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ABSTRACT OF DISSERTATION

M OLECULAR CHARACTERIZATION OF M ACROPHAGE RESPONSE TO 

M ODEL BIOMATERIAL SURFACES IN  VITRO

Cellular response to various model biomaterials has important fundamental significance 

to numerous medical device and diagnostic applications. Biomaterial implants are 

plagued by failure, associated with a host “foreign body” inflammatory reaction, 

regardless o f composition or physiological placement. Underlying the rejection process is 

a complex dynamic relationship between cells, biomaterials and milieu. In vivo, 

circulating monocytes arrive at a biomaterial surface, attach to it and differentiate to 

macrophages, the key mediators o f the “foreign body” reaction. Macrophage presence 

signals a chain o f events that may result in chronic inflammation, and ultimately implant 

failure. Understanding the mechanisms by which macrophages are able to adhere to and 

differentiate on implant surfaces is an important first step toward developing 

biocompatible implants.

Macrophage response to a diverse group o f model biomaterials surfaces was investigated. 

Gross cellular response was tracked over time, reporting adhesive behavior, proliferative 

rates, and morphological changes as a function o f surface chemistry. Initial studies 

compared commonly employed cell culture substrates and select model biomaterials with 

clinical relevance. Subsequently, the study o f surface chem istry’s effect on cell adhesive
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behavior was extended to a large group o f plasma-polymerized co-patterned surfaces of 

distinct chemistries.

M olecular level response to biomaterials was tracked via the Rho GTPase cellular 

signaling cascade, one integrin-linked outside-in signaling cascade with the ability to 

affect cell adhesion, proliferation and spreading in response to environmental cues. 

Expression and activation o f  the Rho proteins was compared based on cell maturity (pro­

monocyte to monocyte to macrophage lineages), cell derivation and by model surface 

chemistry. Finally, the molecular mechanism by which macrophage cells adhere to and 

proliferate on albumin selective fluorocarbon surfaces was investigated through integrin 

blocking studies. Collectively, these experiments represent an important step toward an 

improved understanding o f the unique behaviors exhibited by macrophage cells as part of 

the natural response to unnatural materials present in the body.

Marisha L. Godek 
Cell and Molecular Biology Program 

Colorado State University 
Fort Collins, CO 80523 

Summer 2006
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CHAPTER 1: INTRODUCTION-MACROPHAGE INTERACTIONS 

WITH BIOMATERIAL SURFACES

This chapter was written by M arisha L. Godek and edited by David W. Grainger. It is 

intended to provide information fundamental to an appreciation o f the macrophage cell 

and its role in immuno-modulatory inflammatory processes, particularly the foreign body 

reaction. This chapter begins with a general introduction, followed by a description of the 

biointerface, and accompanying surface-protein-cell interactions. Cellular adhesion 

receptors are briefly introduced. The second section (beginning 1.4) o f the chapter is 

devoted to the physiological responses relevant to biomaterials/biomedical device 

placement in vivo : normal and abnormal (foreign body reaction) wound healing. The 

third section (beginning 1.6) describes experimental design and conditions and includes 

working hypotheses addressed in Chapters 2-4.

1.1 Introduction

Biomaterials and associated biomedical devices represent a billion dollar industry in the 

Unites States alone.1 In vivo, all biomaterials and biomedical devices are plagued by a 

host inflammatory response, the foreign body reaction2 (FBR), regardless o f material 

composition or placement.3’4 The FBR involves components o f numerous physiological 

responses, including wound healing and inflammation, and is characterized by chronic

1
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inflammation, compromised healing at the implant site and biomedical device failure.5 

Significantly, the exceedingly complex FBR is poorly defined at the molecular level.2’6

Understanding the FBR elicited by all surgically placed biomaterials4 is of tremendous 

importance given that it represents a significant hurdle in biocompatible materials 

development. Current biomaterials/biomedical devices provide some measure of success, 

often defined in terms o f minimal performance requirements that can be translated to 

extended or improved quality o f life for patients. However, it can be generally stated that 

medical device performance in many contexts is well below expectations for patients and 

physicians alike -  most implanted devices do not achieve their full potential in vivo (as 

indicated or intended by design), suffer numerous complications, and are merely tolerated 

by the body. Creating biocompatible materials, i.e. materials with the ability to perform 

with an appropriate host response in a specific application,1 is inherently challenging due 

to the tremendous range o f  physiological locations and conditions where devices must 

function. This problem is further compounded by a variety o f  factors including the 

chemical composition, form and properties o f  the device itself, the performance 

requirements and expected lifetime o f the device once placed, and the patient’s age and 

health.

The surgical placement o f a biomedical device results in the formation o f a wound site, 

and the ensuing ubiquitous FBR represents an aberrant form o f wound healing;5 thus, 

examination o f  what is currently known about the progression o f the essential “normal” 

wound healing response is important to distinguishing and understanding components o f

2
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the FBR. Current research efforts on the FBR are diverse, crossing immunology, 

pathology, surgery, cell and molecular biology, materials science, and biomedical 

engineering. One effort focuses on the biointerface between the implant material and the

• 7 0
body, often distilled to studies o f “cells on surfaces.” ‘ At the cellular level this response 

can be examined in terms o f key immune cells known to interact with materials and 

facilitate FBR development, in particular monocytes (MC), macrophages (MO), and 

activated M O.4 These cells are implicated in acute and chronic inflammatory responses to 

foreign entities o f various origins.5’10,11 Further, the relationships between MC, MO and 

other cells (e.g., fibroblasts, endothelial cells) are significant when considering implanted 

materials biocompatibility, given that M O cells recruit and influence the behavior of 

other cell types at the implant site, contributing to the development o f  specific 

physiological outcomes (e.g., inflammation, thrombosis, fibrosis, angiogenesis)4,11,12

The work described here has significant implications for the success o f all implantable 

materials given that immune cells such as the M O represent the first line of defense 

within the body and play a critical role in mobilizing inflammatory responses that impact 

the ultimate fate (acceptance or rejection) o f biomedical implants 4,5 Additionally, MO 

cells are now employed for in vitro diagnostic testing and drug screening (e.g., 

inflammation, cytotoxicity), and information gleaned from this study is also applicable to 

improving the reliability o f these M O-based assays. The global objectives o f the work 

presented here include an improved understanding o f the following: 1) the FBR to model 

biomaterials at the molecular level, 2) the effects o f in vitro cell culture conditions (e.g., 

serum, time, exogenous cytokine addition) on M O cells employed to recapitulate the

3
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FBR ex vivo/in vitro and 3) the equivalence (or non-equivalence) o f primary- and 

secondary-derived M O  cells commonly employed for in vitro assessment of 

biocompatibility.

