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ABSTRACT

Advancements in biomaterials and manufacturing gsses have enabled the
development of 3D cell encapsulated hydrogels adesy to mimicin-vivo like
function for drug-screening. Accurate prediction lmiman response to potential
therapeutic drugs and vaccines are through corormaitmethods ah-vitro cell culture
assays and expensiuevivo animal testing. Traditionah-vitro cell culture assays are
time consuming, at times unreliable and expendience, there is a critical need to
reduce the time and financial investment requicediscover new drug cures for major
illnesses through advanced tissue model systenmhidrstudy, we have evaluated the
use of 3D culture with HepG2 liver cells for apglions in drug testing. The method is
based on alginate hydrogels encapsulation. Twoerdifit ultra-sterile alginates,
SLM100 (G:M::40:60) and SLG100 (G:M::60:40) havebaised for our 3D matrix. In
addition, we present a disc design and dynamiccdefar 2D-3D co-culture and 3D
dynamic culture. The major research accomplishnreptsrted in this thesis include:
Development of the encapsulation method for 3DucaltWe have studied the
cellular viability and metabolic capacity of the capsulated cells in two
different alginate structures SLM100 and SLG100. Wave also developed
protocols to characterize the encapsulated celthinvithe alginate structure
using Scanning Electron Microscopy (SEM) and LaSeanning Confocal
Microscopy (LSCM). Liver-specific enzymes such agRIAl and CYP3A4
after 14 days in culture indicates the viabilitydafunctionality of the
encapsulated HepG2 cells. Phase Il Glutathiongigctf the encapsulated cells

were also maintained in 3D culture conditions. €heapsulated cells within the

xi



3D gels were also capable of metabolizing the pugrdEFC (7-ethoxy-4-
trifluoromethyl coumarin) to HFC (7-hydroxy-4-tnifbromethyl) in a linear
fashion over a period of time.

Il. Development of the porous poly-carbonate disc @tatffor 3D culture. We
have developed aim vitro platform to enable high density 3D culture of five
cells combined with a monolayer growth of targedast cancer cell line (MCF-
7) in a static environment as a representative elanof screening drug
compounds for hepatotoxicity and drug efficacy. iA&de hydrogels
encapsulated with serial cell densities of HepGRsc@®>-10°cells/ml) are
supported by a porous poly-carbonate disc platf@moh co-cultured with MCF-7
cells within standard cell culture plates during3aday study period. The
clearance rates of drug transformation by HepG @ale measured using a
coumarin based pro-drug. The platform was useddbfor HepG2 cytotoxicity
50% (CTso) using commercially available drugs which furtloerrelated well
with publishedn vivoLDsgvalues.

[I. Development of dynamic device for 3D culture. thesign approach i€l) To
design a liver bioreactor unit that is scalableerichangeable and compatible
with other scaffold materials; (2) To establishoad-term 3D culture dynamic
environment; (3) compared the drugs toxicity rebeliveen dynamic and static.
The 3D encapsulation of cells within hydrogels esgnts an increasingly

important and popular technique for culturing cellsd towards the development of

tissue engineering and drugs testing. This envientrbetter mimics what cells liva

vivo, compared to standard tissue culture, due to idsed-like properties and 3D

Xii



environment. The following methods for the 3D erstdation of HepG2 have been
optimized in our lab to maximize cell viability arber specific enzymes activity,

minimize the of hydrogel processing steps usingettpdisc design and integrated into
dynamic device. The research will also enable $sigsnto expand their scope of

research and study in the field af vitro drug screening and toxicity study.
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Chapter 1: Introduction and background

1.1 Introduction

Cell culture in two dimensions (2D) has been usediiore than 20 years and
still is the most common method for supporting gewth and proliferation. A major
criticism of 2D culture is thain vivo three dimensional (3D) physiologies cannot be
accurately reproduced using a monolayer culturalition. Obviously, the cultivation
of cells on a two-dimensional glass or plastic snalbs is not an accurate representation
of native tissue; many complex biological respore®ot be represented normally via
2D culture such as cellular migration charactarsstir certain gene expression profiles.
Led byin vitro toxicity researchers, biologists are increasinghying to 3D hepatocyte
cultures for accurately reproducing cell and tisqueysiology, where they are
discovering many liver specific-gene functions tblatsesly mirrorsn vivo conditions.
Metabolic studies, toxicity testing and pharmacekim studies are main activities in
early drug discovery screenindn vitro systems that could predict the potential
hepatotoxic effects and unsuitable pharmacokinetperties of drug candidates would
facilitate drug development. Reducing number ofreai experiments would also
provide a faster and cheaper way for analysishis thesis, we have developed a 3D
liver cells alginate-based culture system for st8 hepatotoxicity testing, 2D-3D co-
culture for drug effect testing and dynamic bioteador long-term and high cell
density 3D culture. The final goal is to desigrebable, simple, affordable and fast data
collecting in vitro prediction device which helps to reproduce theiveatellular

environment for preliminary drug screening, toxam} studies and drug effects study.



1.2 Background information

Ideally, it is desirable to perform long-term andrhdensity cultivation of liver
cells in anin vitro environment for drug studies, but they are extrgnugfficult to
maintain in culture, due to issues such as cloggiati-cell contact inhibition or loss of
liver specific functionality after a couple of daya order to solve these challenges, a
number of 3D culture methods have been developedafwariety of cell types,
including liver cells by using different biomatdaglLeeet al. 2008a). A common goal
for many of these studies is to bridge the gap betwthe uses of animal testing and
clinical trials. It is necessary to create 3D dmbed testing sample that mimic to some
degree the native tissue as close as possible pGsgble way is to grow the desired
cells on a biocompatible porous 3D matrix structuvany parameters need to be
considered for the complexity of 3D cultures. Thesteeria include cell source (liver
slices or hepatocytes), material of scaffold (raltyrderived or synthetic materials),
culture method of cells (static or dynamic), celltare medium and scaffold geometry.
1.2.1 Three-dimensional cell culture
1.2.1.1 Liver dlices

3D culture models can be divided to several grayh as organotypic explant
culture, cellular spheroids, microcarrier culturemd tissue-engineered models
(Pampaloniet al. 2007). Not all three-dimensional culture modelguiee a scaffold.
For example, liver slice is one of the most impattanodels for drug testing. Recent
studies have shown that isolated hepatocytes #Hieuttito mimic native liver functions
because primary liver cells are unable to funcaod survive without supporting cells

such as the endothelial cells and stellate cellsafiB et al. 1997). Human liver are



composed of various sets of cells arranged in Bpeaichitectural patterns which is
very hard to mimian vitro. Culturing a liver slice could be a useful tootf foetabolism
and toxicity testing (Moronvalle-Hallegt al. 2005). However, maintaining the cellular
activity for a liver slice is difficult especiallsince hepatocytes have a very high oxygen
consumption rate (Allen and Bhatia 2003). Varioudtwe methods have been
developed to achieve the survival of hepatocytetissue slices (Vickers and Fisher
2004). All of these methods aim to improve the @tygnd nutrients mass transfer from
the surface to the inner perfusion of the tissuee Tultivation methods employed
involve static culture or dynamic culture systemsmprove the maintenance of liver
slices (Olingaet al. 1997). The main advantage of liver slices is thedserving
hepatocytes in their natural environment and aechite albeit for a very short
incubation time period (<48hr).
1.2.1.2 Céllular spheroids

Cellular spheroids are simple 3D models that cagdyeerated from many cell
types and from cell aggregates. Spheroids do roptinee scaffold and can be easily
imaged by fluorescence or confocal microscopy. Ohthe most famous commercial
products for making cellular spheroids is AlgiMa®i (Invitrogen). AlgiMatrix®
sponge is extracted from brown seaweed and mixadarcollagen. It is suitable for
cardiomyocyte organogenesis studies, or co-culstudies. The spheroid cell culture
has several advantages compared to mono-layer ccddure. (1) AlgiMatrix®
possesses a tissue-like structure and cells caact@ach other for communication. (2)
Adhesion molecules can be mixed in spheroids thatequired for cell proliferation

and the reconstruction of cellular polarity (Tametaal. 2008). (3) Spheroids can be



used in modeling solid tumor growth or metastagisliss for therapeutic studies, e.g.
for high throughput screening (lvascu and Kubbi@36).
1.2.1.3 Microcarrier cultures

To meet the principal needs of bio-artificial livéanctions, microcarrier
technique was used to cultivate high density ligells to improve the cultivation
efficiency and yield. The productivity of large-sea&ell culture can be increased either
by scaling up to larger volumes with cell densitié2—3x16/mL, or by intensifying
the process in smaller volumes but with higher delhsities (up to 2x£0cells/mL)
(Reiter et al. 1990). When compared with traditional monolayer sarspension
techniques, stirred microcarrier cultures yieldtod00-fold as many cells for a given
volume of medium. Superior yields have been replofte a wide variety of systems
including guinea pig keratinocytes (Griffitles al. 1983) and HepG2 (Lupberget al.
2006). Microcarrier culture method reduced the memoent for culture medium
particularly when expensive serum supplements sgctetal calf serum are used. The
growth of liver cells on microcarriers also candixserved and the specific functions of
liver cells were determined periodically (Gab al. 1999). Microcarrier technology
results in a homogeneous culture system that laldeafor large volume of incubation.
The advantages of microcarrier culture for vaccpreduction include increased
productivity, lower costs and reduced contaminatidren compared with other cell
culture methods.
1.2.1.4 Tissue-engineered in vitro models

Tissue engineering models are made by biologidaidation or semi-synthetic

living tissue, the main usage is for damaged tisspacement. This technique has been



widely used for many tissues including skin, kidrayliver (Howardet al. 2008).
Tissue engineering models have the potential tgigeonewin vitro toxicology models
or organ transplantation. The most important roletissue engineering models is its
potential ability to mimic key morphological, phg&gical, and biochemical properties
of the natural tissue as closely as possible (Swamet al. 2004).
1.2.2 Biomaterial scaffoldsfor cells seeding

3D scaffold biomaterial has been become more an@ mgportant because the
demand of biotechnology usage and complexity offfsich design. Cells require
careful exchange of nutrients and oxygen in additio geometry control in a 3D
matrix. However, cell viability is an issue wheraBold or cell aggregate thickness of
1-2 mm arise through a lack of mass transfer, esibpethrough a limited exchange of
nutrients and waste (Griffith and Swartz 2006) fltifon problems can be overcome by
making highly porous scaffolds or increasing thewfl of oxygen and nutrients.
Different cell types have varied micro and macrek@mment requirements which
dictate different properties of scaffolds. For eydam liver cells must be surrounded
within a soft environment. In contrast, osteoblastiere to a hard surface just like the
bone tissue. Consequently, the design of the ddaffust reflect the native tissue in
human environment to represent the cells normattionality (Lee et al., 2008a). For
implantation field, a functional implant requiresbaodegradable and biocompatible
scaffold, which, after implantation, is replacedthg regenerating tissue (Wallesal.
2003). In this situation, the scaffold must suppatt proliferation and differentiation;
furthermore, the scaffold can be degraded and ceglaby human body without

immune-rejection. On the other hand, these scaffaldalso be applied in 3iD vitro



model for drug screening and cosmetics (Camtoal. 2007). Here, it is necessary to
reproduce an accurate artificial tissue for catidiions and response evaluation.

The varieties of materials that can be used foff@dafabrication, including
polymers, metals and ceramics. Polymers are usesmoaly for bio-fabrication
scaffolds, which are typically grouped into synibetnd natural materials. Synthetic
polymers such as polyethylene glycol (PEG), polgactcid (PLA) and
polycaprolactone (PCL), are included as well asinahfpolymers such as collagen and
alginate. However, natural scaffolds tend to exhigtter biocompatibility properties
than synthetic materials (MacNeil 2007). The gelnexie for these 3D scaffolds is to
reproduce an extracellular matrix (ECM) for suppaytcell growth. In mammalian
tissues, cells not only connect to each other, &6 communicate through extra
cellular matrix (ECM) molecules. ECM contains progs such as collagen, laminin and
elastin that provide communication between cell$ muatrix. The receptors, embedded
within the matrix, called the integrins, play aaoh cell singling. These receptors are
very important the functional profile of cells. Fexample, in 1997, Bissell's group
(Weaveret al. 1997) found that surface receptor, calfethtegrin, can influence the
behavior of cancerous breast cells in 3D cultuenggquently, 3D culture environment
can alter cell behavior compared with 2D culture.

As described above, the surface chemical and receptoperties are
fundamental for cellular adhesion, proliferatiordasignal transduction. For instance,
the Vroman effect, is exhibited by protein adsanptio a surface, in particular for
serum proteins. The highest mobility proteins a&rito surface first and are later

replaced by less motile proteins that have a higfferity (Vroman 1962). This effect is



known to correlate to cells adhesion on biomateugface, where cells interact with the
protein layer (Allenet al. 2006). A biomaterial surface can be modified toréase or
decrease cell adhesion. An example is plasma acagid layer that can improve
Schwann cell adhesion ability (Murray-Dunnieg al. 2011). On the other hand, the
deposition of allyl amine can prevent Schwann aglhchment. Cell adhesion can also
be controlled by structural motifs into a biomaaériThe most widely used adhesion
ligand is RGD peptideArg-Gly-Asp), discovered in 1991 (Massia and Hubbell 1991),
was proved to improve fibroblast cells adhesioritghin vitro. RGD peptide covalently
immobilized surface has proved to be effective HepG2 biotransformation activity,
particularly in the presence of diclofenac. Alse thiotransformation functions were
expressed at high levels (Det al. 2005). In contrast, chemical reaction surface
modification techniques such as plasma-enhancedichE vapor deposition have
proved to enhance cells adhesion in 3D scaffold8. fdbroblast attachment was found
to be greater for the plasma deposits than theatsd poly (D,L-lactic acid) (PDLLA)
tissue-engineering scaffolds (Beeyal.2005). UV and ozone have often been used for
biomaterial surface modification to improve thefaoe wet ability for cell adhesion
performance (Liwet al. 2010); the major advantage of this approach héerapidity
and reproducibility for modifying 3D scaffolds. Btent of adhesion proteins with
biomaterials for 3D culture is one of the most img@nt techniques in tissue
engineering.
1.2.3 Scaffold scales

The scaffold design can be characterized for maeongero-, and nanoscale. If

constructs are for implantation, the size, usuafigcro-scale, can be followed by



computer-aided design and fabrication by steremditaphy. The micron scale design
has been widely used for liver tissue engineenmthe evaluation of drug metabolism,
toxicity and other evaluations (Griffith & Swart2006). However, hepatocytés vivo
are complex metabolic cells and their functionality dependant on their
microenvironment such as cell-cell and cell-matinxeractions, especially sinusoid
structure. To improvén vitro micro-scale culture conditions, microfluidic desschave
been developed for studying pharmaceutical andcodogical problems over the last
years. L.G. Griffith’'s group used perfused multilwm@ates with an integrated filter to
accumulate rat liver cells and nonparenchymal ¢@lfith and Naughton 2002). This
bioreactor supported a viable culture for up teaysd allowing for high throughput and
continuous perfusion of the culture. Another apphodo microfluidic hepatocyte
cultures was recently shown by Chao et al. (Cétaal. 2009). After first seeding cells
onto a substrate and then assembling the micradl@dmponents, the group cultured
the cells for up to 24 h. Subsequently, they mesaktine hepatic clearance rate of six
marketed model compounds and compared the perfaenaithin vivo data. The main
advantages for microfluidic device including (1) lWime reduction can reduce the cost
of expensive drugs. (2) Sinusoid structure cab aslifred as a place of drug reaction
and also increase the surface area for a fastetiordaime. (3) Multi-channels have the
potential to test many samples at the sample tf#)ein vivo microenvironment can be
mimicked as real as possible.
1.2.4 Bioreactorsfor 3D constructs

An important consideration of 3D cultures is theimenance of mass transfer

(Martin et al. 2004). When 3D cultures are too thick, there @ifesion limitations into



the cells at the center of 3D cultures. Major aradles in 3D cultures include the
oxygen and nutrients penetration and removal oftevasoducts. Traditional 3D
cultures are based on static culture condition,éw@r, the design and use of bioreactors
are moving towards utilizing 3D culture systems (fitaet al. 2004). Bioreactors are
able to control many parameters required for calluce. These include medium flow
rate, oxygen and nutrient supply. In additionameaomplex bioreactors can mimic the
oxygen gradient across the tissue that is simdaintvivo liver sinusoids (Allen &
Bhatia, 2003).

Several bioreactors can be grouped into hollowrfilfiat plate and monolayer
systems, and direct perfusion systems with scadfoldencapsulated cells (Table 1).
Hollow fiber systems are applied for cells whiclvéa high metabolic rate (Haycock
2011). Hepatocytes can be suspended in a collagleion which is injected into
hollow fibers systems. Nutrient medium is circuthtehnrough the fibers into cells
(Gordonet al. 2005). Perfusion systems allow the culture medpass through the
construct to increase the mass transfer. Cellaismally seeded within a flat plate, 3D
scaffolds or encapsulated with biomaterials. Sooresiclerations when designing these
flowing systems are scaffold porosity and mechdngraperties of constructs. For
example, mechanical stimulation of bone induces memne formationin vivo and
increases the metabolic activity and gene expressimsteoblasts (Friast al. 2010).
Several bioreactors have received FDA approvatloical studies. For example, the
BioLogic-DT artificial liver system, appears to Bafe in treatment of patients with

hepatic insufficiency and coma in clinical traifssp et al. 1992).



Hollow Fiber

Flat Plate and Monolayer

Perfused Beds/Scaffolds

Encapsulation and Suspension

Pros: attachment surface, potential for

immunoisolation, well characterized.

cells protected from shear

Cons: nonuniform cell distribution,
transport barrier with membranes or
gels

® Extracapillary cryopreserved cells on
microcarriers (Rozga et al.®!)

® 34 cells cultured in extracapillary
space (Sussaman et al.''%)

® Multicompartmental interwoven

fibers with extracapillary seeding

and oxygenation (Gerlach et al 1)

Cells entrapped in contracted gel in

interlumenal space {Nyherg et al 11%)

Cells entrapped in collagen gel in

extracapillary space (Naka et al®”)

#® Tricompartmental coaxial hollow
fibers {Macdonald et al.'27)

® Extracapillary seeding with in-line
oxygenation (Paizer et al.'®®)

® Dialysis against circulating

hepatocytes (Greg Szebo: Exten, Inc,

San Diego, CA)

spirally-wound fabric scaffold and

integrated hollow fiber oxygenation

(Flendrig et al #)

Pros: uniform cell distribution

and microenvironment

Cons: complex scale-up,

potential large dead volume,
cells exposed to shear, low
surface area-to-volume ratio

Dialysis against cell
suspension (Matsumura et
al. )

Flat membrane reactor with
cell in sandwich culture (De
Bartolo et al.72)

Stacked plates of monolayer
culture (Sheil et al. '}
Stacked plate reactor with
monolayer culture (Uchino
et al)

Monolayer coculture with
membrane oxygenation
(Tilles et al.7t)

Collagen gel sandwich
culture bioreactor { Taguchi
et al 112}

Pros: ease of scale-up,
promotes 3-dimensional
architecture, minimal
transport barrier

Cons: nonuniform perfusion,
clogging, cells exposed to
shear forces

Radial flow through packed
bed, cells on glass
microcarriers (Kawada et
al.™#)

® Microchanneled

L]

polyurethane packed bed
with spheriods (Gion et
al.™)

Polyvinyl resin cubes
seeded with cellsina
packed bed (Yanagi et al. 77}

& Murine cell line on porous

carriers in packed-bed
(Fassnacht et al 123}
Radial flow through
polyester fabric cell
scalfold (Naruse et al #2)

Pros: ease of scale-up, uniform
microenvironment

Cons: poor cell stability in suspension,
transport barrier due to
encapsulation, degradation of
microcapsules over time, cells
exposed to shear forces

Encapsulation:

e Spouted bed perfusion with
encapsulated spheroids
(Takabatake et al "2*)

Fluidized bed of alginate

encapsulated cells (Dore et al.™®)

® Encapsulated spheroids in
perfusion chamber (Dixit et al.™)

Multicomponent capsules

containing rabbit hepatocytes

{Matthew etal.'2%)

& Cnirapped aggregales in glass bead

packed bed (Lietal 1)

Hydrogel entrapped cells on

rotating disks with perfusion

{Yanagi et al.™)

Suspension:
® Perfusion chamber with membrane

isolated cell and charcoal
suspension (Margulis et al.?¢}

® Cell suspension with a centralized

spinning filter (Sakai et al.5¥)

Table 1. Liver cells-based bioreactor designs (Alktral. 2001).

