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CHAPTER 1: OVERVIEW OF MICROFLUIDIC LIVER CELL CULTURE

1.1 INTRODUCTION TO BIOREACTOR MINIATURIZATION

Traditionally, the primary goal for using bioreactors is to continuously culture

cells or tissues for experimental or therapeutic purposes. In particular, most

mammalian cells need to have a structural support in order to proliferate, a

complex mixture of nutrients for growth medium, and precise control over

dynamic culture conditions such as oxygenation, pH, and temperature. The

conventional bench-top stirred tank-based bioreactors have been remarkably

successful and sufficient at this. In fact, it has led the biotechnology industry

through tremendous growth and to the discovery new therapeutics. However,

with increased competition, the emergence of personalized medicine, and more

complex pharmaceuticals, a more efficient bioreactor is necessary to remain agile

and flexible to new technologies and products. Just as the semiconductor

industry has miniaturized multiple orders of magnitude in its decades of

maturity, the biotech industry must do the same.

Although microdevices and microsystems have existed for more than 20 years, it

has only in the past five years, started to focus on diverse microfluidics and

microbioreactors. The miniaturization of bioreactors and the array format of

microfluidic bioreactors on a chip represent a novel approaches for cell culture



with numerous advantages. These advantages include reduced reagent

consumption and waste, high parallelism, capacity for high-throughput and high

cell densities, along with the flexibility for dynamic culture conditions, which

mimic physiological microenvironments. Compared to conventional bioreactors,

or even Petri dishes which have static environments, microbioreactor arrays can

be less labor intensive, and less expensive to operate in parallel. For

pharmaceutical production, and fundamental studies of biological systems, the

ability to control both high cell packing density, flow rate of nutrients, varying

concentrations of growth factors and drugs, and high-throughput, are necessary.

1.2 POTENTIAL ADVANTAGES OF DYNAMIC LIVER-ARRAY-ON-A-CHIP

The liver affects almost every aspect of metabolism and maintaining homeostasis

within the body. Global loss of liver function is therefore considerably harmful

and often lethal. Liver failure affects all age groups and is most commonly

caused by viruses (Hepatitis B and C), ingestion of common medications, or

alcohol abuse. The majority of liver failure patients die unless an immediate

liver transplant is available. Due to the severe shortage of liver donors, only 10%

of patients receive a transplant. A Biologically-inspired Artificial Liver (BAL) on

a chip could alleviate the need for liver donors by supporting a failing liver or

replacing normal liver function until the patient's own liver recovered or a

transplant becomes available [1,2].



A device able to perform at this high level of complexity requires the utilization

of viable and functional isolated liver cells (hepatocytes). Representing 70% of

the cellular content of the liver, and carrying out most of the liver's functions,

primary hepatocytes are the cell of choice in devices currently undergoing

preclinical and clinical evaluation [1]. Porcine hepatocytes are most commonly

used in BAL devices due to the similarity of their physiology to that of humans.

However, cross-species immune barriers pose significant problems. Ideally,

healthy human hepatocytes would be used in BAL devices. Just as with whole

organs, however, they are in critically short supply. The use of cultured hepatic

cell lines could overcome this shortage. Furthermore, the miniaturization of

dynamic bioreactor arrays with integrated concentration gradient generators

along with high-throughput multiplexed experimentation would help in making

cell-based diagnostics or drug screening, such as hepatotoxicity research, more

cost effective and less labor intensive.

Dynamic microfluidic cell culture devices are advantageous due to their small

length scale and flow control [3]. Microfabricated devices have previously been

demonstrated on a variety of silicon and PDMS substrates for the purpose of

hepatocytes culture, such as membrane-based bioreactors [4, 5], multi-layer

polymer structures [6], and more complex devices that include integrated



oxygen and nutrient delivery systems with online monitoring (7,8]. Notably, the

use of micropatterned surfaces has been demonstrated to improve the liver

specific function of primary hepatocytes (9, 10]. Micropatterning allows control

of homotypic and heterotypic interactions as well as ECM interactions, all of

which have been shown to stably maintain the phenotypic functions of the liver.

The following section outlines the most recent work to this end.

1.3 CURRENT DEVELOPMENTS IN LIVER-ON-A-CHIP SYSTEMS

The ability to control hepatocyte behavior requires precise combinatorial

perturbation studies with the ability to optimize a variety of important culture

parameters such as flow rate, cell packing density for cell-cell interactions,

nutrient media compositions, and geometric configuration. In recent years,

microfluidic technologies have been pioneered to offer the advantages of

precision biochemical perturbations, high-cell packing density, and high

throughput arrays, to address the cellular length scale with nano- to micro-liter

reagent volumes, to effectively control fluid flows, and to improve cell culture

microenvironments. It is generally acknowledged that microfluidic cell culture

devices are advantageous due to their small length scale and flow control [3].

Microfabricated devices have previously been demonstrated on a variety of

silicon and poly-dimethylsiloxane (PDMS) substrates for the purpose of

hepatocyte culture, such as membrane-based bioreactors [4, 5], multi-layer



polymer structures [6], and devices that include integrated oxygen and nutrient
-

delivery systems with online monitoring [7, 11].

* > *

The most commonly applied organic methods for improving in vitro hepatocyte

culture are forming cells into spheroidal aggregates and culturing them on

extracellular matrix (ECM) treated surfaces or structures [12-15]. A variety of

biocompatible polymer scaffolds such as alginate, chitosan, and even a loofa

sponge, have also shown to improve hepatocyte viability when compared with

traditional dish cultures (Figure 1) [16–22]. Finally, the use of co-cultures, and in

some cases, in conjunction with the aforementioned methods has also been
-

•

shown to play a major role in maintaining both hepatocyte function and viability - --

[17, 23-27]. - .

-

Figure 1: SEM of hepatocyte spheroids seeded on a loofa scaffold [22].



A variety of distinguished groups that have published advancements in

microfluidic liver cell culture chips in the last two years were selected and

characterized in Table 1 [28–31]. These culture methods all demonstrated at least

one metabolic or synthetic functional enhancement in hepatocytes cultured in

vitro. In the studies pioneered by Bhatia's group, Type I collagen was used to

culture hepatocytes that selectively adhered to the ECM regions [32]. In

subsequent work, they used NIH 3T3-J2 fibroblasts co-cultured with hepatocytes

to probe both homotypic and heterotypic cellular interactions (9, 33, 34]. These

works helped launch a new paradigm in tissue engineering, which was the idea

that both ECM and cell-cell interactions help to manipulate cell polarity and

differentiation [35-40].

The works by the two groups, Kane et al and Park et al, used a growing trend in

long-term hepatic culture, and co-cultured primary rat hepatocytes with NIH

3T3 fibroblasts on a collagen-treated surface [29, 31]. Kane et al were able to

monitor hepatic functions up to 32 days whereas Park et al ceased functional

measurements at the end of day 5 [29, 31]. Due to the complexity of the culture

environment of the systems presented by these two groups, the operational

efficiencies were compromised. Additionally, the capacity of these two culture

systems were more than 2 or 3 orders of magnitude higher than the works by Lee

et al. [28] and Torisawa et al [41], respectively. In summary, the structural, and



microenvironmental properties of liver cell culture systems as seen in Table 1 are

still being optimized to yield next-generation microfluidic liver cell culture

systems. What is important to keep in mind for future systems is the balance

between improvement in efficiency in terms cell and reagent consumption and

ease of operation, and improvements in the functional aspects of the cells.

Table 1: Microfluidic liver cell culture chip characteristics.

