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ABSTRACT

ENGINEERING INVITRO CELLULAR MICROENVIRONMENT USING

POLYELECTROLYTE MULTILAYER FILMS TO CONTROL CELL ADHESION

AND FOR DRUG DELIVERY APPLICATIONS

By

SRIVATSAN KIDAMBI

Over the past decades, the development of new methods for fabricating thin fihns that

provide precise control of the three-dimensional topography and cell adhesion has

generated lots of interest. These films could lead to significant advances in the fields of

tissue engineering, drug delivery and biosensors which have become increasingly

germane areas of research in the field of chemical engineering. The ionic layer-by-layer

(LbL) assembly technique called “Polyelectrolyte Multilayers (PEMs)”, introduced by

Decher in 1991, has emerged as a versatile and inexpensive method of constructing

polymeric thin films, with nanometer—scale control of ionized species. PEMS have long

been utilized in such applications as sensors, eletrochromics, and nanomechanical thin

films but recently they have also been shown to be excellent candidates for biomaterial

applications. In this thesis, we engineered these highly customizable PEM thin films to

engineer in vitro cellular microenvironments to control cell adhesion and for drug

delivery applications.

PEM films were engineered to control the adhesion of primary hepatocytes and

primary neurons without the aid of adhesive proteins/ligands. We capitalized upon the

differential cell attachment and spreading of primary hepatocytes and neurons on

poly(diallyldimethylammoniumchloride) (PDAC) and sulfonated polystyrene (SPS)



surfaces to make patterned co-cultures of primary hepatocytes/fibroblasts and primary

neurons /astrocytes on the PEM surfaces. In addition, we developed self-assembled

monolayer (SAM) patterns of m-d-poly(ethylene glycol) (m-dPEG) acid molecules onto

PEMs. The created m-dPEG acid monolayer patterns on PEMS acted as resistive

templates, and thus prevented mnher deposits of consecutive poly(anion)/poly(cation)

pairs of charged particles and resulted in the formation of three-dimensional (3-D)

patterned PEM films or selective particle depositions atop the original multilayer thin

films. These new patterned and structured surfaces have potential applications in

microelectronic devices and electro-optical and biochemical sensors. The PEG patterns

developed are tunable at certain salt conditions and be removed from the PEM surface

without affecting the PEM layers underneath the patterns. These removable surfaces

provide an alternative method to form patterns of multiple particles, proteins and cells.

This new approach provides an environmentally fi'iendly and biocompatible route to

designing versatile salt tunable surfaces. Finally, we illustrate the Use of PEM films to

engineer aptamer and siRNA based drug delivery systems.
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CHAPTER 1 INTRODUCTION

1.1 OVERVIEW AND SIGNIFICANCE OF PROBLEM

The ability to engineer the interactions of cells with surfaces is an important albeit

demanding task in medicine and biotechnology. Proteins and cells generally attach

randomly onto medical implant surfaces, which may ultimately lead to undesirable

fibrous encapsulation, detrimental clinical complications, an increased risk of infection,

and poor device performance. Consequently, controlled attachment may be achieved by

generating so-called bioinert materials that first reduce any nonspecific physiological

responses and then creating a biofunctional surface by reintroducing the attachment of

only desired cells. This is achieved in a predictable fashion by using specific cell

signaling molecules or adhesion ligands, often presented in precisely engineered

geometries. Polymeric or oligomeric ethylene glycol (PEO, PEG, or o-EG) is often used

as the bioinert background material for such approaches." 2 Typically, self-assembled

monolayers (SAMS), chemical grafting and polymerization methods have been employed

to present these resistant materials onto a desired surface.3’ 4 However, potential problems

with incomplete, nonuniform surface coverage, multiple synthetic steps and the

restriction of SAMS to silicon or gold substrates greatly limit the use of these techniques

to create bioinert coatings.

The ability to engineer surface properties such as hydrophobicity, charge, and

adhesion at the micrometer scale are critical to the success of emerging technologies

(e.g., bio-sensors, optical technologies and tissue engineering). SAMS have been

extensively used to modify and control properties of gold and silicon surfaces.S Patterned



alkanethiol SAM surfaces have been created using microcontact printing6 and UV

photopatteming techniques,7 however, the intricacy of surface patterns that can be created

with established approaches are limited. Methods to control both the reactivity and

surface properties after self-assembly are required to create more complex patterned

surfaces. Existing techniques to control the reversibility and reactivity of the surfaces

include SOphisticated methods, such as, light and UV-induced, and electrochemical

surface modifications.8'10 These methods are not compatible when extended to biological

systems involving cells and also tend to affect the morphology and properties of the

surfaces underneath the SAMS. Thus, there is a need for a novel surface tuning procedure

which is biocompatible and does not affect the biological systems on the surface.

In drug delivery applications, there is a need for the ability to deliver multiple

biomolecules, e.g., proteins, genes, antibody, complement or drugs, to a targeted site of

interest. Many delivery systems typically deliver one type of biomolecule at a time, e.g.,

one protein or one gene. For example, cellular processes such as opSinization, coating of

a bacterium or cell with antibody and/or complement that leads to enhanced

phagocytosis, require multiple complements to be present in order for phagocytosis to

occur.

1.2 BACKGROUND

1.2.1 Need for New Biomaterials to Control Cell Adhesion

Advances in biotechnology Often require new materials to help elucidate complex

biological phenomena and to develop novel biomedical tools and devices. Since most

biological processes are controlled at the molecular level, materials that can be



manipulated at the molecular level are ideally suited. Therefore, control of surface and

interface properties are particularly important characteristics for bioactive or

bioresponsive materials. The presence of micro- or nanostructures on a surface permits

the manipulation of cell-substrate and cell-cell interactions to better control cellular

function and behavior. Typically, proteins and cells randomly attach onto medical

implant surfaces, which may ultimately lead to undesirable effects and poor device

performance)" ‘2 Consequently, controlling the surface activity by first generating

bioinert surfaces reduces any nonspecific physiological responses and then reintroducing

the attachment of only desired cells in a predictable fashion by using specific cell

signaling molecules or adhesion ligandsl3 would eliminate undesired, random effects.

There is an increasing interest in developing new coatings to improve

biocompatibility and to resist or enhance cellular adhesion by mimicking extracellular

matrix components. The fabrication of ultrathin polymer films to improve surface

characteristics is important to various scientific and biomedical applications. These

surfaces are typically exposed to varying environments. The study of surfaces and

materials for the purpose of growing cells is important in the field of tissue engineering.

Protein adsorption and cellular adhesion are affected by different parameters, such as

hydrophobicity and hydrophilicity, surface charge, roughness, and fi'ee energy. Chemical

modification of biomaterial surfaces poses a major challenge in medical applications,

such as implant and tissue engineering.

1.2.2 Polyelectrolyte Multilayers (PEMs)

PEMs have received much attention recently as a model system for biological

applications such as biomaterials for engineering tissue constructs as well as potential



drug carriers. These multilayers can be easily constructed through layer-by-layer (LbL)

assembly, in which a substrate is alternately dipped in solutions of polycations and

polyanions. Such an approach offers unprecedented nanoscale control over the thin film

architecture and properties, including fihn thickness, composition, conformation, degree

of interchain ionic bonding, roughness, and wettability. The resulting films can conform

to more easily coat substrate materials of any type, size, or shape (including implants

with complex geometries and textures, e.g., stents and crimped blood vessel prostheses).

Furthermore, a variety of materials, including synthetic polyions, biopolymers such as

deoxyribonucleic acid (DNA) and enzymes, viruses, dendrimers, colloids, inorganic

particles, and dyes, may be readily incorporated into the multilayers.

During the LbL assembly, functional third-party molecules can be embedded into

the multilayers. The multilayer construct can be designed such that the incorporated

functional molecules are either permanently embedded (e.g., for sensor or electrochromic

application) or gradually released via diffusion through the films or by degradation of the

film itself. Both scenarios can be used to develop novel drug delivery systems. A major

advantage of LbL assemblies is that these multilayers can be deposited on surfaces of

virtually any geometry, thus one can easily functionalize medical appliances, such as

stents, sutures, and wound dressings. In addition, by a prudent selection of

polyelectrolytes, the multilayers can degrade completely into safe biocompatible

products, eliminating the need for surgical removal. Last but not least, drug delivery

devices based on LbL assembly are simple and inexpensive to construct; this contrasts

with microchip delivery devices, which, although capable of delivering multiple drugs

l4, l5

1.with great temporal and dosage contro require tedious microfabrication.



1.2.3 Micropatteming and Cell Culture

Significant advances have been made in cell culture and microfabrication

technologies. Integrating these two technologies has contributed to advances in cell and

biological-based systems, such as diagnostics, biosensors, and prosthetics. The

advantages of microfabrication and microfluidics technologies are their ability to produce

miniature systems, multiple assays on one array, and multiple processes integrated on one

chip.”’ 16 Advances in microfabrication and microfluidics have allowed for highly

controlled cellular micropatteming, high density sample characterization using

individually addressable array elements, and multiple experiments on one array. The

cellular micropatteming techniques have been employed to understand firndamental cell

biology such as cell-cell, cell-surface, and cell-medium interactions. '7’ '8

Recent progress in cell culture and microfabrication technologies have

contributed to the development of cell-based biosensors for functional characterization

and detection of drugs, pathogens, toxicants, odorants, and other chemicals. In the fields

of toxicology and drug testing, in vivo studies have an advantage over in vitro studies in

that it takes into account the entire biological system in determining the time-dependent

response to a chemical challenge. However, it is Often not easy to perform in vivo

chemical toxicity studies with human subjects. Therefore, the development of a

microscale cell culture analogue that can mimic an in vivo system is another promising

area that capitalizes upon cell culture and microfabrication technologies.19 In addition,

cell-based systems have been used as prosthetics, especially neural protheses. Further,

various macroscale techniques such as polymerase chain reaction (PCR), DNA and

protein analysis, cell sorting, and cell culture have been miniaturized to the microscale



level using microfabrication techniques, and this miniaturization facilitates the integration

with living cells.2°’ 21 Here, we used microcontact printing to make PEM surfaces. The

PEMS were used to construct patterns that ultimately would mimic tissues and organs that

may be used to study in vivo mechanisms.

1.2.4 Aptamers and Short Interfering RNAS (siRNAs)

The development of drug delivery system with the ability to deliver multiple drug

molecules could lead to important advances in treating a wide range of diseases and also

to increase the efficacy of the drug molecules.22 Typically delivery systems deliver only

one type of biomolecule at a time, e.g., one protein or one gene. It is thus important to

develop a method that can be used to incorporate a wide variety of molecules of different

chemistry on virtually any surface including stents, sutures, and wound dressings. The

delivery system should also have the ability to tune the dosage of drugs released in a

time-dependent manner which would further be useful in understanding the mechanism

involved in the behavior of these drug molecules. The PEM films are ideally suited for

such drug delivery applications because it allows for absolute control over the order in

which multiple functional molecules are incorporated into a growing film.23 PEMS can be

deposited rapidly and economically atop large area surfaces of any geometry while

allowing nanometer-scale control over a range of physical properties.24 Furthermore, the

all-aqueous processing of PEM films allows for incorporation of sensitive biomolecules

such as proteins and nucleic acids.”27

Aptamers are ribonucleic acid (RNA) or DNA oligonucleotides that fold by

intramolecular interaction into unique three-dimensional conformations capable of

binding to target antigens with high affinity and specificity. Aptamers are
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macromolecules composed of nucleic acid, such as RNA or DNA that bind tightly to a

specific molecular target. Like all nucleic acids, a particular aptamer may be described by

a linear sequence of nucleotides (A, U or T, C and G), typically 15-60 letters long,

however, the chain of nucleotides forms intramolecular interactions that fold the

molecule into a complex three-dimensional shape. The shape of the aptamer allows it to

bind tightly against the surface of its target molecule. The term “aptamer” derives fi'om

the Latin aptus, “to fit”, and was chosen to emphasize this lock-and-key relationship

between aptamers and their binding partners. Aptamers may be obtained for a wide array

of molecular targets, including most proteins and many small molecules. These novel

molecules have many potential uses in medicine. Aptamers are generally produced

through the SELEX Method (refer to appendix 1 for details). Considering the many

favorable characteristics of aptamers (refer to appendix 1 for advantages of aptamers),

including their small size, lack of immunogenicity, and ease of isolation, which together

has resulted in their application in clinical trials.28 Therefore, we} propose to evaluate

them as potential targeted drug delivery systems.

siRNAs has rapidly become a widely used tool for silencing gene function and

validating potential therapeutic targets both in cell culture and in vivo. Protein production

inside the cell involves a number of steps, beginning with the reading of the gene in the

nucleus by a process called transcription. This process generates a messenger RNA

(mRNA), which is then translated into protein in the cytoplasm. RNAi-based therapeutics

specifically target and degrade mRNA using a naturally occurring cellular mechanism

that regulates the expression of genes. With the recent progress in RNAi research, siRNA

is poised to become a new generation of rationally designed drugs. Many diseases



develop from the undesired production of proteins. siRNA's technologies provide a way

to halt this problem at the source. By utilizing the cellular mechanisms that already exist,

drugs created with siRNA technology has the potential to halt or even cure diseases.

Degrading mRNA, that is to be translated into a specific protein, results in a profound

reduction in the level of that protein without directly altering the original genetic material

(DNA). RNAi is a highly promising therapeutic approach for those diseases where

aberrant protein production is a problem. Finally, RNAi can be applied to inhibit the

expression or replication of pathogenic viruses, such as human immunodeficiency virus

(HIV) and hepatitis C virus.29’ 30 However, the delivery of aptamers and siRNAs to

targeted cells and tissues remains a challenge.

1.3 THESIS OUTLINE

This thesis focuses on engineering polyelectrolyte multilayer films to control cell

adhesion and for drug delivery applications and is subdivided as follows: Chapter 2

describes the engineering of PEM films to control the adhesion of primary cells (primary

hepatocytes and neurons) without the help of adhesive ligands/proteins and firrther

formed patterns of these cells using microcontact printing. Chapter 3 discusses the

engineering of patterned co-cultures of hepatocyte/fibroblast and neurons/astrocytes and

the effect of the second cell type on the function and viability of the primary cells.

Chapter 4 describes the development of novel SAM patterns of m—d—poly(ethylene

glycol) (m-dPEG) acid molecules onto PEMS. The created m-dPEG acid monolayer

patterns on PEMS acted as resistive templates, and thus prevented further deposits of

consecutive poly(anion)/poly(cation) pairs of charged particles and resulted in the

formation of three-dimensional (3-D) patterned PEM films or selective particle
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depositions atop the original multilayer thin films. Chapter 5 discusses the salt tunable

properties of these PEG patterns developed that can be removed from the PEM surface

without affecting the PEM layers underneath the patterns. These removable surfaces

provide an alternative method to form patterns of multiple particles, proteins and cells.

Chapter 6 describes the use of multilayers to engineer aptamer and siRNA based drug

delivery systems, and Chapter 7 concludes the thesis and suggests some future research

directions.



CHAPTER 2 CONTROLLING PRIMARY CELL

(HEPATOCYTES/NEURONS) ADHESION ON

POLYELECTROLYTE MULTILAYER FILMS

2.1 INTRODUCTION

The ionic LbL assembly technique, introduced by Decher in 1991”, forms films

by electrostatic interactions between oppositely charged poly-ion species. The alternating

layers of sequentially adsorbed poly-ions are called “Polyelectrolyte Multilayers

(PEMs)”. PEMS have become excellent candidates for biomaterial applications due to 1)

their biocompatibility and bioinertness,3 1'33 2) the ability to incorporate biological

26' 34 and 3) the high degree of molecular control of the filmmolecules, such as proteins,

structure and thickness providing a much simpler approach to construct complex 3D

surfaces as compared with photolithography.35 The biodegradability of PEMS have been

demonstrated by Lynn and co-workers.36 Thus far, the suitability of these films for

biomedical applications have been illustrated predominantly with immortalized cell lines,

such as fibroblast, osteoblast and endothelial cells.31 Rubner and co-workers have

recently developed PEM surfaces using weak polyelectrolyte system that were

cytophobic and cytophilic to fibroblast attachment.33

Fibroblasts and astrocytes can attach to many surfaces due to its robustness and

ability to secrete their own extra-cellular matrix proteins and thus provide a mechanism

by which they can promote their own attachment to surfaces. On the other hand primary

hepatocytes and primary neurons, unlike many other cell types, exhibit more selective

behavior in vitro, preferentially attaching and spreading on tissue culture dishes or

surfaces containing adhesive ligands such as collagen, poly(lysine) and fibronectin.37
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Primary hepatocytes and primary neurons are anchorage dependent and must attach to

maintain their differentiated function. A stationary suspension culture of isolated

hepatocytes typically loses their differentiated function within hours. Primary hepatocytes

maintain their viability in tissue culture for up to 2 weeks; nevertheless, they lose their

differentiated function within a few days. To address this limitation, approaches such as

overlaying the hepatocytes with a collagen gel or using cylindrical collagen gel

entrapment have extended the differentiated functions in vitro for at least 5-6 weeks.37’ 38

Studies also show that random, dissociated primary neurons in culture develop

physiological responses to neurotransmitters 39’ 40 and self-organize into neuronal

networks, 4043 however, they lack the structure normally present within the nervous

system, where the neurons reside in specific regions with numerous network

connectivity. The advantage of patterned neurons is that it allowed for precise control of

both the direction of neurite extension and degree of contact between the neurons, unlike

the random neuron monoculture system, which is important for repair and regeneration of

the nervous systems."4 It has also been demonstrated by Wheeler and co—workers that

patterned neurons synapse with each other, release neurotransmitters and develop

electrical activity 4547. Furthermore, restricting neurons to patterns has been shown to

enhance the cellular activity such as glutarnine secretion and electrical activity as

compared to the random monocultures of neurons.“ 49

In this chapter, we demonstrate controlling cell adhesion using PEM films by

varying the surface chemistry and the surface topography. We report culturing primary

hepatocytes and primary neurons on a protein free synthetic SPS surface; these cultured

cells maintain a level of differentiated firnction similar to tissue culture polystyrene

ll
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Figure 2.1. (A) Schematic diagram illustrates the method for treating the PDMS surfaces with PEMS and

culturing cells on the surfaces with different topographies. PEMS (PDAC/SPS)Io are built on top of the

PDMS surface and cells are then seeded. (B) Illustration of the overlap of a cell and a flat area between the

circle patterns. The diameter (d) changes while the center to center distance (a) remains constant for the

features: a=18um. Region 1 represents the area between any six adjacent patterns (features). Region 2

represents a cell attached between the patterns. Region 3 is the cell nucleus.



surface (TCPS). The advantage of PEM surfaces is its ability to construct three

dimensional structures with controlled cell-cell and cell-surface interactions. On method

to produce 3D structures is with the use of PDMS surfaces. Unfortunately, PDMS

surfaces are known to be resistant to cell attachment. PDMS has been used extensively to

study cell-substrate interactions, in medical implants and biomedical devices because of

its biocompatibility,50'53 low toxicity,51’54’55 and high oxidative and thermal stability.“’ 57

Despite the many advantages of PDMS, its applications in microfluidics and medicine

have been problematic because PDMS is highly hydrophobic. Even when the surface is

made hydrophilic, PDMS gradually reverts to its hydrophobic state due to surface

rearrangements. As a result, it is rather difficult to maintain long-term culture of cells on

PDMS, due to the difficulty in irreversibly modifying PDMS surfaces to have a stable

cell-adhesive layer.58 Building a polyelectrolyte multilayer (PEM) fihn coating on top of

the PDMS surface increases surface wettability and imparts lasting hydrophilicity thereby

improving adhesion and proliferation of cells on PDMS surfaces.” 59’ 60Nevertheless, we

noted that PEM-coated PDMS surfaces of different topographies affect the attachment,

spreading and even proliferation of three types of mammalian cell, transformed 3T3

fibroblasts (3T3s), HeLa (transformed epithelial) cells and primary hepatocytes. The

PEMS were built using LbL assembly of polyelectrolytes PDAC and SPS, as shown in

the scheme in Figure 2.1 (A). The PDMS stamps consisted of circles with varying

diameters with pitch distances of 18pm and pattern heights of 2.5m as illustrated in

Figure 2.1 B. Following cell seeding, we observed differences in the cell attachment and

spreading depending on the groves and patterns on the PDMS surfaces. The cell

morphology and attachment varied depending on the pattern geometries. Using imaging
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techniques, we show that changes in the surface topographical features alter the

attachment and spreading of cells, suggesting a physical means of controlling the

interaction between the cell and its environment.