1.2.5 The sour ce of hepatocytesfor in vitro studies
1.2.5.1 Primary hepatocytes

Hepatocytes can be obtained from human or othenalsisuch as rat. Today
human hepatocytes are the most widely usedirfovitro studies. Freshly isolated
hepatocytes can exhibit mast vivo functions but they have lost the attached surface
and they do not survive for a long period of tirmeorder to improve the surviving time
of primary hepatocytes, many papers have been ghdui to several methods to

improve hepatocytes function uivo.
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For example, the use of the sophisticated mediumhiogman hepatocytes
(Ferriniet al. 1997), the use of extracellular matrices that mmprcell adhesion such as
matrigel (Bissellet al. 1987) and co-cultivation with human hepatic stellaells or
nonparenchymal cells (Guillouzet al. 1990; Okamotoet al. 1998). Various other
models have been established including bioreagioosiding primary hepatocytes
maintained under continuous perfused oxygen (Vetcal. 2011). Encapsulation of
primary hepatocytes with alginate or collagen deds been also developed to allow
hepatocytes to survive for several days insteakweéral hours (Guyomast al. 1996).
Although mostin vitro studies for drug metabolism are performed usingrasbmes,
primary cells have several advantages: (1) Intatitmembrane. Xenobiotics in liver
cells are usually involved in active transport. €ewf xenobiotics in hepatocytes is
higher than in plasma. Some transporter proteinge H@een demonstrated for drug
metabolism such as pravastain (Okametaal. 1998). (2) Complete drug metabolic
pathways. Enzymes involved in drug metabolism actuded in Phasel/ll enzymes.
Some cytosolic-conjugating enzymes and co-facttss play a major role in Phase I
biotransformation process (Li 1984). Microsomesg, iftstance, lack these enzymes
during homogenization process. On the other hanidhapy hepatocyes still suffer
several disadvantages that are presenttro studies. First, the cells source is not easy
to get and maintain in every lab. Second, cytocle@®O levels are not stable during
time. Because of this phenomenon, experiments ffiongoy hepatocytes usually are
performed within 2 days (Flendrigt al. 1998). Howeverhuman primary cell-based

assays represent the gold standard in cell-bassdgss
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1.2.5.2 Human liver tissue

One of the main advantages for human liver tissueeproducing tissue
architecture. However, hepatocytes in liver tissamdly lose their function within a 1-
2 day of culture, and the cells are not equallyspreed and reproduced in each of
repeated experiments. The stable source of liveesslis still the problem. Although
liver slices are used for prediction of drug meteno, clearance rate or drug-drug
interaction, these limitations explain why liveicels have not been widely used for
vitro drug development model (Graetfal. 2007).
1.2.5.3 Hepatocytes cell lines and derived hepatocytes

Hepatocyte cell lines can be derived from normdll ioemortalization or from
cancer cells. Hepatocyte cell lines have been wideted because of several
advantages: (1) Major liver-specific functions éihstability. For instance, HepG2 has
been widely used for drug metabolism or drug-dmigractions studies (Laet al.
2010). A new cell line HepaRG has been establiseeently for drug screening studies.
HepaRG can express the major CYP450s and phaseyines over two weeks (Cerec
et al. 2007). (2) Data are reproducible and consistentikél primary cells, hapatocytes
cell lines are immortal and represent a promisitey@ative to non-proliferative normal
hepatocytes. The most commonly used human hepeatamit lines (eg., HepG2,
Hep3B, HBG) are derived from tumors. (3)Hepatocytss suitable for high-
throughput screening. For example, HepG2 cellsesgn variety of proteins in large
guantities that can be used to a good model fdr-thigoughput screening (Rodriguez-
Melendezet al. 2005). Hepatocytes cell lines genes are also wrekracterized for

microarray testing (Solorzano-Vargetsal. 2002).
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In recent years, human embryonic stem cells (hE&&%} recently provided an
alternative, unlimited source for human hepatocytesvever, differentiation of hNESCs
to hepatocytes remains a challenge (ldagl. 2007). Some reports have indicated that
the bone marrow of adult rodents contains progecits with the potential to give rise
to cells expressing the hepatocyte markers cell-agthesion molecule or albumin
(Peterseret al. 1999; Theiseet al. 2000). Carlos Semino et al (Semired al. 2003) at
MIT showed that they could take liver progenitollceand differentiate them into
mature hepatocytes in PuraMatrix synthetic nanofgmaffolds. Induced hepatocytes
from a patient’s pluripotent stem cells (iPS) his® grovided a alternative way without
immune suppression (Espejett al. 2010). Although hepatocytes derived from
embryonic cells have not been widely used for ligells studies, nevertheless, use of
hepatocytes-like cells derived from stem cells niey expected foin vitro drug
screening in the future.

Overall, it is desirable to perform long-term andghhdensity cultivation of liver
cells in anin vitro environment for drug and liver cells metabolismdgts, but they
have been difficult to maintain in culture at highll density and contact inhibition or
liver specific functionality are lost after coupdiays. 3D culture has been frequently
used in tissue engineering, pharmacology and imihoggo3D matrices are superior to
cell based assays and animal testing becau2® fnono-layercell based assays do not
mimic the complex environment undergone by a pa@ktiterapeutic drug, especially
for cancer drugs treatment; 2nimal testing is often expensive, time consuming at
times irrelevant; 3Some 3D devices are small, relatively cheap anderable the

parallel study of multiple candidate drugs for higinoughput screening. This thesis
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proposes an alginate encapsulation method for 3fatbeytes cell culture under static
and dynamic environment. Custom designed engindet@dmatrices can be designed
for applications such as high throughput drug sureg studies or metabolism-

dependent toxicity study in the future.
1.3 Research objectives

The research purpose of this study is to desigmalgmate-based 3D culture
system which can be applied for static culture,3IMDeo-culture and dynamic culture.
Once this system is established, custom designgthesared liver matrices can be
designed for applications such as high throughpuigdscreening studies or
metabolism-dependent toxicity study. The major aede objectives reported in this
thesis include:

A. The development of a three dimensional culture esystwhich embeds
hydrogels encapsulated with high density of Hepi@@rIcells. This includes
the design of an alginate based manufacturing systerify the encapsulated
cells viability, phase-l/ll metabolism activity ang@ro-drug EFC-HFC
conversion rate and phenotype maintenance.

B. The development of aim vitro porous poly-carbonate disc platform to enable
high density 3D culture of liver cells for toxicitgsting, and also combined
with a monolayer growth of target breast cancer loed (MCF-7) in a static
environment as a representative example of scrgetiing compounds for
hepatotoxicity and drug efficacy.

C. The development of a perfusion bioreactor apprdact8D dynamic culture

studies. A meso-scale perfusion bioreactor wasgydedi which can be stacked
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multiply disc with hydrogels. This includes the dgsof bioreactor, long-term
dynamic 3D culture, and study of the EFC-HFC meliabo activity and
compared the drugs toxicity under static and dycarandition.

The 3D encapsulation of cells within hydrogels esgnts an increasingly
important and popular technique for culturing cellsd towards the development of
tissue engineering and drug testing. This envirartnbetter mimics how cells livin
vivo, compared to standard tissue culture, due to tleditike properties and 3D
environment. The following methods for the 3D erstdation of HepG2 have been
optimized in our lab to maximize cell viability ariver specific enzymes activity,
minimize the hydrogel processing steps using supgisc design and integrated into
dynamic device. This research will also enable rdigts to expand their scope of
research and study in the field of vitro drug screening and toxicity study. An

overview of research accomplishments is present&igure 1.
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Research Accomplishments

| Static Dynamic >
I [
Step 1 Step 2 Step 3 Step 4

Prepare and characterize
SLM100/SLG100

Evaluate the structure of
alginate. morphology and diug
metabolism test

Develop a support disc for 3D
culture and co-culture

Establish a suitable dynamic
device for diug toxicity and
metabolism study

- Determine the concentration
of crosslinking agent-CaCl,

- Verify the viability and
functionality of encapsulated
cells

- Structure of alginate was
characterized by SEM

- Morphology of encapsulated
cells were stained with
fluorescence dye and
observed by confocal

- The disc was fabricated

using a Fused Depogition
Modeling (FDM)

- 3D culture with support disc -

can be applied in
hepatotoxicity and drug effect

- Evaluation of different flow
rates and cell densities for 3D
dynamic culture

- Compared the dug toxicity
results between 2D and 3D

nicroscope study

- Drug elimination ability was
tested by EFC-HFC

Figure 1. Summary of research accomplishments.

1.4 Research motivation

The objective of research is to develop an alghhateed 3D liver cell platform
for hepatotoxicity, metabolism of hepatocytes angyceffect studies through amvitro
encapsulation technique. In this thesis, we witsgint an alginate-based 3D culture
with combination of a support disc and perfusiooréactor for possible applications in
tissue engineering, characterization of hepatoityxend drug effects and analysis. In
addition, the research conducted here has thenfwitpfeatures:

A. 3D culture can mimic the complex environment andnta& to some degree
thein vivo morphologyin vitro.

B. Animal testing is often expensive, time consumimgl &ny results derived
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from animal testing may or may not be useful to hom Ourin vitro 3D
culture design has the potential to provide a bédiaand stable drug testing
platform for reducing time and money during drugelepment.

C. High cell density and stable number of cells camtt@ned by 3D culture. 2D
culture cells can only allow the growth of low diygulture on mono-layer
surface and proliferation activity is out of cortro

D. For dynamic 2D culture through microfluidic devic#se cells tend to lift off
from the chamber and clog the channels after eggtndageThe clogging
problem can be solved by the use of 3D matricemgutynamic culture.

E. Liver cell integrity can be maintained by encapsalamethod and support
disc design can be applied in co-culture study. $@me high-throughput
samples, some devices used microsomes or CYP esZpmérug testing, but
there may be loss of structural integrity and reat@f cell membrane results
in the loss of transporter proteins.

F. Current microfluidic devices or 3D culture modificen techniques require
specialized skills and expensive equipments fori¢dabon and operation,
which makes it difficult to be used by non-experdginate 3D hydrogel
formation is relatively cheap and can enable thelf@h study of multiple

candidate drugs for high throughput drug screening.
1.5 Thesisoutline

The objectives of this work were to develop 3D mdge-based cell culture
system for application in toxicity testing and dsugetabolism studies. Background

information on the research has been provided iap€in 1 for better understanding of
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this research that include: What is the 3D cultuvéRat are the advantages of 3D
cultures? What is the source of 3D culture? And hewthe application for drug
metabolism and toxicity studies. Chapter 2 dessrithee cultivation of HepG2 liver
cells encapsulated in alginate hydrogels and tbeltse obtained. Chapter 3 described
the development of alginate based 3D hydrogels rasnavitro co-culture model
platform for the toxicity screening of new chemieaitities. Chapter 4 described the
development of a perfusion bioreactor for high adinsity cultivation. Chapter 5

summarizes the conclusion of this study and recomda@ons of future work.
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Chapter 2: Long-term cultivation of HepG2 liver cells encapsulated in
alginate hydrogels: a study of cell viability, morphology and drug
metabolism

2.1 Introduction

Methods to improve toxicology screening technigieegpotential new chemical
entities (NCE) are necessary to translate discowenew drugs from the laboratory to
actual patient consumption. The recent failure adx¥ (Merck’'s pain killer drug)
highlights the inadequacies in viable technologiele to successfully predict the safety
and efficacy of a drug. It is estimated that abeudillion dollars and 10- 15 years are
invested for every successful drug in the markedfodunately, even with large
amounts of investment, success is not guaranteeen Eoday, macroscale animal
testing endures as the prevailing model in the uaten of toxicological and
pharmacological profiles of chemicals and therapeagents. After successful animal
studies, further testing progresses towards huraical trials where about four out of
five candidate drugs fail. Due to the sequentiating procedure, there could be
hundreds of compounds that have failed in animatliss but may actually have
therapeutic effects in humans. For example, pdinig8 toxic to guinea pigs but non-
toxic in humans (Green 1974). In addition to higistc laborious process and ethical
issues raised by animal right groups, newer tecuie$ must be developed to limit the
use of animal models during the drug discovery @seqDurick and Negulescu 2001).
In order to reduce the adverse effects of potedtiajs, there need to be better, more

efficient in vitro testing procedures that would be able to prediet ADMET
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(adsorption, distribution, metabolism, eliminatiéoxicology) properties of a drug early
on in the product development process.

To facilitate the expedited discovery of new vialdeigs, current research
efforts are geared towards developing viablgitro human tissue models, for example
liver, which will serve as a tissue model surrogatpredict candidate drug efficacy and
safety in humans (Khetani and Bhatia 2008). A nunalbé vitro systems are currently
under development to understand the biotransfoomaif potential drugs in the liver
and in combination with other tissue types. A numiiemicrosomes, cell and tissue-
basedin vitro systems have been developed to mimic human mesatolncluding
isolated liver slices (Onderwatet al. 2004), primary hepatocytes (McGinnigg al.
2004) and transformed cultured human hepatomalicel e.g., HepG2 (Hewitt and
Hewitt 2004). Cell-based assays usually involvawirg cells as a monolayer on a
two-dimensional (2D) surface. Schuler and coworkease developed a cell based
analog chip system to predict the human responseotential therapeutic drugs
(Viravaidya and Shuler 2004). The device containetkrconnected cell-specific
chambers to simulate dose dynamics and drug mégell interactions. Flat
substrates (2D) micro-scale culture has been dpedldor hepatotoxicity screening
applications (Khetani and Bhatia 2008). Researchattired liver cells within tiny
wells (100 um-1 mm diameter) to mimic liver-liksgue for drug screening testing. A
microfluidic device for primary liver cell cultureas also established (Leéal. 2007),
wherein an endothelial-like barrier was createddntrol mass transport. The unit was
seeded with primary hepatocytes within microfaliedachannels. This micro-scale

culture device mimics cell-cell contact and nuttigansport across the endothelial cell
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barrier in liver sinusoids (Zhanegt al. 2008b). Dynamic culture systems have been
developed wherein liver cells were perfused witl@nmicrobioreactor to ensure
physiological shear stress levels experienceanbyivo liver tissue (Hwaet al. 2007,
Powerset al. 2002).

Developments in microbioreactor and computer aitidatication technology
have enabled researchers to expand the developofem vitro tissue model
development towards a 3D environment (Sun and D&R2P Most cells respond to
mechanical and chemical cues within a 3D microemmrent very differently from
those on flat substrates (Rowletal. 1999; Shachar and Cohen 2003). In addition, a
3D culture environment can enable higher cell dgr{$ukasinovicet al. 2009), allow
cell-cell contact and cell-matrix interactions (@I- et al. 2006), control of matrix
stiffness (Suret al. 2004) and a tunable barrier to shear stressesgiBeatval. 2002)
induced by fluid flow within the system. Such mienwironments are limited when flat
substrate cell-based assays are used. A hydrogeldb3aD environment integrated
within a microbioreactor system has been developkdrein cells are encapsulated
within alginate and deposited within a microfluidihamber to form then vitro drug
screening system (Chamg al. 2008b). Drug detoxification also can be studiedarra
seal-less blood centrifuge (Sofer et al. 1979).

The hydrogels provide the necessary matrix foreteapsulated liver cells to be
stationed within the matrix. However the exact nagtdm of their behavior within the
matrix is not understood. An understanding of thl-matrix interaction at the micro-
scale and the systemic behavior of the encapsutaisl within a 3D environment is

necessary to further advance theiBDRitro tissue model system technology.
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To address this need, this chapter has conductsgties of quantitative and
gualitative studies to study the viability of Hep@2er cells within two different
alginate based hydrogel molecular arrangementscofdgrol, wherever possible, the
results were directly compared with results obtdifrem flat substrate culture (2D).
The results included the CYP enzyme metabolismyrapzinduction/inhibition phase
of the encapsulated cells and measured the drugbolet capacities of the
encapsulated cells. Scanning electron microscoplecanfocal microscopy protocols
have been developed as part of the research studynable us to visualize and
characterize the encapsulated cells. In additibe, ¢ell encapsulated matrix was
exposed to the pro-drug EFC (7-ethoxy-4-trifluoréimye coumarin) and the metabolic

response rate was measured.
2.2 Materials and methods

2.2.1 Cultureof HepG2 cells

HepG2 were obtained from ATCC (American Type Cwdt@ollection ATCC,
Manassas, VA), passage 77. Hepatocytes were hatvbstween passage numbers 77
and 80 for all our experiments. The cells were naamed in standard Dulbecco's
Modified Eagle's Medium (DMEM) supplemented with %40fetal bovine serum
(Invitrogen Co., Carlsbad, Calif., USA) and 1% mdhn G and streptomycin
(Invitrogen). The cells were grown in 75 Ttissue culture flasks at 37 °C in a 5% £0
humidified environment. At confluence, cells werasked with phosphate buffered
saline (PBS), treated with 0.25% Trypsin/EDTA (n@gen) for 5 min to release cells
from the flask, pelleted by centrifugation at 15pfn for 5 min and finally resuspended

with fresh medium to the desired cell density.
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2.2.2 Alginate preparation and encapsulation of HepG2 cells

The hydrogel was prepared using Pronova SLM100&@100 (NovaMatrix
Co., Sandvika, Norway), mixed at a final concemratof 1% (w/v) with DMEM
medium. The SLM100 variety had a M:G ratio of 60:4Mile SLG100 had an inverse
ratio of 40:60. HepG2 cells were cultured as déscriabove, trypsinized, counted
using a hemocytometer and resuspended in DMEM.sGelspension medium was
mixed with alginate solution (1% w/v) at a concation of 1:1(v/v). After mixing
gently, the cells-alginate precursor solution (@P@vas placed in wells of a 24-well
plate containing Caglsolution (6@, 45 mM, Sigma). The final cell density was 2 x
10° cells/ml. The ratio of alginate mixture and CaGolution is 5:1(v/v). After
incubation at 37 °C for 30 min, the alginate hydilogas washed witRPBSto remove
any uncrosslinked solution. Further, the gel wasrserged in DMEM and incubated at
37 °C in a 5% C®humidified environment. The cell medium was réfiex$ every 2-3
days. For experiments that involved 3D hydrogedd, fcee alginate gels served as the
control. For all flat substrate (2D) experimentsfere medium at the bottom of the 24-
well plates served as the control.
2.2.3 De-crosslinking the alginate hydrogel

To de-crosslink the 3D alginate hydrogedmples were immersed in DMEM
(containing 1mM EDTA) and incubated for 5 minutés3@°C. The gel de-crosslinks
back to the solution state and then was spun dowattieve the cells. The cell pellets
were then resuspended in cell culture medium fahéur testing such as viability study.
The 2D samples were also trypsinized by trypsifZ@) for 5 minutes at 37°C, and

counted with trypan blue by hemocytometer (Figyre 1
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Figure 1. De-crosslinking and trypsinatidrom 3D and 2D samples for viability test.