Device Characteristics Cell Culture Characteristics

Author, Capacity Flow rate Ease of Cell Culture Cell Functions
- - -

viability
Year [cell #) [ul/min) operation type(s) environment [days) tested

Primary
-

Lee et al, 103 0.01 Simple rat, Dense multi- 7 Metabolic2007 (28) layerhuman

Kane et al Primar 3T3 co-culture + Urea and
a 105 100 Complex y Type I collagen, 32 albumin2006 [29] rat - -monolayer synthesis

Park et al Primar 3T3 co-culture + Urea and
z 106 700 Moderate y Type I collagen, 5 albumin2005 [31] rat

- -microgrooves synthesis
Torisawa Albumin
et al., 2007 104 100 Simple HepG2 Spheroid 14

-

(30) synthesis

1.4 DEVICE DESIGN AND MICROFABRICATION PROCESS

1.4.1 MASK DESIGN

All devices used for my research started from a simple 2-D drawing which we

call a “mask" layer. It is called a mask because it is comprised of a layer of light

obstructing material, usually chrome, that blocks UV light. The mask is the

“blueprint" for what will be the architecture of the microdevice (Figure 2).



-
– HºHºº tº –

* in II* n II* *II II n II*| H. º

--- ºr e -
º --- -

|

Figure 2: Mask designed in AutoCAD (left) from which the final PDMS device molded (right).

A mask can be made from almost any drafting program, the most common of

which are AutoCAD and SolidWorks. In my research, I used AutoCAD for all

my device designs, and so I will point out the key ideas that apply for using

AutoCAD to draw out a device. The key ideas in AutoCAD mask design are:

1) Design Concept: Before jumping into AutoCAD, begin by drawing the design

concept with pencil and paper. Make sketches of the entire design (from the “big

picture" to the small details). Include dimensions for each feature. This will cut

down on tedious design work in AutoCAD dramatically. AutoCAD is a

powerful tool for presenting your device design, not planning it, so it could be a

huge waste a lot of time if you jump in without a sketch first.

2) Channel Design: The closed shapes that are drawn will be the channels in the

device.
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Figure 3: AutoCAD design and resulting PDMS mold.

Make the design as simple as possible. Avoid using the line tool. A shape

created using the line tool will only be recognized as a feature if it is fully closed.

Instead, use rectangles and other polygons to define channels. Avoid using

circles. Use a polygon that has many sides. An 18-sided polygon will look the

same as a circle after it has been through the entire lithography and PDMS

process since very small definitions will get lost in the many steps of the

manufacturing process. Since a circle is polygon with an infinite number of

sides, it will require lengthy calculations for both AutoCAD and the mask

printing machine to define such a complex feature, which slows down the

process.

1.4.2 SU-8 MICROFABRICATION

The whole process by which patterns on a substrate are defined in a

photosensitive polymer material by shining UV light and developing the

exposed area (i.e. positive resist) or unexposed area (i.e. negative photoresist) is



called photolithography. Using the finished mask, a master template was created

through a series of etching steps. For all the devices used in my research a

negative photoresist material called SU-8 (Microchem, Inc.) was to create device

features on a silicon substrate.

The basic steps to SU-8 photolithography are as follows: Cover the silicon wafer

substrate with photosensitive polymer material (SU-8). Initially, SU-8 comes as a

very viscous clear liquid that can be poured on and spun to certain thicknesses

depending on the spinner speed. Then SU-8 is exposed to UV light (365 nm)

through a patterned mask. UV light will cause areas that have been exposed to

cross-link and polymerize into a solid structure. The unexposed area of SU-8 is

developed and baked since and the areas of SU-8 that are not exposed to UV

light will not cross-link. The unexposed areas remain viscous and can be

developed and removed from the substrate, leaving only the solidified structures

that were exposed to light. A more detailed standard operating procedure for

SU-8 microfabrication can be found in Appendix A.

1.4.3 PDMS REPLICATE MOLDING

Poly(dimethylsiloxane), or PDMS is the most commonly used silicone-based

organic polymer in biologically relevant microfluidic devices (Figure 4). This is

10



due to the innate properties of the material. PDMS is optically clear, biologically

inert, non-toxic, and non-flammable. It is also relatively inexpensive

(~$40/pound), easy to make and use, making it a perfect candidate for rapid

prototyping in biologically relevant devices.

>s-os-oss tº jã
n

Figure 4: Chemical structure of PDMS.

After the SU-8 mold has been microfabricated, this master mold can be used

anywhere between 5 to 25 times to create many PDMS replicates of the devices.

The standard operating procedures for PDMS processing can be found in

Appendix B.

1.4.4 PLASMA BONDING

Gas plasma surface treatment can modify the surfaces of materials like PDMS

and glass. Given enough energy, any gas can be excited into the plasma state of

matter. There are many temperature and pressure conditions where this

phenomenon will occur, but for practical considerations, radio frequency is

commonly used, enabling these processes to take place at low temperatures (25

100°C) and low pressure (0.1-1 Torr). The process uses low-pressure oxygen gas

11



and high energy UV light to create highly reactive species that promote a

strongly adhesive, irreversible bond. In addition, oxidizing species such as air,

oxygen, water vapor, or nitrous oxide are used to remove organics, leaving

functional oxygen-containing groups on the sterilized surface.

To review, the major steps necessary to create a PDMS microfluidic device

consists of the following: SU-8 lithography, PDMS molding, and Oxygen plasma

bonding (Figure 5).

- -
-

. . . .
1. Spin coat and 2. Pattern 50 um SU-8 3. Pour 1:10 PDMS,

4. Detach PDMS, 5. Bond to glass: O2

Figure 5: Major steps involved in microfabrication of a PDMS microfluidic device.

1.5 MICRO-MACRO INTERFACE

To ensure the sterility of the microenvironment inside the microfluidic device,

the micro-macro interface must be carefully constructed, and protected from

12



contamination. This is commonly done by connecting punched fluidic ports to

standard luer lock syringes via Tygon tubing and stainless steel plug connectors.

The elasticity of PDMS and Tygon tubing helps to pressure fit stainless steel

connectors. Luer-lock valves are connected to the syringes to allow switching of

flows. Prior to experimentation, all fluidic connections are flushed clean with

70% ethanol followed by PBS. A UV lamp may also be used to sterilize the inside

of the device along with the interfacing materials.

13



CHAPTER 2: ENGINEERING A PHYSIOLOGICAL MICROENVIRONMENT

2.1 LIVER PHYSIOLOGY

The liver is composed of hepatocytes (parenchymal cells) and non-parenchymal

cells, such as kuppfer cells, endothelial cells, and stellate cells (Figure 6).

Hepatocytes are highly differentiated cells that are involved in blood

detoxification, bile secretion, and metabolism of carbohydrates, proteins and fats.

They adhere to each other via a complex formed by a tight junction, an

adherence junction, and a gap junction. These homogeneous and heterogeneous

cell-cell interactions contribute to maintenance of liver functions [42].

-

º_-e-~ snºoga E* Cell~. *--------

--~. _º I º: 3–Kupp■ er Cell
--~~ Sinusoid *—º- N_*.

*-ºs- *º- Stellate Cell Central vein

-er -------" º
- -º º N - *. - º º º .

ºº --- l º WVU
- - -e i e i e º º º

---
hepatocyte

hepatic lobule
2

Figure 6: Schematic evolution of the physiological location of hepatocytes and surrounding

non-parenchymal cells [42].
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Traditional monolayer cell culture methods cause hepatocytes to quickly lose

their differentiated liver-specific functions. Microfabricated 3-D bioreactors

address many of the issues associated with traditional liver cell culture such as

providing more in vivo-like spatial cell-cell interactions with physiological flow

conditions.