2.2 METHODS AND MATERIALS

2.2.1 Materials

Poly(diallyldimethylammoniumchloride) (PDAC) (Mw~100,000-200,000) as a 20 wt %

solution, sulfonated poly(styrene), sodium salt (SPS) (Mw~70,000), linear

polyethyleneimine (LPEI), branched polyethyleneimine (BPEI), poly(anetholesulfonic

acid) (PAS), poly(vinylsulfonic acid) (PVS), fluorosilanes and sodium chloride were

purchased from Aldrich (Milwaukee, WI). All polymers were used without firrther

purification. Poly(dimethylsiloxane) (PDMS) from the Sylgard 184 silicone elastomer kit

(Dow Corning, Midland, MI) was used to prepare stamps. The PDMS stamps were used

for microcontact printing. 9

Dulbecco’s Modified Eagle Medium (DMEM) with 4.5 g/l glucose, 10X DMEM, fetal

bovine serum (FBS), penicillin and streptomycin were purchased from Life Technologies

(Gaithersburg, MD). Insulin and glucagon were purchased from Eli Lilly and Co.

(Indianapolis, IN), epidermal growth factor from Sigma Chemical (St. Louis, MO). Type

I collagen suspension (1.2 mg/ml in 1 mM HCl) was prepared from Lewis rat tail tendons

as described by Dunn and co-workers.(’1 Purified rat albumin was purchased from Cappel

Laboratories (Aurora, OH). Urea assay was purchased from Sigma Chemical (St. Louis,

MO).
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2.2.2 Preparation of Polyelectrolyte Multilayers

PDAC and SPS polymer solutions were prepared with deionized (DI) water at

concentrations of 0.02M and 0.01M respectively, (based on the repeating unit molecular

weight) with the addition of 0.1M NaCl salt. Polyelectrolyte dipping solutions were

prepared with DI water supplied by a Bamstead Nanopure-UV 4 stage purifier (Bamstead

International Dubuque, Iowa), equipped with a UV source and final 0.2 pm filter.

Solutions were filtered with a 0.45 pm Acrodisc syringe filter (Pall Corporation) to

remove particulates. The tissue culture polystyrene (TCPS) surfaces were subjected to a

Harrick plasma cleaner (Harrick Scientific Corporation, Broading Ossining, NY) for 10

min at 0.15 Torr and 50 sccm flow of Oz in a plasma chamber. The layer-by-layer process

was carried out in an automatic dipping machine (HMS programmable slide stainer from

Zeiss Inc.). To form the first bilayer, the TCPS were immersed for 20 min in a polycation

solution. Following two sets of 5 min rinses with agitation, the TCPS were subsequently

placed in a poylanion solution and allowed to deposit for 20 min. Afterwards, the 6 well

plates were rinsed twice for 5 min each. The samples were cleaned for 3 min in an

ultrasonic cleaning bath after depositing a layer of polycation/polyanion pair. The

sonication step removed weakly bounded polyelectrolytes on the substrate, forming

uniform bilayers. This process was repeated to build multiple layers. All experiments

were performed using ten (i.e., 20 layers) or ten and half bilayers (i.e., 21 layers).

2.2.3 Preparation of PDMS Stamps

An elastomeric stamp was made by curing PDMS on a microfabricated silicon master,

which acts as a mold, to allow the surface topology of the stamp to form a negative

replica of the master.62 The PDMS stamps were made by pouring a 10:1 solution of
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elastomer and initiator over a prepared silicon master.63 The silicon master was pretreated

with fluorosilanes to facilitate the removal of the PDMS stamps from the silicon master.

The mixture was allowed to cure overnight at 60°C. The masters were prepared in the

BioMEMS facilities at MGH East and consisted of variotrs features (squares and lines).

The polyelectrolytes were stamped onto the multilayer system using the polymer-on-

polymer stamping process developed by Hammond and co-workers.35

2.2.4 Animals and Hepatocyte Isolation

Primary rat hepatocytes were isolated from adult female Lewis rats (Charles River

Laboratories, Boston, MA) weighing 75-125 g, according to a two-step collagenase

perfusion technique described by Seglen64 and modified by Dunn.61 The liver isolations

yielded 150-300 x 106 hepatocytes. Using trypan blue exclusion the viability ranged from

90 to 98 %.

2.2.5 Hepatocyte Culture System

Hepatocytes were cultured on PEM coated 6-well tissue culture polystyrene surfaces

(TCPS). All the multilayer coated TCPS were sterilized by spraying with 70 % ethanol

and exposing them to UV light before culturing the cells onto these surfaces. The cell

culture experiments on the PEM surfaces were performed without coating the surfaces

with any adhesive proteins. Collagen coated TCPS and uncoated TCPS were used as

controls in these studies. The collagen gelling solution was prepared by mixing 9 parts of

the 1.2 mg/ml collagen suspension in 1 mM HCl with 1 part of concentrated (10X)

DMEM at 4°C. The control wells were coated with 0.5 ml of this collagen gelling

solution and the coated plates were incubated at 37°C for 1 hour. Freshly isolated
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hepatocytes were seeded at a density of 4x105 cells per well for 7 days. The standard

hepatocyte culture medium consisted ofDMEM supplemented with 10% PBS, 14 ng/ml

glucagon, 20 ng/ml epidermal growth factor, 7.5 jig/ml hydrocortisone, 200 rig/ml

streptomycin (10,000 rig/ml) — penicillin ( 10,000 U/ml) Solution, and 0.5 U/ml insulin.

One ml of fresh medium was supplied daily to the cultures after removal of the

supernatant. Samples were kept in the incubator where the temperature and humidity

were properly controlled. A Leica inverted phase contrast microscope with Soft RT 3.5

software was used to capture images of cell density, morphology, and spreading on the

multilayer surfaces.

2.2.6 Primary Neuron Culture System

Primary cerebellar neurons were prepared from 8-day-Old Sprague—Dawley rat pups

(Charles River, Sulzfeld, Germany) as described previously.65 Cells were dissociated

from freshly dissected cerebella by mechanical disruption in the presence of trypsin and

DNase and then plated in poly l-lysine-precoated or PEM-coated six-well plates. Cells

were seeded at a density of l><106 cells/cm2 in DMEM supplemented with 10% fetal calf

serum, 2 mm glutamine, and 20 ug/mL gentamycin. Three days after incubation (37 °C,

5% C02), the medium was subsequently replaced with 2 ml of cerebellum medium

supplemented with 5 uM Arac to arrest the growth of non-neuronal cells. After 2 days,

the neuronal culture was switched back to cerebellum meditun without Ara-C. The

experiments were performed on 6- to 7-day-old culture. Cultures generated by this

method have been shown to contain > 95% cerebellar granule neurons.66 Astrocytes were

prepared from 7-day-old Sprague—Dawley rat pups as described previously.67 The cells

were seeded in poly l-lysine—precoated or PEM-coated six-well plates (3XI05/well) in
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culture medium (90% DMEM, 10% FCS, 20 U/mL penicillin and 20 ug/mL

streptomycin sulfate), and cultivated in an incubator (humidified, 10% C02). The

cerebellum neurons were used in co-culture studies.

Primary cortical neurons were isolated from one-dayeold Sprague—Dawley rat pups

and cultured according to the published methods as described in Chandler et al.68 The

cells were plated on poly-d-lysine-coated (control) or PEM coated, six-well plates at a

concentration of 2><106 cells per well in fresh cortical medium (DMEM supplemented

with 10% horse serum, 25 mM glucose, 10mM HEPES, 2 mM glutamine, 100 IU/ml

penicillin, and 0.1 mg/ml streptomycine). Three days after incubation (37 °C, 5% C02),

the medium was subsequently replaced with 2 ml of cortical medium supplemented with

5 pM Arac. After 2 days, the neuronal culture was switched back to cortical medium

without Ara-C. The experiments were performed on 6- to 7-day-old culture. To obtain

primary cultures of astroglial cells, the cortical cells from one-day-old Sprague—Dawley

rat pups were cultured in DMEM/Ham's F12 medium (1:1), 10% fetal bovine serum

(Biomeda, CA, USA), 100 IU/ml penicillin, and 0.1 mg/ml streptomycine. The cells were

plated on poly-d-lysine or PEM coated, 6-well plates at a concentration of 2 X 106 cells

per well. Cells were grown for 8—10 days (37 °C, 5% C02) and culture medium was

changed every 2 days. Twenty-four hours prior to treatment with fatty acids, the medium

was changed to neuronal cell culture medium. The cortical neurons were used in co-

culture and ROS studies. Primary cortical neurons were used for the ROS studies as the

oxidative stress-induced effects are higher in the affected regions (cortex and

hippocampus) as compared to the unaffected areas (cerebellum).69
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2.2.7 Biochemical Assays

The biochemical assays were performed on the collected medium supernatant. Albumin

concentration was determined by an enzyme-linked immunosorbent assay described

previously using a polyclonal antibody to rat albumin.61 A standard curve was derived

using chromatographically purified rat albumin dissolved in medium. Urea levels were

measured with commercially available kits based upon its specific reaction with diacetyl

monoxime.

2.2.8 Immunostaining of Primary Neurons

To perform confocal immunofluorescence microscopic study, neurons cultures were

fixed for 20 min in 4% paraformaldehyde and permeabilized with 0.1% Triton X-100 and

5% goat serum (Invitrogen) in PBS. Cells were then labeled overnight at 4 °C with

appropriate primary antibodies (1:50 neurofilament for neurons) in 5% goat serum in

PBS. After three PBS washes, primary antibodies were detected with Fluorescein

conjugated conjugated secondary antibodies for neurons. The cells were visualized with

Leica fluorescent microscope.

2.3 RESULTS AND DISCUSSION

The aim of this study is to characterize the attachment, spreading and function of

primary rat hepatocytes and primary neurons cultured on various PEM surfaces. In our

study, we used synthetic polymers namely poly(diallyldimethylarnmoniumchloride)

(PDAC) and SPS as the polycation and polyanion, respectively, to build the multilayers.

We compared the attachment and spreading of primary hepatocytes and primary neurons

on PEM films, with either PDAC or SPS as the top most surface, to TCPS surfaces
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coated with adhesive proteins, as the control. The PEM surfaces used for the cell

adhesion studies were not coated with collagen or other adhesive proteins.

2.3.1 Primary Hepatocyte Adhesion on PEMS

Figure 2.2 compares the morphology of primary hepatocytes on PEM surfaces

with collagen coated TCPS obtained with phase contrast microscopy. Primary

hepatocytes attached and spread on PEM films with SPS as the topmost surface. In

contrast, the attached cells did not spread on PEM films with PDAC as the topmost

surface and eventually lifted off the surface.

The difference in the projected cell area for primary hepatocytes on the different

surfaces is shown in Table 2.1. The number of primary hepatocyes that attached on the

SPS surfaces on Day 1 and 5 (204 and 189 cells/mm2 respectively), was comparable to

the number of hepatocytes that attached on the collagen coated TCPS control surfaces on

Day 1 and Day 5 (210 and 185 cells/mmz), see Table 2.1. In contrast, fewer cells attached

and spread on PEM films with PDAC as the topmost surface on Day 1 and Day 5 (110

and 15 cells/mmz, respectively). Primary hepatocytes attached and spread on SPS

surfaces and the morphology of the cells were comparable to the control. On day 1, some

cells (110 cells/mmz) attached on the PDAC surface but did not spread. By day 5 most of

the primary hepatocytes (15 cells/mm2) lifted off the PDAC surfaces. We capitalized

upon this cell adhesive/resistive property of SPS and PDAC, respectively, to make

patterns of primary hepatocytes. SPS patterns were formed on PEM surfaces either by

microcontact printing SPS onto PDAC surfaces or vice-versa using the polymer-on-
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Figure 2.2. Optical micrographs of primary rat hepatocytes after 3 days for in culture on PEM surfaces. A)

(PDAC/SPS)m.5 B) (PDAC/SPS)“, C) TCPS-Control D) PDAC patterns on SPS. The magnification is 10X.

Scale bar = 50 um

polymer stamping technique developed by Hammond and co-workers.35 Primary

hepatocytes adhered and spread only on SPS surfaces resulting in primary hepatocyte cell

patterns (Figure 2.2 D) whereas fibroblasts readily attached to a variety of surfaces

including both PDAC and SPS. This enabled the use of this system as a template for

patterned co-culture of fibroblast and primary hepatocytes on synthetic PEM surfaces

without adhesive proteins (Chapter 3). To investigate the long term effects of PEM films

on cell viability and function, we assessed the morphology and maintenance of liver-

specific fimctions over 7 days of continuous culture.
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Table 2.1. Primary hepatocyte cell numbers on the projected area on the

different surfaces used in the study after 1 day, 3 days and 5 days.

Student’s t-test was used for analyzing the differences between the cell

adhesion on various surfaces (‘ p<0.05 compared with primary hepatocyte

adhesion on collagen coated TCPS control)

 

Primary Hepatocytes (#cells/mmz)

 

 

 

 

    
 

Surfaces (4x105/substrate initial concentration)

1 day 3 days 5 days

Collagen coated TCPS control 210 :h 21 193 :l: 18 185 :I: 17

PDAC ““19. 38:1:8‘ 15:”.

SPS 204 :I:16 192 :t 20 189 :l: 21

03Na .

SOgNa 00%

SPS PAS PVS

Figure 2.3. Structure formulae of the sulfonic acid polymers

One of the major challenges in studying the mechanism of cell-substrate

interaction on synthetic surfaces is discerning the relative role of the chemical functional

groups on this interaction. Therefore, we evaluated several synthetic sulfonic acid

polymers with distinct chemical structures and molecular mass for this purpose. Figure
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2.3 shows the chemical structure of three different sulfonic acid polymers, namely SPS,

poly(anetholesulfonic acid) (PAS), and poly(vinylsulfonic acid) (PVS), used to build

PEM films for the primary hepatocytes studies. The PAS polymer has a similar structure

to SPS but contains a hydrophobic ether group in the. benzene ring while the PVS

polymer has no benzene ring. These polymers were chosen to determine the fimctional

group responsible for the Observed cellullar behavior on the PEM surfaces. Primary

hepatocytes attached and spread on PEM films with all three sulfonic acid polymers as

the topmost surface. The similarity in the results suggests that the sulfonate group was

likely responsible for the primary hepatocyte attachment and spreading on the PEM

surface. The morphology observed on SPS and other sulfonate surfaces were consistent

with cells demonstrating affinity towards the surface. Similar behavior was not observed

when hepatocytes were cultured on PDAC surfaces.

 
Figure 2.4. Optical micrographs of primary rat hepatocytes after 3 days in culture on PEM surfaces. A)

(LPEI/SPS)IO_5 B) (SPS/LPEI)m C) (BPEI/SPS).0_5 D) (SPS/BPEI).0,5. Scale bar = 100 um
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Next, experiments were performed to determine whether the observed preferential

adhesion to SPS was due to charge effect. Figure 2.4 compares the morphology of

primary hepatocytes on two positively charged surfaces: (LPEI/SPS)Io.5 and

(BPEI/SPS)10_5. Primary hepatocytes were grown on positive (LPEI/SPS)10,5 and

(BPEI/SPS)10,5 surfaces to observe the importance of charge effects on cell adhesion and

spreading. Unlike the PDAC surfaces, primary hepatocytes attached and spread on

positively charged LPEI and BPEI surfaces with similar morphology to that seen on the

SPS surfaces, suggesting that charge effect was not likely the mechanism for cell

adhesion. The functional group likely involved in enhancing cell adhesion on the LPEI

and BPEI surfaces are the primary and secondary amine groups. PDAC was shown to be

cell resisting for smooth muscle cells and neuronal cells by McShane and co-workers70

and we also observe similar adhesion effect on primary hepatocytes. PEI has also been

used instead of polylysine as a surface which supports attachment and grth of primary

neurons.7|

The long term metabolic response of continuous hepatocyte culture on PEM films

was compared with collagen coated surfaces as shown in Figure 2.5. Figure 2.5 (A and B)

illustrate the rate of albumin and urea production, respectively, for cultures up to one

week. The daily production of both albumin and urea on PEM surfaces were comparable

to cells cultured on collagen coated tissue culture dish. By day 7, the liver specific

functions approach zero for PEM films with PDAC as the top most surface. This is likely

due to the fact that the cells were unable to maintain attachment to the PDAC surfaces
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Figure 2.5. Metabolic firnction of primary hepatocytes on PEM surfaces. A) Total urea production per day.

B) Total albumin secretion per day (n=6).
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and had completely lifted from the surface by day 7. In contrast, PEM films with the

sulfonated groups as the topmost surface had comparable urea and albumin production to

the collagen coated TCPS surface. The urea and albumin secreted by the primary

hepatocytes on the PDAC surfaces decreased to zero by day 7 indicating that the primary

hepatocytes do not attach on the PDAC surfaces. The urea secreted by the primary

hepatocytes on the SPS surfaces decreased from day 1 (112.24 :t 2.81 ug /lx106

cells/day) to day 7 (22.55 i 1.30 pg /1x106 cells/day) suggesting that the cells were de-

differentiating.

2.3.2 Primary Neuron Adhesion on PEMS

Figure 2.6 and Table 2.2 compare the adhesion of primary neurons and astrocytes

on PEM surfaces to PLL coated TCPS control. The difference in the projected cell area

for primary neurons and astrocytes on the different surfaces is shown in Table 2.2. The

number of primary neurons that attached on the SPS surfaces on Day 7 (234 cells/mm2)

was comparable to the number of neurons that attached on the PLL coated TCPS control

surfaces on Day 7 (250 cells/m2), see Figure 2.6 and Table 2.2. In contrast, fewer cells

attached and spread on PEM films with PDAC as the topmost surface. By day 7 most of

the primary neurons (10 cells/mm2) lifted off the PDAC surfaces. Primary neurons

attached and spread on SPS surfaces and the morphology of the cells were comparable to

the control, see Figure 2.5 (B, C). Astrocytes attached to both PDAC and SPS surfaces as

shown in Figure 2.5 (D-F). The number of astrocytes attached to both PDAC (178

cells/mmz) and SPS surfaces (183 cells/mmz) were comparable to the control surfaces

(192 cells/mmz), see Figure 2.5 (D-F) and Table 2.2.
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Table 2.2. Primary neurons and astrocytes cell numbers on the projected

area on the different surfaces used in the study after 7 days in culture.