1.2 The bio interface

The biointerface is the region where a biomedical device/biomaterial and the body/tissue 

1 ̂converge. For practical purposes, the biointerface can often be defined in terms o f the

diverse interactions between the outermost surface o f  the material and the cells that

11

contact it through specific and/or non-specific protein-mediated interactions.

Biomaterials with a wide range o f chemical and physical properties are commonly

13employed in vivo and these properties are important determinants o f protein selection 

and adsorption from complex biological solutions.14' 19 Significantly, adsorbed proteins on 

a device surface affect cell adhesive behavior, i.e., most mammalian cells attach best to 

surfaces that are neither too hydrophobic nor too hydrophilic, and o f moderate 

polarity. ’ ’ Highly hydrophilic (e.g., poly(ethylene glycol), poly(ethylene oxide), 

dextran) and highly hydrophobic (Teflon®, polystyrene) surfaces are poorly supportive

o 1321 23 •of mammalian cell adhesion in vitro, ’ ’ ' although implant performance cannot be 

gauged by cell adhesive behavior alone.

Relationships between polymer surfaces and cells depend upon specific surface 

characteristics such as the chemical composition (surface free energy), related wettability 

(hydrophobicity/hydrophilicity), charge, topography and specific functionalization or 

surface m odifications.14,18,24 In turn, these features affect the surface selection of proteins

4
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from complex biological milieu, such as plasma or serum.25 In vivo and in vitro, materials 

are coated by proteins within seconds o f exposure; cells never directly contact bare 

surface chemistry without adsorbed proteins.16 However, control over protein interfacial 

events, including adsorbed layer composition, protein conformational maintenance and 

subsequent interactions with cells and platelets is not possible. Hence, no matter what 

determinants are asserted for device biocompatibility, interfacial controls on such events 

are minimal in physiological conditions. Host inflammatory reactions to implanted 

materials are a direct result o f this problem. These reactions are ubiquitous and without a 

molecular or cellular basis for understanding.

Cell-surface interactions, specifically interactions o f MC and MO with biomaterial 

surfaces, are regarded as central to inflammatory responses and the FBR commonly 

observed around implants in vivo.5 MC and MO presence at wound sites is a normal 

response to wound healing. Indeed, their presence at the device surface in the 

implant/wound site is essential for progression through various phases o f  the normal 

wound healing response (e.g., removal o f apoptotic neutrophils, control o f infection, 

recruitment o f cells that aid in acute injury response and the production o f connective 

tissue, etc).5,10,11 Hence, these physiological events are not entirely adverse, and do not 

necessarily affect implant function and normal wound healing mechanisms. However, 

acute healing transition to chronic inflammation and departure from normal mechanisms 

is often observed at implant sites, producing the FBR. Understanding how inflammatory 

and healing processes can be controlled (and enhanced or curbed as appropriate) and how 

device design and materials influence these processes could lead to dramatic

5
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improvements in implant function and device-host tissue integration in vivo.

Ameliorating the FBR to improve implant performance remains an elusive goal in many 

implant scenarios. Toward this end, improved molecular and cellular understanding of 

inflammatory and healing processes in biomaterials/biomedical device scenarios is 

requisite.

1.3 Cell-protein-surface interactions

One approach to understanding the global FBR to biomaterials is to examine key 

interactions required for FBR development. In addition to the cellular players involved in 

the FBR and FBGC formation, two important factors influential in FBGC formation are 

(biomaterial) surface chemistry and protein adsorption that occur prior to cell adhesion.

It has been hypothesized that these factors are critical indicators o f biomaterials and 

biomedical device success in vivo.4 This section will focus on cell-protein-surface 

interactions essential for development o f the FBR.

1.3.1 Protein interactions with surfaces

All materials exposed to biological milieu are rapidly coated with proteins.15 Despite bold 

assertions to the contrary, materials can influence but not prevent or control this response 

in physiological milieu. Several thousand different soluble proteins assail an implant 

surface exposed to physiological milieu, with a dynamic concentration range o f 1011 and

97broad range o f molecular weights, sizes, and physicochemical characteristics. Most are 

surface-active. The practical ramification of this phenomenon is that cells must interact 

with this adsorbed protein layer.26 Surface chemistry has been shown to play a role in

6
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dictating protein adhesion from complex biological milieu and multi-component protein 

solutions,14’18’28 and not all protein species are represented on a given surface proportional 

to their bulk concentration.28 Hence, surface chemistry has an indirect effect on cell 

adhesion through protein interfacial activity, exchange, adsorption and equilibrium 

composition.26

Protein
Plasma
Concentration
(mg/ml)

Plasma
Concentration
(pM)

Molecular
Weight
(kD)

Present in 
serum

Albumin 40 600 66 Y
IflG 8-17 53-113 150 Y
Fibrinogen 2-3 5.8-8.8 340 N

C3 1.6 8.8 180
Y, active in 
non-HI serum 
only

Fibronectin 0.33 0.6 500 Y
Vitronectin 0.2-0.4 2.6-5.3 75 Y

Table 1.1 Characteristics of select plasma proteins25,29,30.