2.2 TISSUE ENGINEERING DESIGN CONSIDERATIONS

2.2.1 SHEAR STRESS AND FLUID DYNAMICS

The maintenance of hepatocyte viability and function depends largely on

mechanical and chemical stimulants, both of which are directly related to the

flow rate of media perfusion. High shear stresses (>5 dyn/cm2) can compromise

hepatic function whereas lower shear stresses (0.1 – 0.5 dyn/cm2) can induce

improved function and stabilize cultures [43, 44]. Figure 8 shows studies done

by Park et al, where hepatocytes cultured on a microgrooved substrate were

protected from shear stress at a volumetric flow rate of 0.7 mL/min [45].

However, low flow rates may deplete cells of nutrients and other soluble factors

such as cell products that contribute to cell-signaling events. This delicate

balance between protecting cells from high shear stress and providing sufficient

nutrients can be achieved by optimizing flow rate and introducing polymeric

structures that mimic the physiologically natural presence of endothelial cells

15



(Figure 7).
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Figure 7: Finite element modeling (FEM) simulations show that hepatocytes can be protected
from shear stress by microfabricated structures that form parallel grooves in between rows of
cells [45].

A viscous fluid such as media moving along a solid boundary (such as a mass of

hepatocytes) will result in causing shear stress on that boundary. Under no-slip

conditions, the velocity of the fluid at the boundary is 0, but at some height from

the boundary the flow velocity is equal to that of the fluid. It is this velocity

gradient that results in shear stress at the boundary, which can be expressed as

y=0 (Eq. 1)
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where u is the dynamic viscosity of the fluid, u is the velocity of the fluid along

the boundary, and y is the height off the boundary.

The Reynolds number, the ratio of inertial forces (wsp) to viscous forces (u/L) was

used for determining whether a flow will be laminar or turbulent. Laminar flow

occurs at low Reynolds numbers (Re - 2000), where viscous forces are dominant,

and is characterized by smooth, constant fluid motion. Turbulent flow, on the

other hand, occurs at high Reynolds numbers (Re - 2000) and is dominated by

inertial forces, producing flow fluctuations.

pv, L.

Al (Eq. 2)
Re =

where P = fluid density, * = mean fluid velocity, | = characteristic length, and

* = absolute fluid viscosity. Since we can approximate that no inertial forces are

present in microfluidics, fluid density,” , can be simplified to 0 and !' =

.001kg"m-1s-1.

The beauty of microfluidics is that since microdevice channels are typically on

the order of 1 ■ um – 100 pm in length, the Reynolds number in microfluidic

channels is generally less than 1. The only means by which solvents move in a

direction transverse to the direction of flow is by diffusion. The root mean square

distance, *, traveled by a molecule with a diffusion coefficient, D, in a time
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interval, t, is described by the Einstein relation for molecular diffusion in

solution:

*rms - V2Dt (Eq. 3)

The Navier-Stokes equations, a set of nonlinear partial differential equations that

describe fluid flow, were used to model the fluid mechanics for the microfluidic

devices. Although the full, Navier-Stokes equations specifically describe nearly

all flows of practical interest, they are too complex for laminar flow conditions.

A simplified form of the full set of equations can be used instead:

ôu o

— + u : Vu) = – VP + uV u
p( 0t u) = 0g u (Eq. 4)

ôu

where at = the local acceleration, u Vu
VP= the convective acceleration, = the

pressure gradient, and *" = the shear stress. The solution of the simplified

Navier-Stokes equations is sufficiently accurate for cases where the fluid flow is

laminar.

2.2.2 MASS TRANSPORT

Diffusion in microchannels involving relatively low concentrations compared to

the solvent can be modeled by Fick's Law. Fick's Law holds true for steady state
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diffusion when the concentration within the diffusion volume does not change

with respect to time:

0c
J = —D—

Öx (Eq. 5)

where J is the diffusion flux, D is the diffusion coefficient, c is the concentration,

and x is the position. Typical values of D are:

D = 2 x 109 m2/s, small ions in water,

D = 4 x 10-11 m3/s, 30-mer DNA molecules in water, and

D = 1 x 10-12 m2/s, 5000-mer DNA molecules in water [46].

For a typical microchannel with ** = 100mm, the time that it takes for a small

ion to diffuse across the channel is then about 2.5 seconds.

The ratio of convection to diffusion is defined by the Peclet number:

where ' = fluid velocity, | = length and * = mass diffusivity. A high Peclet
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number indicates that the reaction is convection dominated, whereas a low Peclet

number indicates that the reaction is diffusion dominated, which is the case in

our devices [46].

Central to the characterization and design of microfluidic channels, hydraulic

resistance plays a key role in this pressure driven, steady-state flow through the

H-filter. A constant pressure drop results in a constant flow rate, as described by

the Hagen-Poiseuille law:

Ap
-

Rºd Q
(Eq. 7)

where Ap = pressure drop, Ka = hydraulic resistance, and Q = flow rate.

Since there is no finite analytical solution for a channel with a rectangular cross

section, a common approximation for microfluidic channels is:

12ml 1
Rrect = 3 31–0.63(h/w)hºw hºw (Eq. 8)

It is apparent from this equation that the fluidic resistance is inversely

proportional to the 4th power of the channel's height and width. This concept

was used in the design of the channel geometries in order to decrease flow rate
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and provide an endothelial-like barrier for the culture area. By reducing the

barrier channel height to 2pm, the resistance will be greatly increased when

compared to the nutrient flow channel a channel height of 30pm.

The fluid dynamics and mass transport in the devices used in this research were

modeled in 2-D and then confirmed in 3-D using finite element software,

FEMLAB 3.0 (Comsol Inc.). The flow rate was determined by measuring the

volume of media at the outlet over 7 days. Accounting for 10% evaporation, the

average flow rate was 10.3 + 1.6 ul/day/well (Figure 8).

12 -

• { }

|
O 2 4 6 8

Day of Culture

Figure 8: Media flow rate through the microfluidic devices were characterized over 7 days
(n=37). Flow was pressure-driven by gravitational force acting on culture media in each inlet
~75 mL/well. Flow rate was recorded for each device as the total amount of media at each

outlet for each 24-hour period. Average flow rate was 10.3 + 1.6 pil/day/well.
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The device geometry was defined directly in FEMLAB. For the flow rate that

was used, 10 ul/day translated to an average flow velocity of 7.7x 102 mm/s

with our channel geometries. A consumption reaction rate of 0.0078 mol/m3*s

was calculated assuming 10° cells in the cell culture chamber with a volume of

150 um x 440 um x 30 um. From the literature, glucose consumption was

previously described as 10-11 g/cell-hr for HepG2 cells [47]. Diffusion of glucose

in 2 um channel was approximated to be (2/30)D in the 30 um channel. The

media we used contained 25mM glucose. With boundary conditions set to an

average velocity of 7.7x 102 mm/s at the inlet and pressure set to 0 at the outlets.

The walls of the computational domain were set to symmetry.

For a flow rate of 10 ul/day used in experiments, the glucose concentration at

the center of the cell mass drops to 22 mM. Simulations of glucose concentration

were conducted with an initial value of 25 mM and with flow rates of 0.1, 0.5, 1.0,

10, and 100 ul/day through the microfluidic bioreactor (Figure 9).
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Figure 9: Glucose concentration at the center of cell culture mass was determined using finite
element analysis software and plotted against medium flow rate (left). Surface plot of glucose
concentration throughout one culture unit with an inlet glucose concentration of 25 mM. At a
flow rate of 10 ul/day, glucose concentration at the center of the cell mass after consumption
was theoretically determined to be 22 mM.