2.2.4 Direct cell viability counting

After detaching or de-crosslinking the cells fronomolayer and encapsulated
samples by trypsinization and EDTA treatment, thegre assessed using a
hemocytometer with trypan blue staining (InvitropeMeasurements were performed
on days 0, 5, 9 and 14.
2.2.5 Liveldead fluorescence viability testing

The viability of encapsulated HepG2 cells was qifiadt using the live/dead
viability assay (Invitrogen) consisting of calcédd and ethidium homodimer.
Hydrogels (SLM100 and SLG100) were formed as deedriabove. At days 1, 4, 11
and 14, cell medium was aspirated from the weltstaydrogels were washed with PBS
twice to remove FBS from the hydrogel. Samples waratected from light and
incubated with 21g ethidium homodimer and Oy calcein-AM in 1 ml PBS solution
at room temperature for 45 min. After multiple washwith PBS, the viability of
encapsulated cells was quantified from z-seriegeptions taken every 1@m and
counted as the percentage of dead cells compardtetdotal number of cells in
encapsulated sampld§&igure 2). Sections were taken using an OlympusBXI

confocal microscope and software (Olympus, Centdley, PA).
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Figure 2. 3D cultures optical section by confocal microscope

2.2.6 HepG2 filamentous actin (F-actin) staining

HepG2 cells were stained for F-actin and nucleofaservation using a confocal
microscope. Samples were fixed in 4% paraformaldehin Hank's buffered salt
solution (HBSS, Sigma) for 20 min at 37 °C, aft@afion, samples were washed three
times with PBS (C4 and Md" free) and rinsed in 0.1 M glycerine in PBS for Birat
room temperature. For F-actin staining, the sampla® incubated in dark with 5 mg/I
FITC-phalloidin (Sigma) in PBS for 30 min at roomntperature. After washing the
samples three times for 5 min in PBS, cell nuclerevco-stained with 5 mg/L of 4’,6-
diamidino-2 phenylindole (DAPI, Sigma) in PBS fo® 3nin at room temperature.
Samples were scanned with an Olympus Optical CVECD @amera and BX61WI
confocal microscope to generate optically sectianees. A series of optical sections
taken successively at different focal levels weszonstructed with the image
reconstruction program.
2.2.7 Sample preparation for scanning electron microscopy

HepG2 cells encapsulated in alginate were fixedh \&i6% glutaraldehyde in
coagulation buffer (0.1 M) for 2 h at 4 °C. Afteraghing in PBS, samples were
immersed in 1% Os{Jaq.) solution for 60 min. Samples were dehydratedthanol
(30%, 50%, 70%, 90%, 100%, 100%, 100%) for 20 riree times for each respective

ethanol change and dried using critical point,@usimis Autosamdri-814). Dried
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samples were sputter-coated with gold/palladium I6rmin using a sputter coater
(Anatech Ltd Hummer VI) and viewed in a JEOL JSM}8Bcanning electron
microscope.
2.2.8 Cytochrome P-450 and induction/inhibition activity testing

The Cytochrome P450 (CYP) superfamily of drug meliaing enzymes is
responsible for the metabolism of a variety of driagd endogenous compounds. For
testing CYP450 activity, cytochrome P-450 enzym€yP3A and CYP1Al activities
were measured by P-450-Glo™ CYP3A and CYP1Al adgay(Promega Co.,
Madison, WI., USA). The media were incubated wigllsc24 h, removed from the
wells and prepared for luciferase analysis at dd&ys 5, 9 and 14. For
induction/inhibition, CYP1Al inducer omeprazole d@ia—Aldrich., St. Louis,
Missouri, USA) and CYP3A4 inducer dexamethasongyr(d) were dissolved in
DMSO to prepare stock solutions of 300 and 20mMdpeetively. For our experiments,
these solutions were further diluted in DMEM taraaf concentration of 300 and (24
respectively. The luminescent value was measureBLOstar OPTIMA microplate
reader (BMG Labtech Co., Alexandria, VA., USA), tlwation time. Control cultures
were treated with vehicle (DMSO at a final concatitn of 0.1% in DMEM) alone for
calculation of fold induction and inhibition. CYP1Aactivity was detected by the P-
450-Glo™ Kkit.
Fold induction was calculated as follows:

A-B

Fold induction for 3D(%)= (%)
B

A: Luminance for inducetseated samples/1000 cells
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B: Luminance for inducensntreated samples/1000 cells

Inhibitors of CYP1Al1 and CYP3A4 were SB203580 (Pegen) and
actinomycin D (Sigma) which were made in DMEM (0.DMSO) at a concentration
of 10 uM and 10ug/ml respectively. Cultures were treated with SEERIBinhibitor for
1 day and with actinomycin D for 30 min. Controltaves were treated with vehicle
(DMSO at a final concentration of 0.1% in DMEM) a& Fold inhibition was
calculated as follows:

A-B

Fold inhibition for 3D(%)= (%)
B

A: Luminance for inhibitors$reated samples/1000 cells

B: Luminance for inhibitorsintreated samples/1000 cells
2.2.9 Glutathione assay

During phase Il reactions, some activated xenabioietabolites are conjugated

with charged species such as glutathione and peothare polar metabolites than can
be eliminated from human body. A change in GSHIigimportant in assessment of
toxicological responses and is an indicator of phHasnetabolism ability. In this study,
glutathione (GSH) level was measured by GSH-Glo™awskit (Promega Co.,
Madison, WI., USA). Three-dimensional samples waecrosslinked with EDTA and
the encapsulated cells retrieved. For 2D samplesnedium was removed from the
plate containing samples. After removing the mediboth 2D and 3D samples were
resuspended with GSH-Glo™ reagent (Luciferin-NT dallitathione-S-Transferase

included). After 30 min incubation, the samplesewetxed with reconstituted luciferin
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detection buffer and luminance was measured by FRtBGOPTIMA microplate reader
(BMG Labtech Co., Alexandria, VA., USA).
2.2.10 Pro-drug metabolism by HepG2 liver cells encapsulated within alginate

In vitro tests for drug metabolism are used widely. 7-Eyhptrifluoromethyl
coumarin (EFC) has been described in the literatisran easy and sensitive method
(DeLuca et al. 1988). EFC is an analog of ethoxytawin, a widely employed
cytochrome P450 test substrate. The reaction studiegiven in Figure 3. The
fluorescence emission spectrum of the product, dfd®y-4-trifiuoromethyl coumarin
(HFC) is different from EFC and can be monitoredfloprescence reader. CYP1A2,
CYP2B6 and CYP2E1 have been studied which may weeblin metabolism of EFC to

HFC(Ekins et al. 1997).

CFy CFa
O, %, 00
CHy=CH,~10 PaS0 Ho
EFC HFC

Figure 3. The cytochrome P450 mediated 0-deethylation of EFGFC.

Drug substrate EFC (Invitrogen) was mixed with DM&Dcreate a 10 mM
stock solution of EFC. Pro-drug HFC (Sigma-Aldriets also mixed with DMSO to
create a 10 mM stock solution of HFC. HFC standamye range was prepared from 1
— 64 uM. Alginate hydrogel encapsulated with liver cellsre incubated with 12Q0M

EFC at day 1, day 7 and day 14. At each time pdiv@,concentration of HFC was
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monitored during 40 h with a fluorescence readerguan excitation wavelength of 360
nm and an emission wavelength of 520 nm.
2.2.11 Statistical analysis

Analysis of variance (ANOVA) was used to analyzéadand significance was

considered gb < 0.05.

2.3 Results

2.3.1 Alginate matrix structure

SLM100 and SLG100 alginate were sectioned to sévmeges, dried in a
critical point drier (CPD) and coated with gold aexamined in a scanning electron
microscope (SEM). The images showed a varying ptrecture for the SLM100 and
SLG100 alginate molecules (Figure 4). The SLM10thuhe lower G-content resulted
in a more open network structure with larger paveen compared to the SLG100 pore
network. Due to the denser network, the SLG100nalgi gels were stiffer than the

SLM100 gels and hence were easier to handle.

A. SLM100 B. SLG100

Figure 4. Scanning electron micrograph of a cross-sectiosld?1100 and SLG100
hydrogels. (A) SLM100 structure image. Scale ba@r@; (B) The internal pore
network within SLG100. Scale bar 500nm.

29



2.3.2 Céll proliferation and mor phology

To determine the proliferation and viability of iseéncapsulated within the 3D
matrix, the alginate hydrogel sample sets wererdsstinked by EDTA and the cells
released from the gel. The total cell number dueagh day of culture is shown in
Figure 5A. On day 0, the total number of cells witeach sample set is the same due to
the constant initial seeding density among all. s&$sexpected, after day 5, the number
of cells cultured on the collagen coated well pl&P culture) increased dramatically.
After 2 weeks of culture, the cell number in thellvptates was 4.5 times higher than
day 0, while the cell number in the 3D gels incesbgently from 2 to 3 x f@ells/ml.

The microenvironment influences the morphologylef tells when grown on
flat substrates as opposed to encapsulation witl@rhydrogel. In order to investigate
the morphology difference between 2D and 3D cults@Emples were stained with
DAPI and fluorescently labeled phalloidin. Figuf®@ $hows F-actin as green and nuclei
as red in HepG2 which are labeled with phalloidnad ®API. Cells grown on the flat
substrate spread out and adhered to the bottorheofvell plates. Figure 5C shows
HepG2 liver cells labeled with phalloidin. Cellscapsulated in the hydrogel display a
spherical shape configuration with pockets of Hepgg@regation and cell isolation
within the gel. The spherical shape of the encapedl cells in the 3D gel clearly
suggests that the cells are entrapped within theage not adhered to the alginate

molecular chains. However the cells remained vidboleng the period of culture.
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Figure 5. Schematic of cell proliferation between 2D and 3B)The number of

HepG2 cells grown on 2-D (collagen coated well gglaand 3D (HepG2 cells
encapsulated with SLM100 and SLG100 alginate gdlsgjta represent the mean
+STDEV for three independent repeats. The (*) iaths statistical 2D culture
significance relative to 3D culture at the respextiime points, p < 0.05(t-test). (B)
Confocal micrographs of HepG2 cells seeded on 2fase showing F-actin

distribution and nuclei. HepG2 cells were staineth\MAPI and phalloidin. Scale bar
20um. (C) Confocal micrographs of HepG2 Cells encagisdl in SLG100, HepG2 cells
were stained with phalloidin. Scale bapgt

2.3.3 Cdll viability and SEM morphology during time

When measuring the cellular viability using the pag blue assay after
trypsinization and de-crosslinking, a 90 + 1.7%bility was maintained after 2 weeks
for the flat substrate culture while over 81 + 2.3%d 74 * 3.8% viability was
maintained for cells cultures encapsulated withe $LM100 and SLG100 gel (Figure
6A). There is no significant difference in the vldap between the two different alginate

gel structures - SLM100 and SLG100 ¥ 0.05). These results simply indicate that
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without any modification to the alginate structucells remain entrapped within the gel
and have limited proliferation activity. The cetls not adhere to the alginate molecular
chains due to the negatively charged residues lof@uate and mannuronate molecules.
However, these results suggest that the encapdutEpG2 remain sufficiently viable
during 14 days of static culture (>80% at day 9).

As observed in Figure 6, cell proliferation is lted within the alginate matrix.
This is primarily attributed to the lack of adhesibetween the HepG2 cells and the
alginate structure. This is confirmed by SEM imagésch indicate an aggregation of
cells encapsulated within the alginate. As showrFigure 6B, the cell surface is
covered with microvilli which interact with the ahgite structure at day 1. Even after 2
weeks of culture, the cells do not significantlyange the composition of the
surrounding alginate matrix (picture not shown).eTtells appear to remain viable
while being encapsulated within the gel. Figure #©ws instances of ‘cell blebbing’
within the gel matrix at day 14. Blebbing is anigadion of cell injury or death, which
translates to cells cultured within the alginateémracontinues on with their entire life

cyclein vitro.

32



A . 2D
1 SLM100
BN SLG100

<0.05
100 ~ P *

p<0.05
"

80 A

60 -

40 A

Cell viability(%)

20 A

Day 0 Day 5 Day 9 Day 14

Figure 6. Schematic of viability between 2D and 3D. (A)Thall wiability of HepG2
cells grown on 2-D (collagen coated well plate) 8ad(HepG2 cells encapsulated with
SLM100 and SLG100). Data represent the mean +STD&Vthree independent
repeats. The (*) indicates statistical 3D cultugngicance relative to 2D culture at the
respective time pointg < 0.05¢-test). (B) Morphology of a HepG2 cell at day 1e th
picture represented a healthy liver cell whichasered with microvillus and entrapped
by the alginate hydrogel. Scale bam? (C) Morphology of a HepG2 cell at day 14, the

image shows an unhealthy cell undergoing bleblsogle bar gm.

2.3.4 Quantification of cell viability in encapsulated 3D HepG2 SLM100 and
SL G100 hydrogels
Live/dead assay was also used to qualitatively guhtitatively indicate the
viability of the cells within the gel. Since diffie® of nutrients into the 3D gel is a
significant challenge, we have chosen to use cahfotucroscopy to determine the

viability through the thickness of the 3D hydrogeive/dead assay results mirror the
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results obtained from the direct counting of thee Icells using the hemocytometer. As
shown in Figure 7, as the days progress, the amoltead cells within the gel
increase, dropping the viability down to 78 + 5%day 14.

To determine the distribution of cells within th® 3)el, serial optical cross-
sections of the gels were optically imaged usirggdbnfocal microsope. The designed
3D hydrogels were about 10-12 mm in diameter witrapproximate thickness of 0.6-
0.85mm. SLG100 hydrogel was optically sectioned® layers and each slice was
observed for cell viability and cell distributio/e found that dead cells were observed
uniformly distributed in the SLG100 hydrogel. It svdetermined that the diffusion of
nutrients from the cell culture medium into theimége gel did not present a problem
since there wasn’'t any apparent loss of cell vilghwithin the central mid-plane of the

gel.
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Figure 7. Encapsulated HepG2 cells were encapsulated in $0Mihd SLG100 and
stained with Calcein AM and EthD-1 at day 0, dagnd day 14. Live cells are green,
dead cells are red. At day 0, the viability of H&o€&lls was higher than day 7 and day
14. After 14 days in culture, the viability dropped78+5%. The confocal images show
staining for both Calcein AM and EthD-1 dyes in thalrogel with a sample thickness
of 500um. Scale bars are 1.

2.3.5 Phase-l Cytochrome P-450(CY P450) metabolism

Drug metabolism is a necessary function within hioenan body to transform
hydrophobic drugs to hydrophilic which are thenilgasoluble and excreted away
through the urinary system. Drug metabolism inlther involves Phase-I/1l reactions
that affect the toxicity of a drug and are primarfiacilitated by oxidation and
conjugation mechanism (Sivaramat al. 2005). It is understood that within the

CYP450 enzymes, three families of CYP1, CYP2 andP8@dccount for almost 90% of
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drug metabolism occurring in the body. In this stwee have chosen to examine the
production of CYP1A1 and CYP3A4 from cells cultuiedhe two different substrates
— flat substrate (2D) and the alginate hydrogel.

To determine the stability of HepG2 CYP450 activiBYP1Al and CYP3A4
activity were measured for cells encapsulated ifM800 and SLG100 samples.
CYP450 activity in 2D and 3D culture were testedimy 14 days of culture by using a
specific CYP1Al substrate — P-450-Glo™ |uciferine®loroethyl ether and a specific
CYP3A4 substrate — P-450-Glo™ |luciferin-6’ pentaflobenzyl ether and. The results
are shown in Figure 8A and B where the data froenfldt substrate culture is set to 1,
and CYP450 activity was calculated by CYP actidif@d0 cells. We found that
activities of CYP1A1 and CYP3A4 were retained fdrdays across all sets of samples.
Compared to CYP1AL1 activity for 2D (Figure 8A), t6&P1A1 activity for the 3D gels
were at similar levels and in some cases highar tha 2D. In contrast, the CYP3A4
activity for 3D samples (particularly for cells gro in SLM100) was higher than 2D
samples (Figure 8B). Overall, these results indi@ahealthy maintenance of CYP1Al
and CYP3A4 expression in HepG2 encapsulated in $6M100 and SLG100 samples
over a 14 day period. This activity levels are obsé in spite of the HepG2 cells being

encapsulated within the 3D gels.
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Figure 8. CYP450 activity of HepG2 cells grown on 2-D (cgka coated well plate)
and 3D (HepG2 cells encapsulated with SLM100 an@HB10). (A) Determination of
HepG2 CYP1A1 activity by measurement of Luciferetietion into the medium. (B)
Initial substrate concentration is Luciferin-PFB&.S/ for CYP3A4 testing and activity
was calculated by CYP activity/1000 cells. Datarespnt the mean £STDEYV for three

independent repeats.
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2.3.6 Induction and inhibition experiment for CY P450

Frequently, drug candidates are also used as acendr an inhibitor for CYP
gene expression, which provides a mechanism forliyimg or reducing the
detoxification rate in the human body. After theiglis eliminated from the body, the
CYP expression should return to normal levels. Vdgehused known inducers and
inhibitors to determine the CYP gene expressioerltefor 2D and 3D hydrogel culture
environments. In this study, we have used omepeaaotl dexamethasone as CYP1Al
and CYP3A4 inducers, while SB2035888 MAP kinase inhibitorand actinomycin D
as inhibitors. The data from the flat substraté¢ural is set to 1, and CYP450 activity
was calculated by CYP activity/1000 cells. For C¥R1 omeprazole could induce
CYP1AL1 activity over 1.5 to 2-fold for all cultuenvironments as shown in Figure 9A.
For CYP3A4, dexamethasone could induce approximaBfold for all culture
environments (Figure 9B). For inhibition, SB203586uld inhibit 85% of CYP1A1l
expression, while actinomycin D could inhibit 80%Q@YP3A4 expression on all sets
of samples. These results indicate the encapsuldegds2 cells respond positively
when exposed to the induction and inhibition agemd also showed induction and

inhibition fold have a similar phase between 2D @bdculture.
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Figure 9. Induction and inhibition of CYP450 isoforms in Hep@ells. (A) Induction
and inhibition of CYP1A1 activity in 2D and 3D cutes (SLM100 and SLG100) (B)
Induction and inhibition of CYP3A4 activity in 2Dnd 3D cultures. Data represent the
mean *=STDEV for three independent repeats. The iffflicates statistical

induction/inhibition samples significance differeéat2D culturep < 0.05¢-test).

2.3.7 Phasell Cytochrome P-450 (CY P450) metabolism

Glutathione (GSH) plays an important role in comjugn reactions and
reduction reactions catalyzed by glutathione Ssfienase enzymes in cytosol and
enables drugs to be removed from the body. Meagu&a8H levels is important for
determining cells toxicological responses and 0 ghroved to be indicator of cell
viability and functionality. To determine GST adtyy we used GSH-Glo™ assay
(Promega) to detect and quantify GSH in 2D and 8Des. The GSH-Glo™ assay is
a luminescence-based assay and based on the donvefs luciferin derivative into
luciferin which is catalyzed by GST. The luminedcsignal is proportional to the

amount of reduced glutathione present in the saniple data from the flat substrate
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culture is set to 1, and GSH activity was calculdbdy GSH activity/1000 cells. Our
results show the GSH levels were decreased afterddaf culture compared to 2D
culture (Figure 10). GSH activity in both 3D hydetg (SLM100 and SLG100)
decreased with time but had sufficient levels divitg necessary to perform as a drug
screening model system. The decreasing levels dmubttributed to the lack of cellular

adhesion for encapsulated cells within the 3D hgdio
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Figure 10. GSH status in HepG2 cells maintained in 2D and GRupe conditions. For
each experiment, cells were seeded at 2x&0s/ml and activity was calculated by
GSH activity/1000cells. Data represent the mean ST for three independent

repeats.