The rapid initial protein adsorption phase is replaced by multiple slower subsequent 

phases where protein adsorption is limited by the surface space remaining, displacement 

and exchange reactions and steady-state kinetics, and typically a steady-state phase is 

achieved by > 2 hours.29 A close-packed protein monolayer will have approximately 100- 

500 ng o f protein/cm2, depending on protein size and orientation.29 Importantly, 

competitive adsorption studies indicate that different proteins have different affinities for 

the same surfaces 28 Further, mass concentration in solution is an important factor that 

affects competitive adsorption behavior.29 The precise position o f equilibrium in any 

given surface system is not predictable. Importantly, the primary serum protein 

components (albumin, fibrinogen, gamma globulins) influence cell adhesion (platelets, 

leukocytes, MC and MO) that leads to inflammatory response, fibrous encapsulation and 

potential implant failure.6,18 The molar plasma concentrations o f select plasma proteins

7
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7S  "30 7 1
are shown in Table 1.1. ’ ’ Trace matrix proteins fibronectin and vitronectin can exert 

a profound cell adhesive effect if  present on surfaces at a critical density.

Adsorbed proteins often undergo conformational changes that allow continuous surface 

associations and/or bonding between the protein and the surface (influenced by the

7d  752
surface composition and the protein species). ’ This dynamic rearrangement may 

stabilize the adsorbed protein layer, reflected in reduced o ff rates/protein exchange in

77 77complex biological solutions (e.g., blood, plasma, serum). ’ This is an important factor 

in biomaterial selection and biomedical device design since material selection can, to 

some extent, influence the nature o f  the adsorbed proteins in complex biological milieu, 

which may in turn influence the ability o f cells to interact with the material.24 For 

example, highly hydrophobic surfaces (e.g., fluorocarbons) are known to preferentially 

bind the abundant serum protein, albumin, (Table 1.1) in complex biological milieu.32'34 

Due to favorable interactions between the surface and protein, a low exchange rate 

between this protein species and others (e.g., fibronectin, vitronectin, fibrinogen, etc.) is

• 13observed. Since most cells lack appropriate receptors for interaction with albumin, the 

adsorbed protein effectively serves as a mask to block cell adhesion. This albumin- 

masking property is commonly exploited in masking bio-assay surfaces against unwanted 

cell interactions.

1.3.2 Cellular adhesion receptors

Cells can interact with surfaces using non-specific physical forces (electrostatic or 

dispersive forces). However, specific interactions between cell adhesion receptors on

8
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cells and the surface-adsorbed protein layer are important for cellular adhesion, growth, 

proliferation and migration on surfaces.24 Cells are known to have numerous adhesion 

receptors (> 50 now  known) belonging to four basic families: the integrins, cadherins, 

selectins, and members o f the IgG superfamily.35 O f these, integrins are the most 

frequently studied; they have recently been identified as the principal regulators of

• • 36  •biomaterial-cell interactions. Integrin receptor heterodimers comprise transmembrane a  

and p subunits that assemble non-covalently by lateral diffusion to form a metal ion- 

dependent functional unit specific to matrix protein ligand motifs.37

More than 25 integrins are currently known, based upon combinations o f the 8 (1 and 18 

11

a  subunits. M ost cell types express multiple integrin receptors, allowing cell 

interactions with proteins, generally in adsorbed or insoluble (i.e., crosslinked collagen) 

forms. Integrin-ligand interaction proceeds through receptor binding o f specific matrix 

protein amino acid sequences, such as the ubiquitous arginine-glycine-aspartic acid

-3 /T

(RGD) cell binding m otif found in many matrix proteins. Integrins are promiscuous, 

i.e., one integrin typically has the ability to bind multiple ligands. Recognized integrin 

ligands include fibronectin, vitronectin, collagens, laminin, tenascin, fibrinogen, C3bi,

1 T

and many others. Further, it is widely accepted that specific receptor interactions 

between cells and surfaces are primarily mediated through cell-adhesive proteins such as 

fibronectin, vitronectin and fibrinogen.24 MC and MO are known to express many

30

integrin receptors, including leukocyte restricted receptors. Integrin families known to 

be present on leukocytes, include: ocmP2 (Cdl lb/CD18, Mac-1, CR3), a x p 2

9
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(Cdl lc/CD18, p l50 ,95), a Lp2 (CD1 la/CD18, LFA-1), and a 4pi (CD49c/CD29, VLA- 

4).39'44

Integrin-mediated cell interactions with biomaterials may result from deposition of 

surface-adsorbed proteins from 1) complex biological solutions (e.g., blood, plasma, 

serum), 2) proteins deposited by cells (e.g., fibronectin, vitronectin, collagen) or 3) pre­

adsorbed single or multi-component solutions o f adhesive proteins or peptides.36 In 

complex solutions, the surface-adsorbed protein composition may change over time due 

to exchange o f  surface adsorbed proteins with others in solution (i.e., the Vroman 

effect).45 Cell interactions with the surface can lead to dramatic reorganization of the 

adsorbed protein layer (e.g., via MO-based degradation or production o f ECM proteins) 

producing improved or strengthened cell-biomaterial interactions.36 These interactions 

may be desired/favorable in normal wound healing and inflammatory responses, or 

undesired/resulting as in the development o f a FBR, often the case for MC/M<1> adhesion 

to biomaterial surfaces.

1.4 Physiological responses in the absence or presence of biomaterial implants

1.4.1 Normal wound healing, a general description

The normal wound healing process is a concerted effort between multiple cell types 

including leukocytes (MC, MO, platelets, granulocytes, lymphocytes), fibroblasts, 

endothelial cells and keratinocytes.10 MO play an instrumental role in wound healing: 

the absence o f  wound M O has been correlated to impaired wound healing.46 Under 

normal circumstances (e.g., the absence o f a biomaterial) wound healing progresses

10

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



through four stages: hemostasis, inflammation, proliferation and resolution.10 Hemostasis 