Student’s t-test was used for analyzing the differences between the cell

number on the various surfaces (a p<0.05 compared with cell adhesion on

poly(lysine) (PLL) coated TCPS control)

 

Primary Neurons Astrocytes

Surfaces (# of cells Immz) (# of cells /mm2)

(4x105/substrate initial conc) (4x105/substrate initial conc)

 

 

 

PLL coated TCPS 250 :L- 19 192 :h 19

PDAC 105:2a 178:I:20

SPS 234 :l: 18 183 :I: 17    
 

 

Figure 2.6. Phase contrast images of primary neurons and astrocytes after 7 days in culture on PEM

surfaces. Primary neurons on (A) (PDAC/SPS)“ - PDAC topmost surface (B) (PDAC/SPS)Io - SPS

topmost surface (C) poly(lysine) (PLL)-control surfaces. Astrocytes on (D) (PDAC/SPS)Io.s - PDAC

topmost surface (E) (PDAC/SPS)“, — SPS topmost surface (F) poly(lysine)-control surfaces. (Scale bars-

250nm).
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2.3.3 Fabrication of PEM Coated PDMS Substrate

Table 2.3. Dimensions of the different surface topographies used in the

 

 

 

 

 

 

 

 

 

 

study

Surface Diameter Pitch-Center to (a-d), um Area between 6

(d), um Center (a), um adjacent features (umz)

Pl 1.25 18 16.75 603 :I: 10

P2 2 18 16 576 :h 11

P3 3 18 15 540 :I: 8

P4 4 18 14 504 :I: 10

P5 5 18 13 468 :I: 6

P6 6 18 12 432 :I: 9

P7 7 18 11 396 :I: 9

P8 8 18 10 360 :I: 11

P9 9 18 9 324 :I: 10       
To evaluate the effect of substrate physical properties (i.e., periodic

microstructures) on cell attachment and morphology, we compared the response of

several cell types (fibroblasts and primary hepatocytes) cultured on various

polydimethylsiloxane (PDMS) patterns. The dimensions and the topography of the

patterns on the PDMS surfaces are shown in Figure 2.1B, Figure 2.7 and Table 2.3. The

circle patterns have a pitch distance (center to center) of l8p.m while the diameter of the

circle patterns ranges from 1.25pm to 9am. The height of the patterns was 2.5um. The

PDMS patterns were coated with PEMs (PDAC/SPS)10 with SPS as the topmost surface,

thus keeping the surface chemistry the same while changing the surface topography. In

28



the previous section, we observed the variation in cell adhesion depended on the surface

chemistry. In contrast, here we studied the effect of surface topography on cell

attachment while maintaining the same surface chemistry.

d=1.25pm d=2.0um

       
(A) (B)

 
(G) (H) (I)

Figure 2.7. Phase contrast microscope images of circle patterns on PDMS surfaces of varying diameter (A)

Pl, diameter = 1.25pm, (B) P2, diameter = 2.0um, (C) P3, diameter = 3.0um, (D) P4, diameter = 4.0um,

(E) P5, diameter = 5.0um, (F) P6, diameter = 6.0um, (G) P7, diameter = 7.011111, (H) P8, diameter = 8.0pm,

(1) P9, diameter = 9.0um. All the patterns have constant pitch distance (center to center) of 18pm and

height of 2.5IIm (Scale bar, 50 um).
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2.3.4 Primary Hepatocyte Adhesion on PEM Coated PDMS Surfaces

 
Figure 2.8. Optical micrographs of primary rat hepatocytes after 3 days in culture on various surfaces: (A)

TCPS (B) PEM coated smooth PDMS surfaces (C) P1, (D) P5 (E) P9 (Scale bar, 50 um).
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The primary hepatocytes displayed different attachment preferences and morphologies

depending on the pattern size and topography as shown in Figure 2.8. The difference in

the projected cell area for primary hepatocytes on the different topographies is shown in

Table 2.4. There was a general trend of decreasing cell nUmber with increasing diameter

of the circular patterns and decreasing a—d distance. The number of primary hepatocyes

that attached on the P1 (211 — 176 cells/m2), P2 (201 — 164 cells/mmz), and P3 (191 —

155 cells/mmz) surfaces was comparable to the TCPS control (250 — 210 cells/mmz) and

the PEM coated PDMS surfaces (245 — 200 cells/mmz), see Figure 2.8 and Table 2.4.

Cells on the P4-P9 surfaces showed more limited cell attachment, similar to the uncoated

PDMS surfaces (98 — 5 cells/mmz), see Table 2.4. The cells on the (P4-P9) patterns did

not spread and started to lift off over time resulting in a lower density of cells. From our

previous studies we showed that primary hepatocytes attached and spread onto SPS

surfaces without the need of adhesive proteins.72 Hence the observed behavior in this

study is independent of the surface chemistry of the substrate and is due to the effect of

topography and thus provides an alternative approach to modulating the attachment of

primary hepatocytes.

2.3.5 Fibroblast Adhesion on PEM Coated PDMS Surfaces

The observations were similar when these micro-patterned PDMS surface

topographies were cultured with fibroblasts. The cells display varying attachment

preferences and morphologies depending on the pattern size and topography as shown in

Figure 2.9. Fibroblasts showed varying cell adhesion depending on the diameter of the

circle patterns and the a-d distance. On smooth PEM coated PDMS surfaces the

morphologies and attachment patterns of the cells were similar to those on TCPS
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—. 
Figure 2.9. Fluorescence micrographs of focal adhesion and actin cytoskeleton in fibroblasts revealed with

triple labeling using TRITC—conjugated Phalloidin (staining F-actin), anti-Vinculin (focal contacts) and

DAPI (nuclei) after 3 days in culture on various surfaces: (A) TCPS (B) PEM coated smooth PDMS

surfaces (C) P1, (D) P5 (E) P9 (Scale bar. 50 um).



surfaces. On patterned PDMS surfaces, the cell attachment varied as the diameter of the

circular patterns and the a-d distance changed. The cells attached preferentially on the

smaller diameter patterns (P1, P2, P3), which had a correspondingly higher a—d distance,

as compared to the patterns with the larger diameters and Smaller a-d distance. On the P4-

P9 surfaces where
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Figure 2.10. Proliferation of fibroblasts on various surfaces at 8h, 24h and 72h after cell seeding. Data

represents mean :I: SE. of three independent experiments (* p<0.05 compared with control TCPS surfaces).

the cells detached, the cells appeared more rounded. The number of fibroblast cells that

attached on the P1 (66 — 877 cells/mmz), P2 (62 — 865 cells/mmz), and P3 (57 — 841

cells/mmz) surfaces was comparable to the TCPS control (72 — 928 cells/mmz) and the

PEM coated PDMS surfaces (69 — 893 cells/mmz), see Figure 2.9 and Table 2.4. Hence,

these PDMS topographies can be used to culture 3T3 fibroblasts, whereas PDMS

surfaces P4-P9 were cytophobic to the fibroblast. Very few cells attached onto the

uncoated PDMS surfaces (16 — 7 cells/mmz), see Figure 2.10 and Table 2.4.
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Fibroblast cells are present in almost all tissue types and organs and they play a central

role in the support and repair of tissues and organs. When a tissue is injured or a device is

implanted, the nearby fibroblasts proliferate and migrate into the affected area, and

produce a large amount of collagenous matrix, which helps to isolate and repair the

affected tissue.73 On the other hand, overgrowth and overspreading of fibroblasts can

74’ 75 Thus surfacescause diseases such as liver cirrhosis and non-functional scar tissues.

that can modulate fibroblast growth and spreading can be useful in preventing conditions,

such as scar tissue formation associated with implanted medical devices or engineered

tissue constructs.

2.3.6 Potential Explanation of the Observed Effect of Topography on Cell

Attachment

Previous studies have shown a similar effect of topography as seen on the PDMS

surface topographies, namely, the spacing and diameter of the features was critical to the

attachment and spreading of the cells.76 As seen from the data, the smaller diameter

(1.25-3um) P1-P3 surfaces appeared to have higher cell proliferation rate when compared

to the larger diameter (4-9um) P4-P9 surfaces. A possible explanation for the varying

attachment and proliferation of the cells on the different topographies (Pl-P9 surfaces)

may be attributed to the difference in the area between the features. Figure 2.13 is a

schematic illustrating the overlap of a cell and a flat area between the circle patterns

(features). Using the Soft RT 3.5 software on the phase contrast images of the cells we

determined the average area occupied by primary hepatocytes or mouse 3T3 cell (see

Table 2.3). We observed that the area between the six adjacent circle patterns (features)

decreased from 603 i 10 pm2 for the Pl surface to 324 i 10 pm2 for the P9 surface. The
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average area occupied by a HeLa or mouse 3T3 cell was measured to be 521 d: 15 pm2

(Region 2 in Figure 2.1B).

The fibroblast cells proliferated on the Pl-P3 surfaces where the surface area

between any six adjacent features (Region 1 in Figure 2.1B) ranged from 603 i 10 pm2

for the P1 surface to 540 d: 8 pm2 for the P3 surface. The P4 surface, on the other hand,

has a surface area of 504 i 10 um2 which is on par with the size of an average cell. Even

though the cells proliferated on the P4 surfaces, they proliferated significantly slower

than on the control TCPS surfaces likely due to fewer cells being able to attach initially.

The cells did not proliferate extensively on the P5-P9 surfaces where the surface area

ranged from 468 :I: 6 pm2 for the P5 surface to 324 :I: 10 pm2 for the P9 surface, which are

less than the average size of a cell. The cells proliferated on surfaces where the surface

area between the features were larger than the size of an average cell (Pl-P3), while the

proliferation was slower on surfaces where the area between the features was on par with

the size of the cells (P4) and did not proliferate extensively on surfaces where the area

between the features was smaller than the average size of a cell (PS-P9). The results

suggest the quantity of surface area between the features may affect the ability of the

cells to attach, as well as the proliferation rate of the cells on the various topographies.

Therefore, controlling the surface topography provides an alternative approach for

modulating the cell attachment and proliferation for tissue engineering applications.

PDMS is a useful material for cell biology studies because it can be easily

manipulated into different sizes, shapes, and dimensions with soft-lithographic

techniques. We found that differences in physical environment, e.g. the surface micro-

topography on the PDMS surfaces, influenced the attachment and growth of the cells.
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Therefore, depending on the application requirements, the surface topography may be

used as an alternative approach to chemical properties for controlling the attachment and

grth of cells. These PDMS surfaces with varying topographies may be used, for

example, to modulate fibroblast grth and spreading, which can be desirable in

preventing conditions associated with fibroblast overproduction and overspreading.

Overall, there are many advantages to fabricating devices made of PDMS, e.g., their low

cost and ease of fabrication, and their biocompatability and permeability to gas. Finally,

as demonstrated in this study, PDMS when appropriately modified can be a suitable

substrate for culturing and controlling the adhesion of various types ofmammalian cells.

2.4 CONCLUSIONS

In conclusion, the present work outlines a method for controlling cell-surface

interactions by varying the surface chemistry and surface topography with the help of

PEMS. PEMS were used to produce defined cell-resistant and cell-adhesive properties

depending on the topmost surface and the type of cells used. We have shown using both

biochemical studies and direct microscopy imaging of live cells that primary hepatocytes

and neurons attach, spread and function on PEM films without the aid of adhesive

proteins. These results demonstrate the feasibility of attaching primary hepatocytes and

neurons directly on PEMS. We also demonstrated that patterns of primary hepatocytes

and primary neurons can be formed using this layer-by-layer deposition of ionic

polymers, which can be used as a template for patterned cell co-cultures. Further, PEM

films permit precise control of the three dimensional topography at micro and nanometer

scales. We demonstrated that the hydrophobic and cell resistant PDMS surfaces can be

made to be cell adhesive surfaces by coating with PEM films. We also demonstrated that
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the addition of topographical features on the PEM coated surfaces provided an alternative

approach to chemistry for controlling the attachment of primary cells (hepatocyes) and

the attachment and growth of transformed cells (3T3 fibroblasts and HeLa cells).Taken

together, this technique may be a useful tool for fabricating controlled co-cultures with

specified cell-cell and cell-surface interactions, thus providing flexibility in designing

cell-specific surfaces for tissue engineering applications.
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CHAPTER 3 PATTERNED CO-CULTURE OF PRIMARY

HEPATOCYTES/FIBROBLASTS AND PRIMARY

NEURONS/ASTROCYTES USING PEM FILMS

3.1 INTRODUCTION

Tissue formation and function in vivo are influenced by many factors, including

cytokines, cell-matrix interactions, topology, mechanical forces, and cell-cell

interactions. An important aspect in tissue formation and function is the interaction

between the multiple types of cells within the tissue.77 Cell-cell interactions are central to

the function of many tissues, e.g., blood vessels form when endothelial cells are allowed

to interact with smooth muscle cells78 and nervous system function depends upon proper

interactions between neuronal and glia cells.79 Cell-cell communication between primary

neurons and astrocytes is crucial for the development and repair of neuronal systems.80

Astrocytes are glial cells that are in close proximity to the neurons and play multiple roles

in the functioning of the brain. They can sense neuronal activity through neurotransmitter

receptors81 and provide direct neurotrophic factors to support the neurons.82 Previous

studies have shown that astrocytes mediate both positive and negative responses in

neuronal cells. Primary neurons co-cultured randomly with astrocytes showed reduced

toxicity to ammonia83 but an increased sensitivity to the toxicity of glutamate84 as

compared to pure neuronal cultures.

Primary hepatocytes are anchorage-dependent liver cells and, therefore, require a

substratum to survive and function. Primary hepatocytes, unlike many other cell types,

exhibit more selective behavior in vitro, preferentially attaching and spreading on tissue

culture dishes or surfaces containing collagen. The cells, however, eventually de-
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differentiate and lose their hepato-specific function. To engineer liver tissues that

maintain hepatic fimctions in vitro require co-cultivation of primary hepatocytes with a

variety of nonparenchymal cells such as fibroblasts,85 epithelial cells,86 stellate cells87 and

liver epithelial cells.”90 The ability to mimic such interactions in vitro is important in

cell biology studies as well as tissue engineering applications. Mimicking in vitro this

complexity and function is difficult using traditional co-culture techniques, wherein

multiple cell types are seeded randomly. Therefore, regenerating or replacing damaged

tissue using in vitro strategies has primarily focused on manipulating the cellular

environment by modulating the cell-extracellular matrix (ECM) and cell-cell

interactions.91 A challenge in engineering in vitro liver and brain tissue is identifying a

set of minimal environmental signals required to maintain function for extended

periods.92 A limitation of traditional co—culture systems is their inability to control cell

placement and manipulate cell-surface and cell-cell interactions.

Different approaches have been used to create spatially defined co-cultures of two

different cell types.9" 93 However, these techniques have certain limitations. They I)

typically require adhesive proteins for cell attachment,91 2) are limited to specific parallel

geometries defined by laminar flow pattems,93 and 3) have been used predominantly with

cell lines rather than primary cells due to the difficulties involved in attaching primary

cells onto synthetic surfaces.61’77’94’95 PEMS have been shown to be excellent candidates

for biomaterial applications” 33 and provide flexibility in building complex three-

dimensional architectures.96 The PEM surfaces also provide an ability to control the

arrangement of multiple cell types with subcellular resolution.94’ 97 We previously

reported that primary hepatocytes attached and spread on PEM films.72 This chapter
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describes the engineering of patterned co-cultures of primary hepatocytes/fibroblast and

primary neurons/astrocytes on polyelectrolyte multilayer (PEM) films without the aid of

adhesive proteins/ligands.
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Figure 3.1. Schematic diagram illustrates the approach to patterning co-culture of primary cells on PEM

surfaces. First. (PDAC/SPS).0 PEMS were built on top of the TCPS surfaces with SPS as the topmost

surface. Second, patterns of PDAC were formed on PEM surfaces by rrricrocontact printing (uCP) PDAC

onto the PEM surfaces. Third. patterns of primary hepatocytes/neurons were formed by capitalizing on the

preferential attachment of primary cells to SPS surfaces. Fourth, since fibroblast/astrocytes, unlike the

primary cells. attached to both surfaces, astrocytes were subsequently seeded onto the patterns of primary

cells and attached onto the open PDAC regions and resulted in patterned co-cultures of primary

hepatocytes/fibroblast or primary neurons/astrocytes.

We demonstrated that patterns of primary hepatocytes/neurons and patterned cell

co-cultures can be formed without the aid of adhesive proteins using the layer-by-layer

deposition of synthetic ionic polymers. Primary hepatocytes and primary neurons

attached and spread preferentially on SPS surfaces over PDAC surfaces. We capitalized

upon this differential cell attachment and spreading Of primary hepatocytes and neurons

on PDAC and SPS surfaces to make patterned co-cultures of primary

hepatocytes/fibroblasts and primary neurons/astrocytes on the PEM surfaces. PDAC (or

SPS) was patterned on the (PDAC/SPS)”, surfaces by using a polymer-on-polymer

stamping (POPS) process developed by Hammond and co-workers.35‘ 98 Primary
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hepatocytes/primary neurons were then seeded and attached preferentially attached onto

the SPS surfaces. We then seeded the second cell type (fibroblasts or astrocytes) on the

PDAC surface, resulting in patterned co-culture (Figure 3.1). We evaluated the cell

morphology and function with an inverted microscOpe and biochemical assays,

respectively.

3.2 METHODS AND MATERIALS

3.2.1 Materials

Poly(diallyldimethylammonium chloride) (PDAC) (Mw~100,000-200,000) as a 20 wt %

solution, sulfonated poly(styrene), sodium salt (SPS) (Mw~70,000), fluorosilanes and

sodium chloride were purchased from Aldrich (Milwaukee, WI). Poly(dimethylsiloxane)

(PDMS) from the Sylgard 184 silicone elastomer kit (Dow Corning, Midland, MI) was

used to prepare stamps. The PDMS stamps were used for microcontact printing.9

Dulbecco’s Modified Eagle Medium (DMEM) with 4.5 g/l glucose, 10X DMEM, fetal

bovine serum (FBS), penicillin and streptomycin were purchased from Life Technologies

(Gaithersburg, MD). Insulin and glucagon were purchased from Eli Lilly and Co.

(Indianapolis, IN), epidermal growth factor from Sigma Chemical (St. Louis, MO).

Purified rat albumin was purchased from Cappel Laboratories (Aurora, OH). Urea assay

was purchased from Sigma Chemical (St. Louis, MO). Carboxylated polystyrene latex

particles (4 pm diameter) purchased from Polysciences, were used for colloidal

adsorption study on patterned polyelectrolyte multilayer films.

Chloromethylbenzoylaminotetramethyl rhodarnine (CMTMR) and

chloromethylfluorescein diacetate (CMFDA) were purchased from Molecular Probes for
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double immunofluorescent staining. Adult female Sprague-Dawley rats were Obtained

from Charles River Laboratories (Boston, MA).

3.2.2 Preparation of Polyelectrolyte Multilayers

The PEMS were prepared as described in Chapter 2. Briefly, PDAC and SPS polymer

solutions were prepared with deionized (DI) water at concentrations of 0.02M and

0.01M, respectively, (based on the repeating unit molecular weight) with the addition of

0.1M NaCl salt. TCPS plates were subjected to a Hanick plasma cleaner (Harrick

Scientific Corporation, Broading Ossining, NY) for 10 min at 0.15 torr and 50 sccm flow

of 02 in a plasma chamber. A Carl Zeiss slide stainer equipped with a custom-designed

ultrasonic bath was connected to a computer to perform layer-by-layer assembly. TCPS

plates were immersed for 20 min in a polycation solution, followed by two sets of 5 min

rinses with agitation. TCPS plates were subsequently placed in a polyanion solution and

allowed to deposit for 20 min, followed by two sets of 5 min rinses with agitation. The

samples were cleaned for 3 min in an ultrasonic cleaning bath after depositing a layer of

polycation/polyanion pair. The sonication step removed weakly bounded polyelectrolytes

on the substrate, forming uniform bilayers. This process was repeated to build multiple

layers. All experiments were performed using ten (i.e., 20 layers) or ten and half bilayers

(i.e., 21 layers).