2.3.8 Drug metabolism by thein vitro models
Drug elimination experiments can determine the dasgydence time using liver
cells encapsulated in the alginate hydrogels. TH®450 enzyme plays an important

role in the metabolism of several pro-drugs such 7asthoxy-4-trifluoromethyl
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coumarin to 7-hydroxy-4-trifluoromethyl coumarin K8). The enzymatic product,
HFC can be detected by fluorescence using an ércitavavelength of 360 nm and an
emission wavelength of 520 nm. For this experimemrtexamined the concentration of
HFC at 3 different time points during the 14 daswdture. In this experiment, stability
of HFC emission peak was shown during three rowidsreening at day 1, day 7 and
day 14 and the results are shown in Figure 11.8\ 4, concentration of HFC was
measured after EFC treatment at 4, 8, 12, 16, @@n2 40h. The cell density for 2D
and 3D was 2 x f@ells/ml. For the 2D samples, at day 1, the comaéoh of HFC
increased until 28 h and then reached a saturbi@ where no more of the EFC was
converted to HFC. After second and third repeatgbgure to EFC at day 7 and day
14, the result shows the conversion amount dealesteadily from days 1 through day
14. As shown by the results, the drug HFC emispieak in SLG100 was also lower
than in the 2D samples. However there was a neadgtconversion rate for the 3D

samples across multiple time study period.
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Figure. 11. Drug response rate in 2D and 3D. The concentratidt~C was measured
every 4 hours and the cell density was 2 %cBlls/ml for each sample.

2.4 Discussion

The liver in the human body contains a variety mfygnes that are involved in
the drug metabolism process. Consequently, cetiébamssays involve the use of
hepatocytes to predict the toxicity effects andedial investigation of drug candidate
compounds. For decades, toxicology studies have 2i9ecell based testing as a widely
accepted initial screening platform to screen daommpounds. However, several
instances of inadequacies of 2B vitro screening have led to developments of
platforms that incorporate 3D environments and dyindlow to simulatein vivo like
environments. Failures to obtain FDA approval tteptally new drug compounds are
traced back to the Phase-l (safety) and Phasefiitgey) laboratory and clinical

investigations. The laboratory failures can beilaited to the loss oin vivolike
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behavior, when the same cells are cultured usingtro conditions (Bhadriraju and
Chen 2002).

Our study is focused on the development of new higbughput screening
(HTS) platform which specifically incorporates thee of cells within 3D hydrogels.
The research community has described the varietgetitilar response differences
between 2D culture as opposed to 3D culture whialude morphology changes,
biological activity levels, growth factor expressicand other specific functions
(Haramaki 1993 ; Zvibekt al. 1998). In conventional two-dimensional cell cudtur
cells grow until confluency, while encapsulation oélls within 3D gels allow
prescribed locations for the cells and limited feshtion within the microenvironment.
Control of cell density is an issue fiorvitro drug screening testing as is the clogging of
microfabricated channels within vitro 2D based HTS platforms. Three-dimensional
cultures have the potential to provihevivo like environments for cell differentiation,
proliferation and development of specific functiotdeppner and Miller 1998), in
addition to providing a stable platform for dynarfimv experiments when compared to
2D culture. This paper investigates the behavioa dfuman cancerous liver cell line
(HepG2) when encapsulated in two different algina@ecular structures (SLM100
and SLG100) for possible applications in HTS platfs.

2.4.1 Alginate-based cell encapsulation

Alginates have unique properties which enable the#r as a biomaterial base to
provide a conducive microenvironment for optimalludar function and behavior.
Alginates are natural materials, derived from seslvend have been widely used to

mimic ECM structure for 3D culture (Smetana 1998yinates are formed by cross-
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linking polymer chains of ionic bridges between alent cations to form a water-
insoluble polymer. Cells may be encapsulated duthegcross-linking process to create
cells-hydrogel constructs for drug delivery anduis engineering applications. As seen
in the SEM images, cells encapsulated within therimnadid not adhere to the
surrounding molecules primarily due to the laclkadhesion molecules available within
the alginate matrix. This has significantly infleex the behavior of the encapsulated
cells, especially in terms of cell proliferationigHer cell density and agglomeration of
HepG2 cells proves to be beneficial for cell fuastand viability. These results mirror
the results obtained by Surapaneni et al. 1997. sBmee result has been reported by
others within the research community. The inclussddbradhesion molecules within the
alginate structure and higher cell density willngigantly enhance cell viability and
function (Glicklis et al. 2000).
2.4.2 Cédlular viability and proliferation

Our results indicate a very slow growth of encapisa cells within the SLG100
and SLM100 matrices during the 2 week period ofdgtuAlthough the alginate
structures are highly porous, cells are most likeatyrapped within the matrix and do
not adhere to the alginate molecular chains. AsG2epells are anchorage-dependent,
the initial cell adhesion to the matrix structuseaicritical stage because it precedes cell
spreading and proliferation. The lack of adhesioaletules prevents them from
proliferating within the matrix. This lack of prédration is not necessarily detrimental
in using encapsulated cells for HTS applicatiomgesithe total number of cells within
the matrix can be kept relatively constant throughtbe period of the drug screening

study. This characteristic helps to reduce theawdity between sample sets. As
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expected, HepG2 cells grown on the flat substra2 ¢ulture) have shown a steady
proliferation growth until confluency within the Welate. The cell numbers available
at each time point within the study was determibgdde-crosslinking the gel using
EDTA and then counting the cells using a regulandeytometer. This method proved
to be a better estimate than standard viabilitagssuch as Alamar blue and MTT
assays since the dyes would have to penetrateihgeBand this may limit the assay
efficacy. Our Alamar blue assay results were arratid inconsistent throughout the
time period, attributed mainly to the diffusion ltations of the Alamar blue dye and
the incubation time as defined by the protocolddait published). Even after 14 days
of culture, we have been able to successfully raair70% viability observed for both
SLM100 and SLG100 alginate gels. These results viatber corroborated by our
live/dead assay. The LSCM investigation allowedai®btain spatial information on
the distribution of the cells within the gel. Wevbkaobserved a fairly uniform
distribution of the encapsulated cells within thel gratrix. More importantly, cells
within the interior of the gels did not show anyfeefs due to diffusion limits of
nutrients into the matrix. The open network stroetof the alginate hydrogel aids in the
diffusion of nutrients within the gel.
2.4.3 Phase-l/I1 metabolic capacities

Most drugs are metabolized in the liver by the Chtome P-450 (CYP)
enzymes and other Phase-Il enzymes, particuladtatflione (GSH). It is important to
establish metabolism related and drug-liver intéoas where one drug may affect the
metabolic capacities of the liver, leading to pbkestoxic effects. The relatively stable

amount of encapsulated cells within the 3D matrixiy the period of study is
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beneficial for future pharmacokinetic based timedsts. Most papers have described
the expression levels of CYP450 enzymes in 3D gets not much have been said of
the Phase-1l enzyme production for the encapsulegdld. Some forms of toxicity are
directly attributed to the induction of Phase-lkgmes such as UDP-glucuronosyl and
glutathione S-transferases (Cantelli-Fettal. 1998).

Time courses of CYP450 activity over 14 days shovwleat CYP1Al and
CYP3A4 activity varied for both culture environmgnin general, the expression level
of CYP450 in HepG2 is lower than in primary hepates (Wilkeninget al. 2003), but
primary hepatocytes maintain their function for yoa few days and therefore are
functionally unstable (Guillouzet al. 1993). The expression of CYP1Al and CYP3A4
are slightly higher than 2D in SLM100 during 2 weednd slightly decreased when
cultured within SLG100 gels. For Phase-ll enzynsting, glutathione S-transferases
appear to be slightly lower than 2D. Our experirmdmve employed a protein based
detection analysis for CYP1Al and CYP3A4 activitys possible that a cross-reaction
between CYP3A5 and CYP1B1 may have influenced esults (Madaret al. 1999).
This can be corrected by using a gene-expressisedbanalysis for detecting specific
families of the CYP450 class of enzymes. Sinceenyneriments are targeted towards
understanding the response of the encapsulates] tedl fact that the CYP450 activity
is sufficiently expressed allows us to use such @dls for high throughput drug
screening applications.

When liver cells are cultured under conditions tlegiresent the normal function
and morphology, CYP450 can be induced or inhibiteditro that reflect than vivo

induction and inhibition phase (Runge al. 2000). Understanding the induction and
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inhibition of CYP450 has been shown to provide img@at information to predict drug
interaction (Allenet al. 2001). If 3D gels can represent the normal inductand
inhibition phase, they can potentially be used tovje in vitro screening at
pharmacological level. Further we demonstrated G¥Pand CYP3A4 induction and
inhibition profiles were very similar between 2DdaBD sample sets. Compared with
previous studies which cultured primary liver celigh fibroblasts (Hewitet al. 2007,
Khetani and Bhatia 2008), CYP1Al and CYP3A4 indufsdd were lower than those
obtained when cultured with fibroblasts. The fidests provide the liver cells with
specific cell interactions which enables them tofqgyen better. Hepatocyte spheroids
could extent viability and maintain high level a¥dr-specific functions, including
albumin and urea content (Bokhati al. 2007). In our experiments, HepG2 spheroids
were maintained in a relatively stable cell numivgh a basic level of CYP450 activity
levels throughout the 3D culture. Further improvateein our matrix structure can
include the optimal ratio of fibroblasts to hepates within the 3D gels to enhance
cellular interaction. Previous reports have showat tGSH synthesis is in direct
correlation to cell attachment (Morrisat al. 1985). Papers have also reported that
GSH levels were increased when hepatocytes weteredlon collagen surface due to
the improved cell attachment (Moghet al. 1997; Richertet al. 2002). In this
experiment no proteins were added to the matrirmnfmrove the cell attachment ability.
This might explain the lower GSH activity in the 3Bmples when compared to the 2D
samples. However future improvements of the matmxcture can include collagen and
adhesion molecules which may increase the GSH igctievels due to increased

matrix-cell interactions (Richeet al. 2002).
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2.4.4 Drug metabolism by encapsulated cells

To characterize the metabolic clearance rate ofug dandidate through our
samples, we have used the pro-drug EFC. In oulysttgdmeasured the fluorescence
intensity of HFC production after treatment with032M of EFC in the medium. All
samples were able to convert EFC to HFC over thdiext time period. However the
amount of HFC content within any sample did notkpe@re than 14M. After further
treatment of EFC during days 7 and day 14, the pHaR content decreased indicating
the conversion efficiency dropping as time progess# is also noticed that after a peak
is reached, HFC content goes down, possibly dileetalegradation of the HFC content
within the medium. However as pointed out beforeJsgcan provide a stable
microenvironment for dynamic culture studies anddeeprovide advantages for a 3D
culture assay system.

In conclusion, our results suggest that pre-scnggof drugs using a HepG2 cell
line encapsulated within 3D alginate systems isipdes. This chapter has shown that
some important drug metabolism functions of hepagssuch as CYP450 and GSH
can be maintained at significant levatsvitro for 2 weeks. The ability to transform
EFC to HFC also provides further proof on the pt&tapplication of encapsulated cell
lines. Detailed investigations have been conductedstudy the viability and
proliferation rate of cells within the gel matriXhe study also used SEM and
fluorescence microscopy to identify the morpholagy structure of cells encapsulated
within the 3D matrix. For the next chapter, furthenprovements are included
development of a polycarbonate disc for hydrogemfation and co-culture with two

types of cells for drug drugs effect and toxicitydies.
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Chapter 3: Alginate based 3D hydrogels as an in vitro co-culture model
platform for the toxicity screening of new chemical entities

3.1 Introduction

In order to reduce animal testing in drug developimagrocess and toxicity
studies,in vitro techniques have been described for various apigliaof pre-clinical
drug evaluation. Many scientists are involving ieveloping new models for drug
screening are not only for ethical concerns buhatsame time can be motivated by
reducing cost. In the human body, primarily theefivplays an important role in
biotransformation and the elimination of toxic cayopds from human body.
Therefore, hepatocytes based studies have beenewsatsively for drug metabolism
studiesin vitro. In broad terms, hepatocyte based methods canvimed into two
categories. The first of category is composed dillee system such as liver slices
(Onderwateret al. 2004), primary hepatocytes (Hewdt al. 2007; McGinnityet al.
2004) and tumorigenic human hepatoma cell lined siscHepG2 and HepaRG (Hewitt
and Hewitt 2004; Jossat al. 2008). The second category is composed of hep@a®cy
metabolism enzymes, such as human liver microsoaras isolated recombinant
CYP450s (Hariparsadt al. 2006; Leeet al. 2008b). The information obtained fram
vitro models can be used to apply in identification hardeug candidate or drug-drug
interaction, furthermore the phase I/l enzymegoesible for the drug treatment can
be determined.

Many hepatocytes culture techniques have been wigsdd for mimickingn

vitro hepatocytes functionality. The various cellular tegss include such as 2-
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dimensional, 3-dinmensional cell culture or integravith a microfluidic network co-
culture system. Cell-based assays usually involliigng cells as monolayer cells on
two-dimensional (2D) surfaces. Schuler and cowarkeave developed a cell based
analog chip system to predict the human responseotential therapeutic drugs
(Viravaidya and Shuler 2004). Briefly, the devicentained two multi-chambers in
which hepatocytes and lung cells to simulate dogehics and drug metabolite-cell
interactions, naphthalene toxicity can be monitoflegd H,O, accumulation and
glutathione depletion when liver cells were culture the chamber. One limitation of
this system is that a 2-D monolayer culture wasdusbich may not represent the
physiological function#n vivo. Despite of the result, this work was still vatida study
of concept of “cell on chip”. In 2009, they impraléhe original device to a 3-D culture
system with multiple cell type for drug testing (guand Shuler 2009a). In this study,
they used Matrigel as an encapsulating matrix fdorc tumor and liver cells, and
encapsulated myeloblasts with alginate. The toxwitTegafur and 5-fluoroural can be
examined using this system. In addition, the vigbiland toxicity in the 3-D
microfluidic device can be monitored real-time gsia portable fluorescence optical
detection system (Cheit al. 2010). A serious problem of microfluidic systembbles
accumulation, especially for long term cultivatioA. bubble trap made of PDMS
(polydimethyldisiloxane) was designed to trap aiblbles of up to 1@l volume (Sung
and Shuler 2009). A microfluidic device for primatyer cell culture was also
established by (Leet al. 2007), wherein a endothelial-like barrier was tdato
control mass transport. The unit was cultured wahmary hepatocytes within

microfabricated channels. This microscale cultuegice mimics cell-cell contact and
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nutrients transport across the endothelial celtibain liver sinusoids (Zhanet al.
2008). Static flat substrates (2D) microscale caltthas been developed for
hepatotoxicity screening applications (Khetani &fdhtia 2008). Researchers cultured
primary rat hepatocytes within a miniaturized sgsteith tiny wells (100pum-1mm) and
2-D multi-well culture to mimic liver-like tissueof drug screening testing; also liver
cells phenotypic functions can be maintained foves® weeks. Some novel
microfluidic devices have been designed not only doug toxicity but for other
functionality testing. Scientists also want to sttige relation between the concentration
of oxygen and cells functionality (Alleret al. 2005). Microfluidic channels are
integrated into a bioreactor to perfuse rat liveiscwith medium and a gradient of
oxygen concentration. Different locations were exsmu for cells viability,
functionality and toxicity. This example demonstsathe power of fluidic system in
controlling the transport process for more autleeegll function. In recent years, many
dynamic culture systems have been developed whvenedells were perfused within a
microbioreactor. A continuous flow was maintainedhwm this system which ensure
physiological shear stress levels experiencednhbyivo liver tissue (Hwaet al. 2007,
Powerset al. 2002).

Recently, the advantages of microfluidic deviceludog induced reagent
consumption and can provide an alternative drugrpheokinetics platformn vitro
(Ma et al. 2009), but the size of chamber also limited calture area and long-term
cell culture is hard to reach for 1 or 2 weeks. Du¢hese problems, new approaches
have been developed as an improvement for micthflulevice. When considering

high-density cell cultures, adequate delivery ofgen to the cells appears a crucial
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problem especially for hepatocytes (Griffith and a®& 2006). An oxygen supply
system has been setup for improving oxygen penfusio microfluidic device
(Nishikawaet al. 2008). High cell density can also be reached agkahg many PDMS
layers (Leclercet al. 2004). In the present bioreactor, the cell denséy be reached
around 4 x 1{ells/cn? and monitor 12 days. However, the cell densitylmamchieved
by stacking method, but the cellular interactiotntti enhance. Tan et al (Tan and Desai
2004) immobilize cell-collagen matrixes inside roitwidic devices. By repeating this
procedure, different types of cells can be staakedhe matrixes. Cytochrome P450
(CYP) is one of the most important enzymes whicloived in biotransformation or
detoxification of xenobiotics. The transformatiorogess can increase the solubility of
drugs and in further eliminate easily from humaudyodHowever, in some cases, some
prodrugs (i.e. cyclophosphamide) can be bioacti/éte CYPs or procarcinogens (i.e.
aflatoxin B1 and sterigmatocystin) can become taaitarget cells through Phase /Il
reaction. The CYP enzymes can be obtained fronr lbedls and appropriate tissues
(Wrightonet al. 1993). Some microsomes also separate and puoifly fomplementary
DNA expression system (Langenbaeh al. 1992). A simple testing method was
developed in 1980 by Spielberg et al.,, who devalope method for examining
acetaminophen toxicity by using an in vitro systéon examining acetaminophen
toxicity has been developed by using human lymptescyand mouse microsomes
(Spielberg 1980). A similar experiment was als@lelsshed for testing cytotoxicity of
antiepileptic drugs. Rabbit microsomes were prapéoe lymphocytes viability study.
Recently, high-throughput screening (HTS) technighas widely used in

pharmaceutical industry field. The HTS techniques f@acused on biotransformation
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testing of a variety compounds. One distinguisheatirgle was reported by using array
system for drug metabolism testing (Le¢ al. 2005). They have developed a
miniaturized three-dimensional (3D) cell-cultureagr (datachip) for HTS. CYP450
were encapsulated with sol-gel and several prodrigs cyclophophamide and
Tegafur) were added onto each spot and cytotoxigityarget cells was tested by
overlapping with"data chip and metachip”. This systwas further improved with
hydrogel-encapsulated cells, the results were obtifrom datachip and metachip
system which are also comparable to conventionaléb plate assay. The CYP
enzymes are easily manipulated for the metabadiarahce of a drug. The disadvantage
of microsomes system is that all cofactors requioedhe CYP enzymes must be added
during incubation, and also the viability of livezells can not be detected.
Hepatotoxicity is one of the most common adversgg deactions during drug induced
process (Kaplowitz 2005). A variety of drugs maytkansformed and bio-activated by
liver cells, and drug metabolism is thought to inived in the toxicity of many target
cells.

When the cells are placed in the monolayer conditeells toxicity could be
more sensitive to a small amount of drugs. Dueutmdm tissue and cell morphology is
three dimensional and spheroids, monolayer cultaralition is not authentic of the
hepatocyte toxicity test (Dhimaat al. 2005). Some papers have demonstrated that cells
growing in 3D culture to form spheroids culture arere resistant cytotoxic agents than
cells in monolayer cell (Hoffman 1991). Two dimemsl data might not provide
enough information about viability and toxicity, wh are important for cell LE

(lethal dose, 50%) evaluation.
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Isolated hepatocytes especially primary liver ce#st losing their functions and
viability within 3-4 days (Chiaet al. 2000). To maintain viable and functional
hepatocytesin vitro, several sophisticated culture systems have besad dor
cytotoxicity study and long-term cell toxicity sem@ng. Some results have been shown
that the function of hepatocytes can be increadeshveo-culture with nonparenchymal
cells (Bhatiaet al. 1998). A dual-compartment perfusion bioreactor wasign in co-
culture with hepatocytes and stellate cells (Véeral. 2008). Hepatocytes and sellate
cells were seeded in separate compartments ofgi@nfbioreactor. The functionality of
hepatocytes was maintained at higher level suclallasmin secretion and glucose
consumption. In general, long-term metabolism prioomocan be induced by co-
culture. Another co-culture system could be cargatin vitro using mixed cultured of
hepatocytes and nonhepatic target cells. The ptmaf this device is that metabolites
formed by liver cells would be toxic for other tatgells. These culture systems could
be tested in static or perfusion conditions (Getihetral. 1996).