(vasoconstriction and clot formation) occurs first, followed by the inflammatory stage, 

which begins within hours o f injury and may persist for several days. The inflammatory 

stage is marked by the influx o f leukocytes; tissue MO in particular play a critical role in 

wound healing.47 “Proliferation” is the regenerative stage where protein synthesis, 

cellular differentiation or replication occur, and the healing process begins. During the 

resolution stage, wound remodeling, accompanied by regression o f  newly formed 

capillaries, takes place.10

The sequence o f events related to normal wound healing involves several essential 

cellular players. Neutrophils, comprising 60-70% o f the circulating leukocyte population, 

arrive at the wound site first but are quickly replaced by MC (representing a mere 3% of 

circulating leukocytes) 48 MC are attracted by a variety o f  chemokines, platelet-derived 

factors and complement split products produced locally and transiently.10 MC are 

recruited throughout the inflammatory stage, and once at the injury site differentiate to 

M O, becoming the predominant cell type in the wound by day 5 and persisting for up 

to months.5 Activated M O amplify the inflammatory response by producing 

chemoattractants for MC and other cell types, resulting in further cellular infiltration of 

the injury site. M O-derived factors play a role in angiogenesis, extracellular matrix 

deposition49 and fibroproliferation requisite for wound repair.11,12 Further, MO presence 

at the wound site is essential for removal o f necrotic tissue and apoptotic cells.47

1.4.2 Role of the macrophage in normal wound healing
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Chief M O  functions in normal wound sites are 1) phagocytosis o f apoptotic cells (e.g., 

neutrophils) and extracellular debris47 and the modulation o f  2) angiogenesis and 3) 

fibrogenesis.10 Phagocytosis o f senescent neutrophils is believed to be mediated by 

specific subsets o f lectin (monosaccharide specific), integrin (thrombospondin specific) 

and lipid (phosphatidylserine specific) receptors found on wound M O .50 Numerous 

studies report wound MO stimulation o f capillary growth required to supply nutrients for 

tissue regeneration.10 In situ  studies indicate that wound MO produce various pro- 

angiogenic factors including transforming growth factor-a (TG F-a), platelet-derived 

growth factor (PDGF), vascular endothelial growth factor (VEGF)5152 and others.10 In 

addition to producing pro-angiogenic factors MO are known to produce several 

endothelial cell inhibitors (thrombospondin, other-poorly defined factors), suggesting a 

role in vascular regression and the resolution phase o f  wound healing.

Similar to their modulation o f angiogenesis, wound MO have pro- and anti- fibrotic 

functions. Pro-fibrotic functions include the ability o f M O to produce ECM components 

such as fibronectin, thrombospondin and proteoglycans.54 Further, MO-derived growth 

factors such as transforming growth factor-P (TGF-P) and PDGF directly stimulate 

collagen synthesis and fibroblast proliferation.11 In contrast, M O produce numerous 

effectors o f ECM -degradation including metalloproteinases and proteinase activators.55 

These findings suggest a role for the wound M O in ECM remodeling.

In the context o f wound healing two chemokines that affect MC and M O participation, 

monocyte chemotactic protein-1 (MCP-1) and M O inflammatory protein l a  (M IP-la),
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have been found to have distinct patterned expression throughout the course o f wound 

repair. M IP -la  levels have been demonstrated to peak concomitant with maximum McD 

levels w ithin the wound site. Further, M IP -la  antibody neutralization was shown to lead 

to decreased MO numbers at the wound site, suggesting that M IP -la  is crucial for MO 

recruitment during wound repair.56,57

Limited studies have demonstrated that wound M O are phenotypically distinct from other 

MO populations, and these altered phenotypes have both temporal and location- 

dependent components.58,59 Based on the role o f the wound MO in angiogenesis alone, a 

phenotypic shift from “reparative/proliferative” to “regression/anti-proliferative” should 

occur.10 However, a wound-specific phenotype is currently unknown and rigorous 

investigation toward this end has not been attempted; this type o f study is complicated by 

the heterogeneous wound MO population, the pleiotropic nature o f wound M O function 

and the overlapping phases o f (and functional shifts assumed to accompany) wound 

healing.

1.4.3 The foreign body reaction, a general description

The FBR is often described as an altered or abnormal wound healing process. The most 

obvious distinction between normal and abnormal in this context is that in the presence of 

a foreign entity (e.g., a biomaterial or biomedical device), the response does not progress 

to or through the normal resolution stage. However, in the context o f  implanted 

biomaterials, the FBR with the development o f  granulation tissue is considered to be the 

normal wound healing response ,5 The FBR is often (although not necessarily) associated
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with chronic inflammation, characterized by the presence o f MC, MO and lymphocytes, 

angiogenesis and fibrogenesis.5 Chronic inflammation may result from infection at the 

implant site, inherent chemical and physical properties or motion o f  the implant.5 Chronic 

inflammation is localized and usually short-lived, but it may persist for years in the 

presence o f a foreign body.4,5 Generally, inflammation, wound healing processes and the 

FBR are all facets o f the host response to tissue injury that occur upon placement o f a 

biomaterial or biomedical device.5

The FBR to biomaterial implants physically comprises the implant, foreign body giant 

cells (FBGC), and granulation tissue composed o f MO, fibroblasts and capillaries, in 

varying amounts.4,5 The nature o f the implant (composition, surface roughness, general 

shape and physiological placement) influences the structure and thickness o f the FBR 

formed around it.4 Most, but not all materials are isolated from the adjacent tissue via a 

fibrous capsule (i.e., dense compacted collagen) that constitutes the outermost layer of 

the reaction and is typically considered one o f the hallmarks o f end stage healing in 

response to a biom aterial.5 Relatively flat, uniform surfaces may have a FBR only one to 

two MO deep, while rough surfaces have a thicker cellular layer directly adjacent to the 

implant material, with varying degrees o f granulation tissue subadjacent to the cellular 

layer.5

End-stage healing (remodeling) at the implant site may involve either tissue regeneration 