3.2.3 Primary Hepatocyte/Fibroblast Co-Culture on PEM Surfaces

Six-well plates were coated with PEM surfaces and rinsed in sterile water and sterilized

under UV light overnight. Primary hepatocytes were seeded onto the PEM surfaces at a

cell density of 1.0X106/well in a serum-free media for 36 h at 37°C, 10% C02, balance
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air. The substrate was then rinsed three times with PBS by pipetting. On the hepatocyte-

containing substrates, NIH 3T3 cells were seeded at a density of 0.5><106 cells/well and

incubated in primary hepatocyte media at 37°C. The fibroblast/hepatocyte ratio used in

this study was 0.5:1 which is the approximate physiologic ratio of stromalzparenchymal

cells in the liver.99 The reusability of these patterns was also examined. The cells were

removed from the patterns with trypsin-EDTA and washed with PBS to ensure that the

cells were completely removed from the patterned surfaces. A fresh batch of primary

hepatocytes was subsequently seeded onto the re-used patterns. A Leica inverted phase

contrast microscope with Soft RT 3.5 software was used to capture images of cell

density, morphology, and spreading on the multilayer surfaces.

3.2.4 Primary Neuron/Astrocyte Co-Culture on PEM Surfaces

Primary neurons and astrocytes were cultured on PEM coated 6-well tissue culture

polystyrene surfaces (TCPS). All the multilayer coated TCPS were sterilized by spraying

with 70 % ethanol and exposing them to UV light before culttuing the cells onto these

surfaces. Poly-d-lysine-coated TCPS were used as controls in these studies. Samples

were kept in the incubator where the temperature and humidity were properly controlled.

A Leica inverted phase contrast microscope with Soft RT 3.5 software was used to

capture images of cell density, morphology, and spreading on the multilayer surfaces.

3.2.5 Cell fluorescent staining

The patterned co-cultures of primary hepatocytes and fibroblast were observed with a

double immunofluorescent staining method. The attached primary hepatocytes were

rinsed three times with 1X PBS. The cells were incubated with lmL of 10uM CMTMR
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orange dye (dilution of 1:1000 in serum free media) for 45 min at 37°C. The cells were

then washed three times with PBS and followed by media addition. Three hours after

staining the primary hepatocytes, fibroblast cells were seeded onto the stained

hepatocytes. The co-cultures were washed with PBS three times and fed hepatocyte

media. Cell morphology was observed using a phase contrast and fluorescent microscope

(Leica inverted microscope).

3.2.6 Immunostaining of Primary Neurons and Astrocytes

To perform confocal immunofluorescence microscopic study, neurons and astrocytes

cultures were fixed for 20 min in 4% paraformaldehyde and permeabilized with 0.1%

Triton X-100 and 5% goat serum (Invitrogen) in PBS. Cells were then labeled overnight

at 4 °C with appropriate primary antibodies [1:50 neurofilament for neurons and 1:1000

glial fibrillary acidic protein (GFAP) for astrocytes) in 5% goat serum in PBS. After three

PBS washes, primary antibodies were detected with Fluorescein conjugated and

rhodamine conjugated secondary antibodies for neurons and astrocytes, respectively. The

cells were visualized with Leica fluorescent microscope.

3.2.7 Biochemical Assays

Albumin synthesis is a widely accepted marker of hepatocyte synthetic function and urea

production is an indicator of intact nitrogen metabolism and detoxification. The

biochemical assays were performed on the collected supernatant. Albumin concentration

was determined by an enzyme-linked immunosorbent assay described previously using a

polyclonal antibody to rat albumin“. A standard curve was derived using

chromatographically purified rat albumin dissolved in medium. Urea levels were
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measured with commercially available kits based upon its specific reaction with diacetyl

monoxime. The urea and albumin secretions were normalized to the cell number seeded

on the surface (per 1 x 106 cells per day). Statistics was performed using the Student’s t-

test. A p value of 0.05 or lower was considered to be significant.

3.2.8 Determination of the number of cells on the projected area

The number of cells on the projected cell area on the different surfaces was measured

using the Image J software. The projected cell area refers to the area occupied by the cells

as seen under the microscope. Statistics was performed using the Student’s t-test. A p

value of 0.05 or lower was considered to be significant.

3.2.9 Reactive Oxygen Species (ROS) Studies

Intracellular reactive oxygen species (ROS) were detected by staining with the oxidant-

sensitive dye CM-HZDCFDA. HZDCFDA is cleaved of the ester groups by intracellular

esterases and converted into membrane impermeable, nonfluorescent derivative HZDCF.

Oxidation of HzDCF by ROS results in highly fluorescent 2,7-dichlorofluorescein

(DCF).100 The cells were incubated for 30 min at 37 °C with 2 ILM CM-HzDCFDA in

Hanks’ Balanced Salt Solution without phenol red (Invitrogen, CA, USA). The cells were

then washed three times with PBS and analyzed with Leica fluorescent microscopy. To

quantify the fluorescence level in neurons, we used Adobe Photoshop 7.0 software

(Adobe Systems). We first delineated regions of individual primary neurons from the

fluorescent image, and we then chose the image -‘ histogram menu, which graphed the

number of pixels at each color intensity level, and obtained the mean of green

fluorescence intensity in those regions. The fluorescence intensity was measured using all
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the cells in five different areas and repeated on three different substrates and then

averaged for each surface. Statistics was performed using the Student’s t-test. A p value

of 0.05 or lower was considered to be significant.

3.3 RESULTS

We demonstrate that patterns of primary cells (primary hepatocytes and primary

neurons) and co-cultures can be formed using the LbL deposition of ionic polymers

without the aid of adhesive proteins. In this study, we used synthetic polymers, PDAC

and SPS as the polycation and polyanion, respectively, to build the PEMS. SPS patterns

were formed on PEM surfaces either by microcontact printing SPS onto PDAC surfaces

or vice-versa. When primary cells were seeded on top of the patterned PEM surfaces,

they attached and spread predominantly on the SPS surfaces resulting in primary cell

patterns. Once the primary cells attached, the second cell type (fibroblasts/astrocytes)

were subsequently seeded and attached to the PDAC surfaces. As a result, co-culture

patterns were obtained on synthetic PEM surfaces. The morphology of the cell co-

cultures was characterized using phase contrast and fluorescence microscopy and their

hepatic-specific function were determined by urea and albumin synthesis.

3.3.1 Patterned Culture of Primary Hepatocytes on PEMS

We capitalized upon the cell adhesive/resistive property of SPS and PDAC,

respectively, to make patterns of primary hepatocytes. The technique of POPS makes the

task of micropatteming polyelectrolyte multilayers a simpler process.” For POPS, a

polyelectrolyte applied to a patterned stamp is transferred toia polyelectrolyte multilayer

surface of the opposite charge. In our study, SPS patterns were formed on PEM surfaces
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either by uCP SPS onto (PDAC/SPS)10.5 surface or 11C? PDAC onto (PDAC/SPS)”,

surface using the POPS technique. Figure 3.2 illustrates the attachment of primary

hepatocytes on PDAC and SPS patterns after one and five days of culture. When

presented with the micropattemed surface, primary hepatocytes adhered only to the SPS

regions resulting in patterns of hepatocytes. On day 1, primary hepatocytes attached and

preferentially on the SPS regions resulting in cell patterns irrespective of whether PDAC

or SPS was stamped on top of the PEM surface (Figure 3.2 A, C). The hepatocyte

Figure 3.2. Phase contrast microscope images of primary hepatocyte cells seeded at 0.5x10‘ cells/ml on

days 1 and 5 post seeding on patterned PEM surfaces. (A) and (B) primary hepatocytes on PDAC patterns

on days 1 and 5, respectively. (C) and (D) primary hepatocytes on SPS patterns on days 1 and 5,

respectively. PDMS stamp with 1000um square patterns separated by 250nm width were used. (Scale bar,

100 um).

 

patterns attached and maintained their differentiated morphology for the first few days

but by day 5 began to detach from the PEM surfaces. Few hepatocytes remain attached to

the patterns by day 6 (Figure 3.2 B, D).We also examined the reusability of these
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patterns. The cells were removed fi'om the patterns with trypsin-EDTA and washed with

PBS to ensure that the cells were completely removed from the patterned surfaces. A

fresh batch of primary hepatocytes was subsequently seeded onto the re-used patterns.

The patterns were reused 4 times and maintained their pattern design upon each re-use

(data not shown).

3.3.2 Patterned Co-Cultures of Primary Hepatocytes with Fibroblasts
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Figure 3.3. Patterned co-cultures of primary hepatocytes with fibroblasts. (A) phase contrast and (B)

fluorescent images of patterned primary hepatocytes (red) on PDAC patterns on day 1, phase contrast

image of co-culture of primary hepatocytes with fibroblasts on (C) day 6 (D) day 19. PDMS stamp with

250nm square patterns separated by 250nm width were used. (Scale bar, 100 pm).

Co—cultures of primary hepatocytes with nonparenchymal cells such as fibroblasts

have been shown to maintain hepatic functions in vitro for up to 5 weeks.85 The

fibroblast/hepatocyte ratio used in the present study is 0.521 which is the approximate
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physiologic ratio of stromal:parenchymal cells in the liver.99 Figure 3.3 illustrates

patterned co-cultures of primary hepatocytes with fibroblast on PEM surfaces. The

preferential attachment of primary hepatocytes to SPS surfaces enabled the use of this

system as a template for patterned co-cultures with. fibroblasts on synthetic PEM

surfaces. Primary hepatocytes remained attached (Figure 3.3 C, D) on the patterned co-

culture system for up to 3 weeks.

3.3.3 Function of Primary Hepatocytes in Patterned Co-Cultures

To assess liver-specific function, we measured the levels of urea and albumin

synthesis for the patterned single culture and co-cultures for up to 7 days, shown in

Figure 3.4. The metabolic response of the single and co-cultures of hepatocytes on

patterned PEM films were compared. Panels A and B illustrate the rate of urea and

albumin production, respectively, for cultures up to one week. By day 7, liver-specific

functions for the patterned co-culture (60 ug/ 1x106 cells/day of urea and 20 jig/1x106

cells/day of albumin) were much higher than the patterned single cultures (28.3 ug/ 1x106

cells/day of urea and 2.7 jig/1x106 cells/day of albumin). The urea and albumin secreted

by our patterned co-culture system was also comparable to levels secreted in the culture

system developed by Bhatia et a1. (80 jig/1x106 cells/day of urea and 15 jig/1x106

cells/day of albumin)99 for a similar fibroblast and hepatocyte culture ratio (0.5:1),

although different pattern sizes and shapes were used in these two studies.
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Figure 3.4. Liver-specific function of primary hepatocytes on PEM surfaces. (A) Urea synthesis of

patterned hepatocytes and patterned co-cultures. (B) Albumin synthesis of patterned hepatocytes and

patterned co-cultures (n=6). Data represents mean at SE. of six independent experiments. (* p<0.05

compared with patterned single hepatocyte culture)
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Table 3.1. Comparison of maximum achievable levels of hepatic-specific

function (urea and albumin secreted) in various hepatocyte culture

systems. Urea and albumin secreted per 1 x 10" cells were approximated

from experimental data and available literature

 

Hepatocyte Culture Systems Urea Secreted Albumin Secreted

fl/1x106cells /h) (pg /1x106cells /h)
 

 

 

Human liver in viva " 5—8 2-3.3

Single collagen gel b 1.2-2.0 0.1-0.3

Sandwich gel ° 3-4 1-2

 

Random co-culture of

hepatocytes and fibroblast in 2-3.5 0.25-0.4

0.5:] ratio d

 

Patterned co-culture of

hepatocytes/fibroblast in 4-5 1-2

0.5:] ratio (Bhatia et a1) ‘     
3.3.4 Patterned Co-Cultures of Primary Neurons with Astrocytes

Figure 3.5 illustrates the random and patterned primary neuron monoculture and

co-culture of primary neurons and astrocytes. Figure 3.5 (A, B) shows the fluorescent

images of mono-culture of primary neurons and random cO-culture, respectively, on top

of non-pattemed SPS surfaces. Figure 3.5 (C, D) illustrates the fluorescent images of

patterned primary neurons and patterned co-culture of neurons and astrocytes. PDAC

patterns were formed on SPS surfaces (or vice-versa) and subsequently seeded with

neuronal cells. Primary neurons preferentially attached on the SPS patterns when they

were seeded on top ofPEM surfaces (Figure 3.5 C). Astrocytes were subsequently seeded
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onto the patterns of neurons and the cells attached onto the open PDAC regions and

resulted in patterned co-cultures of neurons and astrocytes (Figure 3.5 D).

A B

 
Figure 3.5. Fluorescent images of primary neurons and astrocytes co-culture on SPS surfaces (A) Random

neuron monocultures (green) after 7 days in culture, (B) Random co-culture of neurons (green) and

astrocytes (red) after seeding astrocytes. (C) Patterned primary neurons on SPS pattems alter 7 days in

culture (D) Patterned co-culture of neurons (green) and astrocytes (red) after seeding astrocytes (Scale bars-

200 um).

Studies show that random, dissociated neurons in culture develop physiological

39. 40 40—43

responses to neurotransmitters and self—organize into neuronal networks,

however, they lack the structure normally present within the nervous system, where the

neurons reside in specific regions with numerous network connectivity. The advantage of

patterned co-cultures of neurons and astrocytes is that it allowed for precise control of

both the direction of neurite extension and degree of contact between the neurons and

astrocytes, unlike the random co-culture, which is important for repair and regeneration
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of the nervous systems.44 It has also been demonstrated by Wheeler and co-workers that

patterned neurons synapse with each other, release neurotransmitters and develop

45—47

electrical activity . Furthermore, restricting neurons to patterns has been shown to

enhance the cellular activity such as glutamine secretion and electrical activity as

compared to the random monocultures of neurons.“ 49

3.3.5 Reactive Oxygen Species (ROS) Studies on Co-culture Systems

A B

— _‘

C D

- -'

Figure 3.6. Intracellular accumulation of ROS in neurons. Astrocytes were treated for 12 h with (A) 5%

BSA (control) and (B) 0.2 mM of PA, followed by transfer of the astrocytes-conditioned media to neurons

for 24 h treatment. Patterned neuron-astrocytes co—culture were treated for 12h with (C) 5% BSA (control)

and (D) 0.2 mM ofpalmitate (PA). (Scale bars- A-C: 50pm, D: lOOum)

  

 

ROS is a widely accepted marker of oxidative stress and the results indicated that

elevated levels of FFAs induced astrocyte-mediated oxidative stress in the neurons.

54



Previously, it was shown that intracellular levels ofROS were elevated when the neurons

were cultured with conditioned media from astrocytes treated with palmitic acid (PA) as

compared to controls (i.e., cultured with conditioned media from astrocytes treated with

‘0' Here, we Compared the astrocyte-mediated5% bovine serum albumin (BSA) media).

response of neurons in the present patterned co-culture system with the previous, more

common, method of culture.

The earlier study used random neuronal monocultures to evaluate the effect of FFAs

on primary neuronslm’ ‘02 As shown in Figure 3.6 (A,B), the intracellular levels of ROS

were elevated in the neurons cultured in conditioned media from astrocytes treated with

PA (Figure 3.6B) as compared to the controls (Figure 3.6A). The astrocytes were treated

with 0.2 mM PA for 12 h prior to transfer of the conditioned media to neuronal cultures

for 24h (Figure 3.6B). By contrast, random monocultures of neurons treated directly with

PA did not Show oxidative stress-induced effects in the neurons.'°1’ ‘02 We also exposed

the co-culture system of neurons and astrocytes to elevated levels of FFAs. When the co-

culture system was treated with BSA, an elevation in ROS was not observed (Figure

3.6C). In Figure 3.6D, we treated the co-culture system with 0.2 mM PA for 12 h and

then performed the ROS measurements. The patterned neuron-astrocyte co-culture

systems treated with fatty acids for 12h had comparable levels of ROS (Figure 3.6D) to

the neurons cultured for 24h with conditioned media from astrocytes treated with fatty

acids (separated monoculture system). The neuronal cells were seeded at the same

density on the random monoculture (Figure 3.6A and 3.6B) and patterned co-culture

systems(Figure 3.6C and 3.6D). The level of ROS was further quantified by measuring
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the green fluorescence intensity of DCF from microscopic images using Photoshop

software (Adobe Systems, Mountain View, CA) as shown in Figure 3.7.
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Figure 3.7. Quantification of intracellular accumulation of ROS in neurons. Data represents mean t SE. of

three independent experiments (* p<0.05 compared with 12h treatment ofmonocultures of neurons).

The level of ROS on the patterned neuron-astrocyte co-culture system treated with fatty

acids for 12h was comparable to the random neuronal monoculture neurons systems

treated in conditioned media fi'om astrocytes treated with fatty acids for 24h. In the co-

culture system, since both the astrocytes and the neuronal cells were on the same surface,

the elevation in the ROS levels was observed earlier than in the separated monoculture

system. This earlier response (i.e., the rapid elevation of ROS production in the co-

culture) may be because 1) both types of cells were in the same culture media, which

allowed the neuronal cells to response to soluble factors, such as oxidative-stress

inducing cytokines or intermediate metabolites, as they were secreted by the astrocytes,

or 2) the co-culture system allowed for direct contact between neurons and astrocytes.
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3.4 DISCUSSIONS

In this study, we demonstrated an alternative approach to engineer patterned

cell co-culture of primary hepatocytes and fibroblast without the aid of adhesive proteins

using the PEM films. In Table 3.1, we compared the maximum achievable levels of

hepatic-specific function in our co-culture system to in vivo and other in vitro hepatocyte

co-culture systems studied, namely, the collagen double gel and the co-culture system

studied by Bhatia and co-workers. By comparison, the human liver in viva, consisting of

150-250 X 109 hepatocytes, secretes approximately 5-8 pg /1x106cells /h of urea and 2-

3.3 pg /1x106cells /h of albumin.103 The hepatic-specific function obtained on the PEM

films was comparable to the collagen coated tissue-culture polystyrene (TCPS) surfaces,

the collagen double gel, the co-culture system and the in viva human liver. Primary

hepatocytes cultured using previously well established techniques are stable, but there are

certain disadvantages associated with each of these methods.

3.4.1 Advantages of our Culture System over other Hepatocyte Culture

Systems

Collagen sandwich (double gel) cultures preclude direct cell-cell interaction

between the sandwiched hepatocytes and other cells types that may be cultured atop the

collagen sandwich. Donato et al used transwells to form co-cultures, therefore the cells

were not in direct contact with each other.104 This culture system imposed an artificial

boundary that precluded cell-cell interactions. Shimaoka and co-workers developed a

method whereby hepatocytes were cultured onto cover slips and the cover slips were

subsequently added to the center of a confluent culture of fibroblastms This method
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resulted in significant cell death underneath the cover slip. Furthermore, significant

topological variations in the culture existed which caused variations in the degree of cell-

cell interactions. Bhatia et a1. developed a patterned co-culture system using

photolithography.99 This method was very effective in controlling cell contact and

adhesion, but the lithographic technique used has a number of limitations when applied to

curved, nonplanar surfaces and involved multiple and cell-unfiiendly processing steps to

create the patterns. Furthermore, collagen must be added to the patterns in order for the

primary hepatocytes to adhere onto the surface.

