium persulfate in water
1/1000 tetramethylethylenediamine (TEMED)
in 50 mM HEPES-buffered saline, pH 8

NH, NH,  OH NH,  NH,

NH, NH NH, NH, NH,  NH,
o o o o o

Figure 1.4. Thermal polymerization of polyacrylamide containing a small fraion 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 reagentavailable: 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) [Hermanson
2008]. The conjugation is typically a twestep process. DC first binds to the carboxyl groups on the hydrogel
backbone, then facilitates a dehydration reaction with an amineontaining compound (such as a lysine
residue on the surface of a protein), resulting in an amide bond@GNH-) between the two substances.
However, the intermediate state is highly unstable. The addition of NHS improves the reaction by displacing
EDC in arintermediate 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 sWH®ANPAH, but it costs only a
fraction of the price. Chapter 2 describes the ojphization 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].
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ﬁ

Figure 1. 6 Protein binding to NHSactlvated polyacrylamlde

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,

BEOEO #EAT 80 COI 0D j OEAT A0 *iETO (iDPEEI OQq OEi xAA OEAO



on rigid substrates that were confined to patterngNelson 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 patterngpiroliferation. After also
iTOETC O 0AiTh #EAT B8O CcOIi 6D xAT O 11 O OEIi x OEAO OEI E
[Alom Ruiz and Chen 2008].
#EAT 80 AAOI EAO x1 OE OEIi xAA OEAO PAOOAOT ETl @erOEA AAEDR
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 ie 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 @nging
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 limiteccontractility 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 othdactors. In Chapter 3,
describes such a system with-get printing. However, others have described similar techniques.
llkhanizadeh et al. [2007] described a method to pattern proteins on polyacrylamide hydrogels with-jet
printing, and ReticketFlynn et al. [2012] used a microarray printer to do the same, both with features larger
OEAT pnn Al AT A OEAOAAEI OA AAOCGECT AA O 0OO0ODPPI OO0 ACCOACAO,.
group has used photolithography to pattern smaller features onhe 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 pm 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 (5 um features) has been obtained by micropatterning on glass
before physically entrapping proteins in polyacrylanide [Rape 2011, Tang 2012]. Unlike direct patterning,

however, these ligands were not covalently linked to the hydrogel, which may make lotgrm culture
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difficult. A platform supporting long-term culture is critical for studies of osteogenesis, as mati
mineralization can take 34 weeks with the cell lines used here [Diduch 1993, Wang 1999].
What sets ejet apart from work with similar resolution is its flexibility. Patterns can be quickly
modified at no cost, and a comparatively minimal amount of pttein ink is required. Microcontact printing
can be used to quickly pattern large areas and may be more suited to hitffroughput 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.-jEt is described more
thoroughly below and in Chapter 3.
In Chapter 5, gjet is used to pattern stiffness and chemistry at similar resolution. There are even
fewer methodsto OAAOA OOAE DAOOAOIT O 11T OAAI AO APPOI AAEET ¢ OEAO
micromolding to create squares 100 urhin size to study cell migration in response to sharp gradients in
OOEA£AI AOGOS *ATTEEAO 7A0080 CeGimiabsizédAeaturdd O bdyetiylerieOl | EOET G
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 pum, similar to what we demonstrate withjet, though
without differences in chemical properties between patterned and unpatterned regions. AgainsleA 08 O
flexibility is an asset. Micromolding and photolithography are limited to patterns fabricated on costly
photomasks. EEAO8 O OA1 OA IiclhdlagiesAsiitd caphlilify to CreaeA 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. Onliateral 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 Isirglls

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 cethatrix and
cell-cell forces are balanced in epitheligldu 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 Rwand 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 cetiatrix 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 osteollastic differentiation by MSCs, but such cells were
several steps short of being matrixproducing osteoblasts. In Chapter 4, we pattern osteoblasts on TFM
substrates and present initial results of a study to compare the traction forces exerted by multidelar
011 AO1I A6 DAOOAOT AA xEOE AEAZAOAT O AEAI AOGAOON

osteogenesis.

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

This thesis introduces egjet printing as a method to pattern poyacrylamide microenvironments,
including substrates compatible with TFM. Highkresolution e-jet printing was developed by Park et al.
[2007], and subsequently refined and enhanced by research groups within the N8hded NancCEMMS
Center at UIUC [Park 208, Mishra 2010]. A conductive ink is loaded into a reservoir with a pulled glass
capillary nozzle with inner diameters ranging from 10 um down to 500 nm. With low air pressure (the exact
amount depending on ink properties and nozzle geometry), the ink Wiform 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 thelUC system (Figure 1.8 and Figure 1.@part from other,

previously-published ejet 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 theemiscus of a

stream generated driven primarily by a syringe pump.

back
pressure
capillary
inkjet-style force 5 pm diam.
printing nozzle
sur'face =50 ym diam.
tension droplets
E-!Et- 5 ym diam.
printing | nozzle
I elecmc 0.010-100 pm
_ f|e|d diam. droplets

Figure 1.7. Schematic of forces that influence (top) inkjestyle printing and (bottom) e-jet

printing. The electric field shapes the liquid meniscus, resulting in smaller droplets.