(new tissue synthesis by parenchymal cells o f the same type) or replacement (connective 

tissue, fibrous capsule formation).60 The underlying framework o f  the tissue is one
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Figure 1.1 The temporal sequence of events upon biomaterial placement. A) Protein 
adsorption occurs within seconds of material exposure to biological milieu (e.g., blood, serum). 
Protein surface adsorption is influenced by multiple factors including protein size and 
abundance, surface free energy, chemical composition, charge and wettability. Significantly, 
cells never come into contact with a bare surface, all cell-surface interactions are dictated by 
surface adsorbed proteins. B) In vivo circulating monocytes (MC) are recruited to the implant 
(wound) site by chemokine signals, platelet-derived factors and complement split proteins. MC 
recruitment occurs early in the inflammatory response (hours) and typically ends within one 
week. Cell-surface adhesion proceeds largely through integrin-mediated mechanisms, i.e. the 
specific interactions of distinct integrin subunits with surface adsorbed proteins (fibronectin, 
vitronectin, laminin, fibrinogen, etc.). MC differentiate/mature to M<J> at the implant site. C) M<t> 
cytokine signaling (e.g., TNF-a, IL-1, IL-6) leads to an amplified inflammatory response and 
further MC recruitment. D) In vitro cells adhere to surfaces rapidly (approx. 30 minutes) and 
exhibit migratory phenotypes until space becomes limited. E) Phase contrast photomicrograph 
of BMMO-derived MC and MO grown on tissue culture polystyrene (TCPS, day 2 post- 
seeding). Microscopically, MC appear as light spherical cells (indicative of a non-adherent 
phenotype), while MO exhibit punctate adhesion sites (adherent phenotype). F) In vivo chronic 
inflammation is indicated by the persistence of activated MO and multinucleate foreign body 
giant cells (FBGC) at the implant site, where they remain for the lifetime of the implant. 
Multinucleate cells are the product of cytokine-induced fusion of MO and MC. In vitro colony 
stimulating factors and IL-3, IL-4, and IL-13 are commonly employed to drive cells to maturity 
and subsequent fusion. G) Phase contrast photomicrograph of a tetranucleate cell observed in 
a J774A.1 culture on TCPS treated with exogenous cytokines (10 ng/ml GM-CSF and IL-4),
14 days. Nuclei are indicated by arrows. Note: cartoons are not to scale.

important factor for successful regeneration; w ithout it, fibrosis (the abnormal formation
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o f fibrous tissue61) occurs and normal function is not restored. Altered cellular 

phenotype(s) within the wound site may lead to the overproduction o f collagen and ECM 

components that contribute to fibrosis and fibrous encapsulation.4 The FBR fibrous 

capsule provides an adherent, avascular, impermeable barrier.62 Thus, implant site 

remodeling, while unavoidable, is often responsible for biomedical device failure or 

malfunction.3,63’64

1.4.4 Role of the macrophage in the foreign body reaction

MC, the immature circulating form o f the M O65, M<D and activated MO cells play

'y
important roles in the development o f the FBR in vivo. MC and MO cells are known to 

fuse into large multinucleated cells in response to a diseased state and/or the presence of 

foreign entities such as a biomaterial.66'69 In the presence o f  a biomaterial implant these 

multinucleated cells are called foreign body giant cells (FBGC), one hallmark o f the 

FBR66 and are present exclusively at the tissue-implant interface, directly adjacent to the 

biom aterial2,5 Although these cells may persist for the lifetime o f the implant, the exact 

nature o f their cellular state (active, phagocytic, quiescent) at extended times in vivo 

remains unknown.5 Further, the exact molecular signals that regulate FBGC formation 

and FBR development remain undefined.

Figure 1.1 outlines the events that occur when a biomaterial is placed in the body. The 

sequence begins with the rapid and immediate adsorption o f proteins from blood, serum

25  •or plasma (complex biological milieu, containing thousands o f proteins). (Neutrophils 

arrive next, but are neglected for simplicity in this diagram). Neutrophils are rapidly
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replaced by circulating MC, which differentiate to mature, adherent, activated MO.

Subsequently, these MO provide signals for further MC/MO infiltration, and in response

to cytokine cues, MO may fuse to form FBGC. Further, MO at the implant site play a

11 12role in modulation o f angiogenesis and fibrogenesis. ’ The formation o f FBGC is 

influenced and enhanced by specific cytokines including IL-3, IL-4 and IL-13.70'73 IL ^t 

is known to upregulate expression o f  the macrophage mannose receptor (MMR), a classic 

phagocytic receptor implicated in fusion to FBGC.74 Recently, monocyte chemoattractant 

protein-1 (MCP-1) has been implicated in MC recruitment to biomaterials implanted in 

the peritoneal cavity, and has been deemed requisite for MO fusion to FBGC. Further, 

MCP-1 has been detected on FBGC at implant sites 2-4 weeks post-implantation, 

suggesting its role in recruitment o f additional MC/MO and maintenance or progression 

o f the FBR.2

The fusion process is thought to be mediated by the interaction o f transiently expressed 

cell surface proteins.75 To date, molecular markers implicated in fusion include MMR,74 

(also known as CD 206 or CCR2, the receptor for MCP-1), the macrophage fusion 

receptor, comprising CD44 and CD47,75-77 and the dendritic cell-specific transmembrane 

protein (DC-STAM P).78 Although significant progress has been made toward describing 

the effects o f numerous factors (cytokines, chemokines, integrins, etc.) on MO fusion to 

FBGC in vitro and in v/vo2,70,71,73,74’78'80 the detailed mechanism remains elusive.

Vignery et al have performed extensive studies on fusing M O in vitro and in vivo and 

have demonstrated that all cells tested, regardless o f origin (species, organ/tissue),
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expressed the same functional markers that are characteristic o f osteoclasts.81'85 To date, 

no molecule has been identified that has an expression restricted either to giant cells or to 

osteoclasts, although it has been postulated that multinucleated MO acquire a tissue- 

specific molecular repertoire.75 It is likely that the MO present at the biomaterial/implant 

wound site have similar but altered molecular repertoires when compared to “normal” 

wound healing MO populations, and that the molecular profile o f biomaterials-associated 

MO lies somewhere between the “normal” wound healing MO populations and that o f a 

giant cell. Unfortunately, none o f these cell populations is well-characterized at this time, 

and substantial effort must be undertaken to progress toward a thorough characterization 

o f  these cell types to understand the progression from normal to abnormal wound healing.