In the present study we used pCP which has several advantages over the method

used by Bhatia et al. The advantages include its high fidelity, ease of duplication, ability

to print a variety of molecules with nanometer resolution and without the need for dust-

free environments and harsh chemical treatments.”' 63’ '06 In addition, we were able to

achieve primary hepatocytes adhesion without the need of collagen or other adhesive

proteins.

3.4.2 Advantages of our Culture System over other Neuron Culture Systems

Numerous studies use monocultures of neurons and astrocytes to study neuronal

systems, however, monocultures of neurons and astrocytes do not accurately capture the

diverse biological responses of living brain tissue.107 Transwells or neurons cultured onto

cover slips that were subsequently added to the center of a confluent culture of astrocytes

are the most common forms of co-cultures of neurons and astrocytes!“ ‘09 However,

these culture systems imposed an artificial boundary that precluded cell-cell interactions.

In the present study, we developed patterned neuron-astrocyte co-culture system using

PEM films and pCP which has several advantages over the methods generally used for
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patterning surfaces for co-cultures. The advantages include its high fidelity, ease of

duplication, ability to print a variety of molecules with nanometer resolution and without

the need for dust-free environments and harsh chemical treatmentsls’ 63' ‘06 In addition,

we were able to achieve primary neuron-astrocyte interactions without adhesive proteins,

which was not possible with the other methods.94’ “0

3.5 CONCLUSIONS

In conclusion, the present work outlined a method for controlling cell-surface

interactions using polyions and PEMS. PEMs were used to produce defined cell-resistant

and cell-adhesive properties depending on the topmost surface and the type of cells. We

demonstrated using both biochemical studies and direct microscopy images of live cells

that primary hepatocytes and primary neurons attached and spread onto PEM films with

SPS as the top most surface. We also demonstrated that the layer-by-layer deposition and

pCP of ionic polymers can be used as a template for patterned. co-cultures of primary

hepatocytes/fibroblasts and primary neurons/astrocytes. The patterned co-cultures of

primary hepatocytes and fibroblasts maintained hepato-specific function much longer

than the patterned single culture of primary hepatocytes. The patterned co-culture system

where the neurons are in direct contact with the astrocytes responded quicker to elevated

levels of FFAs than the separated neuronal monoculture system. Taken together, this

technique provides a useful tool for engineering neuronal and hepatocyte cO-culture

systems, which may more accurately capture liver and neuronal function and metabolism

in normal versus diseased states.
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CHAPTER 4 SELECTIVE DEPOSITIONS ON

POLYELECLECTROLYTE MULTILAYER FILMS: SAMS

OF m-dPEG ACID AS MOLECULAR TEMPLATE

4.1 INTRODUCTION

In recent years, organic thin fihns have attracted a great deal of attention fi'om

researchers in many fields due to their light-weight, flexibility, ease of functionalization

and application. The ionic layer-by-layer (LBL) assembly technique, introduced by

Decher in 1991,1 I I’ ”2 is among the most exciting recent developments in this area. Fihns

formed by electrostatic interactions between oppositely charged poly-ion species to create

alternating layers of sequentially adsorbed poly-ions are called “Polyelectrolyte

Multilayers (PEMs)”. PEMsl 12"” are effective and economical approaches to depositing

organic ultrathin organized films and have been further extended to functional

ll6 ll7, ll8 ll9-l21 l22, 123

polymers,l 15’ organic dyes, colloids, inorganic nanoparticles,

l24,125 6

biomaterials, and selective electroless metal depositions.12

The use of organic thin films in integrated optics, microelectronic devices, sensors

and optical memory devices requires a means of patterning and controlling the device

architecture. Photolithography is the conventional patterning technique of choice but

lithographic techniques have limitations when applied to curved, nonplanar surfaces and

involves multiple processing steps to create three dimensional, functional, and multiple-

level microstructures. Microcontact printing (pCP), introduced by Whitesides and co-

'8' 63 provides a versatile method of chemically and molecularly patterningworkers,

surfaces at the submicrometer scale. This technique is attractive due to its high fidelity

and ease of duplication. pCP uses an elastomeric stamp to print a variety of molecules
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with submicrometer resolution and without the need for dust-free environments and harsh

chemical treatmentsls’ 63’ '06 The stamp is coated with the desired molecules, and the

molecules residing on the raised regions of the stamp are brought in contact with the host

substrate when the stamp is printed. The transfer efficiency of the molecules from the

stamp to the substrate depends on the relative strength of the interaction of these

molecules with the substrate versus with the stamp.

,,,,/\/°\/\o/\/°\/\[(°H

RIW = 236.26

Figure 4.1. Chemical structure of PEG acid molecule (m—dPEG acid).

On the basis of the pCP and the LBL assembly techniques, Hammond and co-

workers developed a polymer-on-polymer stamping (POPS) process using charged graft

and diblock copolymers or polyelectrolytes as the ink.”’ 98 They achieved selective

deposition by introducing alternating regions of different chemical functionalities on a

surface: one promoted adsorption and another effectively resisted adsorption of poly-ions

onto the surface. We are exploring a similar approach where m-dPEG molecule with an

activated carboxylic acid group at the end can be stamped directly onto multilayer films

to form patterned monolayers of SAMS, by carefully selecting their surface chemistry and

taking advantage of electrostatic interaction between the top surface of the multilayer

film and the stamped molecule. Chemical patterning of the topmost surface of the
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multilayer films provides a new non-lithographic approach to building and controlling

device architectures.

m-dPEG acid SAMS

 

Substrate-Glass Slide
 

Figure 4.2. An illustration of patterned SAMS on PEM.

In this study, we describe the process of creating chemically patterned and

physically structured surfaces by stamping molecules of m-dPEG acid (shown in Figure

4.1) activated with carboxylic acid at one end. Note that this is the first time patterned

SAMS were created on PEMS (illustrated in Figure 4.2), as oppose to on gold or silicon

substrates. The activated carboxylate functional group ionically binds to the topmost

positive surface of the PEM surfaces and the other end (PEG units) resists the deposit of

subsequent polymer (polyelectrolyte) layers. To create surfaces which can act as

templates for selective layer-by-layer deposition, it is necessary to form surface regions

that resist poly-ionic adsorption. To this end, poly(ethylene glycol) (PEG) and its

oligomeric derivatives have thus far been the most effective materials to resist

nonspecific adsorption of polyelectrolytes, charged particles and proteins onto surfaces

from aqueous solutionm'132 PEG is a technologically important polymer used in

numerous applicationsm'145 We capitalized upon ionic interactions to deposit thin,

uniform PEG self-assembled monolayer patterns atop PEM fihns and evaluated the
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factors that influence the effective transfer of m-dPEG acid molecules onto the multilayer

films as illustrated in Figure 4.3. Our motivation for exploring the m-dPEG acid molecule

as the molecular template for selective deposition is that it is a small molecule compared

to other polymers with the PEG backbone used in other similar studies. As a result, it will
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Figure 4.3. Diagram illustrating the stamping process of m—dPEG acid on a PDAC/SPS multilayer platform
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provide us with better control in the pattern transfer onto the PEM surface. In addition, it

can self-assemble to form monolayers on PEMS. The patterned SAMS on PEMS are

possible like alkanethiol and alkanesilane SAMS that have been formed on gold or silicon

wafers. We demonstrate that the PEG molecules create areas of selective adsorption on

the multilayer films and be used in the subsequent generation of 3-D microstructure

films. The patterned films were characterized by optical microscopy and atomic force

microscopy (AFM).

4.2 METHODS AND MATERIALS

4.2.1 Materials

Sulfonated poly(styrene), sodium salt (SPS) (Mw ~70 000),

poly(diallyldimethylarnmoniumchloride) (PDAC) (Mw ~ 100 000-200 000) as a 20 wt %

solution and sodium chloride were purchased from Aldrich Chemical, Milwaukee, WI.

The m-dPEG acid molecule (Mw=236) was obtained fi'om- Quanta biodesign.

Poly(dimethylsiloxane) (PDMS) from the Sylgard 184 silicone elastomer kit (Dow

Corning, Midland, MI) was used to prepare stamps. The fluorosilanes was purchased

from Aldrich Chemical. These PDMS stamps were used for microcontact printing.9 Glass

slides (Corning Glass Works, Corning, NY), used for making the polyelectrolyte

multilayer films, were cleaned using a Bransonic ultrasonic cleaner (Bransonic Ultrasonic

Corporation, Danbury, CT). Carboxyfluorescein (6—CF), fluorescence dye, was purchased

and used as received from Sigma. Carboxylated polystyrene latex particles (4 pm

diameter) purchased from Polysciences, were used for colloidal adsorption study on m-

dPEG self-assembled monolayer patterned polyelectrolyte templates.
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4.2.2 Preparation of Polyelectrolyte Multilayer Thin Films

The strong polyelectrolytes SPS and PDAC were used to fabricate multilayer platforms

using glass slides as the substrates. A Carl Zeiss slide stainer equipped with a custom-

designed ultrasonic bath was connected to a computer to perform layer-by-layer

assembly. Polyelectrolyte dipping solutions were prepared with DI water supplied by a

Bamstead Nanopure-UV 4 stage purifier (Bamstead International Dubuque, Iowa),

equipped with a UV source and final 0.2 pm filter. The concentration of SPS was 0.01 M

and the concentration of PDAC solution was 0.02 M as based on the molecular repeat

unit of the polymer and all polyelectrolyte solutions contained 0.1M NaCl. Solutions

were filtered with a 0.45 pm Acrodisc syringe filter (Pall Corporation) to remove any

particulates. The glass slides were cleaned with a dilute Lysol water mixture in a

sonicator. These slides were then dried under N2 gas and were further cleaned using

Harrick plasma cleaner (Hanick Scientific Corporation, Broading Ossining, NY) for 10

min at 0.15 Torr and 50 sccm flow of O2 in a plasma chamber. To form the first bilayer,

the slides were immersed for 20 min in a PDAC solution. Following two sets of 5 min

rinse with agitation, the slides were subsequently placed in a SPS solution and allowed to

deposit for 20 min. They were rinsed twice for 5 min each. The samples were cleaned for

3 min in an ultrasonic cleaning bath after depositing a layer of polycation/polyanion

pair.‘28 The sonication step removes weakly bounded polyelectrolytes on the substrate,

forming uniform bilayers. This process was repeated to build multiple layers. All

experiments were performed using ten and half bilayers (i.e., 21 layers) and the topmost

surface being PDAC (positive surface).
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4.2.3 Preparation of PDMS Stamps

Ari elastomeric stamp is made by curing poly(dimethylsiloxane) (PDMS) on a

microfabricated silicon master, which acts as a mold, to allow the surface topology of the

stamp to form a negative replica of the master. The poly(dimethylsiloxane) (PDMS)

stamps were made by pouring a 10:1 solution of elastomer and initiator over a prepared

silicon master."3 The silicon master was pretreated with fluorosilanes to facilitate the

removal of the PDMS stamps from the silicon masters. The mixture was allowed to cure

overnight at 60°C. The masters were prepared in the Microsystems Technology Lab at

MIT and consisted of features (parallel lines and circles) from 1 pm to 10 pm.

4.2.4 Stamping of m-dPEG acid

The stamping conditions were varied to optimize the microcontact printing of the m-

dPEG acid. PDMS stamps with and without plasma treatment were tested to stamp the

ink. Ethanol/water mixtures were used as inks. Five solvents of this type were tried: pure

ethanol, 75 % ethanol, 50 % ethanol, 25 % ethanol and pure water. The m-dPEG acid

inks made with these solvents had concentrations of 10pM, 100pM and 1000pM. After

solvent evaporation, the PDMS stamp was briefly dried under a N2 stream and brought

into contact with the substrate for 10-15 min at room temperature. Three different

methods were used to ink the PDMS stamps: spin-inking, cotton swab-inking and dip-

inking. For spin-inking the stamp was covered with ink and spun at 3,000 RPM for 20 s.

For the cotton swab-inking, a cotton swab was soaked in ink and rubbed over the surface

of the stamp. The stamp was then dried with nitrogen. Using the dip-inking the stamp

was soaked in ink, typically for 10 minutes, and dried with nitrogen. ”6 In this study, the

stamping times were varied systematically from a few seconds to an hour and the pH of
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the m-dPEG acid ink solution was varied from 2.0, 3.5, 4.5 to 6.5. Following the

stamping process, the patterned surface was rinsed thoroughly with ethanol to remove

unbound or loosely bound excess molecules to prepare self-assembled monolayer

patterns. The stamped regions were designed to act I as resists to adsorption as the

oligoethylene glycol graft chains ofPEG did.98 In the procedure of creating complex 3-D

microstructures, m-dPEG acid was stamped onto PEM surface (PDAC surface) followed

by sequential adsorption layer-by-layer deposition process to build additional pattemed

polyelectrolyte multilayers outside the stamped region.

4.2.5 Characterization

Nikon Eclipse ME 600 optical microscope (Nikon, Melville, NY) was used to obtain dark

field images of the m-dPEG acid patterns and the additional microfabricated PEMS.

Nikon Eclipse E 400 microscope was used to obtain the fluorescence images. The 6-

carboxyfluorescein (6-CF) dye was used to visualize the m-dPEG SAM patterns on PEM

following the stamping and rinsing processes. The dye was dissolved directly in 0.1 M

NaOH; samples were imaged by dipping the substrates into the dye solution. The dye,

which is negatively charged, preferentially stained the positively charged PDAC surface.

The dyed regions appear green when viewed with the fluorescence optical microsc0pe,

using a FITC filter.I47 Images were captured with a digital camera and processed on a

Pentium computer running camera software. After the polymers were stamped atop the

multilayer platform, the topography of the stamped polyelectrolyte layer was observed by

atomic force microscope (AFM) images. The AFM images were obtained with a

Nanoscale IV controller (Digital Instruments, Santa Barbara, CA) equipped with Tapping

Mode Etched Silicon Probes and was operated in tapping mode.
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4.3 RESULTS AND DISCUSSION

For the first time, we demonstrate that the creation of patterned SAMS on PEMS,

using PEG acid molecules, can be achieved, as alkanethiol and alkanesilane molecules

can form SAMS on gold or silicon wafers. In addition, we present approaches to

fabricate complex 3-D microstructured functional films by incorporating the created m-

dPEG SAMS on PEM surfaces. Using m-dPEG acid molecules with an activated

carboxylic group facilitated the attachment of the m-dPEG acid molecules onto the

topmost positive surface (PDAC) of the PEM surfaces (PDAC/SPS)10,5 via ionic bonding.

The SAM patterns of m-dPEG acid molecule act as a resistive template by resisting the

addition of polyelectrolytes on the stamped regions. This helps to achieve complex 3-D

microstructures atop the original set of PEMS by permitting selective building of

subsequent PEMS outside the m-dPEG SAM patterns. The patterns were characterized

using AFM, optical and fluorescence microscopy.

4.3.1 Patterning m-dPEG SAMS on Polyelectrolyte Multilayers

In this study, we stamped m-dPEG acid molecule directly onto an outermost

PDAC layer of a PDAC/SPS multilayer film to form patterned m-dPEG SAMS on PEMS.

To enhance the transfer of the m-dPEG SAM patterns and the subsequent building of

complex microstructures, the stamping process required optimized conditions.
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4.3.1.1 Optimization of Stamping Process

A

  
Figure 4.4. Defects occurring under non-Optimized stamping conditions: (a) Rimming occurs in areas of

the stamp that were insufficiently inked (bare regions were also observed). (b) Streaking due to uneven

application of the m-dPEG acid ink solution on the PDMS surface. All the images are fluorescence images

and the bars represent 20pm.

Figure 4.4 illustrates the various defects that occurred when m-dPEG acid

molecules were stamped under non-optimized conditions. For example, rimming (Figure

4.4a) or streaking (Figure 4.4b) in the stamped areas may arise when insufficiently or

uneven application of the m-dPEG acid ink solution on the PDMS surface occurs.

Determining the optimal conditions is important in achieving uniform and efficient

transfer of m-dPEG acid molecules to form patterned SAMS on PEMS, which in turn

affects the integrity of the device architecture for further applications. Various factors

were evaluated in optimizing the stamping process, such as the plasma treatment of the

PDMS stamps, the type and concentration of the solvents used in making the ink solution

and the contact times. The PDMS stamps were not treated with oxygen plasma since it

was experimentally determined that untreated PDMS stamps resulted in more complete

transfer of patterns when compared to the stamps treated with plasma. 75% (v/v)

ethanol/water solvent gave the best results in terms of the effective transfer of the ink

solution fiom the PDMS stamps onto the surface and thus was used for the rest of the
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experiments. This optimal ethanol/water composition of the ink solvent was

corresponded to the previous results reported by the Hammond group.35 Three different

methods were used to ink the PDMS stamps: spin-inking, cotton swab-inking and dip-

inking. It was experimentally determined that the dip-inking method resulted in the most

efficient transfer of the ink onto the PEM surface. The contact times were also varied

from a few seconds to 30 min. The best pattern transfer resulted with a 15 min contact

time. Based upon the variables discussed above, the optimal stamping condition for m-

dPEG acid was determined to be a solution of 100 pM of m-dPEG acid in a 75/25

ethanol-water mixture, stamped for 15 min using the dip-inking method of inking the

PDMS stamps.

4.3.1.2 Effect of pH

Among the variables, the pH of m-dPEG acid ink solution played the most

important role in the transfer efficiency of the patterns onto the multilayer films. Figure

4.5 illustrates the effect of pH of the m-dPEG acid “ink” on the patterns of PEG SAM

formed atop (PDAC/SPS).0,5 using fluorescent microscopy. The fluorescence dye used

stained the PDAC surface due to ionic interaction. The presence of an alternating

positive/m-dPEG SAM pattern is made clear by the presence of the negatively charged

green dye on the positive PDAC regions. The dark regions represent the m-dPEG acid

patterns, which are not stained by the dye due to the lack of ionic interaction between the

dye and m-dPEG acid surface. The carboxylic group of m-dPEG acid is responsible for

the ionic interaction between m-dPEG SAM and the PDAC surface of the PEM. The

extent of ionization of the acid group affects the strength of the ionic bond between the

two ions and thus the extent of the pattern transfer. The ionization of m-dPEG acid, in
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tum, depends on the pH of the solution. It is apparent from Figure 4.5 that the

micropattem transferred cleanly at pH of 4.5 and 6.5 and in case of pH values less than

the pKa the transfer was not efficient.

--

--

Figure 4.5. Effect ofpH of m-dPEG acid “ink" on the patterns on top of (PDAC/SPS).0,5 (a) pH=6.5; (b)

pH=4.5; (c) pH=3.5; (d) pH=2.0. The green regions are the PEM films and the black regions are the m-

dPEG acid surface. The m-dPEG acid ink solution was evaluated at pH of 2.0, 3.5, 4.5, and 6.5. When the

pH is less than the pKa of the molecule (4.27i0.20), the acid group does not completely ionize leading to

incomplete transfer of the patterns onto the multilayer films when compared to solutions with pH greater

than the pKa value. At pH of 4.5 and 6.5, uniform patterns are obtained due to the complete ionization of

m—dPEG acid, resulting in stronger electrostatic attraction between the PDAC layer and the m-dPEG acid

molecule. All the images are fluorescence images and the bars represent 20pm.
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4.3.2 3-D Microstructures Fabricated on PEMS
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Figure 4.6. Optical microscope Image of the m—dPEG acid patterns and dark field and fluorescent images

of complex microstructures built atop the m—dPEG acid patterns (a) m-dPEG acid was stamped on

(PDAC/SPS).0_5 as a resisting pattern using a blank stamp and carboxylated polystyrene beads (D=4.1 pm)

were deposited on the outside regions of the m—dPEG self-assembled monolayer patterned surfaces. The

left region, where there are no colloidal particles, is the m—dPEG acid region while the right region with the

colloidal particles is the PEM region (b) Dark field optical images of complex microstructures formed by

building PDAC/SPS atop the PEG patterns. The white regions are the PEM films and the black regions are

the m-dPEG acid surface.