To confirm our 2-D modeling approximations, we used a computer with faster

computational ability to plot glucose concentration over 4 microbioreactor wells

in series to simulate the actual culture conditions. The same geometries were

defined in FEMLAB, except in 3-D. The initial glucose concentration of 25m M

drops to 22.2m M over 4 wells, verifying our initial 2-D modeling results (Figure

10).
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22.2m M

Figure 10: 3-D finite element model showing glucose concentration [mol/m3) at a flow rate of
10pul/day.

2.3 2-D VS. 3-D CELL CULTURE

Traditional plate cultures are no longer sufficient for studying physiological

responses of hepatocytes. A common method for 3-D “tissue-like" hepatocyte

culture is in spheroid configurations (Figure 11). These multi-cellular aggregates,

or spheroids, have characteristics similar to native liver function, and have been

found to be more effective in maintaining long-term liver functions in vitro than

their monolayer counter-parts [10, 19, 48-50). Notably, the use of micropatterned

surfaces has been demonstrated to improve hepatocyte functions in hepatocyte
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spheroids (6,8].

ECM Hepatocyte

Vºsººk º º<-2 –S.‘. . C.

ºº HepatocytesTissue Culture Plastic

Figure 11: Traditional plate culture where hepatocytes are arranged in a 2-D monolayer (left).
3-D spheroid configuration hepatocyte culture (right).

Past efforts toward preparing multicellular hepatocyte aggregates (spheroids)

have been made in traditional rocker-plate, porous foam block, and microarray

chip cultures in order to maintain liver-specific functions in vitro (Figure 12).

However, these approaches employ static culture methods which are unable to

simulate physiological flow conditions. Furthermore, the ability to analyze cell

viability and function in a high- throughput manner is hindered due to the

opaque substrates used in all three systems. They also fail to address the

spheroid size affects on maintaining the differentiated state and on liver

function.

Rocker-plate Micro-Wells Micro-bioreactor
port

-

Oxygenation
-

-

t l rº----------- -
-

y
Rocker plate

(Nyberg et al., 2005) (Fukuda et al., 2005) (Powers, et. al., 2002)

Figure 12: Various hepatocyte spheroid culture efforts (8,49,51].
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To effectively coalesce otherwise monolayer liver cells seeded into microfluidic

channels, we developed a high-density cell-trapping array chip for rapid three

dimensional hepatocyte spheroid self-assembly. Moreover, by modifying trap

geometries, spheroids of varying sizes can be formed in order to optimize the

spatial microenvironment and morphology for improving cell viability and

function (Figure 13).

Dish (2D) Device (3D)
multi-cell aggregates

Figure 13: Traditional 2-D monolayer cell culture on a dish without media flow (left).
Hepatocyte spheroid with 3-D cell-cell contact and continuous media flow (right).

Previously, we demonstrated the feasibility of large-scale single-cell trapping

using purely hydrodynamic methods in a PDMS device [52]. Using the same

concept, but with the goal of being able to tune the size of the trapped cell

aggregates, we developed an improved device design with 1) individually

addressable trapping channels for functional assay analyses of spheroid

secretions, and 2) physiologically relevant trap sizes for spheroid formation: 25

100 um square with 50 um depth (Figure 14).
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Figure 14: A) Schematic of spheroid trapping array device. B) Individual traps present
physical barriers to multiple cells and spheroid formation occurs. C) 3D spheroids form by
hydrodynamic flow in PDMS trap. 2 um gap facilitates effective trapping, and spheroids form
through 3D cell-cell contact and promotes protein secretions. D) Albumin detection
performed by quantitative dot blot from cell secretions collected from individually addressed
channel outlets.

The chips were fabricated using a two-layer SU-8/PDMS molding process as

described in Chapter 1 Section 4. Three different trap sizes: 25 um x 25 um, 50

um x 50 um, and 100 um x 100 um, all with depths of 50 um were designed and

tested to sustain viable and functional HepG2/ C3A (human hepatoma) cells

(Figure 15).
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cytosol

Figure 15: HepG2/C3A cells loaded into 50 um-deep traps (into the page) measuring (A) 25 um
sq., (B) 50 um sq., and (C) 100 um sq. Spheroid self-assembly after 24-hours media perfusion:
(D) fluorescently labeled with Hoechst 33258 DNA stain, and (E) LIVE stain, in 50 um sq. traps
(dashed outline).

Spheroid sizes varied by PDMS trap size. The distribution of spheroid sizes were

determined by manually counting the number of cells in each trap using

captured bright field images. For each of the trap sizes, the mean numbers of

cells were 4 + 1, 7 + 2, and 20 + 4, for the 25, 50, and 100 um trap sizes

respectively (Figure 16).
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Figure 16: Distribution of spheroid sizes as determined by cell number in each well size: 25,
50 and 100 p.m.

Cell viability, proliferation, and liver-specific function in terms of albumin

secretion were characterized in the spheroid array device for each trap size and

compared with static control cultures on 12-well plates over two days.

LIVE/DEAD and Hoechst nuclei stains (Molecular Probes, Auckland, NZ) and

Trypan Blue (0.4%) stain (Sigma Chemical Co., St. Louis, MO) were used to test

for viability and proliferation in devices and control 12-well plates, respectively

(Figure 17).
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(C) (D)

Figure 17: A) HepG2/C3A (human hepatoma) cells loaded into 150,000um” traps. Spheroid
self-assembly after 24 hours: B) phase-contrast micrograph, C) fluorescently labeled with
calcein AM, indicative of viability, D) fluorescently labeled with blue Hoechst 33258 DNA
stain.

Preliminary on-chip cell culture experiments were performed on the

three trap-size designs to evaluate albumin secretion as compared with

monolayer controls. A high-sensitivity chemiluminescent immunoassay, similar

to a previously described method [53], was developed to measure albumin

secretion concentrations as low as 1 ng/mL and optimized to determine albumin

concentrations up to 500 ng/mL (Figure 18).
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Figure 18: Dot blot sensitivity testing demonstrates the feasibility of detecting albumin
secretions in the range of 1 ng/mL to 500 ng/mL.

Specific albumin secretion improved in 3-D spheroids over traditional plate

culture in a 2-day trial, supporting our hypothesis that the spheroid

configuration induces more differentiated, liver-specific functions than in

monolayer cultures (Figure 19).
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Figure 19: Specific albumin secretion in HepG2/C3A cells in device and control culture
environments over 2 days. Error bars represent standard deviation.

This cell trapping array is addressable, continuously perfused, and capable of

supporting HepG2/C3A cells. In the future, we hope to improve the device's

usability in order to accommodate the demands of high-throughput

pharmacological, toxicological and metabolic screening. This can be

accomplished by integrating the spheroid array with cell lysis mechanisms

downstream, as well as online monitoring of fluidic controls to facilitate

controlled testing of drug dosages. Furthermore, size-dependent spheroid

physiology, cell-cell interactions, and cell-ECM interactions can be studied in this
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platform if long-term culture is made possible by using co-culture strategies that

have recently been developed by Bhatia's group to be more robust [54]. 3-D

spheroid culture should prove to be superior in the long-term; however, further

testing is necessary to verify this.

2.4 BIOMIMETIC DESIGN

Upon isolation, rapid loss of liver-specific function in traditional monolayer

culture of hepatocytes limits their application in drug screening and as a

dependable cell-source for bioartificial liver support [2, 55, 56]. In native liver

tissue, hepatocytes rely on a complex three-dimensional network of blood

capillaries to receive adequate oxygen and soluble factors transport. A typical

liver micro-unit, the sinusoid, consists of a cord of hepatocytes with extensive

cell-cell contact located within tens of micrometers from a nutrient source (Figure

20). Thus, a bioreactor that is able to provide a more physiologic

microenvironment is well-suited to maintaining a differentiated hepatocyte

phenotype after isolation [1].
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Figure 20: H and E stain of normal hepatocytes ex vivo surrounding a central vein with
sinusoidal spaces between through which blood flows and chemical exchange takes place [54,
57].