1.5 Giant cell formation in vitro

In order to further characterize the FBGC, much effort has been devoted to establishing 

reliable cell fusion protocols for in vitro studies. The majority o f  efforts focus on pooled 

human blood MC, matured using GM-CSF and subsequently stimulated with IL-4 and

7A 77 74
IL-13 to produce fused cells. ’ ' Numerous factors play into achieving successful 

fusion: cell source (primary-versus secondary-derived (immortalized) cells), cell maturity 

(MC versus MO), serum source (autologous versus non-autologous), cell age (passage 

number for secondary cells) and the cytokine cocktail employed to facilitate fusion. 

Human primary cells represent an expensive and short-lived cell source to form FBGCs 

in vitro, and the use o f secondary-derived immortalized macrophage-monocyte cell lines 

would be greatly beneficial in terms o f a readily available cost-effective cell source. To
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date, only limited fusion studies have been performed using cell lines , 86 and the high 

fusion rates typical for primary-derived cells74 have not been achieved in cell lines.

1.6 Experimental background: Material characteristics and selection

1.6.1 Materials employed in biomedical devices

Numerous materials o f  varied chemical composition and diverse properties are employed 

in biomedical devices. Generally, biomaterials can be divided into four classes: natural

on

materials, polymers, ceramics and metals. Frequently, two varieties o f materials are 

combined to create a composite. Polymers represent the largest class o f biomaterials.

This group comprises natural materials: collagen, hyaluronic acid, cellulose, rubber and 

others; and synthetic polymeric materials: polyethylene (PE), polypropylene (PP), 

poly(tetrafluoroethylene) (PTFE, Teflon® ) , 88 poly(lactic acid), poly(glycolic acid), 

poly(lactic-glycolic acid) (PLGA) and others. Polymers may be amorphous or semi­

crystalline, with the tendency to crystallize enhanced by small side groups and chain

on

regularity.

Many types o f biomedical devices and desired functions exist; thus, a broad range of 

materials with varied properties is employed to achieve specific combinations of 

desirable properties for the specific device application. Desirable properties may include 

flexibility, porosity, durability, degradability, biocompatibility, strength, etc. Importantly, 

the material’s surface is the place where the body contacts and samples the material’s 

structure, dictating physiological response to it. The chemical composition and properties
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o f a material have been shown to affect the structure of its adsorbed protein layer,24’89 

resulting in specific biological outcomes.

Often, materials used as cell culture supports are chemically modified to facilitate more 

favorable interactions with proteins, thus promoting cellular attachment and growth. One 

example o f  this is tissue culture polystyrene (TCPS), a surface generated using a 

proprietary corona-plasma polymerization treatment to increase the number o f oxidized 

carbon species on the surface, translating to increased hydrophilicity as compared to 

suspension-culture or bacteriological grade polystyrene (PS ) . 23 TCPS is widely accepted 

as the “gold standard” for attachment-dependent cell culture. In comparison, the more 

hydrophobic PS is less effective at supporting attachment-dependent cell growth and 

proliferation in vitro 23 PS surfaces are often employed as inexpensive substrates for 

surface modifications via plasma polymerization .90

1.6.2 Biodegradable polymers

Biodegradable polymers, comprising homopolymers, copolymers and stereocomplex 

blends with varied tunable properties, degrade and eventually dissolve under 

physiological conditions91 making them ideally suited for applications requiring a 

temporary device. Classic examples o f biodegradable materials include natural products: 

gelatin, cellulose, collagen, fibrinogen and fibrin, and synthetic polymers: polyesters, 

polyanhydrides, poly(ortho esters), poly(amino acids), polyphosphazenes, and 

polycyanoacrylates .92
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Polyesters are the most widely used, including the FDA-approved poly(lactic acid) and 

poly(glycolic acid), that are often combined to create the copolymer, PLGA. The amount 

o f each monomer can be varied to achieve a final material with very specific properties 

(degradation rate, strength, etc.). These materials are useful for pharmaceutical and 

biomedical applications including guided tissue regeneration (e.g., scaffolds), orthopedic 

applications, stents, sutures, barrier membranes, tissue engineering and drug delivery .92

From the standpoint o f toxicological safety, poly(lactic acid) is an ideal material because 

its degradation products are intermediates o f normal carbohydrate metabolism .91 L-lactic 

acid is produced in muscle during anaerobic glycolysis, accumulating in the bloodstream 

and filtered by the liver where it is converted to glycogen. The metabolic pathway that is 

responsible for this transformation, (specifically lactate dehydrogenase), only recognizes 

the L-form ,93 any D-lactic acid present in the bloodstream would be excluded from 

recycling and excreted unchanged .94

Polylactides for implant use are available in either the poly-L-lactide (PLA) or poly-dl- 

lactide forms, and differ in strength and bioabsorbability primarily due to crystallinity .91 

In general, polymer crystallinity has a tremendous influence on the physical properties of 

the material.95 Additionally, the molecular weight o f the monomeric units used to build 

the polymer affects strength and bioabsorbability .91 PLA is a semicrystalline polymer, 

whereas poly-<f/-lactide is amorphous. The hydrolysis rate o f the amorphous form is more 

rapid than that o f crystalline or semicrystalline polymers, initially due to the availability 

o f ester groups to water in the environment,96 and subsequently due to the fact that once a
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hydrophilic site is introduced into the hydrophobic polymer chain it attracts other 

hydrophilic species. All o f the studies described here employ the lactide form, poly-L- 

lactide (PLA).