The fabrication of 3-D microstructures on PEMS using m-dPEG acid monolayer

patterns as molecular resisting area is illustrated in Figure 4.6. PEG is known to be an

effective polyelectrolyte that resists attachment of polymeric functional groups.148 One of

the goals in this work is to fabricate PEG self-assembled monolayer patterns onto PEMS

by capitalizing upon ionic interactions at one end of the m-dPEG acid molecule and its

resistance properties at the other end. As a further proof for the existence of m-dPEG

monolayer patterns on the PEM surface, negatively charged carboxylated polystyrene PS

particles (Diameter = 4 pm) were used. m-dPEG acid molecules were stamped on top of

the (PDAC/SPS)10,5 using a blank stamp (i.e., stamp with no patterns) as shown in Figure

4a and the colloidal particles deposited selectively over the positive (PDAC/SPS)to.5

surface (right) but not on the m-dPEG self-assembled monolayer regions (left). We were

able to construct complex 3-D microstructures on top of the PEG monolayer patterned
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PEMs, for a variety of applications. After transfening m-dPEG monolayer patterns onto

the PEM surfaces, subsequent depositing of PEMS resulted in 3—D heterostructures on the

non-m-dPEG acid regions. Dark field optical microscopy and fluorescence microscopy

were used to image the complex microstructures. Figure‘4.6 B illustrates dark field image

of the PEMS built on top of the m-dPEG acid patterns. The black regions represent the m-

dPEG acid surfaces and the white regions represent the subsequent PEM films built on

top of the m-dPEG SAM patterns. The white images of the patterned multilayers are due

to the loopy and wavy deposits of the PEMS on the confined region (outside of the m-

dPEG monolayer patterns).

To provide further confirmation of the presence of the microstructures, Figure 4.7

illustrates the corresponding AFM images of the PDAC/SPS multilayer fihns built atop

the stamped m-dPEG acid molecules. These images Show the topography and the height

variations of the PEM patterns deposited on the outside regions of the m-dPEG SAM

patterns (i.e. the exposed PDAC area). The AFM images were taken for different number

of layers of 3-D patterned PEMS namely, 10, 20 and 40 bilayers. The height and the

width of the patterns were determined using the AFM images. The height of the 3-D

micropattemed PEMS (PDAC/SPS) linearly increased with the number of (PDAC/SPS)

bilayers built on the outside region of the m-dPEG patterned SAM area. The heights of

the 3-D microfabricated PEMS were determined by the AFM images and found to be 32-

37mm for 10 bilayers, 62-67mm for 20 bilayers and 142-146nm for 40 bilayers. From

these values, the average height of a pair of PDAC/SPS film was determined to be

approximately 3.28-3.57 nm. This value agreed quiet well with the literature value of

3.4nm for similar deposition condition. 128
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Figure 4.7. AFM images and topography of complex microstructures with different number of bilayers of

PDAC/SPS built atop the m-dPEG acid patterns. (a) 10 bilayers (b) 20 bilayers and (c) 40 bilayers.

4.4 CONCLUSIONS

Micropatteming of the m-dPEG self-assembled monolayers has been

demonstrated on PEM films as well as the building of subsequent 3-D micropattemed

PEM structures on top of PEMS. Microfabrication of the firnctional and structured

surfaces and interfaces were made using electrostatic interactions at the layered

interfaces. In this work, the micropatterrring of small PEG modified molecules, m-dPEG

acid on polymer surfaces (PEM films) were achieved purely by electrostatic interactions.

The stamping process was optimized by evaluating various conditions such as the inking

method, the concentration, the contact times and the need for plasma treatment of the
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stamps. Our results indicate that the strength of the ionic interactions between the acid

and amine groups was the determining variable during the stamping process. This

variable was controlled mainly by the pH of the ink solution and the contact time. Strong

polyelectrolytes such as PDAC and SPS are highly ionized over all or most of the pH

range. On the other hand, the m-dPEG acid molecule undergo ionic interaction with

PDAC when its acid group is completely ionized, which depends on the pH of the m-

dPEG acid ink solution. Clean pattern transfer occurred for pH greater than the pKa value

of m-dPEG acid. By patterning an initial set of multilayer films with a resistant molecule

followed by subsequent deposition of multilayer films, permitted the building of complex

3-D microstructures. These new patterned and structured surfaces have potential

applications in microelectronic devices, electro-optical and biochemical sensors. Finally,

possibilities also exist in a variety other areas that capitalize upon the formation of

patterns and complex microstructures, including biotechnological and biomedical

applications.
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CHAPTER 5 SALT TUNABLE m-dPEGACID PATTERNS

ON POLYELECTROLYTE MULTILAYERS: TEMPLATES

FOR DIRECTED DEPOSITION OF MACROMOLECULES

5.1 INTRODUCTION

Over the past decades, the development of new methods for fabricating thin films

that provide precise control of the three-dimensional topography and cell adhesion has

generated lots of interest. These films could lead to significant advances in the fields of

tissue engineering, drug delivery and biosensors which have become increasingly

germane applications in the field of chemical engineering. The ability to engineer surface

properties such as hydrophobicity, charge, and adhesion at the micrometer scale are

critical to the success of emerging technologies (e.g., bio-sensors, optical technologies

and tissue engineering). Self-assembled monolayers (SAMS) have been extensively used

to modify and control properties of gold and silicon surfaces.5 Patterned alkanethiol SAM

surfaces have been created using microcontact printing6 and UV photopatteming

techniques,7 however, the intricacy of surface patterns that can be created with

established approaches are limited. Methods to control both the reactivity and surface

properties after self-assembly are required to create more complex patterned surfaces.

Existing techniques to control the reversibility and reactivity of the surfaces include

sophisticated methods, such as, light and UV-induced, and electrochemical surface

modificationsg'lo These methods tend to affect the morphology and properties of the

surfaces underneath the SAMS and are not compatible when extended to biological

systems involving cells and proteins.
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The ionic layer-by-layer (LBL) assembly technique, introduced by Decher in

1991,23 has emerged as a versatile and inexpensive method of constructing polymeric thin

films, with nanometer-scale control of ionized species. Films formed by electrostatic

interactions between oppositely charged poly-ion species to create alternating layers of

sequentially adsorbed poly-ions are called “Polyelectrolyte Multilayers (PEMs)”. PEMs

have long been utilized in such applications as sensors, eletrochromics, and

nanomechanical thin films but more recently they have also been shown to be excellent

candidates for biomaterial applications due to 1) their biocompatibility and

bioinertnessf"33 2) the ability to incorporate biological molecules, such as proteins,26’ 34

and 3) the high degree of molecular control of the film structure and thickness providing

a much simpler approach to construct complex 3D surfaces as compared with

photolithography.35’ ”9 We, as well as others including Hammond et al, have

demonstrated the ability of this layer by layer technology to readily construct complex

3D surfaces.96’ ‘27 This is particularly relevant in tissue engineering where ultimately the

material must have the potential to rebuild a whole organ. In addition, the

biodegradability ofPEMS for tissue engineering and implantable device applications have

been demonstrated by Lynn and co-workers36 which is very useful in drug delivery

applications.

Poly(ethylene glycol) (PEG) can serve as an excellent coating materials to

augment the biocompatibility of biomaterials as it is a water soluble, nontoxic,

nonantigenic and nonimmunogenic polymer, attaches to surface with very little effect on

bulk properties and reduces protein adsorption and cell adhesionm'132 Surface

modification with PEG can either be effected through physical adsorption or covalent
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immobilization such as grafting and chemical coupling.'50'152 In this work, we

demonstrate an alternative, dynamic approach that can switch surface properties from

resistive to active by treating with high salt solutions. We have engineered this new class

of salt responsive PEG patterns PEM films by first deVeloping resistive patterns of m-d-

poly(ethylene glycol) (m-dPEG) acid molecules onto PEMS and subsequently removing

the SAMS from the PEM surface by treating with salt solutions creating a new active

surface. Unlike other approaches, our approach is biocompatible and does not affect the

properties of cells, proteins or other biological systems attached on the surface.
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Figure 5.]. Diagram Illustrating the Formation of Salt Tunable m—dPEG Acid SAMS on a PDAC/SPS

Multilayer Platform Scheme (A) PEMS (PDAC/SPS)10_5 build on top of the substrates (B) Patterned PEG

SAMS on PEMS (C) Directed assembly of molecules due to the presence of resistive PEG SAMs (D) PEG

SAMS are removed by treating it with salt giving rise to new active regions (E) The new active regions are

filled with new set of molecules. The chemical structure of m—dPEG acid molecule.

In this chapter, we describe the process of creating chemically patterned and

physically structured surfaces by stamping molecules of m-dPEG acid (scheme shown in

Figure 5.1) with activated carboxylic acid group at one end. The activated carboxylate

functional group ionically binds to the topmost positive surface of the PEM surfaces and
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the other end (PEG units) resists the deposit of subsequent polymer (polyelectrolyte)

layers. This poly-ionic adsorption enables the development of complex surface structures

and templates for selective layer-by-layer deposition. In addition to the generation of

complex 3-D microstructure films, 96 the PEG molecules can be used to create areas of

selective adsorption on the multilayer films. PEG and its oligomeric derivatives have thus

far been the most effective molecules to resist nonspecific adsorption of polyelectrolytes,

charged particles, proteins and cells onto surfaces from aqueous solution.96’ 127’ ”0"” We

capitalized upon the ionic interactions to deposit thin, uniform SAM patterns ofPEG atop

the PEM films and evaluated the factors that influence the effective transfer of m-dPEG

acid molecules on and off the multilayer films. The advantages of exploring the m-dPEG

acid molecule as the removable molecular template for selective deposition are i) PEG

molecules can self-assemble to form resistive monolayers on PEMs, and ii) the tunable

interaction between the PEG molecules and the PEM films permits the removal of the

SAMS from the surface without compromising the underlying films or damaging the

biological systems attached to the PEM surface. The patterned films were characterized

by optical microscopy and atomic force microscopy (AFM). The effects ofpH and salt on

the PEG SAMS were investigated by optical microscopy, reflectance-absorption infrared

spectroscopy, and spectroscopic ellipsometry. The PEG patterns were removed from the

PEM surface at certain pH and salt conditions without affecting the PEM films

underneath the SAMS. The removal of the PEG SAMS and the stability of the PEM films

underneath it were investigated via ellipsometry and optical microscopy.

5.2 METHODS AND MATERIALS

5.2.1 Materials
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Sulfonated poly(styrene), sodium salt (SPS) (Mw = 70000),

poly(diallyldimethylarnmonium chloride) (PDAC) (MW =100000-200000) as a 20 wt %

solution, and sodium chloride were purchased from Aldrich Chemical, Milwaukee, WI.

The m-dPEG acid molecule (MW = 236) was obtained from Quanta Biodesign.

Poly(dimethylsiloxane) (PDMS) from the Sylgard 184 silicone elastomer kit (Dow

Corning, Midland, MI) was used to prepare stamps. The fluorosilanes was purchased

from Aldrich Chemical. These PDMS stamps were used for microcontact printing.Glass

slides (Corning Glass Works, Corning, NY), used for making the polyelectrolyte

multilayer films, were cleaned using a Bransonic ultrasonic cleaner (Bransonic Ultrasonic

Corporation, Danbury, CT). Carboxyfluorescein (6-CF), fluorescence dye, was purchased

and used as received from Sigma. Carboxylated polystyrene latex particles (4 pm

diameter), purchased from Polysciences, were used for colloidal adsorption study on m—

dPEG self-assembled monolayer patterned polyelectrolyte templates.

5.2.2 Preparation of Polyelectrolyte Multilayers

PDAC and SPS polymer solutions were prepared with deionized (DI) water at

concentrations of 0.02M and 0.01M, respectively, (based on the repeating unit molecular

weight) with the addition of 0.1M NaCl salt. A Carl Zeiss slide stainer equipped with a

custom-designed ultrasonic bath was connected to a computer to perform layer-by—layer

assembly. To form the first bilayer, the tissue culture polystyrene (TCPS) plates were

immersed for 20 min in a polycation solution. Following two sets of 5 min rinses with

agitation, the TCPS plates were subsequently placed in a poylanion solution and allowed

to deposit for 20 min. Afterwards, the 6 well plates were rinsed twice for 5 min each.
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This process was repeated to build multiple layers. All experiments were performed using

ten (i.e., 20 layers) or ten and half bilayers (i.e., 21 layers).

5.2.3 Preparation of PDMS Stamps

An elastomeric stamp is made by curing poly(dimethylsiloxane) (PDMS) on a

microfabricated silicon master, which acts as a mold, to allow the surface topology of the

stamp to form a negative replica of the master. The poly(dimethylsiloxane) (PDMS)

stamps were made by pouring a 10:] solution of elastomer and initiator over a prepared

silicon master.17 The silicon master was pretreated with fluorosilanes to facilitate the

removal of the PDMS stamps from the silicon masters. The mixture was allowed to cure

overnight at 60°C.

5.2.4 Stamping of m-dPEG Acid

The stamping conditions were varied to optimize the microcontact printing of the m-

dPEG acid. PDMS stamps with and without plasma treatment were tested to stamp the

ink. The optimized conditions, as determined by us in our previOus work, were used for

making PEG patterns.96 The stamped regions were designed to act as resists to adsorption

as the oligoethylene glycol graft chains of PEG did.20 In the procedure of creating

complex 3-D microstructures, m-dPEG acid was stamped onto the PEM surface (PDAC

surface) followed by sequential adsorption layer-by-layer deposition process to build

additional patterned polyelectrolyte multilayers outside the stamped region.

5.2.5 Characterization

A Nikon Eclipse ME 600 optical microscope (Nikon, Melville, NY) was used to obtain

dark field images of the m-dPEG acid patterns and the additional microfabricated PEMS.

A Nikon Eclipse E 400 microsc0pe was used to obtain the fluorescence images. The 6-
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carboxyfluorescein (6-CF) dye was used to visualize the m-dPEG SAM patterns on PEM

following the stamping and rinsing processes. The dye was dissolved directly in 0.1 M

NaOH; samples were imaged by dipping the substrates into the dye solution. The dye,

which is negatively charged, preferentially stained the positively charged PDAC surface.

The dyed regions appear green when viewed with the fluorescence optical microscope,

using a FITC filter. Images were captured with a digital camera and processed on a

Pentium computer running camera software.

5.2.6 Ellipsometry

Ellipsometric measurements were obtained with a rotating analyzer ellipsometer (model

M-44; J.A. Woollam) using WVASE32 software. Substrate parameters (11 and k) were

measured after absorption of MPA. This ensures that any changes in substrate reflectivity

due to Au-S bonds will not affect subsequent measurements. The angle of incidence was

75 ° for all experiments. The thickness values for PEM films were determined using 44

wavelengths between 414.0 and 736.1 nm.

5.3 RESULTS AND DISCUSSION

5.3.1. Directed Assembly of Macromolecules

The resistive nature of the PEG SAMS was demonstrated with various kinds of

macromolecules such as colloid particles, proteins, nucleic acids and formation of

subsequent multilayers over the PEG SAMS. We demonstrated that the PEG molecules

created areas of selective adsorption on the multilayer films and be used in the

subsequent generation of 3-D microstructure films. The patterned films were

characterized by optical microscopy and atomic force microscopy (AFM).
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Figure 5.2. Optical microscope images of directed deposition of macromolecules on PEG pattems (A)

0.5um colloid particles (brown lines). (B) Alexa Fluoro tagged sADH (C) Carboxyfluorescein (D) FITC

tagged nucleic acid The dark lines represent the m-dPEG acid regions.

The PEG patterns resulted in the directed deposition of a wide range of

macromolecules including colloidal particles, proteins, polymers such as dyes and nucleic

acids as illustrated in Figure 5.2. When the negatively charged carboxylated polystyrene

PS particles (Diameter = 0.5 pm) were added on top of the m-dPEG acid patterns on top

of the (PDAC/SPS)I0_5, the particles attached on the PEM surface and did not attach on

the PEG region resulting in the formation of patterns of particles as shown in Figure 5.2

A.
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Figure 5.3. Optical microscope images of directed deposition of cells on PEG patterns (A) primary

hepatocytes (B) fibroblast (C) primary neurons.

We also added alexa-fluoro tagged secondary alcohol dehydrogenase (sADH), negatively

charged carboxyfluorescein dye and FITC—tagged nucleic acids on top of the PEG



patterns and it resulted in the directed deposition of these macromolecules due to the

presence of the PEG patems as shown in Figure 5.2 (B-D).

5.3.2 Directed Assembly of Cells

PEG molecules are also known to reduce cell adhesion and commonly used in

biomaterials to resist cell adhesion.19 Our PEG patterns directed the deposition of a wide

variety of cells including primary hepatocytes, primary neurons and fibroblasts as seen in

Figure 5.3. can serve as an excellent coating materials to augment the biocompatibility of

biomaterials as it is a water soluble, nontoxic, nonantigenic and nonimmunogenic

polymer, attaches to surface with very little effect on bulk properties and reduces protein

adsorption and cell adhesion.

5.3.3 Salt tunable PEG SAMs

m-dPEG acid patterns are formed on PEM films using microcontact printing and

visualized with fluorescence microscopy using a dye specific to positive surfaces. As

shown in Figure 5.4A, the dye (carboxyfluorescein) attaches selectively to the positive

poly(diallyldimethylammoniumchloride) (PDAC) surface and results in patterns of green

(PDAC) and dark (PEG) regions, thereby indicating the resistive property of the PEG

patterns . When this surface is exposed to a salt solution, the PEG patterns are removed

from the surface exposing the active PDAC surfaces underneath the SAMS (data not

shown). As a proof-of-concept of the removable characteristic of the PEG films, a layer

of SPS are added on top of the PEG patterns and due to the resistive nature of the PEG

SAMS, the SPS preferentially formed a layer on the non-PEG (PDAC) surfaces resulting

in alternating regions of PEG and SPS surfaces. When this surface are treated with salt,
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the PEG patterns are removed from the surface resulting in alternating regions of PDAC

(green) and SPS (dark) as shown in Figure 5.4 B. Further evidence of the removed PEG

SAMS is obtained through ellipsometer experiments. The ellipsometric data in Figure

A B
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Figure 5.4. Fluorescent Images of PEG patterns (A) before and (B) after salt treatment (C) Ellipsometric

data on the PEG patterns before and after salt treatment

5.4 C suggests an increase of about 13-15 A in thickness when PEG SAMS are attached

on the PEM films and upon exposure to salt the thickness of the films decreased to the

original thickness.
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5.3.4 Patterned Array of Multiple Particles on PEG Patterns

We evaluated the potential applications for these removable PEG patterns by

attaching various molecules before and after salt treatment to demonstrate the versatility

of these surfaces. The resistive nature of the PEG patterns is used to achieve directed

assembly of a wide range of macromolecules such as colloid particles, proteins and

formation of complex polyelectrolyte multilayer structures. As proof of the applicability

of m-dPEG monolayer patterns on the PEM surface as a template for directed assembly

of molecules, negatively charged carboxylated polystyrene PS particles (Diameter = 0.5

mm) were used. m-dPEG acid molecules are stamped on top of the (PDAC/SPS)10,5 as

shown in Figure 5.5 A and the colloidal particles deposited selectively over the positive

(PDAC/SPS)10,5 surface but not on the m-dPEG self-assembled monolayer regions. When

the particle-deposited surfaces were treated with salt, the particles remained attached and

intact while the PEG SAMS are removed exposing the underlying active PDAC surface.