An in vitro screening platform that preserves the liver functions of primary

hepatocytes is much needed in the pharmaceutical industry to improve the

quality of toxicity studies prior to human clinical trials [19, 29, 58].

We developed a microfluidic device that cultures hepatocytes using continuous

perfusion of media through a 3-D high cell-density trapping array. With a

continuously perfused flow rate of ~10p L/day/well, hepatocytes cultured on

our biomimetic microfluidic chip were able to achieve confluency, and maintain

their differentiated phenotype in a high-density formation. The cells exhibited a

morphology similar to other 3-D liver cultures that have been described to have

cell-cell contacts such as tight junctions and desmosomes that resemble those

found in native tissue. Homotypic and heterotypic cell-cell communication and
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cell-cell interactions have been studied extensively and has been exploited to

stabilize hepatocytes in vitro [9, 29, 33, 34, 59, 60].

The flow dynamics of blood (in vivo) or media (in vitro) may also provide

necessary cues to maintain hepatocytes differentiation and function [61, 62].

Under physiologic flow conditions, the fenestrated endothelial barrier in the

microfluidic bioreactor decreases the detrimental effects of shear stress on the

hepatocytes similar to the endothelial cell layer that lines the liver sinusoid in

vivo. Adequate oxygenation along with nutrient exchange results in stable liver

specific function (Figure 21). This work addresses the development of an

integrated microfluidic assay system for the purposes of high-throughput

toxicity screening as well as the development of a microfluidic environment

specifically for improved hepatocyte culture in vitro.
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Figure 21. Microfluidic culture unit design. The microfluidic unit consisted of three parts: a

150 um wide by 440 um long cell culture area (blue), a microfluidic perfusion barrier (gray),

and a medium flow channel (red). Cells were introduced from the top port, and localized into

the cell culture area. The perfusion barrier consisted of a grid of channels 5 um wide and 2 um
tall, serving to prevent cells from passing through, while enabling nutrient exchange from the
flow channel on the opposite side. Inset shows SEM micrograph of the perfusion channels.
Scale bar represents 5 p.m.

The microfluidic cell culture array was fabricated using a two-layer SU-8

negative photoresist process in soft-lithography and replicate molding with poly

dimethylsiloxane (PDMS) as previously described in Chapter 1 Section 4. The

overall device consisted of three ports: one for medium inlet, one for medium

outlet, and one for cell loading (Figure 21). By designing the culture unit so that
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it mimics the hepatic tissue microvasculature, cells were maintained in a “tissue

like" state inside the device which exhibited the mass transport properties of a

liver sinusoid. This work demonstrates the initial proof-of-concept of how the

microfluidic culture environment can affect cell behavior.
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CHAPTER 3: CHARACTERIZATION OF LIVER-SPECIFIC FUNCTIONS

This chapter describes the methods and tools used to characterize the

morphology, viability, proliferation, protein synthesis and metabolism of

hepatocyte cultures. Different methods exist and can be used as well, but the

methods here are those that are commonly excepted in the field.

3.1 MORPHOLOGY

Live cell imaging is generally accomplished using traditional bright field

microscopy. This is the most simple approach to imaging unstained specimens.

It can be achieved with minimal optics hardware, and without extensive sample

preparation. Dark field, phase contrast, and differential interference contrast

(DIC) may also be used but these techniques require additional tools such as

annuli, phase plates, and Wallaston prisms, for the three techniques respectively.

Complimentary to the aforementioned techniques is time-lapse microscopy,

which can be used to capture a progression of live cell images in order to observe

biological dynamic processes. This requires the surrounding environment to be

amicable to cell viability, which means the utilization of a heated, humidified

microscope stage encased in a sterile environment.
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In my research, most images used to characterize phenotype or morphology

were taken using phase contrast microscopy. Figure 22 shows the morphological

differences between HepG2/C3A cells cultured on a Petri dish and those

cultured in the microfluidic liver sinusoid device. Plate cultured cells are more

spread, and flat, with distinguishable cell membranes where as device cultured

cells are more “tissue-like" – densely packed with indistinguishable fused

membranes.

Figure 22: Phase contrast micrographs of confluent cell morphology on a standard 12-well
tissue culture plate (left) and inside one sinusoid of the microfluidic cell culture array (right)
after 8 days of culture. Images are at equal magnification, with scale bar representing 50 um.

3.2 HEPATOCYTE PROLIFERATION AND VIABILITY

Cell proliferation and viability were determined daily using Live/Dead@ with

Hoechst 33342 fluorescence stain (Molecular Probes, Eugene, OR) and Trypan

Blue (0.4%) stain (Sigma Chemical Co., St. Louis, MO) in device and control

cultures, respectively.
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Fluorescent stains are widely used to perform viability assays. Live/Dead stain

consists of calcein AM which labels live cells green and ethidium homodimer-1

which labels dead cells red as visualized by fluorescence microscopy. Calcein

AM is a membrane permeable molecule that penetrates the cell membrane of all

cells and becomes fluorescent only after cleavage by intracellular

carboxylesterases in viable cells. Ethidium homodimer-1, on the other hand, is

impermeable to the cell membrane unless the membrane is compromised such as

in an apoptosed cell. Hoechst 33342 is a DNA stain that is permeable to all cells

live and dead, and is used to visualize the nuclei. Lastly, Trypan Blue, which

does not require fluorescence imaging, is simply a dye that permeates dead cells.

Human hepatoma HepG2/C3A cells (#CRL-10741) purchased from the

American Type Culture Collection (ATCC) were cultured in Dulbecco's

minimum Essential medium (DMEM, Invitrogen Corporation, Carlsbad, CA)

supplemented with 0.01125% (w/v) BSA Fraction V (Gibco, Grand Island, NY),

1% (w/v) non-essential amino acids (Gibco), 1 mM sodium pyruvate (Gibco),

4mM L-Glutamine (Gibco), and 1% (w/v) penicillin/streptomycin and incubated

in a humidified 37 °C incubator with 5% CO2. For growth comparisons, DMEM

High Glucose media (Invitrogen) was also used in both control and device

cultures.
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For control cultures, cells were plated in standard tissue-culture (TC) 12-well

plates at a density of 105 cells/mL in each well. Media samples were collected

and refreshed with 1 mL fresh media every 24 hours. For device cultures, 75 mL

of media was added to each media inlet well, and a total volume of 40 mL of 106

cells/mL cell suspension was added to the cell inlet. Cells were initially loaded

until each chamber contained ~100 cells. All cultures were incubated in a

humidified 37 °C incubator with 5% CO2 on a 45° sloped rack.

Media was refilled to a final volume of ~75 u L/well each day in order to

preserve constant head pressure throughout the culture period. Control

experiments were performed under static conditions in standard 12-well TC

plates. Figure 23 shows cell growth inside the microfluidic cell culture array in

one sinusoid chamber from day 1 to day 8. Cells were confluent on day 8 with

each addressable liver sinusoid unit consisting of approximately 1,000 densely

packed hepatocytes. Nutrients were received via diffusion at a flow rate of

about 10 ul/day or 10 nL/min due to head pressure from gravitational force, as

discussed in greater detail in Chapter 2 Section 2.
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Figure 23: Cell growth inside the microfluidic cell culture array. HepG2/C3A cells (human
hepatoma) were used to characterize growth inside each sinusoid culture chamber. Cells were

seeded at ~106 cells/mL and loaded until each chamber contained ~100 cells on day 0. Cell

growth was recorded daily and was confluent by day 8. Scale bar represents 100 um.