1.6.3 Fluorocarbon materials

Teflon® and Teflon® AF are two polymeric fluorocarbon (FC) materials commercially 

produced by DuPont for a variety o f applications. Teflon® (polytetrafluoroethylene, 

PTFE) is a highly hydrophobic fluoropolymer97 with a long history o f use in biomaterials 

implants9,98 including cardiovascular applications (vascular patches, catheters, cardiac 

valves), orthopedics (prosthetic hips) and facial reconstruction (maxillary and orbital 

implants). Teflon® films are often used as device coatings to improve lubricity .9,98

The first documented Teflon® implantation and accompanying tissue reactions date to 

the studies o f Leveen and Barbario (1949).49’"  Initial implants o f PTFE were restricted to 

the peritoneal cavity, but later studies were expanded to include bone, tendons, muscles 

and the bladder. Compared to other polymers in use at that time, it was thought to be one 

o f the best candidates for implants since it produced less profound tissue reactions than 

other polym ers .49

The studies described here do not employ Teflon®, but rather the soluble analog, 

Teflon® AF (“Amorphous Form”), poly(2, 2-bis (trifhioromethyl)-4,5-difluoro-l,3- 

dioxide-co-tetrafluoroethylene) . 97 Unlike PTFE, a highly crystalline, insoluble, poorly 

processable, opaque solid, Teflon® AF coatings (with thicknesses up to hundreds of
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microns) exhibit excellent optical clarity and nearly 1 0 0 % transm ission o f visible light100 

making this form an excellent choice for use in cell culture studies employing 

microscopic evaluation . 101,102

1.7 Experimental considerations for foreign body reaction in vitro studies

The objective o f  the work described here is an improved understanding o f the FBR, a 

ubiquitous host inflammatory response implicated in biomedical device failure, via cell 

and molecular level characterizations o f this response to select well-characterized model 

biomaterials relevant to clinical applications. Generally, this work is motivated by 1) the 

clinical incidence o f persistent, chronic inflammation, compromised healing at the 

implant site and biomedical device failure associated with the FBR, 2) a lack of 

consensus on valid in vitro assay systems to model the FBR and 3) a lack of proven 

equivalence or non-equivalence o f  alternative, secondary-derived immortalized cell lines 

for in vitro studies. The ultimate long-term goal o f this work is the development of 

biomaterials with improved biocompatibility. This is likely to result in concomitant 

improvements in device integration, function and longevity in vivo. Toward this end, a 

careful study o f  the interactions o f MC and M<X> (two key cellular mediators o f the FBR 

associated with implant failure in vivo) with select model biomaterial surfaces, was 

undertaken.

Although utilizing in vitro systems to replicate the FBR is desirable, the complex array of 

variables and problems associated with biomedical device failure in vivo translates to in 

vitro studies. Many o f these problems are intuitive; for instance, it could be predicted that
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cells removed from the body and placed into an in vitro system would behave differently 

than cells in vivo due to dramatic differences between these environments. Yet, this type 

o f ex vivo system is one strategy that has been advocated for creating or renewing tissues

1 O Tfrom donors for re-implantation in vivo. Further, the limitations o f studying and 

growing cultures in static, two-dimensional environments for biological applications have 

only recently been acknowledged . 103,104 The work described here underscores some 

challenges that continue to limit the success o f biomaterial implants/biomedical devices.

One significant issue that limits the use o f cell lines for in vitro FBR and biocompatibility 

studies is that it is not known how closely the frequently employed immortalized MC- 

and M<D-derived secondary cell lines accurately and faithfully represent phenotypic 

behavior o f primary MO or MC cells. Complicating this issue is the diverse population of 

MC and MO cells available in vivo from which primary cells can be cultured or 

secondary cell lines can be derived. The small population o f MC and MO within the body 

necessitates selective harvest, depending on donor species and size. Murine MO cells are 

most often harvested from the bone marrow or tissues o f sacrificial mice while human 

MC are most often collected from pooled human donor blood , 105 in both cases to yield 

the maximum number o f cells for experimental use. These cells (peripheral MC versus 

bone marrow or tissue) are generally considered non-equivalent due to differences in cell 

source, maturity and differentiation state. Thus, uncertainties related to equivalence exist 

not only between the primary- and secondary- derived populations, but also within them. 

To investigate the equivalence (or non-equivalence) o f secondary-derived immortalized 

cell lines to primary-derived MO grown on model biomaterials surfaces, experiments
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utilizing MO cells o f  both primary (BMMO) and secondary (IC-21, RAW 264.7 and 

J774A.1) origin were performed. These studies (described in Chapters 2 and 3) addressed 

our first working hypothesis: Macrophage cells o f  prim ary and secondary origin will 

exhibit analogous responses to control (TCPS, PS) and m odel biomaterial (PLA and 

Teflon® AF) surfaces.

This investigation began with an evaluation o f cellular behavior on surfaces with varied 

composition and properties: TCPS, PS, PLA and Teflon® AF. The cellular evaluation 

was designed to include MC, MO and fibroblast cells, as each contributes significantly to 

the FBR in different, highly specialized ways .5 (Whereas MC and MO contribute to the 

initial mobilization o f the FBR, fibroblast cells play a role in end-stage fibrosis associated 

with the FBR). This comparison was advantageous based on the fact that fibroblasts, like

20  22  106  107most mammalian cell types, are poorly or non-adherent to FC surfaces. ' 5 ’ Thus, 

the fibroblast cell line NIH  3T3 served as a convenient control for non-adhesion in the 

FC based experiments performed with MC and M<D. Initial experiments assessed MC,

MO and fibroblast viability, adhesion, growth and proliferation on control (TCPS, PS) or 

model surfaces created using plasma polymerization (pp) techniques (pp-FC and others) 

or evaporation deposition (PLA, Teflon® AF) methods.

While many studies examine the behavior o f MO on biomaterial-relevant surface 

chemistries,7’8’86’108"112 few report results for side-by-side comparisons on a single surface 

of alternating chemistries. To directly assess MO behavior in this format, an investigation 

o f MO response to macro- and micro- patterned surfaces with distinct regions of
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alternating adhesive (hydrophilic) and non-adhesive (hydrophobic) surface chemistries 

was undertaken. This group o f experiments (described in Chapter 2) addressed our 

second working hypothesis: Unlike many attachment-dependent cell types, 

macrophages bind to highly hydrophobic regions o f  substrates when presented with 

alternating hydrophobic and hydrophilic composition.