So far, a variety of applications for drug scregnidegradation ability and liver
cells activity has been introduced. According te obapter 2 results, we proved that
pre-screening drugs using a HepG2 cell line endafeiiwithin 3D alginate systems is
possible. The metabolism activity of CYP450 and G3H be maintained at significant
levelsin vitro for 2 weeks. In this chapter, we have establisesh-vitro 3D culture
system that enables the culture of cells in relevmsue-like cell densities (1010
cells/cn?), thickness of hydrogel is lower 0.8mm and alske ab become a 2D-3D co-
culture system for assessing potential cytotoxfeat$ of drugs and their metabolites

toxicity in vitro. A biocompatible polycarbonate disk was designed applied to a
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mold and support for 3D culture. The EFC-HFC melisbo was examined by cell
densities of 18-1¢° cells/cn? and cell viability was also monitored for threeysla
Different drugs of CJ, value such as diclofenac and acetaminophen (NyhApet
Aminophenol ; APAP) can be provided by encapsulatelts on a 10 cells/cn? cell
density. For co-culture design, bio-activated draga be applied as a hepatotoxicity
assay and target cells viability test. High celhsley of HepG2 cells were encapsulated
with alginate and cultured in cell medium with méay@r MCF-7 breast cancer cells in
order to test drug hepatotoxicity and bioactivadetivity simultaneously. A MCF-7 cell
was cultured as indicator for cytotoxic effectgElophosphamide and acetaminophen.
A range of drug concentrations were tested anditdality of MCF-7 was determined.
The co-culture system uses liver cells as a druyaded platform and clearly has
considerable potential for examining the effectsdafigs and their metabolites on
indicator cells derived from a tissue of choice.isTlto-culture design may be
particularly useful in the assessment of metabobsah toxicity of new drugs intended
for human useThis method not only improves our encapsulationcess, but also
offers the possibility of the testing of toxicity liver cells/target cells and metabolites

toward specific cell type at a very early stagdrfg development.
3.2 Materials and methods

3.2.1 Drug compounds

Acetaminophen, rifampin, quinidine, cyclophosphani@hd diclofenac were
purchased from Sigma Aldrich (St. Louis, MO). Stamkcentrations for drugs used
were as follows: acetaminophen (40mM), cyclophosptla (40mM), diclofenac

(20mM), rifampin (L00mM) and quinidine (60mM).
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3.2.2 Culture of HepG2 and MCF-7 cells

HepG2 were obtained from ATCC (American Type Cwdt@ollection ATCC,
Manassas, VA), passage 77. Hepatocytes were hatvbstween passage numbers 77
to 80 for all experiments. DMEM medium and fetalin@ serum (FBS) was purchased
from Invitrogen (Carlsbad, CA). The cells were ntained in standard Dulbecco's
Modified Eagle's Medium (DMEM) supplemented with %40fetal bovine serum
(Invitrogen Co., Carlsbad, Calif., USA) and 1% mdhn G and streptomycin
(Invitrogen). The cells were grown in 75¢tissue culture flasks at 37°C in a 5% £O
humidified environment. At confluence, cells werasked with phosphate buffered
saline (PBS), treated with 0.25% Trypsin/EDTA (lnegen) for 5 min to release cells
from the flask, pelleted by centrifugation at 158m for 5 min and finally re-
suspended with fresh medium to the desired celsilerMCF-7 human breast cancer
cells (ATCC, Manassas, VA), passage 147 were gnomvDMEM supplemented with
10% fetal bovine serum, 1% penicillin G and strepgoin and 0.01mg/ml bovine
insulin (Sigma, 1-1882). After trypsinization, tleell suspension was then transferred to
12-well plates (BD Falcon., Bedford, MA, USA) wittell density on each well was
around 16 cells/ml, the plate was incubated for 1 day in,@@ubator for further co-
culture study.
3.2.3 Support disc design and fabrication

A porous polycarbonate disc was designed to fibhiwit standard 12 well plate
(Figure 1). The disc (15 mm diamet#isc with circular pores approximately 600 pm
wide) was fabricated using a Fused Deposition MaddlFDM) systen{Stratasys, Inc,

Minneapolis, MN). The FDM system extrudes the dwkimaterial based on a digital
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3D model of the disc. Several publications desctiteeFDM process in detail and will
not be covered here (Centatal. 2010).The porosity of the disc is attributed to two
factors, one being the intended designed circwaegpand the inherent porosity (<1pum
pore dimensions) within the material due to theitaddnature of the FDM fabrication
process. The base is elevated at a height of 1 may aising support legs, which
separates the disc from the monolayer culture lig (CF-7) at the bottom of the well
plate. The alginate gel was designed to fit in the disc3D culture and 2D-3D co-
culture studies. The support disc is autoclavahtérausable continuously for repeated
experiments.
3.2.4 Alginate preparation and encapsulation of HepG2 cells preformed on the
support disc

The hydrogel was prepared using Pronova SLG1004¢Matrix Co., Sandvika,
Norway), mixed at a final concentration of 1% (wiv}th DMEM medium. HepG2
cells were cultured as described above, trypsinizednted by a hemocytometer and
resuspended in DMEM. A desired concentration ofsc€l(-1CPcells/ml) with the
alginate solution (1%w/v) at a concentration of(IAl) is prepared. The procedure for
the 3D hydrogel fabrication is described in Fig@é Initially, the support discs are
sterilized using an autoclave and placed at theobobf the 12 well-plate. Then, the
cells-alginate solution (200ul) was pipetted oti® disc platform which contains a thin
layer of 2.5% CaGlcross-linking solution (Sigma. After incubation3t°C for 5 min,
a soft cross-linked alginate gel encapsulated wighdesired concentration of HepG2
cells was formed. Each hydrogel is approximatelyndb diameter and 700+100um

thickness. After the crosslinking reaction, theirage-disc was washed with PBS

57



(Invitrogen) for the removal of any un-crosslinksaution. About 1.5ml of cell culture
medium was dispensed into the well plate whichltedun the medium to be slightly

above the hydrogel.

(A) (B)

Figure. 1. Schematic otlisc design and fabrication. (A) The porous supft. (B)
A magnified view of the poly-carbonate disc. Scage is 600 um. The porosity of
the disc is attributed to the designed pores withénbase and the inherent porosity

due to the additive nature of the FDM process.

3.2.5 De-crosslinking the alginate hydrogel

To de-crosslink the alginate hydrogelamples were immersed in DMEM
(containg 10mM EDTA) and incubated for 5 minutes3@tC. The gel de-crosslinks
back to the solution state and then spun downtt@ve the encapsulated cells. The cell
pellets were then re-suspended in cell culture oredor analysis and characterization.
Cells were counted by a hemocytometer with tryplae Istaining (Invitrogen) because
it is a direct method for measuring cell viabilitgydirect methods such as LDH leakage
and MTT reduction assays are based on metabolivitacand therefore may not
authentically represent cell necrosis since low afelic activity can contribute to

higher toxicity.
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3.2.6 Live/dead fluorescence viability testing

The viability of encapsulated HepG2 cells was qgifiadt using the Live/Dead
viability assay (Invitrogen) consisting of calceédd and ethidium homodimer.
Hydrogels (SLG100) were formed as described ab@re.different time point, cell
medium was aspirated from the well and the hydsgere removed from the discs
and washed with PBS twice for removing FBS in thdrbgel. Samples were protected
from light and stained with @) ethidium homodimer and Qu§ calcein-AM in 1ml PBS
solution and incubated at room temperature for 4. wfter multiple washing with
PBS, the viability of encapsulated cells was quiatifrom the z-series projections
taken every 1m and counted as the percentage of dead cells cethpa the total
number of cells in encapsulated samples, sectioae iaken using an Olympus

BX61WI confocal microscope and software.
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(A)

A porous polycarbonate disc is
1 placed on the bottomn of the well-
plate with 2.5%(w/v) calcimn
chloride solution

]

Alginate-cells mixture is
dropped on the top of the disk
and hydrogel is governed by
cross-linking reaction

1

A thin layer 3D cell
encapsulated hvdrogel is
formed

Figure. 2. Schematic of encapsulation method with support.di8) Encapsulated
HepG2 cells within alginate hydrogels pre-formedeaosupport disc mold. (B) Phase-
contrast micrographs of encapsulated cells. Scate200um. (C) SEM images of
encapsulated cells. HepG2 cells were entrappednniitte alginate matrix. (D) TEM
images showing HepG2 cells encapsulated in SLGl@hatke. Typical cellular
structure such as nuclei (N), cell membrane (Cyapsaulated in alginate material (M)

are shown. Scale bar 0.8um.

3.2.7 Sample preparation for scanning and transmission electron microscopy

HepG2 cells encapsulated in alginate were fixedh \#i5% glutaraldehyde in
coagulation buffer (0.1M) for 2 hours at 4°C. Afteashing in PBS, samples were
immersed in 1% Osf{aqg.) solution for 60min. Samples were dehydrate@thanol

(30%, 50%, 70%, 90%, 100%, 100%, 100%) for 20 riree times for each respective
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ethanol change. For SEM preparation, samples weeel dising critical point C®
(Tousimis Autosamdri-814). Dried samples were gptitbated with gold/palladium for
15min using a sputter coater (Anatech Ltd Hummeravid viewed in a JEOL JSM-880
scanning electron microscope. For TEM preparatios,dehydrated samples were then
transferred to in 25%, 50%, 75%, 100% in Epon-8&&irr (Electron Microscopy
Sciences, PA, USA) anhydrous alcohol for 1 day éach concentration. When
solidified, ultrathin (70nm) sections of the re@mbedded and stained with uranyl
acetate (UA) for 20min and lead citrate for 5 mesutSamples were analyzed using a
Zeiss 10A TEM.
3.2.8 Pro-drug metabolism by HepG2 liver cells encapsulated within alginate

Non-fluorescent pralrug EFC  (7-ethoxy-4-trifluoromethyl  coumarin,
Invitrogen) was mixed with DMSO to create a 10mMckt solution of EFC. Drug
substrate HFC (7-hydroxy-4-trifluoromethyl coumar8igma Aldrich) was also mixed
with DMSO to create a 10mM stock solution of HFG=Gstandard curve range was
prepared from 1 — M. Alginate hydrogel encapsulated with liver celigere
incubated on the top of support discs with IMOEFC. At each time point, the
concentration of HFC was monitored with a fluoreseereader (FX800, Biotek) using
an excitation wavelength of 360nm and an emissiavelength of 520nm.
3.2.9 Hepatotoxicity testing with 2D and 3D

Acute exposure (24hr) hepatotoxicity between 3D aBdwas tested using 4
model drugs: acetaminophen, diclofenac, rifampid guinidine. For 3D samples,
encapsulated HepG2 cells were seeded on the supipostas described above. For 2D

monolayer culture, cells were routinely seeded4mell-plates at a density of 1€ells
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in 0.5 ml medium per well and used 24 h later (7&8anolayer confluence). Stock
solutions of the drugs were diluted in culture noedifor various concentrations.
DMSO vehicle concentration was kept below 1% tosené cell damage. The controls
were prepared by diluting corresponding amount®SMSO in culture medium without
drugs. After drugs treatment for 24 h, the 2D aBds@amples cells wemetached or de-
crosslinked from monolayer and encapsulation sasnple trypsinization or EDTA
treatment, the cytotoxicity 50% values (the conedimn at which produces 50% lethal
effect on cells viability) were assessed using hermoneter with trypan blue staining
(Invitrogen). For the cytotoxicity 50% data, a fourth order resgifen analysis was
carried out using Sigmaplot 10.0 (Chicago, IL, USA)
3.2.10 2D-3D hybrid co-culture method and drug effect test

In the case of hybrid 2D-3D co-culture, the sectypme of cell (MCF-7) was
seeded at the bottom of well before the suppod cisitaining the HepG2 alginate gels
was placed. The 2D-3D co-culture process of thks ¢glpresented on Figure 3A. For
our study, the target MCF-7 cells were seeded enbtittom of the 12 well-plate as
target cells (2D cell culture) and incubated foday. Cell culture medium was added
into each well and incubated at 37°C under a 5% K@nidified environment. The co-
culture system was periodically observed using laoratory microscope to follow
growth morphology. Both hydrogel and MCF-7 cultaesn be observed simultaneously
at different focal planes without having to disttinle hydrogels (Figure 3B and 3C). To
study the drug concentration effect and the MClexicity for different hydrogel cell
density, we developed two experiments for our studgr the first phase of the

experiment, the 3D hydrogels were plated onto stppscs with MCF-7 cells cultured
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previously at the bottom of the well plates. ThdmM and 12mM acetaminophen were
mixed into each well, followed by testing for themility of hepatocytes and MCF-7
cells. Control samples were designed as 2D-3D ttoveuwithout acetaminophen and
MCF-7 was cultured alone with acetaminophen for ¢batrol tests of metabolized-
acetaminophen effectThe viability of encapsulated HepG2 and MCF-7 was
guantitatively determined by trypan blue stainingtinod after incubation for 1 day. For
the second phas#hree different cell densities were used in thiscalure design. To
study the relationship between MCF-7 viability ath@ cell density of encapsulated
HepG2, three celllensities 1Gcells/ml, 1Gcells/ml and 18cells/ml were encapsulated
within alginate and co-cultured with a mono-laydérMCF-7 cells. The viability of
encapsulated HepG2 and MCF-7 was quantitativelgradehed by trypan blue staining
method after incubation for 1 day. For cyclophospio® testing, 4mM and 12mM
cyclophosphamide were also mixed into each welliovieed by testing for the viability

of hepatocytes and MCF-7 cells.
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Alginate + HepG2 cells

&
e
=

l Cells seeding l Hydrogel formation

Figure 3. (A) The 3D hydrogels with disc were plated ontétune dishes where MCF-
7 cells have been previously cultured. In this tgbeco-culture, the hepatocytes and
MCF-7 have no cell-to-cell contact. (B) The morggyt of HepG2 which can be
observed from phase-contrast microscope. Scalel@@um. (C) The morphology of

MCF-7 cells seeded on the bottom of the well pl&tale bar 100um.

3.3 Results
3.3.1 Cadl viability during 3 day incubation study period

Stable hydrogels were prepared within the supped @ith calcium chloride as
the crosslinking agent. The morphology of the esalgied cells is shown in Figure
2B-D. Cells encapsulated in the hydrogel displegpherical shape configuration with

pockets of HepG2 aggregation and cell isolatiomivithe gel. SEM image (Figure 2C)
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indicates that cells were entrapped within the Rigporous alginate and the
morphology in the spheroids was similar that seen vivo. TEM (Figure 2D) picture
also shows that cell membrane were totally covesediginate matrix and still maintain

the spheroid morphology.
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Figure. 4. (A) Cell viability of HepG2 cells grown on 3D f@days (Initial cell density:
10°cells/ml). Encapsulated HepG2 viability was mainéai over 80 + 4% for three
days. (B) The total number of live HepG2 cells Bodays. (C) Encapsulated HepG2
cells were stained with Calcein AM and EthD-1 ayDao Day 3 in 3D hydrogels with

an imaged central thickness section of Gi0Scale bar 1Q0n.

To determine the cell viability and proliferatiocti&ity in hydrogels, the cell
viability of HepG2 (10cells/ml) encapsulated in the alginate hydrogels waudied

over a 72hr period using the test platform. Celtwse medium was not refreshed (1.5
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ml per well) during this period to ensure that egioweellular viability was maintained
during the drug metabolism and toxicity study. A®wn in Figure 4A, around 80%
cells remained viable indicating that the cultuoaditions supported the highly dense
culture of HepG2 cells within the 3D hydrogel. Lidead assay was also used to
qualitatively and quantitatively indicate the vilalyi of the cells within the gel. Figure
4C shows the live/dead confocal projected imagehinvia central section of 50
thickness to test for nutrient diffusion limitatenThe 70Qm thick hydrogel was
optically sectioned by 100 layers and each slice wlaserved for cell viability and
distribution. The images indicate over 80% viabilif cells over the 3day period and
these results mirror data shown in Figure 4A-B. deells were uniformly distributed
throughout the sectional slices and were not sicamtly higher in the mid-section of
the hydrogel as compared to other areas of thelted. data indicates that diffusion of
nutrients did not play a major role in cellular ttedata in Figure 4B also indicates that
there is limited proliferation of HepG2 cells withihe alginate hydrogel matrix.
3.3.2 Drug metabolism by thein vitro modelsfor different cell densities

To determine the toxic effects of the drug andnistabolic products on the
cells, a 72hr study period was selected. In ths¢ §et of drug elimination experiments,
clearance rates of the pro-drug 7-ethoxy-4-triftwoethyl coumarin (EFC) to 7-
hydroxy-4-trifluoromethyl coumarin (HFC) was studiéor three different HepG2 cell
densities. An initial concentration of 120uM of ER@s mixed with the cell culture
medium and the concentration of the metabolic bgpco HFC and cell viability was
recorded over the study period of 3 days (Figure. 3Regression curve of HFC

formation rate was calculated from 18 to 72 hodigyre 5C). Figure 5D shows the
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HFC formation rate for the 3 alginate gels withfeliént cell densities. As shown, the
rate of HFC formation (uM/hr/f&ells) was the highest for alginate with the HepG2
cell density at 1%ells/ml, but the final concentration of HFC at D&yFigure. 5A) for
samples with 1fells/ml cell density was much higher than otheo twell densities
(10°cells/ml and 1fcells/ml). Figure 5B indicates that the rate of HfEmation at
10Pcells/ml cell density drops down due to the coroesfing loss of cell viability
during the 72hr period. This is expected sinceughssuper high density numbers, a
static system may be inadequate in providing seffitcnutrient diffusion for the current
hydrogel slice disc. A dynamic culture system wiibntinuous closed recycling of
medium is necessary for cell densities that mimigivo environment. In consideration
of cell viability, HFC formation rate and the finabncentration of HFC formation
during time, 106cells/ml cell density is better than other two aihsities fofin vitro
testing under static condition due to high celbility (~80%) and an adequate response

time during three days.
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Figure. 5. (A) Drug response rate in 3D samples for three diftecei densities (10
cells/ml, 10 cells/ml and 1B cells/ml). (B) The cell viability of HepG2 cells growmo
3D for three different cell densities at day 3. F)C concentration curve from 18 to 72

hours with linear regression analysis. (D) The Hfé@mation rate for three cell
densities.

3.3.3 Hepatotoxicity testing with 3D culture design

The liver plays a major role in transforming andaring chemicals within the
body and is therefore susceptible to the toxiaipnt chemical compounds. We tested
our in vitro model platform and traditional mono-layer celltové for hepatotoxicity
results with four known commercially available dsudhe cell viability was observed
in 3D platform cell culture system as compared hosé grown in the monolayer
system. Since our previous results have indicatedmimal 16cells/ml density, this

has been used for all subsequent studies. Hep@&2weete encapsulated and cultured
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on the porous support disc for 24 hours prior gatiment at different concentration of
drugs. Serial concentrations of drugs were preparedlture medium and treated with
3D hydrogel samples encapsulated with HepG2 ceilts rmonolayer system. Their
hepatotoxic effect was evaluated by quantifyind eelbility (Figure 6). In than vitro
toxicity data collected, the Gdfor the four drugs in 2D and 3D system are indidate
Table 1 and compared with vivo LDsgresults from rats. The Gdvalues in 2D culture
system were higher than 3D samples when treatddaggtaminophen and diclofenac.
These results indicate that HepG2 cells encapsuiat&D hydrogel shows increased
sensitive to the model compound of acetaminophemh dinlofenac. Similar dose
dependent responses andsg/alues were obtained in 2D and 3D using rifampid an
quinidine. Two linear regression curves between 2D/3D;{3/Mlues and Lk values
were obtained (Figure 7). The correlation betweéhy,alues derived using 3D
platform system correlated well with the reportaedvivo LDsgvalues (Paillarcet al.
1999; Tohet al. 2009; Wisharet al. 2008), on 3D culture > 0.97) was better than
that obtained with 2D mono-layer cell culture?(R 0.86). These results indicate the
encapsulated HepG2 cells toxicity respond apprtgyiavhen exposed to the drug

compounds and also can be correlateith tavo toxicity.
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Figure 6. Concentration—response HepG2 cell cytotoxicity vear for the
acetaminophendiclofenac, rifampin and quinidin@&lue lines show the cytotoxicity
regression curve of HepG2 encapsulated 3D algingtieogels (HepG2 Cell density:
10’cells/ml). Red lines show the cytotoxicity regresscurve of 2D samples. See Table

1 for CTspdosevalues of the regression analysis for each curve.
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Table 1. Cytotoxicity 50% dose valugETspodose) calculatetom the 3D culture and

published L3, values for 4 model drugs.