The ejet printer is pictured in Figure 1.8.a. Ink was loaded in a syringe reservoir and mounted above
a translating stage. The metatoated nozzle was electrically connected to a computerontrolled power
supply. The substrate itself was placed on a cductive slidefor easier handling (Figure 1.8b). 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 staged monitor printing. Nozzles

xAOA OUPEAAI T U bpi OEOEITAA omnm ti AAT OA OEA OOAOOOAOAR
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Figure 1.8 (a) Photograph of the get mounts used in the Macromolecular Biosciences

paper [Poellmann 2011]. (b) Photograph of hgrogel 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 duringorinting. 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 bsed 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 aggregatiorides
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 publiction of our Macromolecular Bioscience paper [Poellmann 2011], we

switched to an LED light source that produced significantly less heat than the previous, camenaunted

halogen light. Further details on ink formulation are included in Chapter 3 and AppendC.1.
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The other challenge was in adapting polyacrylamide substrates forjet printing. In early tests with
fully -hydrated substrates, we observed the gel shrinking from evaporation. This contraction increased nozzle
standoff height, resulting in a cotinuously-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 voluencollapsed, 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 19, below. The 5axis 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 higimagnification lens was fixed on the nozzle tip, illuminated
from behind with an LED light source. After inial setup, the user adjusted bckpressure manually (Figure

1.9.c), while controlling stage positioning and voltage from a computer station (Figure 19.d).
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Figure 19. (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 lew
heat, LED light source. (c) Photograph showing further components of thget system.
Backpressure was controlled manually through the pressure regulator, while voltagfrom

the power supply was controlled via a computer. (d) Photograph of the control interface.
Customwritten Labview programs developed by the NaneCEMMS group were used to
control stage positioning (right) and voltage waveforms (center). The cameraéd 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:

functionalized with NE UA OT JUOOAAET Ei EAAho #Al1 01 A0 AT A -11AAOIAO

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 deformyetwoultt 8 6 x OET E1 Ah EO xAO 1 ET AAO

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 [Wag 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
COil 6O OOAA OEA 1 ACAOEAI OI OET x OEA GeledalistuddET ¢ OEA
[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, plyacrylamide has many advantages. It is linear elastic and can
AA OOT AA O1 1 AOGAE OEA 91 01 C60 11 AOkPQOIti$chicap dnddO OT £0
easy to fabricate, in large part because biologists have long used polyacrylamide gels fo
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. Drawbackinclude the cytotoxicity of
acrylamide monomer, which restricts its use to twedimensional 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 micre@onment, as
these cells form a confluent monolayer whose basal surface is adhered to soft osteoid, and whose
apical surface is exposed to the muehofter marrow (see Figure 1.1).

The purpose of this work was to characterize and optimize a procedure tactvate
polyacrylamide substrates for ejet 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 beewidely 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 enougto 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 NHSyroups [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 commonlysed method involving sulfe

SANPAH. Further details are included in Chapter 1.3 and Appendix B.1.
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Figure 2.1. (Left) Summary of polyacrylamide activation with sulféeSANPAH and
protein conjugation based on the procedure [AratyrSchaus 2010]. This procedure
is only shown as a reference, and was not quantitatively evaluated or compared to
our method. Right) Summary of the fullyoptimized NHS activation method
described here.