For controls, cells in each well were aspirated of media, and rinsed with 1mL

PBS. Cells were detached after a 5-minute incubation with 500 u L

Trypsin/EDTA (Gibco) and then neutralized with 500 ul media before

incubation with Trypan Blue in a 1:1 ratio. Viability and cell count were

determined manually by standard Trypan Blue exclusion procedure using a

hemacytometer (Reichert, Buffalo, NY).

For devices, 4 um Live, 2 ul/■ Dead, and 10 um Hoechst 33342 stains in 75 ul

media were introduced to cells through each media inlet and perfused for 1

minute at 5 psi. After 1-hour incubation, phase contrast and fluorescence images
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were taken with an inverted microscope (Figure 25). Image) software (National

Institutes of Health, http://rsb.info.nih.gov/ij/) was used to process

fluorescence images to determine cell viability and number.

Cells were seeded at 105 cells/well for controls and about 500 cells/well for

devices. Cells in devices exhibited a much slower growth rate compared with

controls. Although the growth rate of cells cultured in the microfluidic device

was slower than those cultured on 12-well plates, cell density increased 3-fold

over 1 week of culture in devices (Figure 24). This phenomenon of increased

proliferation in 2-D, and enhanced differentiation in 3-D culture has not only

been demonstrated in human hepatoma cells, but also breast cancer cells as well

as satellite cells (myoblasts) in the literature [19, 30, 63].
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Figure 24: Cell number was recorded at each 24-hour time point for control TC plates using
Trypan Blue exclusion and hemacytomer counting and for devices using Image) processing.
Cells were seeded at 105 cells/well for controls and about 500 cells/well for devices. Cells in

devices (A) exhibited a similar proliferation profile compared with controls (O), however the
total cell density was 3-fold higher than a dish over one week of culture.

After 1 week of culture, cell viability in device cultures were ~80% after one

week incubation, while control wells exhibited -90% viability by Trypan Blue

exclusion after 7 days (results not shown). Figure 25 shows a representative

phase contrast micrograph of approximately 1,200 cells in a sinusoid device after

1 week, and fluorescence micrographs of cell nuclei, cell cytosol of viable cells,

and DNA of dead cells.
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Figure 25: A) Phase contrast micrograph of ~1200 cells in a sinusoid device after 7 days

incubation. Fluorescence micrographs at the same magnification of B) cell nuclei stained with
Hoechst 33342, C) cell cytosol of viable cells stained with Calcein-AM (live stain), D) DNA of

dead cells stained with Ethidium Homodimer-1 (dead stain). Cell viability in device cultures

was ~80% after 7 days incubation, which was comparable to controls. Scale bar represents 100

|im.

3.3 PROTEIN SYNTHESIS

A common benchmark used to characterize protein synthesis is albumin

production. Albumin production is a key physiologic function of liver cells, and

is commonly used as a marker for liver phenotype in vitro (64–66). Thus, albumin

production in the HepG2/C3A cell line was compared in the microfluidic

environment against standard culture dishes.

The HepG2/C3A cell line is a clonal derivative of the hepatoblastoma-based

HepG2 cell line. The HepG2/C3A line has been reported to have more elevated
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hepatocellular functions and drug metabolism activities than the HepG2 line [19,

67]. With a protein synthesis profile that most closely resembles native human

liver cells, HepG2/C3A cells synthesize seventeen of the twenty normal major

human plasma proteins [68]. Use of hepatocyte cell lines, such as HepG2/C3A,

allows comparison and validation of cell behavior and characteristics within the

scientific community.

Synthetic function was assessed by measuring the production of albumin,

performed by a quantitative dot-blot assay as previously described [53]. Briefly,

100 mL samples were homogenized and taken from each well in control cultures

and 10 mL from each well in the microfluidic devices. All samples were stored at

-20°C for subsequent analysis of albumin.

Human Albumin (MP Biomedicals, Inc., Aurora, Ohio) was diluted to 1 ng/mL

using a 10X series beginning with 10mg/mL in TBS-Tween 20 (20 mM Tris-base,

150 mM NaCl pH 7.5 to 8.0, 0.5% Tween 20 (Fisher Scientific)). Standards

(1ng/mL to 100ng/mL), undiluted samples, and negative controls (media) were

blotted in triplicate at 2 ul each on a nitrocellulose membrane.

Before immunostaining, membranes were incubated with 5% ECL block

(RPN2106, Amersham Biosciences, Buckinghamshire, England) in TBS-T

46



overnight at 4°C to prevent non-specific binding and washed three times with

TBS-T. Membranes were then incubated with goat derived anti-human albumin

antibodies (Fitzgerald Inc., Concord, MA, diluted 1:10,000 in TBS-T) for 90

minutes at room temperature. After three TBS-T washes, membranes were

incubated with horseradish peroxidase- (HRP) conjugated donkey derived anti

goat IgG antibodies (Southern Biotech, Birmingham, AL, diluted 1:10,000 in TBS

T) for 45 minutes at room temperature followed by three more TBS-T washes.

Finally, ECL western blotting detection reagents (RPN2106, Amersham

Biosciences, Buckinghamshire, England) served as a substrate for

chemiluminescent enhancement. The membrane was then exposed to Kodak

Biomax Light Film (Eastman Kodak Co., Rochester, NY). Densitometric

processing of the developed images was performed using the Uncalibrated OD

measurement macro on Image).

Furthermore, specific albumin production also increased. Albumin secretion

was characterized in tissue culture (TC) dish and device cultures after four days

of culture (Figure 26). Albumin secretion from cells cultured in the device

increased 3-fold on a per-cell basis as compared with dish cultures. These results

are consistent with the literature, which shows that cell growth slows

differentiation [69, 70].
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Figure 26: Albumin secretion was characterized in TC dish and device cultures after four days
of culture. Albumin secretion from cells cultured in the microfluidic device increased three

fold as compared with dish cultures.

3.4 HEPATOTOXICITY AND DRUG METABOLISM

Since drug metabolism is a major function of the liver, one of the most relevant

aspects of liver cell culture is to study hepatotoxicity. Located either in the inner

membrane of the mitochondria or in the endoplasmic reticulum of hepatocytes,

cytochrome P450(CYP) is one of the most important families of enzymes that

help facilitate drug metabolism and prevent hepatotoxicity in the liver. Within

the P450 family, 1, 2, and 3 are involved in the metabolism of xenobiotics;

CYP1A2 is involved in the metabolism of caffeine, CYP2C9 for ibuprofen, and

CYP3A4 for acetaminophen are examples (Figure 27). Since most primary
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human hepatocytes express most of the CYP isoforms, they are the most relevant

models for in vitro drug testing. However, due to the limited viability and

function potential of primary cells, hepatoma cell lines, although they weakly

express CYP, are often used as an alternative.

UGTs

1A1, 1A3, 1A6,
1A7, 1A8.1A9,
2B4.2B7. 2B17.

P450

CYP2C8,
2C9

NSAID sulphate other Nsaid
metabolites

\ ■ ixtretion of
- - - -inactive NSAID
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Figure 27: Bold arrows indicate the main metabolic pathways that are involved in the
inactivation and elimination of non-steroidal anti-inflammatory drugs (NSAIDs). These

pathways are mainly oxidation by the cytochrome P450 enzymes (P450), and glucuronide

conjugation by the uridine-5'-diphosphate (UDP)-glucuronosyltransferases (UGTs) [71].