Next particles of 0.2um diameter are deposited over the exposed surfaces

resulting in a two particle system as shown in Figure 5.5 B. This effective method

provides a flexible and versatile approach to the fabrication of composite colloidal

structures and the technique can be adapted utilizing different shaped patterned surfaces

and other monodisperse colloidal particles such as silica and metal-doped particles of

varying size and surface fimctionality, and using functionalized spheres modified with

PEMS to obtain electroluminescent, conducting and other properties. This approach has

potential application in electronic and optical devices, direct colloid assembly, plastic

electronics and thin film power devices.
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Figure 5.5. Phase constrast images of colloidal particles on PEG patterns before and after salt treatment

(A) particles (D=0.5 um) on the m—dPEG acid patterns before salt treatment (B) particles (D=0.2 um)

added onto surface A afier salt treatment.

5.3.5 Patterned Array of Multiple Proteins on PEG Patterns

The applicability of removable resisting SAMs for biological applications is also

evaluated using proteins and cells. Protein immobilization in micron and nano-scale

patterns has importance for drug delivery, bioengineering, biosensors, and fundamental

studies of cell biology, 19’ 153’ ‘54 but it is made challenging by the fragile structure of

proteins and their tendency for nonspecific binding to surfaces. Several techniques such

l55,156 19.157

as photolithography, sott lithography, photochemical methods,158 and dip-pen

nanolithography”9 have been developed, which have primarily focused on the

immobilization ofone protein in defined regions surrounded by a "background" that lacks

protein (and may be additionally resistant to the adsorption of other proteins from

solution). However, to mimic complex cell-cell and cell—extracellular matrix interactions

for studying problems in immunology, patterned surfaces comprising multiple functional

protein regions on cellular and subcellular length scales would be useful. Few methods

have been reported that allow patterning of multiple proteins on surfaces, and these may

160-162

have limitations in spatial resolution, in patterning fragile proteins that cannot
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”’3‘ 164 or exposure to organic solvents.165 The removable PEGwithstand dehydration,

surfaces we developed provide a template for designing multiple regions of different

proteins onto defined regions of a surface without exposing the proteins to irradiation,

organic solvents or dehydration. An advantage of this approach is that it exposes the

proteins to conditions within the narrow range of physiological pH, ionic strength and

temperature where their stability is greatest.

--

-I

Figure 5.6. Fluorescent images of sADH protein attachment on PEG patterns before and after salt

treatment (A,B) sADH tagged with Alexa-Fluoro on the m-dPEG acid patterns before salt treatment (C,D)

sADH tagged with FITC added onto surface A after salt treatment. A, C are pictures taken using the red

channel while B, D are taken using the green channel.

  

As shown in Figure 5.6, the same protein with different fluorescent tags are

attached onto the PEG patterns before and after salt treatment indicating that the salt

treatment did not affect the proteins that are attached to the PEM surface. Figure 5.6 (A,
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B) shows the fluorescence images of the directed assembly of proteins on top of the PEG

patterns in the red and green channel respectively before salt treatment. The red regions

demonstrate the directed attachment of the sADH proteins to the PEMS and away from

the resistive m-dPEG monolayer regions (black regions) while there is no proteins

observed when imaged using the green channel. Alexa-Fluoro tagged sADH protein

deposited selectively over the positive (PDAC/SPS)10,5 surface but not on the m-dPEG

self-assembled monolayer regions. When the protein-deposited surfaces were treated with

salt, the proteins remained attached and intact while the PEG SAMS are removed

exposing the underlying active PDAC surface. Next FITC-tagged sADH are deposited

over the exposed surfaces resulting in a two protein array as shown in Figure 5.6 (C, D).

5.3.6 Patterned Array of Multiple Cells on PEG Patterns

Tissue formation and cellular function in vivo are regulated by diverse biological

factors including cell-cell communication, cell—matrix interactions, and soluble factors.

The ability to recreate such interactions in vitro may lead to advances in diverse fields,

ranging from cell biology to tissue engineering. Approaches to manipulate the cell

microenvironment, based on a number of fabrication strategies such as photolithography,

microcontact printing, micromolding, inkjet printing and dip-pen spotting,” 72’ 159’ '66

have been conducted on micropattemed surfaces. In most approaches, the cells have been

localized to adhesive regions on a substrate, thus limiting their use to one cell type. More

recently, approaches have been developed to pattern two or more cell types in spatially

defined co-cultures.l7 Many initial studies on patterned co-cultures have involved the

selective adhesion of one cell type as compared to the adhesion of the other cell type. The

removable PEG SAMS we developed provides surfaces that can be switched from cell-
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repulsive to cell-adhesive using cell friendly conditions. This approach is advantageous

since they can be used to form pattemed co-cultures irrespective of the cell types or

seeding order. In addition, this approach exposes the cells to conditions within the narrow

physiological range of pH, ionic strength and temperature. As shown in Figure 5.7, the

same cells with different fluorescence tags are attached onto the PEG patterns before and

after salt treatment indicating that the salt treatment did not affect the cells that are

attached to the PEM surface.

 
Figure 5.7. Optical microscope images of HeLa cells on PEG patterns before and after salt treatment.

Phase contrast (A) and fluorescent images (B) of HeLa cells labeled red on the m—dPEG acid patterns

before salt treatment. Phase contrast (C) and fluorescent images (D) of HeLa cells seeded onto the surface

after salt treatment. Scale bar = 400 um
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5.4 CONCLUSIONS

In conclusion, we have shown that these PEG patterns can be removed using salt

conditions that do not compromise the underlying polymers, charged particles and

biological molecules, including living cells, deposited on the surface. These salt

responsive PEG SAMS are ideal for optical technologies such as electroluminescent and

conducting surfaces, where templates of multi-component particle arrays on PEMS are

required. We have also shown that these removable surfaces can be used to form patterns

of multiple proteins and cells, which may have applicability in drug delivery and tissue

engineering applications. Removable surfaces provide a template for designing multiple

regions of different protein, which is useful in immunology where complex cell-cell, cell-

extracellular matrix interactions play important roles. Our approach avoids exposing the

proteins to conditions outside the narrow range of physiological pH, ionic strength and

temperature and thus maintains the stability of the proteins. This new approach provides

an environmentally friendly and biocompatible route to designing versatile salt tunable

surfaces. The template can be used to form arrays of nucleic acids, proteins and other

biological molecules which have applications as biosensors and basic biological studies.

The strategy presented here for the preparation of removable resistive SAMS provides a

template to design various surfaces that can be used in a wide variety of applications.
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CHAPTER 6 APTAMER AND siRNA BASED DRUG

DELIVERY SYSTEM USING POLYELECTROLYTE

MULTILAYERS

6.1 INTRODUCTION

For drug delivery applications, there is a need for the ability to deliver multiple

biomolecules, e.g., proteins, genes, antibody, or drugs, to a targeted site of interest. Many

delivery systems typically deliver one type of biomolecule at a time, e.g., one protein or

one gene. The combination of targeted delivery and controlled drug release'67 is useful in

treating various diseases where a cytotoxic dose of drug is required to be delivered to the

unhealthy or cancerous cells over an extended period of time while leaving the

surrounding healthy tissue alone. Polyelectrolyte multilayer (PEMS) are potential

substrates for tissue engineering, drug delivery and implantable device applications. In

this chapter, we propose using highly customizable PEM thin films to engineer surfaces

for targeted drug delivery applications by integrating nucleic acid with PEM technology.

The PEM technique has been applied successfully using DNA as a polyanionic building

block'68‘ '69. Interestingly, electrostatic interactions with positively charged

polyelectrolytes have been demonstrated to protect DNA from degradation by nucleolytic

activityno. This chapter deals with the fabrication of a novel targeted drug delivery

system that attaches aptamers and small interfering RNA (siRNAs) onto PEM films.

Nucleic acid ligands, also called aptamers,m’ ‘72 have emerged as a novel class of

ligands that rival antibodies in their potential for therapeutic and diagnostic

applications.173 ’ ”4 Aptamers are oligonucleotides that have high affinity and selectivity

for various target compounds ranging from small molecules, such as drugs and dyes, to
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complex biological molecules such as enzymes, peptides, and proteinsm'177 These

artificial receptors are selected from combinatorial oligonucleotide libraries for the target

compound by an in vitro iterative process called SELEX (systematic evolution of ligands

by exponential amplification).m’ '72 Use of aptamers for protein recognition instead of

antibodies is of particular interest for assay developments, because the specificity and

affinity of aptamers are equal or superior to those of antibodiesm’ '79 In addition,

aptamers have a number of advantages as compared to antibodies, such as increased heat

stability, tolerance to wide ranges of pH and salt concentrations, and ease of synthetic

modification or immobilization.178 Furthermore, unlike antibodies, aptamers are capable

of being reversibly denatured, which facilitates capture and release of target compounds

in reusable applications.‘80 Currently, methods are being developed for aptamer

immobilization onto solid surfaces for applications in protein capture, biosensors, and

chromatographic separations. 18"] 84

Influenza infections remain an important cause of morbidity and mortality,

particularly in the elderly population, and carry the risk of pandemics; they also impose a

considerable economic burden worldwide. The recently developed anti-influenza specific

drug consisting of neuraminidase inhibitors, comprising of analogues of N-

acetylneuraminic acid (e. g. oseltamivir and zanarnivir), provide limited beneficial effect,

reducing the duration of infection by 1 day, from 7 to 6 days.185' ‘86 The influenza virus

envelope carries two major immunogenic surface glycoproteins: hemagglutinin (HA)187

and neuraminidase. HA plays a key role in initiating viral infection by binding to the sialic

acid-containing receptors on host cells and mediating the subsequent viral entry and

membrane fusion.'88"90 Infection by the influenza virus is initiated by the binding of the
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virus to the host cell receptors via HA. Thus the approach taken in our present study is to

incorporate the HA aptamer within the PEM films, which upon release from the films

would bind directly to the HA protein on the virus neutralizing its ability to bind to their

receptors on host cells. This would prevent the interaction of HA with the host cells, and

thus infection by the virus.

siRNAs have emerged as a new and very efficient tool to downregulate gene

expression in humans, animals and plants.I91 Many diseases develop from the undesired

production of certain proteins. siRNA is a highly promising therapeutic approach for

diseases resulting from aberrant protein production. siRNA has the potential of being a

new universal drug therapy to treat a variety of human diseases such as cancer,

rheumatoid arthritis, brain diseases, human immunodeficiency virus (HIV) and hepatitis

C. However, the delivery of aptamers and siRNAs to targeted cells and tissues remains a

challenge. There are many favorable characteristics of aptamers and siRNAs, including

their small size, lack of immunogenicity, and ease of isolation, and have resulted in their

application in clinical trials.” '92 Therefore, in this chapter we demonstrate the

fabrication of aptamer and siRNA based targeted drug delivery systems using PEM films.

We have engineered aptamer and siRNA based targeted drug delivery systems

using PEM films by capitalizing on electrostatic interaction between the polycations and

the negatively charged nucleic acids. Nucleic acid patterns on PEMS were created by

ionic interactions using microcontact printing (pCP). In this study, we chose a DNA

aptamer that binds to thrombin as a model for integrating PEM and nucleic acid

technologies. We selected a 15mer aptamer that forms a G-quartet for thrombin (Figure

6.1A) because it has already been screened by SELEX and has shown thrombin-
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inhibiting activity.193 This aptamer is one of the most well studied; its structure has

(1194'196 and the effect of its loop sequence on the G-quartetalready been determine

structure has also been investigated.'97 Extensive work to identify the binding site has

been perforrned.'98'200 Additionally, the application of this thrombin-inhibiting aptamer as

a drug to inhibit clot formation in vivo,2(”'203 has been investigated along with its stability

. . 204 . . 2
m vrtro and m vrvo. 0'

A

5'- GGT TGG TTT GGT TGG -3'

B

5'-AATTAACCCTCACTAAAGGGCTGAG

TCTCAAAACCGCAATACACTGGTTGT

ATGGTCGAATAAGTTAA-3'

Figure 6.1 Structure of aptamers used in the study (A) 15mer oligonucleotide of DNA aptamer for

thrombin. (B) aptamer for HA

6.2 METHODS AND MATERIALS

6.2.1 Materials

Poly(diallyldimethylammonium chloride) (PDAC) (Mw~100,000-200,000) as a 20 wt %

solution, sulfonated poly(styrene), sodium salt (SPS) (Mw~70,000), poly-L-lysine (PLL),

fluorosilanes and sodium chloride were purchased from Aldrich (Milwaukee, WI).

Poly(dimethylsiloxane) (PDMS) from the Sylgard 184 silicone elastomer kit (Dow

Corning, Midland, MI) was used to prepare stamps. The PDMS stamps were used for

microcontact printing.9 Dulbecco’s Modified Eagle Medium (DMEM) with 4.5 g/l

glucose, 10X DMEM, fetal bovine serum (FBS), penicillin and streptomycin were
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purchased from Life Technologies (Gaithersburg, MD). Insulin and glucagon were

purchased from Eli Lilly and Co. (Indianapolis, IN), epidermal growth factor, thrombin

from Sigma Chemical (St. Louis, MO). Purified rat albumin was purchased from Cappel

Laboratories (Aurora, OH). Adult female Sprague-Dawley rats were obtained from

Charles River Laboratories (Boston, MA). DNA aptamer for thrombin (5'— GGT TGG

TTT GGT TGG-3'), non-aptamer for thrombin (5'—GGT GGT GGT TGT GGT -3'),

aptamer for Hemagglutinin (A22:5'-AAT TAA CCC TCA CTA AAG GGC TGA GTC

TCA AAA CCG CAA TAC ACT GGT TGT ATG GTC GAA TAA GTT AA-3') and

(A21 :5'-AAT TAA CCC TCA CTA AAG GGC GCT TAT TTG TTC AGG TTG GGT

CTT CCT ATT ATG GTC GAA TAA GTT AA-3') were obtained from Invitrogen

(Carlsbad, California).

6.2.2 Preparation of Polyelectrolyte Multilayers

PDAC and SPS polymer solutions were prepared with deionized (DI) water at

concentrations of 0.02M and 0.01M, respectively, (based on the repeating unit molecular

weight) with the addition of 0.1M NaCl salt. A Carl Zeiss slide stainer equipped with a

custom-designed ultrasonic bath was connected to a computer to perform layer-by-layer

assembly. Polyelectrolyte dipping solutions were prepared with DI water supplied by a

Bamstead Nanopure-UV 4 stage purifier (Bamstead International Dubuque, Iowa),

equipped with a UV source and final 0.2 urn filter. Solutions were filtered with a 0.45 pm

Acrodisc syringe filter (Pall Corporation) to remove particulates. TCPS plates were

subjected to a Harrick plasma cleaner (Harrick Scientific Corporation, Broading

Ossining, NY) for 10 min at 0.15 torr and 50 sccm flow of 02 in a plasma chamber. To

form the first bilayer, the TCPS plates were immersed for 20 min in a polycation
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solution. Following two sets of 5 min rinses with agitation, the TCPS plates were

subsequently placed in a polyanion solution and allowed to deposit for 20 min.

Afterwards, the 6 well plates were rinsed twice for 5 min each. The samples were cleaned

for 3 min in an ultrasonic cleaning bath after depositing a layer of polycation/polyanion

pair. The sonication step removed weakly bounded polyelectrolytes on the substrate,

forming uniform bilayers. This process was repeated to build multiple layers.

Alternating layers of PLL/nucleic acid multilayered films were assembled onto

quartz slides, TCPS and gold slides depending on the experiments. The first layer of PLL

was adsorbed onto the substrates by immersing them in 0.5mg/ml PLL solution for

10min. The PLL coated substrates were then washed with DI water and the nucleic acid

was attached to the PLL layer by immersing the substrate in 200 ug/ml nucleic acid for

10 min. The process was alternately repeated until a desired number of bilayers were

deposited.

6.2.3 Preparation of PDMS Stamps

An elastomeric stamp was made by curing PDMS on a microfabricated silicon master,

which acts as a mold, to allow the surface topology of the stamp to form a negative

”3 The PDMS stamps were made by pouring a 10:1 solution ofreplica of the master.

elastomer and initiator over a prepared silicon master. The silicon master was pretreated

with fluorosilanes to facilitate the removal of the PDMS stamps from the silicon master.

The mixture was allowed to cure overnight at 60°C. The masters were prepared in the

BioMEMS facilities at MGH East and consisted of various features (squares and lines).

6.2.4 Cell Culture

Hepatocyte Isolation
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Primary rat hepatocytes were isolated from 2 months old adult female Sprague-Dawley

rats (Charles River Laboratories, Boston, MA), according to a two-step collagenase

perfusion technique described by Seglen 64 and modified by Dunn“. The liver isolations

yielded 150-300 x 106 hepatocytes. Using trypan blue exclusion the viability ranged from

90 to 98 %. Primary hepatocyte culture medium consisted of DMEM supplemented with

10% PBS, 14 ng/ml glucagon, 20 ng/ml epidermal growth factor, 7.5ug/ml

hydrocortisone, 200 ug/ml streptomycin (10,000 rig/ml) - penicillin (10,000 U/ml)

solution, and 0.5 U/ml insulin.

Hepatocyte Culture

The cells were seeded under sterile tissue culture hoods and maintained at 37°C in a

humidified air/C02 incubator (90/10 vol %). Primary hepatocytes were cultured on PEM

coated 6-well TCPS. The multilayer coated TCPS plates were sterilized by spraying with

70 % ethanol and exposing them to UV light before seeding the cells onto these surfaces.

The cell culture experiments were performed on PEM surfaces without adhesive proteins.

Collagen coated TCPS and uncoated TCPS were used as controls in these studies. A

collagen gel solution was prepared by mixing 9 parts of the 1.2 mg/ml collagen

suspension in 1 mM HCl with 1 part of concentrated (10X) DMEM at 4°C. The control

wells were coated with 0.5 ml of this collagen gel solution and the coated plates were

incubated at 37°C for 1 hour. Freshly isolated hepatocytes were seeded at a density of

4x105 cells per well for 7 days. One ml of fresh medirun was supplied daily to the

cultures after removal of the supernatant. Samples were kept in a temperature and

humidity controlled incubator.

NIH 3T3 Culture
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NIH 3T3 fibroblast cell lines were purchased from American Tissue Type Collection.

Cells grown to 70% confluence were trypsinized in 0.01% trypsin (ICN Biomedicals)

solution in PBS for 10 min and re-suspended in 25mL media. Approximately 10% of the

cells were seeded into a fresh tissue culture flask and the rest of the cells were used for

the co-culture experiments. Fibroblast medium consisted of DlVfli‘M with high glucose,

supplemented with 10% bovine calf serum and 200U/mL penicillin and 200ug/mL

streptomycin.

6.2.5 Characterization

A Nikon Eclipse ME 600 optical microscope (Nikon, Melville, NY) was used to obtain

dark field images of the m-dPEG acid patterns and the additional microfabricated PEMS.

A Nikon Eclipse E 400 microscope was used to obtain the fluorescence images. The 6-

carboxyfluoresceini(6-CF) dye was used to visualize the m-dPEG SAM patterns on PEM

following the stamping and rinsing processes. The dye was dissolved directly in 0.1 M

NaOH; samples were imaged by dipping the substrates into the dye solution. The dye,

which is negatively charged, preferentially stained the positively charged PDAC surface.