19



The result of this work was a method to functionalize polyacrylamide substrates, validated
and optimized for ejet printing. We first demonstrated that acrylic acid was incorpoated into the
polymer during polymerization. We then conducted tensile tests to determine the influence of
AAOUI EA AAEA 11 91061 ¢c60 i1 AOI 66h AT A O EAAT OE&AU OEA
used a quantitative protein assay to optimizehie 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, theoverslips 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 100C hotplatefor 2 min.
Prepolymer solutions consisting of acriamide (AAm, 40 wt.% stock solution, BieRad), and
N,N-methylenebisacrylamide (bis, 2% stock solution, Bi€Rad) were prepared in 50 mM HEPES
buffered saline, pH 8 (Sigma). Where indicated below, acrylic acid monomer was substituted for an
equivalent amourt of AAm monomer at 0.21.0 wt.%, and the pH was balanced by adding 10 N NaOH.
Polymerization was initiated by adding 0.05 wt.% ammonium persulfate (APS, BRad) and 0.10
OT1 1 8 b . -tbtrarneth@ldihylénediamine (TEMED, BieRad).
In toluidine and BSAA@PAOET AT O6Oh uvn t1 AOI PI AOGO T £ POAPI Ul AO
acryl-silanated, 12 mmdiameter 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
O1 1 TAEEEAA Ci AOGO Ol EAAS #A1 1 AGPAOEI AT OO ET O 1 OAA O
between 22 mm square acryisilanated coverslips and 18 mm square coverslips that had been
treated in a vacuum desiccator for 2 h with (tridecafluorel,1,2,2tetrahydrooctyl) -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 p{dependent manner
[Sano 1993, Nakajima and lkad&995]. 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 vegmntified
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 ugkfor quantification.
p8¢p8x8 OAT OEI A OAOGOO O1 AAOGAOIETA 9101 cad i1 ADI OO
Tensile samples were cast in molds with gage sections 3 mm deep, 6 mm wide, and 16 mm
1717¢Cs 4EA xEAA AT AO T &£ OEA 111 A Ai1TOAETAA CcOiI 1T O6AO OI
(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 sampéze 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 custontdesigned fixture [Poellmann 2012] mounted in a Bose
Electroforce Biodynamic test sytem. The system was fitted with a 1000 g load cell and was enclosed
in a 37 Cincubator. 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 ppeoximately
0.002 st monitored with a video extensometer (Bose). Stress and strain signals were smoothed
using a 9point moving average filter and fit using leastsquares between 0 and 20% strain.
2.2.4. substrate activation
Bovine serum albumin (BSASigma) 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 MB®fered saline with
variable pH. After rinsing in DI water, 1006 1 A OT 1 AOO 1T £ p x0O08pP 3! j3ECIAQ
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 | (BD
Biosciences)0.05 mg/ml fibronectin (BD Biosciences), 20 vol.% glycerol (Fisher), and 0.5 vol.%
Tween-20 (Sigma) in HEPE®uffered saline, pH 8. This mixture was ultimately optimized as anjet
ink (Chapter 3). Hydrogels were soaked overnight in a PBS solution coimtiaag 5 vol.% glycerol
before activating for 30 min with 15 mM EDC and 25 mM NHS in Mib8ffered saline, pH 5.
30A000A0A0 xAOA -BABADRAAR xgEOECcal OAI APOT OAET qQ A O o E
assays.

2.2.5. assays and stains to evaliate 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 reagenfThe test tubes were placed in a 6@ 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 wasalso semiquantitatively 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, drl0
vol.% glacial acetic acid the same solution commonly used to fix proteins in electrophoresis gels.
Substrates were stained with 0.1 mg/ml Coomassie blue-260 (Bio-Rad) in 5 vol.% ethanol and 10
vol.% o-phosphoric acid (Fisher, 80% stock solutionfor 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 semiquantitative analysis. Protein density, in arbitrary units, was defined as the difference
betweenthA OCOAAT 6 ET OAT OEOU 1T £ OEA OOAET AA PI OOGEIT 1T & A&

sample.
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2.2.6. cell culture

To determine the influence of acrylic acid on cell adhesion, MC3'EL cells (ATCC) were
evaluated on substrates containing 8.2/0.2 wéo total monomer/bis and modified with a uniform
coating of ejet ink. Cells were sparsely seeded (5 x 3@ells in a 35 mm dish) on substrates
containing0mm8y xO8pbp AAOUI EA AAEAh EEQGAA AZEOAO o Eh AT A OO
[Poellmann 2010] before imaging using a Leica DMI 400 B inverted microscope at 10x with a
QlImaging 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.% acryliccid substrates. D1 ORL
UVA cells (ATCC) were seeded neapnfluence on substrates that were partially coated by flattening
20t 1 A OI bjethiOod anNEESABA OE OAOA A 0O 0 A dbhddted Anmadiiéiglass ¢t |
coverslips. Substrates were imagedfter 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. ©aad
two-way analysis of variance (ANOVAksts with Tukey posthoc 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 withH 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
wasincorporated 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 monoer/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. Howevéurther 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 quantifiacrylic acid incorporation.

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

0OOAAEOA T AAOCOGOAT AT O 1T &£ OEA 9101 ¢80 11 ADOI OO xAO 1A
previously published work, to relate our results to the mechanical micrenvironments that cells
experience in vivo, and to accurately measure forces exerted by cells in traction force microscopy.

7A xAOA A1 O OEA EEOOO i AAOGAOI ET A OEA ET &£ OATAA 1T &
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