Drugs 3D culture 2D culture L Dso (mmol/kg) (Paillard
CTsodose CTspdose (mM) et al.1999; Tohet al.
(mM) 2009; Wisharet al.2008)
Acetaminopher 17.3 26.1 14.01
Diclofenac 0.48 1.3 0.33
Rifampin 0.97 1.01 1.4
Quinidine 0.21 0.22 0.24
(A) (B)
. | R’ =0.9706 12
R?=0.8553 %
1 b Acetaminophen tr Acetaminophen
g e "
g ; E 04 |
é P Di.clofenai ? i A i i % Dic]ofet?a:c‘;
E -1 -0.5 9/ 05 1 15 2 % 4 B 4 - 3 i
05 -4 Rifampin 04 |
’ . ‘ .
Quinidine Qs dinflme o8
2D cultur;L-og CTso(mM) 3D ::ulturtf)reS L-og CTso(mM)

Figure 7. Correlation of C¥, values calculated from the 2D mono-layer cell unat
and 3D encapsulated cells to reportedsd_-Balues in rats. (A) A linear correlation
between the 2D culture GFand LDy values (R = 0.8553). (B) A linear correlation
between the 3D culture GFand LDy values (R = 0.9706).
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3.34 Drug effect study on 2D-3D co-culture

The previous studies showcase that the encapsuldgg52 cells within
alginate at certain cell density responded to thgal concentration of commercial
drugs. The proposed design of the disc platfornblesahe simultaneous study of drug
compounds on target cells within a co-culture sgttiln this experiment, we have
studied the effect of acetaminophen on MCF-7 cadluliability. Specifically, this
model was used to reveal that liver metabolizedgdsuch as metabolized
acetaminophen stimulates target cells viabilityetaminophen is a common analgesic
drug which is oxidized to the toxic N-acetyl-p-begminone-imine (NAPQI)by
cytochrome P450, and this compound results inmdetrtal effects on liver cells and on
other cell types (Bendeet al. 2004; Hazaiet al. 2002). In general, MCF-7 has
resistance to acetaminophen treatment becausest mat have caspase-3 protein that
triggers acetaminophen-induced apoptosis (BoulanesRen 2004), but MCF-7 can be
damaged under metabolized-acetaminophen compourais &8 NAPQI (Leeet al.
2005).

To study the drug concentration effect and the MQGBxicity for different cell
density, we developed two experiments for the stlkagm Figure 8A, when MCF-7
cells were cultured in the absence of encapsuldegaG2 cells with 4mM and 12mM
concentration of acetaminophen, the viability wasrd®2% which indicate thdiCF-7
has a resistance to acetaminophen treatrétgr 4mM and 12mM drug treatment with
2D-3D co-culture samples that includes encapsulbteplG2, the viability of MCF-7
dropped to around 71%rlhese results indicate that our co-culture platfosmth

encapsulated HepG2 cells metabolized acetaminofgaeting to MCF-7 loss of cell

72



viability. The viability of MCF-7 was not dependemin the concentration of
acetaminophen due to a significant loss in HepGRvability (from 87% to 62%) at

higher acetaminophen concentrations. Both condemtsaat 4mM and 12mM led to
similar loss of MCF-7 viability.This result is similar to the GJ§ dose values seen in
Figure 6.

For the second phase experiment, three differdhtieasities were used in this
co-culture design. To study the relation betweenRAVCriability and the cell density of
encapsulated HepG2, three adédinsities 1Gcells/ml, 16cells/ml and 18ells/ml were
encapsulated within alginate and co-cultured withano-layer of MCF-7 cells. Figure
8B revealed that when MCF-7 cells are co-culturétth Wwigher cell density of HepG2,
this leads to higher toxic effects on MCF-7. Cohsamples did not show significant
loss of viability, thus indicating the combined dder higher cell density and presence
of HepG2 cells to render acetaminophen effectivaresy MCF-7 cells. These results
also indicate that the drug interaction between types of cells can be studied using

the co-culture system.
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Figure 8. Results from operation of 2D-3D co-culture with motayer MCF-7 and

encapsulated HepG2. (A) Comparison of viabilitypmse after 4mM and 12mM
acetaminophen incubation for 1 day. Dashed linesffgws the comparison of MCF-7
viability. Solid line (*) showed the comparison ldepG2 viability. (B) Comparison of
viability response with co-culture with differentepG2 cell density. MCF-7 viability

decreased when encapsulated HepG2 cell densitgased. Solid line (*) showed the
comparison of MCF-7 viability. Data represent theeam +STDEV for three

independent repeats. The (*) indicapes 0.05.
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Figure 9. Results from operation of 2D-3D co-culture with motayer MCF-7 and
encapsulated HepG2. Comparison of viability resporgter 4mM and 12mM
cyclophosphamide incubation for 1 day.

After 4mM and 12mM cyclophosphamide treatment w2ib-3D co-culture
samples that includes encapsulated HepG2, thelityabi MCF-7 was no significant
drop when compared with the control (Figure. 9)eS# results indicate that our
encapsulated HepG2 don’t highly metabolized cyabgpihamide and kill MCF-7
breast cancer cells. The viability of MCF-7 waatet dependent on the concentration
of cyclophosphamide due to a minor loss in HepGRveability (from 92% to 81%) at
higher cyclophosphamide concentrations and low bodéem rate of

cyclophosphamide.
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3.4 Discussion

Compared to traditional 2D cell culture, 3D cultucan provides culture
environment that is more physiologically similar iative tissue (Vukasinoviet al.
2009). Recent research has demonstrated that 3Drewhow different metabolic
activities and expression profiles compared to rAayer culture. This expression
profiles and more authentic culture condition caovjgle better reflect cells behavior
such as toxicity in their native environment (Fisabh et al. 2007). Our study is
focused on the development of new platform for 3Dure which can also specifically
incorporate the 2D cell culture for drug candidatenpounds screening and testing.
Many novel designs have been published from regemthrs but unfortunately tedious
process and expensive equipments still limits taetpeality. In this chapter, our design
greatly simplifies the handling process and alsavigies a method which is compatible
with existing well-plate system. This study confeadhthe following: (a) 3D culture
combines a support disk can provide a wadtrelate hepatotoxicity data with the
reported in vivo LDsp values and (b) Metabolized drug effect can be sticind
examined under 2D-3D co-culture.

3.4.1 Fabrication of 3D hydrogel with support disc

Co-cultures with cell culture inserts have beenalyidised to study two types of
cells interactions such as local proliferation esge or tumoral development (Gaate
al. 1998; Uyameet al. 2002). In this study we have developed a uniqueyssupport
disc which is similar to cell culture inserts, th#s more potential applications. To the
best of our knowledge, none of the cell cultureeitsare reusable and customized (e.g.

Millipore or BD™ culture insert). Our design can be easily desigaredi modified by
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Pro Engineer or other software and manufacturedbibgompatible polycarbonate
material. This final product can be sterile by aldwe and alcohol solution for
experiment usage. The disc design can be placedeagular well-plate and provide a
solid support for 3D cell culture. Spin coating apgius have been widely used for a
ring-shaped or a thin layer of hydrogel preparat{dacchettiet al. 2008). For 3D
hydrogels preparation, spin coating requires ancteam to prevent contamination of
the samples that might not be available for evaty. IFor our fabrication process,
porous support disks were placed in well-plate wadicium chloride solution and
alginate-cells mixture was added on the top ofdis& to form 3D hydrogels. During
this crosslinking reaction calcium chloride candvenly placed on the disk and diffuse
uniformly from the porous surface to hydrogels.hintand evenly hydrogel was made
on the top of support disc without using spin coatecustom made cultter.
3.4.2 Comparison with other cell-based 3D culture

Methods for 3D hydrogel fabrication often involveesialized equipment and
not likely to be widely used in the biological comnity, such as lithography equipment
for photopatterning (Liu, et al. 2007) and microarray systems for high-throughput
testing (Leeet al. 2005). In this paper, we developed an accessitnlestandardized tool
for making 3D cultures for drug testing. Photolgihaphy is standard equipment for
labs but when this technique is used for making c@ures, especially with cells,
access to clean room or compatible bio-hood isssseg and limits the handling. For
our study we provide an alternative way of standaldication process that is capable
to generate a thin hydrogel for drug testing. Talaritation of 3D cultures on support

disk is convenient for handing and easy to transfeother well-plates for co-culture
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experiment. A wide variety of disc can be customized scaled down for 24 or 48
well-plate. The manufacturing process and matgnieles cost less than $30 for each
disk. Versatility of cell types and material (e.g. Magid", PEG) also can be mixed
and deposited on this disc, depends on the res@aatérial. The ability to produce
large quantities of samples and can be utilizetiduyd handing machine for automatic
screens (Tunegt al. 2011) or cell printing for making pattern hydrogelargheseet al.
2005).
3.4.3 3D culturing

Large sized hydrogels are not suitable for 3D celthecause (a) large size
hydrogels need more cells and materials for prejpaa(b) not easily integrate with
common biology products, and (c) contribute to atygr nutrients diffusion problems.
Unlike native tissues have vasculature to suppaittients and remove waste, 3D
hydrogels only allow medium and oxygen diffuse ihtgdrogels for cells surviving.
Many papers have calculated that if oxygen is atilng factor for growing cells in 3D
culture, then the size of fabricated modules withiekness lower than 200pum will not
be limited by nutrient transport, under this coiadlitthe cells can be maintained around
10%-10° cells/cnt (McGuiganet al. 2008b; Nomiet al. 2002). For our 10cells/ml 3D
culture samples, not many dead cells were obsdarvégdrogel with thickness larger
than 200um.

Oxygen and nutrients are important for cell suriimahick tissues, but in most
cases, cell death within the thick hydrogel is ealuby hypoxia rather than lack of
nutrients(Choiet al. 2007). In order to improve the oxygen supply to bydrogel, we

generated a porous and relative thin alginate far 3D culture. According to our
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viability results by confocal microscopy, we doriihd any significant dead cells
distributed in top, bottom or middle hydrogel. Ygawa et al, have established a
equation which can evaluated the maximum alginaset hydrogel thickness for cell
survival (Yanagaweet al. 2011). For our condition we estimated the diffasiof
oxygen in the hydrogels based on Fick’s diffusiawd. Confocal results showed that
encapsulated cells were distributed uniformly withiydrogel, so a spatially uniform
oxygen concentration gradient was assumed. Iniadditve also assumed a constant
external concentration of oxygen, constant oxygensamption rate (OCR) and a
steady-state system with diffusion. Calculation \@ase based on the assumption that
cells would die at zero oxygen concentration atabiggom of hydrogel.

The maximum hydrogel thickness for cell survival[(#n]) can be given as follows:
A= Doz :Co2
A om~no 1
\ nOCR @

Doz : Diffusion coefficient of oxygen in the alginatent’/s)

Nomenclature:

Coz: Concentration of oxygen in the medium (molfgm
n: Density of cells (cells/cr.
OCR: Oxygen consumption rate (mol/cell/sec)

The thickness of the hydrogels packed with Hepdk egas estimated to be
0.6~0.85mm at 2xf&ells/ml cell density (chapter 2 static culturejah7mm at 10
cells/ml cell density (chapter 3 static culture hwisupport disc). From eq. (1),
Doz2=1.5x10° cnf/s (Hulstet al. 1989), Co2=2.14x10" mol/ cnf (Provin et al. 2009),

OCR values of encapsulated HepG2 is 2¥atbl/s/ cell (Mishra and Starly 2009).
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From previous results, there were no significanffetences in the viability of
encapsulated cells among the top, middle, and tmotayers. For above prediction,
alginate thickness 2400 pum at the cell density 0@ cells/mL and 1100pm at the cell
density of 10 cells/mL. This result indicated that our hydrogein maintain the
viability of encapsulated cells under high cell signfor different thickness. HepG2
cells is a high oxygen tolerance hepatoma cell, 15696 viability can be maintained
under anaerobic condition during 3 days (Ké&nal. 2007) and even during 6 hr of
anaerobic incubation without additional substrasdnity of HepG2 cells was not
significantly affected(Hugo-Wissemarat al. 1991). Although this thickness of the
hydrogel construct seems to be much less than ghi@ali thicker hydrogels may still
cause encapsulated cells under hypoxia conditimrmidlly, the oxygen uptake rate
(OCR) of encapsulated cells decreases with inargasell concentration (Mishra and
Starly 2009), also the decline of OUR can be attddd to the higher cell density
because of the reduction in diffusive flux (Prownal. 2009). The OCR value for
encapsulated cells was measured undercélls/ml cell density, so we can assume that
the OCR for our higher cell density will be lowéah this value, although the thickness
used here is not very thin (>200um) to eliminateygen diffusion problem, but
viability of encapsulated cells can be maintainatheut apoptotic cell death induced
by hypoxia.

We also observed that alginate material has limigetapsulated HepG2
proliferation activity, the total number of cellsasr almost the same as initial. Some
possible explanations of is that (1) Encapsulatts avere entrapped in alginate and

didn’t proliferate, so low oxygen and nutrientslistan provide enough support that
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enables cells to remain viable; (2) 3D culturesemglaced on the support disks and
close to the medium level, so the nutrients andyerycan diffuse into hydrogels from
each direction; (3) During 3D cultures cultivatie did not refresh the medium during
three days, we put 1.5ml volume of medium into eael to substitute refreshing.
Large amount of medium has more serum for cellergxtheir viability. (4) The
concentration of our alginate hydrogel is 0.5% whi relative soft compared to other
papers material such as PEG or fiber scaffold ($unzad kanamori 2004). (5)
Encapsulated cells density was lower thafiriD In order to prove the influence of
different cell density, we made %l 3D cultures and monitored the viability for ¢ler
days, the viability dropped to 15% compared toiahit{data not shown). This
experiment proved that diffusion is still a problemmen you culture over a critical
number.
3.4.4. Drug metabolism by different density of encapsulated cells

To characterize the metabolic clearance rate ofug dandidate through our
samples, we have used the pro-drug EFC for tedt@ignl, 10/ml and 16/ml cell
density of 3D cultures. In our study we measureal fthorescence intensity of HFC
production after treatment with 1201 of EFC in the medium. All samples for each cell
density were able to convert EFC to HFC over 3 days also the HFC emission peak
was quite linear from 18-72 hours time period. lestingly, the HFC formation rate in
10°/ml samples was larger for the®@l and 16/ml samples. When compared with the
viability of each sample after three days®/ir samples dropped to 15% after three
days but 10ml and 18/ml samples still remained viable for over 80%. fTresult can

provide an explanation as to why HFC formation at&0’/ml and 16/ml samples was
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much higher than foml, which was possibly due to the reduction of thability
within the 3D cultures. On the other hand’/f0 samples HFC formation rate was also
higher than 18ml possibly due to the higher cell viability. Higltug conversion rates
can be achieve by high encapsulated cell densgyoban proofed (Chargg al. 2008a).
However as pointed out before, cell viability, mutkc activity and nutrient diffusion
problems should be also considered for a 3D cidtassay system.

3.4.5. Hepatotoxicity study in 3D cultures

3D cultures are being used in the prediction fquatetoxicity study (Yamada
and Cukierman 2007). Several research papers hewensthat culturing cells in 3D
environment may increase the drug resistance yaljidiavid et al. 2008; Horninget al.
2008) or increase the sensitive of drugs comparéDi culture (Nakamurat al. 2011).

In addition, Gurski (Gursket al. 2009) has also pointed out that culturing cellSih
matrices for anti-cancer drugs testing was supedugotraditional 2-D culture due to
tumor morphology can be represented in 3D culture.

These sensitivity differences in 3D cultures may rbpresentative of drug
treatment inn vivo conditions. For our results, cell viabilities oépl52 cells grown in
3D culture systems and exposed to different conagohs of acetaminophen and
diclofenac were significantly lower than those efl€ grown in monolayer culture and
exposed to the same concentrations. Acetaminogn@ommonly used analgesic, is
known to cause hepatotoxicity when ingested in damuantities in humans.
Acetaminophen can be biotransformed by cytochrod®@0RP450) enzymes, that are
known to such as CYP1A, CYP2E and CYP3A, and caeflalar necrosis (Zhanet

al. 2004). High CYP450 activity results in increasedetaminophen toxicity
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(Kostrubskyet al. 1997). In Chapter 2, we have demonstrated CYP43Qitgt of
HepG2 cells grown on 2-D and 3D. The main CYP450yere, CYP3A4, on 3D was
almost higher than 2D during 2 weeks (Chaper 2)eéi@). HepG2 cultured on the 3D
alginate show more sensitivity towards acetaminogheated hepatotoxicity than
hepatocytes cultured on 2D cell culture. The ‘affgdi effect of hepatotoxicity’ of the
acetaminophen treatment on 3D might be due to ifieeh enzymatic activity of CYP
450 enzymes.

The differences in diclofenac toxicity observed2b and 3D culture could
reflect the different sensitivity of hepatocytesiclbfenac (0.75mM) for 24 h was
almost low-toxic to the 2D monolayer (survival catif 88%) but highly toxic to the 3D
spheroids (survival ratio of 11%). Liver spheroidlitare has been widely used for
cytotoxicity evaluation due to maintenance of nathmorphology. For 3D culture, the
hepatocyte structural and enzymatic functions endagity to thein vivo conditions(Xu
et al. 2003). The trend between ¢yvalues obtained using the 3D cultures was similar
to in vivo LDsp values and also correlated better than 2D mona-legk culture. A
larger dataset of drugs for testing by our 3D aeltsystem will be required in the future
as a fully validatedn vitro prediction model. This indicates the applicabibfythe 3D
construct as a hepatotoxicity test platform and alsowed good predictions in hepatic
cytotoxicity. The platform can enable the encapsaeof any relevant cell line besides
HepG2, since each cell type is configured to exp@tain protein levels. This can
include primary cell lines and variations of thencarous cell lines (HepG3A, HeplLiu,

HepRG) for incorporation into the alginate matdepending on the specific study.
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3.4.6. 2D-3D co-culturefor drug effect testing

The efficacy of our 2D-3D co-culture system to télsé drug effect was
methodologically evaluated in two steps, dose agltl density dependent interaction
studies. As designed, the acetaminophen dose depentderaction experiment was
determined by MCF-7 viability. N-acetyl-p-benzogome imine (NAPQI) has been
investigated a toxic byproduct produced during Hemobiotic metabolism of the
acetaminophen (Dahliat al. 1984). In order to study the acetaminophen toxiaitd
byproduct effect for liver or other type of cellsrmally acetaminophen and NAPQI
were directly added into the cell medium and treéateith cells for different
concentration or time period (Albam al. 1985; Manowet al. 2004; Roeet al. 1993).
But usingin vivo condition, the half-life of NAPQI in the presencé tssue is just
seconds, which means it is very hard to predictraimdic the treatment time for liver or
target cells viability testing (Burcham and Harni®®91). In this paper we announced a
new design for testing hepatotpxicity and drug @ff@multaneously by using our 2D-
3D cultures design. After acetaminophen treatmentlf day, encapsulated HepG2
viability dropped from 85% to 55% when acetaminoplencentration increased.
However MCF-7 viability didn’t significant decreafem low to high concentration of
acetaminophen due to the HepG2 viability lost. thersecond cell density experiment,
when co-cultured 10ml density HepG2 with MCF-7 the MCF-7 viabilitygsiificant
decreased to 71% and 90% of control. From thesdtsesve utilized or co-culture
system that model®s vivo situation, in which the prepared liver cells wetaced in a
support disk and the target cells were cultivatedhe bottom of the well plate. It can

be imaged that in clinical experiment, the drugside pretreated with liver cells and
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the drugs can be metabolized by liver cells andditug effect can be determined or
show from target cells. Normally co-culture systehave been shown for localized
proliferation activity testing (Wangt al. 2009) and stimulation cells differentiation
(Heneweeret al. 2005). As we have known, this 2D-3D co-cultureigiesd has not
been widely used for hepatocytotoxicity and drugdctftesting. Leet al has published
by using microsomes (Lest al. 2005) for drug effect testing. Although microsorcas
provide a relative low experiment error and stadid&d procedure for high-throughput
screening, but microsomes still not sufficient éplace hepatocytes-based study (Lam
and Benet 2004), many compounds still failed tadjteby microsomes due hepatic
transporters lost (Naritonat al. 2001). Our purpose is that provide a more autbeémti
vitro platform which is truly reflective of these existvivo, provide a better model for
what happens in human body.