The dyed regions appear green when viewed with the fluorescence optical microscope,

using a FITC filter. Images were captured with a digital camera and processed on a

Pentium computer running camera software. A Leica inverted phase contrast microscope

with Soft RT 3.5 software was used to capture images of cell density, morphology, and

spreading on the multilayer surfaces.
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6.2.6 UV-Vis Spectroscopy and Ellispometry of PEM Films

The progressive build-up of the multilayered nucleic acid-coatings onto quartz substrates

was monitored using a using a Perkin-Elmer UV/Vis (model Lambda 40)

spectrophotometer. Measurements were taken after each successive layer. Growth of the

multilayered nucleic acid-coatings was monitored by their incremental increases at

260 nm, the absorbance maximum of the nucleic base chromophores. All measurements

were repeated three times. Ellipsometric thicknesses of films on gold-coated wafers (200

nm of Au sputtered on 20 nm of Cr on Si(100)) were determined using a rotating analyzer

ellipsometer (model M-44, J. A. Woollam), assuming a film refractive index of 1.5.

6.3 Results and Discussion

  

  

   
  

Figure 6.2. Scheme for making nucleic acid patterns on PEM surfaces (A) PEMS are built atop the

substrate (B) Nucleic acids attached onto the PEM films via electrostatic interaction (C) Cells attached

fluoresce due to uptake of the nucleic acid.

We capitalized upon the net negative charge of the nucleic acids of the aptamers

and siRNAs to attach these nucleic acids onto positively charged PEM films.

Electrostatic interactions with the positively charged polyelectrolytes have been

demonstrated to protect the nucleic acids from degradation by nucleolytic activity,‘70
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suggesting that this is a viable method of maintaining the activity of these molecules after

surface immobilization. The overall scheme of the methodology is shown in Figure 6.2.

6.3.] Surface Immobilization of Nuclei Acids on PEMS

The presence of nucleic acid molecules (siRNA and aptamer) on the PEM

surfaces were characterized using FITC labeled oligos and with the help of pCP. We

successfully immobilized and patterned nucleic acids on PEM films using electrostatic

interaction of nucleic acids on top of the PEM thin films. These oligo molecules were

imaged using fluorescent microscopy. We observed patterns of nucleic acids on the PEM

films as shown in Figure 6.3.

A B

Figure 6.3. Fluorescent images of patterned FITC labeled nucleic acids on PEM surfaces (A) FITC taged

HA aptamer patterns and (B) FITC tagged siRNA patterns on (PEI/SPS)”;

  
6.3.2 Activity of Aptamer in PEM Film

To determine whether the aptamer are stable and functional upon surface

immobilization, we evaluated the ability of the protein to recognize its aptamer as well as

the specificity of the nucleic acids for its protein. The PEM films were pCP with patterns

of thrombin and HA aptamers on the same surface (Figure 6.4A), upon which various

proteins were subsequently added to the aptamer patterns to determine whether the
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Figure 6.4. Fluorescent images of aptamer immobilized on PEM films (A) Scheme of the aptamer patterns

on the PEM films. Circles represents HA aptamer and triangles represents thrombin aptamer (B) FITC

tagged thrombin and (C) FITC tagged HA added on top of the aptamer patterns

immobilized aptamers maintained their specificity for their proteins, in this case the

thrombin protein. Fig. 6.4 (B, C) represents typical fluorescence images of aptamer

microarrays when they are incubated with a single individual analyte. Both HA and

thrombin aptamers immobilized on the PEM surfaces yielded a highly specific response

to their corresponding target protein and showed no cross-reactivity with the other

proteins. As shown in Figure 6.4 (B,C), FITC tagged HA did not bind to the thrombin

aptamer patterns and the FITC tagged thrombin did not bind to the HA aptamer patterns

and the tagged proteins attached preferentially onto the corresponding aptamer regions as
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demonstrated in Figure 6.4 (B,C). This study provides a proof of concept that the

aptamers are still active after surface immobilization and binds specifically to its target

protein.

6.3.3 Monitoring of PEM Deposition Process
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Figure 6.5 (A) UV-absorption spectra of (PLL/thrombin aptamer) multilayer coatings, and (B) plots of

absorbance at 260nm. The UV-absorption spectra were monitored using quartz substrates after the

deposition of 1-10 bilayers.
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The build-up of multilayered nucleic acid-coatings on quartz substrates via UV-

Vis spectrophotometry could be easily monitored using the DNA base chromophores

(absorbance maximum at 260 run). As illustrated in Figure 6.5, multilayered thrombin

aptamer-coatings showed an increase in UV-absorbance spectrum with every successive

double-layer addition. DNA contributes a characteristic absorption band at 260 nm. Two

points are worth noting. First, the absorbance plot at 260 nm shows an increase with the

bilayer number, suggesting that DNA molecules have been successively incorporated into

the film. Second, a linear increase in the UV—vis absorbance. of the films is observed with

the addition of each layer (Figure 6.5 B). These observations indicate that the aptamers

are being incorporated within the PEM films and the multilayers are formed due to the

negative charge of the nucleic acids, i.e. acting as a polyanion. Similar experiments were

performed with aptamers for the HA antigenic proteins present on the influenza virus.

The build up of the films was followed by UV-Vis and ellipsometry and the change in

thickness was measured after each bilayer addition. As shown in Figure 6.6, the

absorbance intensity and thickness of the films increased linearly with the increase in the

number of bilayers which indicates the incorporation of the HA aptamer within the PEM

films.
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Figure 6.6 (A) Plots of UV-Vis absorbance at 260nm of (PLL/HA aptamer) multilayer coatings. The UV-

absorption spectra were monitored using quartz substrates alter the deposition of l-lO bilayers The

thickness of multilayered films increased as a function of number of bilayers as measured by ellipsometry.

Values are given as mean i standard deviation (n=3).
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6.3.4 Deconstruction of the PEM Films
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Figure 6.7 The schematic construction and deconstruction of PLL/DNA PEM films via layer-by-layer as

aptamer/siRNA delivery system. (A) Construction of the films by layer-by-layer deposition of PLL and

nucleic acid, and (B) deconstruction of the films

Numerous studies have shown that PEM films can be degraded under

physiological conditions under enzymes, pH or changing ionic strengths.205'207 We

demonstrated that the nucleic acid encapsulated multilayer films can be deconstructed by

controlling the ionic strength in the solution. The aptamers/siRNA can be released under

physiological conditions, schematically illustrated in Figure 6.7. UV—Vis and ellipsometer

were used to monitor the deconstruction of the PEM films and the loss of the nucleic

acids embedded within the films. As seen in Figure 6.8, the film was deconstructed or

dissociated after incubating the DNA aptamer/PEM films in 0.5M NaCl solution. During

the construction of the films, the PLL/nucleic acid complexes or PLL/nucleic acid

segment ion pairs formed, which stabilized the films.207' 208 When the films are incubated
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in concentrated salt solution, the salt ions attach to the complexes or the ion pairs. This

weakens or breaks the interaction between the PLL and nucleic acid molecules and

results in the loss of the nucleic acid molecules. Dubas and co-workers have

demonstrated salt-induced deconstruction of (FAA/PDAC) multilayer films.209 The

kinetics of the salt induced deconstruction of PEM films varied with the NaCl

concentration. Increasing the NaCl concentration increased the extent and rate of the film

deconstruction.
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Figure 6.8 The thickness of multilayered films decreased as a function of degradation time. Values are

given as mean i standard deviation (n=3).

To further examine the stability of the released aptamers, multilayer films were

constructed by incorporating FITC tagged HA aptamer within the PEM films. The PEM

films were then treated with 0.25M salt solution resulting in the release of aptamers due

to the deconstruction of the PEM films. The released aptamers were then added to the

surface with HA and thrombin patterns. As illustrated in Figure 6.9, the released FITC

tagged HA aptamers bound only to the HA peptide on the surface did not bind to the

surface immobilized with thrombin surface, thereby indicating that the aptamer was
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active and retained its specificity for its corresponding protein upon released from the

PEM films when treated with salt.

A

 

Figure 6.9. Fluorescent images of released FITC tagged HA aptamer binding onto patterns of (A) HA and

(B) thrombin.

6.3.5 Cell Uptake of Released Nucleic Acids from PEM Films

In vitro experiments demonstrating the uptake by cells of nucleic acids

immobilized on the PEM surfaces was performed with block-iTTM fluorescent oligo.

These oligo molecules are fluorescein-labeled, double stranded RNA duplex with the

same length, charge and configuration as standard siRNAs. When the cells take up this

RNA, they begin to fluoresce as shown in Figure 6.9. We examined the cell uptake of the

nucleic acids immobilized on the PEM surfaces using two types of mammalian cells:

transformed 3T3 fibroblasts (3T3s) and primary hepatocytes. The cells started to

fluoresce after 6 days which demonstrated the possibility that this effect may be extended

to aptamers and siRNA molecules immobilized on PEM surfaces.
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Figure 6.10. In vitro fiuroescence microscope images of cells on PEM surfaces with immobilized

fluroescent oligos. Lefi panels show the fluorescent images and the rigth panels show the merged image of

phases contrast and fluorescent images of (A,B) fibroblast and (C,D) primary hepatocytes.

6.4 Conclusions

In this chapter we demonstrated that PEM thin films can be a template for

aptamer and siRNA molecules for drug delivery applications. Our preliminary studies

indicated that the FITC labeled RNAS immobilized on PEM surfaces were taken up by

fibroblasts and primary hepatocytes suggesting this effect may be extended to aptamers

and siRNA molecules immobilized on PEM surface. Future studies will focus on

targeting a specific biomolecule with aptamer or siRNA molecules attached on PEM

surfaces. A comparative study with several cell types, such as cell lines and primary cells,



will be performed to determine the delivery efficiency of DNA vs RNA molecules to the

different cell types.
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CHAPTER 7 CONCLUSIONS

This thesis has shown that PEMS are extremely versatile thin film assemblies for

engineering surfaces to control cell adhesion and for drug delivery applications. The

multilayers are chemically rich matrices in which molecules such as proteins, nucleic

acids and cells can interact with the thin films. Moreover, the physical structure and

chemical architecture of the multilayers are tunable and customizable by simple means

such as assembly solution conditions (e.g., pH, salt) and choice of polyelectrolytes. PEMS

films are excellent candidates for biomaterial applications, provide flexibility in building

complex three-dimensional architectures and also provide an ability to control the

arrangement of multiple cell types with subcellular resolution.

Chapter 2 demonstrated the ability of PEM films to control the adhesion of

primary cells (primary hepatocytes and neurons) without the help of adhesive

ligands/proteins and further formed patterns of these cells using microcontact printing.

The primary cells attached preferentially on PEM films with SPS as the topmost surface.

We capitalized upon this differential cell attachment and spreading of primary

hepatocytes and neurons on PDAC and SPS surfaces to control the adhesion of the

primary cells and form patterns of the cells. The cell patterns were achieved without the

help of adhesive proteins/ligands. We demonstrated that the hydrophobic and cell

resistant PDMS surfaces can be made to be cell adhesive surfaces by coating with PEM

films. We also demonstrated that the addition of topographical features on the PEM

coated surfaces provided an alternative approach to chemistry for controlling the

attachment of primary cells (hepatocyes) and the attachment and grth of transformed

cells (3T3 fibroblasts and HeLa cells). We further used these films as templates for
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patterned co-cultures of primary hepatocytes/fibroblasts and primary neurons lastrocytes

on the PEM surfaces as described in Chapter 3. The patterned co-cultures enhanced the

function and viability of the primary cells for extended time period in vitro. This

technique we developed provides a useful tool for engineering neuronal and hepatocyte

co-culture systems, which may more accurately capture liver and neuronal cell function

and metabolism in normal versus diseased states.

Chapter 4 described the development of novel self-assembled monolayer (SAM)

patterns of m-d-poly(ethylene glycol) (m-dPEG) acid molecules onto PEMS. The created

m-dPEG acid monolayer patterns on PEMS acted as resistive templates, and thus

prevented further deposits of consecutive poly(anion)/poly(cation) pairs of charged

particles and resulted in the formation of three-dimensional (3-D) patterned PEM films or

selective particle depositions atop the original multilayer thin films. These new patterned

and structured surfaces have potential applications in microelectronic devices and electro-

optical and biochemical sensors. Chapter 5 demonstrated that the PEG patterns developed

are tunable at certain salt conditions and can be removed from the PEM surface without

affecting the PEM layers underneath the patterns. These removable surfaces provide an

alternative method to form patterns of multiple particles, proteins and cells. This new

approach provides an environmentally friendly and biocompatible route to designing

versatile salt tunable surfaces.

Chapter 6 described the use of multilayers to engineer aptamer and siRNA based

drug delivery systems. We capitalized on the negative charge of aptamer and siRNA

molecules to attach these molecules on PEMS by electrostatic interaction. We

demonstrated the successful immobilization and patterning of aptamers and siRNAs on
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PEM films using electrostatic interaction of nucleic acids on top of the thin films. These

films were degraded under biocompatible conditions and the nucleic acids were released

to the cell culture. The cell uptake of these molecules also showed the proof of concept

that these films can be designed to release a wide range of molecules after incorporating

them into these films.

This thesis has laid the foundation to explore in detail the ability of PEM fihns to

control cell adhesion for a variety of cells and also for the delivery of a wide variety of

drug molecules. We found PEMS are compatible with a wide variety of cells including

primary hepatocytes and primary neurons which have difficulty adhering in vitro. We

developed PEG patterns which act as a universal resist group for a wide variety of cells

and can be extended to form co—cultures without requiring a tunable adhesive/resistive

surface that is cell-specific. Future work will focus on using this removable PEG surface

to create patterned co-cultures of different cell combinations critical for the function of

tissues in vivo. The tunable PEG patterns can be extended to develop targeted delivery

systems that can simultaneously immobilize multiple drugs and to form arrays of proteins

and nucleic acids for biosensors. The PEM films can also be used to encapsulate multiple

siRNA and aptamer molecules within the films to target multiple genes for a variety of

diseases. PEM films provide us with the ability to incorporate multiple drugs or

biomolecules which may increase the efficiency of the delivery system and help prolong

the efficacy of the drug molecules.
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APPENDIX 1: Definitions

A. SELEX

In vitro selection, or SELEX, is a technique that allows the simultaneous screening of

highly diverse pools of different RNA or DNA (dsDNA or ssDNA) molecules for a

particular feature. In 1990, the laboratories of G. F. Joyce (La Jolla), J.W. Szostak

(Boston), and L. Gold (Boulder) independently developed a technique which allows the

simultaneous screening of more than 1015 individual nucleic acid molecules for different

functionalities. This method is commonly known as "in vitro selection", "in vitro

evolution" or "SELEX" (systematic evolution of ligands by exponential enrichment).

With the in vitro selection-technique large random pools of nucleic acids can be screened

for a particular functionality, such as the binding to small organic molecules, large

proteins or the alteration or de novo generation of ribozyme-catalysis. Functional

molecules ("aptarners" a linguistic chimaera composed of the latin aptus = to fit and the

greek suffix -mer) are selected from the mainly non-functional pool of RNA or DNA by

column chromatography or other selection techniques that are suitable for the enrichment

of any desired property. The method is conceptually straightforward: in a standard DNA-

oligonucleotide synthesizer a starting pool is generated. The machine synthesizes an

oligonucleotide with a completely random base-sequence which is flanked by defined

primer binding sites. In this way, up to 1015 different DNA molecules can be synthesized

at once. The immense complexity of the generated pool justifies the assumption that it

contains a few molecules with the correct receptor structure or with tertiary structures

which lead to catalytic activity; these are selected, for example by affinity
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chromatography or filter binding. Because a pool of such high complexity can be

expected to contain only a very small fi'action of functional molecules, several

purification steps are usually required. Therefore, the very rare active molecules are

amplified by the polymerase chain reaction (PCR) or in a transcription-based step. In this

way, iterative cycles of selection can be carried out. Successive selection and

amplification cycles result in an exponential increase in the abundance of functional

sequences, until they dominate the population. The method has been applied to a number

of different applications; for example, in vitro selection has proven to be extremely

efficient for the identification of bases which cannot be changed without loss of function

and are important in ribozymes, or in a protein binding site in a (ds or ss)DNA or RNA

molecule. Recently, in vitro selection has been used for the de novo isolation of catalytic

RNAS. These include ribozymes with ligation activity, isomerases and ribozymes which

catalyze the ATP-dependent phosphorylation of RNA oligonucleotides. The basis for the

latter two ribozymes was the isolation of RNAs for specific binding to small substrate

molecules, for which several examples exist. RNA- and DNA-aptamers have been

isolated, which not only bind tightly to proteins, but also are able to inhibit their

biological activity.

B. Advantages of Aptamers

o are chemically stable to all but the harshest environmental conditions and can be

boiled or frozen without loss of activity.

0 may be produced on the benchtop using standard molecular biological techniques

or they may be chemically synthesized at micrograrn to kilogram scales.
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As synthetic molecules, they are amenable to a nearly infinite variety of

modifications designed to optimize their properties for a specific application.

They may be circularized, linked together in pairs, or clustered onto the surface of

a fat globule.

For in vivo applications, aptamers can be modified to dramatically reduce their

sensitivity to degradation by enzymes in the blood.

Other chemical appendages can alter their biodistribution or plasma residence

time following intravenous injection. This plasticity is a distinct advantage of

aptamers over other types of molecular ligands, such as monoclonal antibodies,

where chemical modification is often variable, difficult to control, and may harm

the function of the molecule.

117



LIST OF PUBLICATIONS

The following publications were made as a direct result of the research carried out for

this project.

Published and accepted journal articles:

1) “Selective Depositions on Polyelectrolyte Multilayers: Self-Assembled

Monolayers of m-dPEG Acid as Molecular Templates” Srivatsan Kidambi,

Christina Chan, Ilsoon Lee. J. Am. Chem. Soc. 126, 4697-4703, 2004.

2) “Controlling Primary Hepatocyte Adhesion and Spreading on Protein Free

Polyelectrolyte Multilayer Films” Srivatsan Kidambi, Ilsoon Lee, Christina

Chan. J. Am. Chem. Soc. 126 (50), 16286 ~16287, 2004.

3) “Cell Adhesion on Polyelectrolyte Multilayer coated PDMS Surfaces with

Varying Topographies” Srivatsan Kidambi, Natasha Udpa, Stacey Schroeder,

Ilsoon Lee, Christina Chan. Tissue Engineering (in press), 2006.

4) “Selective Adhesion of Primary Hepatocytes on Polyelectrolyte Multilayers:

Template for Patterned Cell Co-culture” Srivatsan Kidambi, Lufang Sheng,

Mehmet Toner, Martin Yarmush, Ilsoon Lee, Christina Chan. Macromol Biosci

(in press), 2006.

Journal articles submitted for review or in preparation:

1) “Patterned Co-culture of Neurons and Astrocytes on Polyelectrolyte Multilayer

Films for Studying Astrocyte Mediated Oxidative Stress in Neurons” Srivatsan

Kidambi, Ilsoon Lee, Christina Chan. submitted to Advanced Functional

Materials, 2006.
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2)

3)

4)

“Salt Responsive m-dPEG Acid Self Assembled Monolayers on Polyelectrolyte

Multilayers” Srivatsan Kidambi, Christina Chan, Ilsoon Lee., in preparation,

Nature Materials, 2007.

“Construction and degradation of multilayerd PLL/Aptamer fihns” Srivatsan

Kidambi, Ilsoon Lee, Christina Chan, in preparation, Nature Chemical Biology,

2007.

“Cell Targeted Delivery of siRNAs using Polyelectrolyte Multilayer Templates”

Srivatsan Kidambi, Ilsoon Lee, Christina Chan, in preparation, Nature

Chemical Biology, 2006.
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