Although in my research, CYP450 activity was not characterized, the methods for

characterization are similar to that of other fluorescence-based assays. The
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change in enzyme P-450 activity of hepatocytes exposed to a toxicant can be

detected by the in situ fluorescence of resorufin converted from ethoxyre-sorufin.

To accomplish this, culture medium would be replaced with fresh culture

medium that includes 2M 3-methyl-cholanthrene (3-MC; Sigma-Aldrich,

Milwaukee, WI), which is a carcinogen of polycyclic aromatic hydrocarbons, 7

days after inoculation. After 48 hours, 20 Methoxyresorufin (Sigma) would be

added to the culture medium, and after 1 hr period of incubation, wash twice.

Fluorescent cells can then be detected with fluorescence microscopy and

processed with Image).

We used a microfluidic-based hepatocyte spheroid culture array to show a proof

of-concept for hepatotoxicity. As discussed in greater detail in Chapter 2 Section

3, 3-D hepatocyte culture, namely spheroids, are much better in vitro models than

traditional monolayer arrangements on a Petri dish or a microtiter plate [19, 48,

72]. Hepatocyte spheroids metabolize drugs in a more physiologically relevant

manner than monolayer hepatocytes cultures. In a monolayer, cells are spread

out creating a large surface-area to volume ratio, facilitating fast drug interaction.

In a spheroids, they are fortified and in turn, harder to penetrate. Although not

much is yet known about the biological mechanisms of spheroids, cell-cell

interactions are presumed to be a reason why spheroids are better models than

dispersed cultures [73]. Having characteristics similar to native liver function,
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hepatocyte spheroids, or “organoids," have been found to be effective in

maintaining long-term hepatocellular functions in vitro [19, 25, 50, 74, 75].

An assortment of drugs have been used to study hepatotoxicity, characterized by

fatty infiltration, inflammation, cellular necrosis and fibrosis. One of the most

common drugs used is Diclofenac (DF). DF is a non-steroidal, anti-inflammatory

drug used clinically to treat several rheumatic diseases. It has also been shown to

cause liver injury in some individuals and has been reported to cause hepatic

cytotoxicity in vitro [76-78). DF increases mitochondrial permeability and causes

a mitochondrial bio-energetic dysfunction or swelling and a decrease of cellular

adenosine tri-phosphate (ATP), causing energy depletion and for cellular

dysfunction [76-78].

HepG2/C3A hepatocyte spheroids were cultured using a microfluidic spheroid

culture device that will allows continuous perfusion of media through a 3-D

spheroid array (Figure 14) and on control TC dishes. Viability and proliferation

was measured over a 4-day period. Over this 4-day trial we observed the non

drugged hepatocytes grow in normal conditions. At the end of the trial, we

noticed a 4-fold increase in total cells per well (Figure 28). DF induced

concentration-dependent cytotoxicity when added to cultured hepatocytes. As

expected, there was a notable decline in the number of cells per well with each of
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the three concentrations of DF in media. As the concentration of Diclofenac in

the media exponentially increased, the decline in number of cells became more

drastic, with the 1,000 um concentration actually ending with fewer cells than

plated at Day 0 (Figure 28).

HepG2/C3A Cell Proliferation in 4-Day Culture with
Varied Concentrations of Diclofenac in Medium
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Figure 28: Hepatotoxicity trials shows the total cells per well over a 4-day trial varied inversely
with concentrations of Diclofenac in the culture media.
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CHAPTER 4: CLINICAL APPLICATIONS: BEYOND BASIC RESEARCH

4.1 BIO-ARTIFICIAL LIVER

Due to the severe shortage of donors, only 37% of liver disease patients receive a

transplant [79]. A Biologically-inspired Artificial Liver (BAL) device could

alleviate this need by supporting a failing liver or replacing normal liver function

until a transplant becomes available [2]. However, a device of such complexity

requires the utilization of viable and functional isolated liver cells (hepatocytes).

This complexity makes it difficult to maintain viable and functional hepatocytes

in vitro. The developments in this research and others in the field have led us to

believe that scale-up of microbioreactors for the purposes of constructing a bio

artificial liver is possible. Additionally, the improvement of the

microenvironment also helps to stabilize the crucial functions that a bridging

device must have in order to sustain patients, such as the BAL device

HepatAssist, developed by Arbios Inc. This device utilizes porcine liver cells to

detoxify the blood of acute liver failure patients who have little or no liver

function. Improving the cell functions used in a BAL device like this would help

patients survive longer.
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Figure 29: The Hepatassist bioreactor bio-artificial liver device developed by Arbios. Inset
shows a cross-section of the hollow fiber membrane through which patient plasma flows.
Modified from Arbios.com [80].

4.2 PHARMACEUTICAL DEVELOPMENT

Liver toxicity is the leading cause for pharmaceuticals to be withdrawn by the US

Food and Drug Administration (FDA) after they are already approved for use in

the market [81, 82]. In the last few years, the FDA has withdrawn 2 drugs for

causing severe liver injury: bromfenac and troglitazone. Bromfenac (Duract), a
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nonsteroidal anti-inflammatory drug (NSAID), was introduced in 1997 as an

analgesic for orthopedic patients. Although approved for a dosing period of less

than 10 days, patients used it for longer periods. This resulted in more than 50

cases of severe hepatic injury, and the drug had to be withdrawn in 1998.

Troglitazone (Rezulin) was approved in 1997 as an antidiabetic agent. Over 3

years, more than 90 cases of hepatotoxicity were reported, which resulted in

withdrawal of this drug [82]. Withdrawals represent a tremendous loss of

resources for the pharmaceutical industry, especially because bringing a drug to

market is so costly. These failures might be reduced through the use of liver-on

a-chip systems capable of predicting the in vivo hepatocyte response to early- to

late-stage drug candidates. With the FDA's recent adoption of the “drug

metabolism by the liver" toxicity test as part of the New Drug Application

(NDA), it is hard to ignore the use of microbioreactor technology in high

throughput screening (HTS) [83].

4.3 CONCLUSIONS AND DIRECTIONS FOR FUTURE WORK

The effect of the cellular microenvironment on tissue specific behavior has been

studied extensively in recent years [84]. It has been shown that spheroid models

using MCF-7 cells are most representative of the breast cancer tumor

microenvironment [85]. Furthermore, being able to control the cellular

microenvironment may also help in discovering the epigenetic progression of
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cancer metastasis (86). The same concept may be applied to liver cancer, to

elucidate the role of the spheroid microenvironment with liver cancer or

cirrhosis. The use of microfabrication technology to address these questions may

yield powerful advances for the future of biology and pharmaceuticals. In this

work, we have developed methods for fabricating microfluidic devices with

physiologically relevant mass transport conditions as well as spheroid formation

ability and showed how this can affect maintenance of differentiated phenotype

and biological function. In the future, this approach will be extended for the

optimization of primary hepatocyte culture to be applied to drug metabolism

and fundamental physiology studies.

In the future studies we will examine new devices that will be more optimally

designed for cytotoxicity testing on hepatocyte spheroids and high density cell

masses. The first steps will be to run cytotoxicity assays using the spheroid

microdevice and sinusoid arrays. Utilizing this information, we can move

forward in developing a better microdevice for conducting cytotoxicity assays

that will lead to the development of an improved hepatocyte spheroid microchip

system to be implemented in bio-artificial liver devices.

An emerging paradigm is such that the rat (or other small animals) will carry the

drug of interest as a living subject but metabolize the drug using human liver cell
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lines. Due to the interindividual [87) and cross-species [88] variations in

cytochrome P-450 expression and metabolic activity in hepatocytes, human cell

lines that have been immortalized can serve as a representative model for more

cost-effective and efficient drug toxicity testing in vitro before starting clinical

trials. Thus, a logical next step would be to culture spheroids first in devices,

and once they have reached stable function, remove them and implant them into

an animal test subject.