Cyclophosphamide (CPA) is currently used to treatrgety of tumor cells such
as breast cancer cells and also for its immuno®sgpre properties in organ
transplantation. CPA is a prodrug bioactivatedumhn liver by several CYP isoforms
including CYP2B6, 3A4/5 and 2C8/9/18/19 (Chaetgal. 1997; Gervotet al. 1999).
The therapeutic efficacy of this drug is largelypdedent on the liver CYP450 enzyme
function with respect to prodrug activation andtha target cancer cells (Chen al.
1996). According to our result (Figure 9), cycloppbamide didn’t metabolize by
CYP450 and Kkill breast cancer cells. This is prdypde to low levels of major P450s.
Previous paper has been showed that the transevgls of CYP1AL, 1A2, 2A6, 2B6,
2C8, 2C9, 2C19, 2D6, 2E1, and 3A4 presented in Rep@s lower than primary

human hepatocytes (Westerink and Schoonen 200fjteious papers have shown
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that the cyclophosphamide was greatly metabolizgd lprimary hepatocyte culture
(Changet al. 1997; Vanaertet al. 1995). The toxicity of MCF-7 with CPA treatment
was low probably due to the low CPA biotransformatactivity of HepG2. In order to
improve this experiment, we can use primary livescor stem cells for our cells-based
testing platform in the future.

In this chapter, our approach for realizing a high density 3D culture model
which has utility in vitro drug testing, involves 3D that is conducive fore th
maintenance of hepatocyte functions and heaptatgxiesting, and extending the
design of the 3D hepatocyte culture system to enab3D co-culture for drug effect
testing. A 3D hydrogel is constructed on a poroedmpatible disk, which provides
the benefits of 3D cell culture while allowing mataightforward 2D plating and 3D
hydrogel handling. The hydrogel on disk design &l vitro toxicity testing by
allowing for the simultaneous, dose-dependent adtnation of drugs to hepatocytes
and target cells. We used our design to assessethatotoxicity of four model drugs;
acetaminophendiclofenac, rifampin and quinidin€Tsp values that are derived from
the dose-response curves are correlated well teefhertedn vivo LDsg values; 2D-3D
co-culture system was also established to a pfatfor testing activity of hepatocyte-
activated drugs. These results illustrated themiatepredictive value of hydrogel-on-
disk design for acute hepatotoxicity. For the nelxapter, we integrated 3D culture,
support disk and bioreactor to create a dynamidremment for toxicity and drug

metabolism study.
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Chapter 4: Development of 3D liver cells bioreactor

4.1 Introduction

The overall goal for liver cells bioreactor is &t ann vitro platform for drug
metabolism testing and a temporary hepatic sudpotong term testing applications.
The first step in the development of constructlieer cells bioreactor is to seed the
liver cells within some sort of a conducive maiixco-culture with other types of cells
inside the chamber. Then the cells have to be geaviwith adequate amounts of
oxygen and nutrients to enable them to surviveljfprate and differentiate (Miket al.
2011). Several types of bioreactors have been dpedlfor specific usages (Figure 1).
For example, Spinner-flask bioreactors can be @gedcreasing the mass transfer to
the cells by medium stirring; Rotating-wall vessgisovide a dynamic culture
environment to the cells with low shear stress;ld¥oifiber bioreactors also enhance
mass transfer during the culture. These fibers ttreate a semi-permeable barrier in
which the cells are growing and the medium is flogvin side, also hollow fibers
provide a large surface area for cell cultivati@irect perfusion bioreactors, medium
can flow directly through the pores of the scaffaldd therefore have the ability to

enhance mass transfer (Hutmacher and Singh 2008).
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(a)

(b)

TRENDS in Biotechnology

Figure 1. Representative bioreactors for tissue engineeqopdications (Hutmacher
and Singh 2008).

Among several challenges, cell seeding is one efctitical problems for liver
cells in dynamic culture. Seeding cells at higH dehsity (5.73 X 1Bcells/cn?) may
favor high viability and metabolism activity such albumin and urea secretion when

compared to low cell density (Dvir-Ginzbeeg al. 2003). Uneven distribution of cells
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in the scaffold or encapsulating hydrogel mightléa variation in oxygen and nutrient
concentration gradients that would affect the Nitgtof cells within the scaffold (Lan
et al. 2010). Growing and mimicking liver cellg vitro is challenging because
hepatocytes have to be cultured at high cell dgrsitl also nutrient requirements are
much higher than other cells (Baks al. 1999).In vivo, the liver is surrounded by
capillaries with nutrients by a high blood flow thhaaches the inner cells to get enough
nutrients. These capillaries (sinusoids) system sapport sufficient nutrients and
oxygen for liver cells and they also remove theteasetabolites from liver cells. For
the liver cells bioreactor design, it has been Wwebwn that the supply of oxygen and
nutrients is important for thie vitro 3D culture system (Martiet al. 2004). Previous
study has been showed that cellular spheroidsrdahga 1 mm in diameter usually
suffer from hypoxia and necrosis if the cells agate in the center (Sutherlaet al.
1986). Similar results were reported for other sypdé cells such as chondrocytes
(Ishauget al. 1997). This is a critical problem for most engiregktissue because these
constructs usually are at least few mm in size mads-transfer limitations represent
one of the main challenges to be addressed. 3etissiture can inhibit mass transport
within the tissue construct, resulting in a limitedtrient supply and accumulated
metabolic waste. Therefore, the authentic celltdaponse may be camouflaged by the
limitations of a metabolic environment. Howeveristiproblem can be solved via a
stirred flask (Goochet al. 2001), reduced the thickness of the gel (McGuigaml.
2008a) or increased flow velocity inside the systenget higher oxygen update rates
(Nyberget al. 1993). The above methods aim to improve the nrassfer from the

surface of the construct into the inner volume. &oegular perfusion system, filtration
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methods are widely used for cell culture, but diiilbon method requires sustained
filtering to prevent clogging over the study peridgpically, high flow rate generated
by the pump is used to overcome this problem hstrttethod can lead to leakage and
damage to the construct structure (Tokashiki arichifatsu 1993).

Under dynamic bioreactor in which the seeded hey#ts are irdirect contact
with the perfusion medium, this condition can regulabnormal wall shear stress at the
cellular interface. The mechanical effects of flowluced shear stress has been reported
to alter the morphology, functionality and gene resgion for different types of cells
such as vascular endothelial cells(Davies 1995nhebcells(Owanet al. 1997) and
hepatocytes PAI-1 gene(Nakatsuiaal. 2006). When rat hepatocytes were seeded on
the flat surface with flow medium over 5dyn/cmall shear stress that significantly
decreased albumin and urea synthesis rates oveay8(Tdlles et al. 2001a). In
hepatocytes co-cultured with non-parenchymal céhls,ammonia metabolic rate and
urea synthesis rate were both enhanced on day pbragdessively decreased over 11
days of 1.3 dyn/cfperfusion medium(Ka®t al. 2004). As a means of reducing the
flow-induced effects of shear stress, some papave Bhown that microchannel based
bioreactor design can protect the seeded hepatodésam the effects of high shear
stresses, resulting in their maintaining stableualin and urea production(Paet al.
2005). Three-dimensional hydrogels can reduce ltbarsstress on the cultured cells. In
these kind of designs, the 3D cultures were planethe bioreactors and low shear
stress was achieved with sufficient mass exchange@i et al. 2010). Moreover,
cells can be seeded on the gas permeable memioramable direct oxygenation into

the cell compartment(Schmelzet al. 2009). Oxygen level could be a factor for
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functional heterogeneity in the liver. In one stualyere hepatocytes were chronically
exposed to increasing oxygen tensions about 5 mr(pelgvenous) to 85 mm Hg, urea
synthesis increased about 10-fold but the acteft{?450 and albumin production rate
slightly decreased (Chaat al. 2004b). These results indicate that by creatifigreint
environmental conditions, it is possible to minhe thepatocyte metabolism in a way
that is consistent witim vivo.

Perfusion bioreactors have been widely used forynagaplications such as liver
cell transplantation therapies and pharmacologiadeis (Schmelzert al. 2010).
Schmitmeieret al have designed a small-scale bioreactor with apgasieable
membrane and cultured with primary hepatocytes r(fitcheieret al. 2006). The cells
could represent their specific functions such asgddetoxification, and Phase-I
enzymatic activities when cultured in the bioreactarious systems also have been
examined for theiin vitro and traditional culture performance and expect thes
small-scale bioreactor system will be applied togdmetabolism studies (Badet al.
1998; Jasmunet al. 2002; Langsclet al. 2009). Traditional static two-dimensional
culture model is inadequate for research tools umxawo major components are
lacking that are required to provide a natiwe vivo environment: a dynamic
environmentand a three - dimensional support actute. Dynamic bioreactor design
can provide the information on drug clearance aytdtoxicity that are important for
the development of new drugs or for NCE screenkgwever, similar to previous
considered thus far, these bioreactors should geoadequate viability and liver-like
metabolism activities as in the native liver (Parkl Lee 2005). The metabolism studies

can be studied in static condition, such as P&thes or well-plates, and these designs
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are easy to use and inexpensive. The main drawioackatic studies is that the mass
transport resistance especially in 3D culture ocuhturing in high cell density under a
thick layer (Catapano 1996).

Recently some papers have shown that using 3Dndignaulture; primary
hepatocytes can be differentiated to liver-spedifiectional cells (Gerlach 1997; Miki
et al. 2011). As various authors have mentioned, 3D weilland physical parameters,
such as flow improve survival and prolong hepatimctions of primary adult
hepatocytes vitro (Fiegelet al. 2004; Ringet al. 2010).

In an effort to design a liver cells based bioregdhe hepatocytes functionality
must be maintained in an environment that mimiesrihative liver cells as closely as
possible. There are several critical design isstieg must be considered when
developing a hepatocytes bioreactor. (1) To maentie long-term functional stability
of hepatocytes; (2) to create a liver bioreactat tivat is scalable; and (3) to eliminate
transport limitations (Chaat al. 2004a). (4) Easy 3D hydrogels/scaffolds inseraod
removal processes. (5) Compatible with other sthffmaterials and are easily
interchangeable.

To our knowledge, the influence of drug toxicityitave with 3D environment
under perfusion condition has not been investigatéot. In the present of study, we
applied ameso-scale perfusion bioreactor with stacked 3Ddgels to demonstrate the
application of this device. Encapsulation techniggeised to fabricate the cell laden
hydrogels onto the support disc. The designecehimior contained at least a stack of 3
discs, provide a capability to test multi-sampletha same time. Metabolic activity of

the cells inside the bioreactors was quantified aomlaily basis by measuring the
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concentrations of HFC in the culture medium witflusrescence assay. Cells toxicity
under static and dynamic condition for 4 model dru@gs also tested. This bioreactor
can be used in other experiments in which the egfpdin of flow to maintain cells,

different types of cells can be cultured inside.
4.2Material and methods

4.2.1 Chamber and disc design

A perfusion chamber and lid were designed and ppé&al using a CNC
machine with polyetherimide plastic (PEI) as itstenal with internal slots to support
multiple discs within the chamber. A porous polyarate disc was designed to fit
within a chamber (Figure 2). The disc (15mm diametesc with circular pores
approximately 600um wide) was fabricated using seuDeposition Modeling (FDM)
system(Stratasys, Inc, Minneapolis, MN). The disc andnchar were autoclaved to
ensure sterility before usage. The support discdramber are reusable continuously
for repeated experiments. A mesh will allow hydisge be placed inside the chamber
and allow the medium to pass through the hydrddepG2 cells will be encapsulated
by SLG100 alginate on the support as describediqusly. The support discs with
hydrogels were placed carefully inside the chamblee. bottom chamber and the top of
the lid will be connected with joints and tubesattow the cell medium to flow pipes

which will allow cell medium flowing from the tomtthe bottom.
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D. Assembleparts

Lid
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Figure 2. Perfusion bioreactor design and fabrication. (A9 dlevice 50mm x 7mm.
(B) Chamber device 50mm x 34mm . (C) Mesh devicdin diameter, each hole
will be around 0.5mm in dimension with spacing la tmiddle of mesh. (D) The

assemble parts setup, the hydrogel will be seetade the chamber.

4.2.2 Integration of hydrogel within fluidic bioreactor chamber

When the cell laden hydrogels are placed into thendber, necessary
connections are made to connect the chamber tasigtec pump to allow for the cell-

encapsulated hydrogels to be perfused within thdiume (Figure 3A). A sterile lid is
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laid on the top of the chamber and lightly presbgdour screws. To create a sealed
space between the lid and the chamber, one Osgingad to secure the bond to ensure a
leakage-free flow system. Four screws are useckab the lid and the chamber and
avoid leaking (Figure 3B). The cell mediu(®ulbecco's Modified Eagle Medium,
DMEM) was introduced through a peristaltic pump (SQEQ SERIES pump, Watson-
Marlow, UK) into a bubble trapStovall Life Science, Greensboro, NC) that was gudac
between the peristaltic pump and the chamber. Tbélb trap near the inlet of chamber

will prevent the air bubbles from reaching the cham

The outlet port of the device is connected to a t(filicone Double Manifold
Tubing, 2.79 mm, Watson-Marlow, UK) used to colldo¢ medium back and drains
itself into the reservoir (Fig. 3A). Cell culturesaium was pumped through a peristaltic
pump and circulated through the device. The resemwas placed on the stirrer to
increase oxygen infusion from the environment dad allow infusion of the candidate
drug compounds (ex pro-drug EFC) into the devicgesy. Adequate amounts of the
medium were collected from the bottom of chamberaioalysis during different time
point (Fig. 3A). An equal amount of medium was ey to keep the amount of
medium constant. The chamber device contains abmlitof medium and the entire
system (tubes and reservoir) held a total of apprately 30ml of culture medium. The
entire system was incubated in the 37°C, 5% @@ubator (Figure 4). The medium
will flow at an inlet flow rate of about 300ul/mi8rpm) which is sufficient to ensure

adequate tissue perfusion and nutrient availability
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Figure 3. (A) The dynamic culture system used during 3D dynamiitice experiments.
The hydrogel is held within a bioreactor and cwtuunder direct perfusion. (B) The
perfusion bioreactor.

Figure 4. Schematic of setup for 3D dynamic culture.
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4.2.3 Encapsulated cellsviability test

The viability of HepG2 cells in encapsulated wasrgified using trypan blue
after hydrogels de-crosslinking. On different daty® hydrogels were taken out from
the chamber and de-crosslinked by 0.5% EDTA. Destnaking process was described
on chapter 3. Cells viability was examined usingemocytometer with trypan blue
staining (Invitrogen).

4.2.4 Pro-drug metabolism by encapsulated HepG2 cells within alginate in

perfusion system

Non-fluorescent pralrug EFC  (7-ethoxy-4-trifluoromethyl  coumarin,
Invitrogen) was mixed with DMSO to create a 10mMbckt solution of EFC as
described before. To determine the EFC-HFC conwersate under different cell
density and flow rate, a period of time was selddte study. In the first set of drug
elimination experiments, clearance rates of the-dougy 7-ethoxy-4-trifluoromethyl
coumarin (EFC) to 7-hydroxy-4-trifluoromethyl counma (HFC) was studied for
10°cells/ml, 2.5x10cells/ml and 1Bcells/ml cell density under different flow ratest A
each time point, the concentration of HFC was noved with a fluorescence reader
(FX800, Biotek) using an excitation wavelength 608m and an emission wavelength

of 520nm.
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Stirrer

Sampling orifice

Figure 5. Bioreactor orifice design. Cell medium can be extid from the bottom of

the chamber without distributing the system.

4.2.5 3D hydrogels hepato-cytotoxicity testing with static and dynamic condition

Acute exposure (24hr), hepatotoxicity under statid dynamic condition was
tested using 4 model drugs: acetaminophen (20mMjofdnac (0.5mM), rifampin
(0.6mM) and quinidine (0.15mM). For static testimmpcapsulated HepG2 cells were
seeded on the support discs as described abovalyRamic culture, three layers of
disc with hydrogels were seeded in a bioreactomtiea and treated with flowing
medium with different concentrations of drugs. Toatrols were prepared by diluting
corresponding amounts of DMSO in culture mediumhwit drugs. After drugs
treatment for 24 h, the static and dynamic samphdls were de-crosslinked from
encapsulation samples by EDTA treatment, the cabliity values were assessed using

hemocytometer with trypan blue staining (Invitrogen
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4.3 Results

4.3.1 Effect of cellsviability and HFC formation activity under different cell
densitiesand flow rate

Encapsulated cells viability screening of flow medi requires a device that
permits development of multiple hydrogels with ¢otied flow rates and determination
of HFC formation activity during time. We constredt such a device with fluidic
channels integrated into 3D dynamic culture. The afsa designed support disc format
allowed compatibility with static culture and dynamculture. Encapsulated cells
morphology is generally determined using the LIVEAD Back Light stain combined
with imaging of green, the morphology of encapsdatells were no significant
different compared to our previous static resulsté not shown).

To test if our dynamic device provides a reliabhwionment for encapsulated
cells viability, we first experimented with 4@ells/ml cell density under 3ml/min and
0.3ml/min flow rate. HepG2 cells were encapsulatedydrogels on three support disc
and put into the bioreactor for a period of tinretial concentration of 130M EFC was
treated inside and a small amount of medium waleaed from the orifice for HFC
concentration testing. The concentration of HFC masitored at different time points
during 3 days. In this experiment, HFC emissionkpeader10® cells/ml cell density,
3ml/min flow rate was higher than in the 0.3ml/mliow rate. HFC conversion activity
was higher under high flow rate. The cell viabiliyas also tested after finishing the
experiment at day 3. The viability of encapsulatetls remained around 25% under
0.3ml/min flow rate, when we increased the flowertd 3ml/min, the viability was no

significant different between 0.3ml/min and 3ml/mihhis result indicates that the
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higher flow rate did not provide a sufficient oxygeéed and nutrition diffusion for

sustenance of high cell density culture within tigdrogel

0.7 1
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Figure 6. HFC emission peak in 3ml/min and 0.3ml/ml flow raf&e concentration of
HFC was measured at different time point and thiedemsity was 1®cells/ml for each

sample.

According to the firstLl(® cells/ml experiment, the viability and HFC formation
activity was not good. In this experiment we deseeathe cell density to 2.5 30’
cells/ml and tested the HFC concentration duringetunder 3ml/min, 0.3ml/min and
0.05ml/min flow rateFigure 7 shows the HFC formation peak for the $ednt flow
rates. As shown, the concentration of HFC was ibkdst for alginate with the flow
rate at 3ml/min, but the final viability 0.3 ml/miwas the highest. Samples with
0.05min/ml flow rate was much lower than other t#low rates (3ml/ml and

0.05ml/min). This result indicates higher flow ratan increase the HFC formation
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activity but also may result in loss of cell viatyl This is expected since higher flow

rate can cause loss of alginate structural intedue to higher wall shear stresses.
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Figure 7. HFC emission peak in 3ml/min, 0.3ml/min and 0.0%nhlflow rate. The
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concentration of HFC was measured at different tpugt and the cell density was

2.5x10 cells/ml for each sample.