The microfluidic cell culture format enabled cells to be assembled in close

proximity to each other without nutrient limitation. This mimics the natural liver

tissue configuration, where a high density of hepatocytes is in close contact with

the microcirculation. This bio-mimetic cell culture format may enhance cell–cell

contacts such as tight junctions and desmosomes normally found in native liver

tissue. The flow dynamics of media may also provide necessary cues to maintain

hepatocyte differentiation and function. This approach will be extended for the

optimization of primary hepatocyte culture to be applied to drug metabolism,

development of bio-artificial liver devices, and fundamental studies of liver

physiology.
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APPENDIX A: SU-8 MICROFABRICATION PROCESSING

The following outlines the steps as they are fit for the UC Berkeley Microlab for
making a SU-8 master template with 2 channel height layers (2 um and 40 um).

1. Clean silicon wafer using Acetone followed by isopropanol (IPA) and dried
with N2.

2. Spin-coat Omnicoat (Microchem): 500 RPM 30 seconds followed by 3,000
RPM for 30 seconds. Omnicoat is an adhesion promoter to improve
photoresist adhesion.
Softbake wafer on 200 °C hotplate - 1 minute. Cool on heat sink - 1 minute.

4. Spin-coat SU8-2002:500 RPM 30 seconds and slowly ramp up to 4500 RPM
for 30 seconds to create 2 um layer.
Softbake at 70 °C for 1 minute then 100°C for 2 minutes. Cool to RT.

6. Place mask over the substrate in Quintel mask aligner, calculate the exposure
dosage for SU8-2002. 100 m)/cm2 - 6.25sec at 16 mW/cm2.

7. Post exposure bake at 70°C - 1 minute followed by 100°C - 1 minute.
8. Place in a bath containing SU-8 developer for 1 minute to remove unexposed

SU-8. Wash with IPA, then dry with N2.
9. For the 50 um layer, spin-coat SU8-2050 at 500 RPM for 30 seconds then

slowly ramp up to 3000 RPM for 90 seconds.
10. Softbake at 70 °C 3 minutes then 100°C 3 minutes.

11. Remove edge bead using acetone sprayed at the perimeter of the wafer, then
bake again at 100 °C 3 minutes.

12. Air cool wafer on a napkin for 1 minute, than transfer to heat sink for 2
minutes to avoid cracking.

13. Exposure dosage (SU8-2050): 400m■ /cm2 – 25 sec at 16 mV/cm2.
14. Post exposure bake; 70 °C 1 minute then 100 °C5minutes.
15. Cool in the air for 5 minutes.

16. Place in a bath containing SU-8 developer for 3-5 minutes to remove
unexposed SU-8. Observe patterns under microscope to prevent under or
over developing. Wash with IPA, then dry with N2.

3.

5.
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APPENDIX B: PDMS PROCESSING PROCEDURES

The following outlines the standard operating procedures for preparing PDMS
devices including cutting and punching fluidic ports.

Materials needed for PDMS Processing:

Gloves

Paper towels
Disposable plastic cup
Disposable plastic spoon
PDMS (base and curing agent)
Mass balance
Oven

Centrifuge tubes
Centrifuge
Vacuum chamber (optional)

Procedure for preparing PDMS:
1. Place paper towel on top of digital mass balance inside hood.
2. Place empty plastic cup on top of paper towel and tare the balance.
3. Pour PDMS curing agent into the plastic cup slowly, until desired weight is

reached. The curing agent is poured first because the weight of the base is
easier to control.

4. Tare the balance back to zero, and slowly pour the PDMS base into the cup
until the weight reaches 10x the weight of curing agent. If you poured 5.6 g
of curing agent, then pour 56 g of base. Use the numbers below as a rough
gauge to determine how much to prepare:
10 g of curing agent and 100 g of base will fill a 6" Petri dish -7mm.
5g of curing agent and 50 g of base will fill a 4" diameter space -7mm.

7. Wipe up any spilled PDMS. Uncured PDMS is almost impossible to clean
from clothes and difficult to get off of skin.

8. Mix PDMS thoroughly with spoon. You can use a vortex to help this process.
After 5-10 minutes of vigorous mixing, PDMS should be full of tiny bubbles
and appear milky.

9. Remove the bubbles from the PDMS by putting centrifuging the mixture in a
centrifuge tube for 1 minute at 7,000 RPM.

10. Clean the SU-8 mold of any dust or particles before pouring. Pour the bubble
free mixture into SU-8 mold and degas in a vacuum chamber for 10 minutes.

11. Cure the PDMS at a temperature below 60 °C to avoid melting the plastic dish
and to preserve the SU-8 structures. Refer to Figure 5 for temperature vs.

.
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shrinkage and curing time.
12. You cannot overcure PDMS. Depending on its thickness, a dish of 7mm

PDMS will cure in 4 hrs. at 60 °C. Cured PDMS should feel firm, not sticky.
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Figure 30: Curing temperature vs. PDMS shrinkage and curing time.

Cutting and punching cured PDMS devices:

Materials needed:
Cured PDMS mold in a dish
Razor blade
Tweezers

Orange rubber mat
Punching tool (0.04" diameter)
Tape
Isopropanol (IPA)
Timer

Microscope
Air gun
Oxygen plasma machine
Hot plate
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5.

:
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Procedure for cutting and punching PDMS devices:
. Using a cured PDMS mold in a 6" Petri dish, use razor blade to carefully cut

out the PDMS mold. Then use tweezers to separate and remove the PDMS
mold from the Petri dish.

. With device features facing up, locate the inlet and outlet channels. The ports
are marked by a cross at the end of each channel.

. Place the orange rubber mat underneath the mold.
Using the punching tool, carefully punch a hole through the mold at the port
locations. Make sure to punch the hole perpendicular to the device surface.
After punching holes, use tape to remove any excess debris on the device.
To clean the device, wash with Isopropanol (IPA), and with DI water.
Clean a microscope slide with Acetone, followed by IPA and DI water.
Use the air gun to dry the device and the slide.

. Remove any excess water by evaporating the device and slide on the hot plate
for 2-3 minutes at ~50 °C. Protect the device and slide from debris and bring
them to the plasma machine.
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APPENDIX C: PLASMA BONDING

Procedure for bonding devices to glass slides:
1.
2
3.
4

:
11.
12.

13.

14.

Turn on vacuum pump of oxygen plasma machine.
Turn the oxygen tank's pressure clockwise to 450 psi.
Turn on plasma machine (red button on the front panel "AC").

. Open the door of the plasma machine and place one glass slide with the
PDMS device side up on top of the slide, and the clean glass slide next to it in
the glass chamber and close the door.
Turn on the vacuum (located on the front panel). Wait for the pressure to go
down to less than 1 Torr.

Open the oxygen valve on the machine by turning the block arrow from
“open to atmosphere" to “open to oxygen, “and wait 1 minute to fill the
chamber.

Close the oxygen valve halfway.
Flip the RF switch up (located on the front panel) for 15 seconds
Tune RF power if needed to get the strongest intensity of white/blue light.

. Use two knobs on the front panel to tune the RF power. Oxygen plasmas will
react with glass surface to form volatile oxides. The plasma should be Flip
vacuum switch down (located on the front panel).
Open the glass chamber to carefully remove treated slide and device.
To bond the device, carefully place PDMS device (features face down) on the
glass slide.
Use tweezers to press very lightly on the device to remove any air bubbles
during bonding. Do not press hard or the small channels may bond shut.
Turn off oxygen plasma and vacuum pump.
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