For the 10cells/ml cell density, we cultured our samples ur@i@ml/min and

3ml/min different flow rate and the concentrationH-C was monitored during time.

Figure 8 shows the HFC formation peak for the 3edent flow rates. As shown, the

concentration of HFC was the highest for alginatii whe flow rate at 0.3ml/min. For

the higher flow rate, the cells viability droppexiG2% compared the viability of 84%

under 0.3ml/min flow rate. In consideration of caklbility and the final concentration
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of HEC formation during time, Z6ells/ml cell density and 3ml/min flow rate is leett

than other two cell densities and flow rates.

—%— 10*7 cells/ml (0.3ml/min)
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Figure 8. HFC emission peak in 0.3ml/min and 3ml/min. The aartration of HFC
was measured at different time point and the cefisity was 10cells/ml for each

sample.

4.3.2 HFC formation activity between static and dynamic for along period of time
For this experiment, we examined the HFC concedotrabn static and

dynamic(0.3ml/min) culture condition during 14 day$e cell density for static and
dynamic samples was T@lls/ml. For static samples, the concentration H§C

increased until day 3 and then reached a saturkv@h where no more of the EFC was
converted to HFC. For the 3D samples, the concemtraf HFC increased until day 9
and then reached a saturation level. The maximumeegdration of HFC on dynamic
culture was higher than static culture. For dynamudture, the result shows the

conversion amount increased steadily from daysdutih day 8. On day 7, the viability
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still remained around 84+ 6% compared the viabiidt4% under static culture (data
not shown). HFC concentration can be produced higineler dynamic culture and
viability was also better than static culture. Thesult indicates that our dynamic
system can provide an environment for 3D long-teethculture, also enhance the HFC
formation activity which could be utilized to dragsting platformin vitro culture. In

consideration of encapsulated cells viability, HE@wersion ability, cell density and
flow rate, 10 cells/ml cell density, 0.3ml/ml flow rate is bettean other parameters for

in vitro testing under dynamic condition.

—8— 3D static culture

2R T | w—3p dynamic culture (0.3ml/min)
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Figure 9. HFC emission peak in static and dynamic (0.3ml/ffom rate) condition.
The concentration of HFC was measured at diffetiereé point and the cell density was

10’ cells/ml for each sample.
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4.3.3 Theinfluence of flow rate on the hepatotoxicity of static and dynamic culture
Several factors can affect uptake rate, dispositoord pharmacodynamics of
drugs. It has been known for many years that flate can have a major influence on
the extent of drugs uptake (Horowitz and Powell@)9&or this result, our 3D samples
were cultured in bioreactor under 0.3ml/min flotera20mM acetaminophen, 0.5mM
diclofenac, 0.6mM rifampin and 1pM quinidine were treated for 3D samples under
static culture and dynamic culture. 4 drugs wereulated for 24hr and the cells
viability was examined after de-crosslinking prace$he results demonstrated that
exposure to 4 drugs for 24h resulted in differeytbtoxicity response between static
and dynamic condition (Figure 10). It was noted thare is a statistically significant
difference between static and dynamic culture dodiunder 150M quinidine
treatment (P value = 0.001<0.05). There was nafggnt difference when comparing
the cytotoxicity effects for acetaminophen andmjfan between static and dynamic
treatment (Fig. 10). Cells toxicity are dependembtood flow rates and drug clearance
(Cutler and . 1986). In our human body, the libkyod flow rate is up to 1500ml/min
and the major part for the portal vein is aroun@Qfl/min (Looset al. 1985). Due to
the flow rate effect, hepatotoxicity may be diffiereinder different flow rate with drug

treatment.
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Figure 10. Effect of cytotoxicity on static and dynamic cukurcondition in
encapsulated HepG2 liver cells. 3D samples wegdddewith different concentrations
of drugs for 24 h. Control samples were only tréatéth culture medium without
drugs. (*) indicates a statistically significantfdrence compared to static and dynamic

samples (p < 0.05).

4.4 Discussion

4.4.1 High cel density culture under dynamic condition

For the result on Figure 6, the effect of changeBaw rate of the medium on
the viability evaluation of 1%cells/ml cell was investigated. The results shoat there
is a correlation between the HFC synthesis andfldwe rate In high cell density
condition the increase of the flow rate improve HeC formation ability, but the cell

viability was lower than 30% on low and high floate. It has been reported that by
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increasing the flow rate to the perfused rat liwehjch increased oxygen delivery and
drug clearance rate (Cardosbal. 1994). Overcoming diffusion limits for the deliyer
of essential nutrients and the removal of wastedycts is a priority issue in the
development of 3D cell culture. One possible soluis to create a vascular network in
vitro which enhances the diffusion rate of nutrseand waste products (Griffigt al.
2005). At very high cell density, oxygen deman@xpected to be high and the rate of
flow is directly proportional to the oxygen gradiedue to increased diffusion
limitations(Hayet al. 2000). For oufl0® cells/ml cell density, the viability was low even
when we increased the flow rate. Previous papers Bhown that the HepG2 oxygen
consumption rate unddr@® cells/ml cell density was around 3.4%fGmol/s/cell was
found, which is much lower than previously reportedues for hepatocytes (Prowet
al. 2009). This is probably because cells surfaceddfesion-limited layer, oxygen is
very hard to pass through inside the hydrogel dueht high cell density. The
increasing cells content in alginate disc increabeddiffusion barrier (Hilge-Rotmann
and Rehm 1988). For cell densities of approximatelx 10 /mL, severe oxygen
limitation must be expected, whereas for cell d@siof 1§ /mL (a tissue-like cell
density) the penetration depth for oxygen is lass1t100um. As the 1 mm thickness of
vessels used for experiment, an appropriate callitlewith sufficient oxygen supply is
about 10 /mL of the matrix (Portner and Giese 2007). Far tlext experiment, we
decreased the cell density to’ tells/ml, and the viability was much better when we
compared the result with 2xA€ells/ml and 18cells/ml. In order to adverse the oxygen
limitation problem, one way is to increase oxygemp@y without raising oxygen

tension is to enhance the solubility of oxygen e tulture medium by adding an
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oxygen carrier. By using this method oxygen canirbelirect contact with the cell
membrane and resulting in a reduction of the oxydifiasion resistance in high cell
density and 3D material without vascular structure.

For our dynamic culture, three layers of hydrogetevstacked in the bioreactor.
According to our results the viability distributias no significant different between
each three layers. For our staking disc, the tlager stack under dynamic condition
that allowed perfusion of the medium into its ceritem the sides. Encapsulated cells
cultured in this”loosely packed layers” didn’'t shawgradient of viability. Our "loosely
packed layers” also provide an alternative waynmnvascularized hydrogel to enhance
oxygen diffusion. In further if we want to deterraithe responses from encapsulated
cells under oxygen gradient, analyzing oxygen-resp@ genes by destacking the
layers and isolating RNA from cells originally Ided at different layers. Several
hypoxic extent and relative genes can be seledieiimg such as vascular endothelial
growth factor (VEGF) gene (Sonrm al. 2003). By stacking and destacking the disc
with hydrogels in bioreactor which make it possilite test oxygen and nutrient
gradients in 3D and analyzed the genes responsednzapsulated cells. This method
can provide a simple process to use when studyiimgtoients and biological responses
in these gradients without histological sectionang cell sorting. Different types of
cells can be allowed to create a heterogeneousuBDrein vitro. Multiple discs with
hydrogels also can be incorporated into standardl plates, for high throughput

screens or simple cells-based assay.
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4.4.2 Effectsof flow rateon theviability of dynamic culture

In our work, flow rate is an issue for cells viatyil To reduce mass transfer
limitations, we tested different flow rates unde&xA0cells/ml and 1€cells/ml cell
density. For 2.5x1@ells/ml samples under 0.05ml/min, 0.3ml/min and/Brin flow
rate. The HFC formation ability and cells viabilion 0.3ml/min and 3ml/min were
higher than 0.05ml/min. Flowing medium can enharmeygen diffusion and
continuously introduce nutrients and remove wagbes, cells viability and enzyme
activity may decreased in accordance with the ss®eof pressure of flow rate
(Tokunagaet al. 1988). A more gentle approach may prevent sheassstinduced
injury and thus improve cells viability ('t Haet al. 2007). Higher perfusion pressure
potentially causes damaging of alginate structtesylting in leakage of encapsulated
cells in the cell medium. A lower perfusion presswill result in low distribution of the
oxygen and nutrients. According to our results,” bells/ml cell density under
0.3ml/min flow rate has the best result for HFOnhiation and viability. This study also
indicates that tuning of the perfusion rate is @lto cell viability.

In order to study the homogenous medium perfusi@nplaced three discs with
three hydrogels inside the bioreactor and threertayf viability were determined
separately after finishing experiment. Generalligbility was no significant different
between each layer, but the mechanical propertypper layer became softer after
incubation compared with middle and lower layert BD culture environment can
enable higher cell density and reduce shear stregerfusion pressure effect under

dynamic culture.

108



4.4.3 Encapsulated HepG2 cellsin long term 3D static and dynamic culture

For the ca-alginate material, the oxygen diffusicoefficient was varied
between 2.54 x Idcnf/s and 2.58 x 10 cnf/s for 1-3% alginate, and the oxygen
diffusivity in alginate was medium due to the smapore size and
hydrophilic(Mehmetogliet al. 1996). In order to supply more oxygen through 8is
hydrogel, reduce the number of cells that can lezlex#® in alginate or increase the
medium flow rate(Streeter and Cheema 2011). In shugly, we designed a perfusion
bioreactor for dynamic culture and compared the KBQversion ability between static
and dynamic during 2 weeks. For static culture yFegl0), the medium was found to
be inadequate to maintain 3D samples. HFC formatt® was improved by dynamic
culture due to maintenance of higher cell viability the bioreactor with the 0.3ml/min
flow rate, most cells were viable at all three tomas(upper, middle and lower) within
the bioreactor. Using hepatocytes entrapped wighliiocompatibility material within
the dynamic device has been widely used for imprearg of oxygen utilization of
hepatocytes and waste removal (Tiletsal. 2001). It was also determined that the
CYP450 catalytic activity for the metabolism of EE&n be maintained around 9 days
without stopping the systenin the static3D culture model, samples have to be
refreshed the medium frequently and initial drugaaentration will not be the same if
you test it for a long period of time. For our dgma device, medium is pumped
continuously from a medium reservoir through théication unit and back. A very
small amount of medium can be collected from thioloo of orifice for drug metbolism
testing during time. Although this experiment wet plree layers of encapsulated

hydrogels insidewith further modifications, the usage of such a &Bculture model
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can be widely applied in studying the interactiowl anterplay between different types
of cell on different layer.
4.4.4 Encapsulated cells hepatotoxicity under static and dynamic culture

For drug screenings based on cell models, espedmll2D cell-based assays,
have been widely used for toxicity testing and Higloughput screening, but for
prediction of toxicity profiles in clinical respoass limited. The predictability of 2D
cell-based assays is attributed to the fact tlaalitional 2D cultures do not mimic the
cellular response in 3D environment and flow ratetdr is not also considered. In
particular, the level of activity of key detoxifitan enzymes in the cytochrome P450
(CYP450) family has proven inconsistent and mafedifrom physiological levels such
as oxygen level (Hewitt and Hewitt 2004; Wilkenilagpd Bader 2003) or hepatic
extraction ratio of drugs (Yooet al. 2011). A combination of these factors likely
resulted in the different toxicity response betwsttic and dynamic culture. To further
elucidate that why the viability different betwestatic and dynamic condition under
the same concentration of drugs treatment, it wdaddnecessary to evaluate the
CYP450 gene expression level and oxygen uptake inateoth static and dynamic
condition along culture time and correlate it te tivers specific phenotype obtained
and also compare the resultgth the more established hollow fiber or encapsda
hepatocytes perfusion bioreactor(Bteal. 2009; Tostoest al. 2011). It is clear that the
absence of mass transfer limitations and combinatib 3D culture makes the 3D
dynamic system described here a better alternabivérug testing and toxicological

studies than traditional 2D culture.
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Our results demonstrate the efficient maintenarideer cells using a perfusion
bioreactor in 3D alginate hydrogels. Hepatic vidpiassociated pro-drug conversion
functions were detected with three-dimensional dgdl under dynamic conditiom
vitro. This design may provide a new approach for 3@rlieells engineering, critical
for drug toxicity testing and drugs discovery. Qdmsign consists of a reusable,
inexpensive cultivation units and control tempemtand medium supplies. Moreover,
this device is also capable of operating automiffi@gand continuously without many
manipulations. For our prototype dynamic deviceg thioreactor can be an
advantageous method in terms of low contaminatisk, rease to handling and
scalability. In conclusion, our multilayer bioreactlesign is not very complex and also
on the early stage of development. In the futuedl printing and other co-culture
designs can increase fundamental understandingeatdmplex issues that will impact

drug screening testing method in bioreactors.
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Chapter 5: Conclusions and Future Directions

5.1 Summary

Developed for a range of tissues where the culameronment takes into
account, 3D cell culture models serve to bridgeghp betweein vivo studies andn
vitro testing. Encapsulation method is simple three-dsimal models that can be
generated from a wide range of cell types and fdue to the tendency of adherent cells
to aggregate. Our studies have investigated 3Dureultising a three-dimensional
alginate-based encapsulation method for HepG2 leglts. Some of the major
challenges using this technique are mechanical daméver specific enzymes
functionality and long-term incubation. To addrésis issue, we have developed a 3D
encapsulation method which has high viability, gesd a new support disc for easily
hepatotoxicity and drug effect study, and establisl bioreactor for long-term 3D

culture and dynamic study.
5.2 Research contributions

The contributions of this research are summarizsoliows:

(a) The described protocols represent a simpleuaetul method to encapsulate
cells within alginate materials in a cytocompatibleanner. Such techniques are
especially important since 3D culture have beenelyidised and also can exhibit
different behavior in 2D versus 3D microenvironnsent

(b) Development of an inexpensive platform to eadbhg term high density

liver cell culture in combination with another typécell in static culture environments.
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The test platform allowed us to evaluate drug dasecentrations to predict
hepatotoxicity and its effect by using 2D-3D cudtaechniques.

(c) Development of a bioreactor for 3D dynamic egrdt The bioreactor has
been designed to integrate our disc design whidébwal multi-layered hydrogels
cultured inside. The bioreactor design ensuresessdhpplications and permits to use
the same encapsulation method and the same sugiporto work with an unlimited
number of cells or biomaterials. All bioreactor asidc design are biocompatible and
are built with autoclavable materials, perfusiomdition can be easily control from a
peristaltic pump and the patterned architecture mamade on the disk to achieve
complexity from traditional cell culture.

(d) Establish of an easy design process for diffieusers usage. In our case, our
support disc was designed for 12-well plate alsthwhe size of bioreactor. For
different researchers or experiment purpose, theee can be scale up or scale down
satisfies scientists’ requirements. Furthermores, 8D culture process that is saleable

and may be customized for unique needs.
5.3 Future research recommendations

The work presented in this thesis can be improyehuo include more features
and alginate can be modified to include severakésypf adhesion proteins for cell-
matrix interaction study. Following research tasiese been outlined and can be
undertaken to for future research and development.

5.3.1 Conjugation of adhesion proteinsinto 3D hydrogel alginate
For our alginate material, cells were entrappedhiwithe gel and have limited

proliferation activity due to without any modificah to the alginate structure. Recent
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reports have revealed that an adhesion protein @&siI¢dhGD modification can increases
cellular proliferation and inhibits chondrogenidferentiation in mesenchymal stem
cells(Connelly et al. 2007). Scaffold architecture and materials may aisodify
responses of cells (Pruksakanal.2010). 3-D culture using scaffold-based techniques
offers advantages in providing a structural supgort cellular attachment with a
different orientation. In the future we can encdgsuHepG2 cells or other types of
cells with modified alginate on the top of our dasesign and combine with the dynamic
bioreactor for cells specific genes study or tissgeneration study.
5.3.2 Combination of cell printing technique and support disc to create patterned
scaffolds

Our encapsulation technique can provide a quickpld and fast method for 3D
culture. Moreover, simple encapsulation providételior no control over the cellular
organization of the resulting culture. Recentlyaaiety of rapid prototyping techniques
have been developed to make patterned hydrogedeysiting biomaterials, including
photolithography and syringe-based gel deposifldrese techniques are similar in that
the finished printed cell construct would be fabted from the bottom up (layer-by-
layer) and can mix heterogeneous cell and bionatarithree dimensions. Using our
above porous support disc and cells printing tespni patterned hydrogels are capable
to be printed on the support disc in a controlledi®nment. The support disc with the
patterned 3D hydrogel can be placed into well-ptateioreactor. Use of the patterned
3D hydrogel as am vitro drug testing platform showed many additional bise(l)

scaffold-like structure can be fabricated on thecdo mimic native environment in the
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liver, (2) multilayered construct can be fabricateyl controlled nozzle, biologically
relevant scale or co-culture environment can behed on the disc.
5.3.3 Determination and validation of drugs degradation products by HPLC
system

For our co-culture results, we established that HepG2 cells actually
metabolize acetaminophen and that the toxic metabisl released into the media and
delivered to the MCF7 cells. However, this ressilindirect evidence and it is not 100%
to conclude that the MCF7 toxicity is due to metamo of acetaminophen by the
HepG2 cells. The only reliable technique to dingatheasure the amount of toxic
metabolite released into the medium is through Hpigtiormance liquid chromatograph
(HPLC) testing. HPLC analysis of chemical drug @egtion is generally more
favorable; testing at various points in time usiogr bioreactor can reveal the
appearance of new peaks or significant peak grdevthesting drug byproducts. In the
future we can treat several drugs in our 3D dynaguiture device and integrate with
HPLC system. HPLC can analyze several active coemtsrin the present of bioreactor
and even degradation products that be preseneisystem.
5.3.4 Multi-perfusion chamber for metabolism-dependent toxicity study

For our design we only used one perfusion chantdreodr study. If we want to
test metabolism-dependent toxicity, we need to eohwith at least two components,
metabolism system and target cells such as kidnepdaothelium cells. At first, we will
incubate drugs in the presence of HepG2 cells dimamamber. The metabolizing
medium will be removed after exposure and targks eell be further incubated before

cell viability is measured (Figure 1). Alamar bloe MTT assay can be applied for
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measuring target cells viability (Al-Nasist al. 2007). By using this concept, a very
simple multi-compartment model can be designed. dihg can be metabolized by
“liver” into reactive metabolites, which then citate to the “target cells” for dynamic
drug effect testing. A more complete multi-chamfgstem can be readily fabricated to

providein vitro ADMET studies on new drugs or drug combination.

Liver

DrugA —— L e——

Target cell

Figure 1. Perfusion system for metabolism-dependent toxigtydy (A’ is the
converted drug by liver metabolism).

5.4 Concluding remarks

3D Cells-based assays vitro require appropriate biomaterial, suitable process
and bioreactors that simulate physiological enwvinent for cell growth on 3D. In our
study, our design has been meet the requiremenissoie engineeringn vitro drug
screening and toxicology studies. This study haswsld several advantages for
researchers such as high versatility, simplicityusé, custom design and affordable
instruments. Some similar commercial 3D bioreaptaducts have been selling on the
market recently (3D bioreactor from 3D biotek comypaP3D chambers from Eberis
company). Although these products have signifigaptibduced better device for 3D
culture, they have shortcomings such as limitedensdt selection, co-culture testing,

and lack of versatile static and dynamic experiménir design concept can provide a
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better solution for researchers working on tissugireering, pharmacology and

biology field.
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