Generally, microscopic methods were employed to evaluate cell-surface interactions, and 

these results are reported in Chapters 2-4. The intriguing result that MC and MO were 

able to adhere to and efficiently colonize FC surfaces led to two additional sets of 

experiments. First, phenotypic changes (an increased number o f morphological features— 

filopodia, membrane ruffles) were observed on Teflon® AF FC surfaces. These features 

have been linked to the Rho GTPase family o f proteins, and specifically to Rho, Rac and 

Cdc. We subsequently investigated the possible link between surface chemistry induced 

morphological changes and Rho GTPase expression and activation in cells (described in 

Chapter 3), related to our third working hypothesis: M acrophages utilize integrin-based 

signaling pathways, including the Rho GTPases, when bound to biomaterial surfaces. 

Further, Rho GTPase expression and /o r  activation correlates to predominant 

morphological features (Le. filopodia, membrane ruffles) present on cells.

Finally, an investigation o f proposed integrin-based mechanisms by which MC and MO 

may adhere, grow and proliferate on FC surfaces (described in Chapter 4), related to our 

fourth working hypothesis: Monocytes and macrophages adhere to fluorocarbon  

biomaterial surfaces through integrin-mediated interactions.
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Collectively, these experiments were performed to provide new insight into MC/MO 

behavior on model biomaterials surfaces, toward an improved understanding o f the 

cellular and molecular mechanisms that underlie the FBR and determine biomedical 

device fate in vivo, and to determine if  employing secondary-derived MO immortalized 

cell lines is a viable alternative to MO cells o f primary-derivation for FBR studies in 

vitro.
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CHAPTER 2: MACROPHAGE SERUM-BASED ADHESION TO 

PLASMA PROCESSED-SURFACE CHEMISTRY IS DISTINCT 

FROM THAT EXHIBITED BY FIBROBLASTS

This chapter was written by M arisha L. Godek, edited by David W. Grainger and Ellen 

R. Fisher and contains contributions from Galiya Sh. Maikov. It has been accepted for 

publication in Plasma Processes and Polymers, 2006.

2.1 Abstract

Plasma-polymerized films deposited from allylamine (AlAm), hexylamine (HxAm), N- 

vinyl-2-pyrrolidine (NVP), N-vinyl formamide (NVFA), acrylic acid (AA) and C3F8 

(fluorocarbon or FC) were compared to tissue culture polystyrene (TCPS) and 

polystyrene (PS) surfaces in supporting cellular attachment, viability, and proliferation in 

serum-based culture in vitro for extended periods o f time (>7 days). Surface patterns 

were created using multi-step depositions with physical masks. Cell adhesion in the 

presence o f serum was compared for (MC-) MO and fibroblast cell lines. Cellular 

response was tracked over time, reporting adhesive behavior, proliferative rates, and 

morphological changes as a function o f surface chemistry. M icropatterned surfaces 

containing different surface chemistries and functional groups (e.g. -NFE, -COOH, -CF3) 

produced differential cell adhesive patterns for NIH 3T3 fibroblasts compared to
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J774A.1, RAW  264.7 or IC-21 (MC-) M<E> cell types. Significantly, MO adhesion is 

substantial on surfaces where fibroblasts do not adhere under identical culture conditions.

2.2 Introduction

Surface chemistry is well known to exert profound effects over interfacial biological

processes in vitro relevant to biomedical device designs and applications . 1"4 Interfacial

behaviors o f  both proteins and cell types are known to result from combined effects of

surface chemical composition and physical topology .5' 10 Plasm a polymerization (pp) is

frequently employed to generate stable, sterile surfaces or coatings with varied chemical,

11 12topological and physical characteristics, facilitating such measurements. ’ Patterned 

surfaces representing regular arrangements o f two or more chemically distinct materials 

can be readily generated, providing both spatial and chemical control o f  the interface 

useful for examining and producing differential biological responses.

Surface pattern deposition methods include soft (stamping) lithography, 

photolithography, ion milling and plasma patterning. Plasma polymerization techniques 

have been employed for numerous applications including deposition o f Si-based 

materials for microelectronics applications, 13' 15 hard coatings such as diamond-like 

carbon and carbon nitride films ,4’16,17 and organic polymer films for modifying substrates 

with complicated geometries . 18"23 Plasma polymerization techniques provide a facile 

preparation method for generation o f diverse surface chemistries on a variety of 

substrates. The resultant surfaces are sterile, stable under ambient storage conditions and 

amenable to use with cultured cells.
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Cell patterning studies to date have examined the effects o f specific substrate chemistries 

and microfabrication techniques on the modulation o f cell-substrate and cell-cell

25 28contacts. " Frequently, differential cell fidelity to underlying pattern chemistry is a 

determinant for distinguishing success o f these approaches to elucidate cell-surface 

interaction mechanisms. Numerous methods for cellular micropatterning have been 

employed, with varied levels o f success for specific substrate-substrate and substrate-cell

^  10 12 22 25combinations. ’ ’ ’ Many strategies have exploited unique combinations o f surface 

chemistries or deposition techniques to achieve alternating cell adhesive and non­

adhesive regions, often correlated with the presence or absence o f surface-adsorbed cell 

adhesive matrix proteins, ’ ' thus modulating cell-substrate interactions.

Although many combinations o f surfaces, patterns and cells have been tested to date, one 

important distinction is the ability to produce spontaneous cell pattern fidelity in serum 

protein-based culture versus that resulting from pre-adsorbed matrix protein (e.g., 

collagen, fibronectin) adsorption to surface patterns prior to cell seeding. Biased (e.g., 

pure mono-component extra-cellular matrix, ECM) protein pre-adsorption to patterned 

chemistry readily produces protein patterns templated by the surface chemistry to which 

cells adhere. However, spontaneous cell pattern formation and long-term fidelity from 

serum media is less reported, understood or controlled because o f difficulties in control o f 

ECM protein surface selection from serum (a milieu o f > 500 proteins). Yet, this serum- 

based cell-surface scenario is much more relevant to cell response to implanted 

biomaterials than biased ECM protein adsorption templated control o f cell patterning.
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Numerous surface chemistries have been studied to date for cell patterning .22' 26 A broad 

general characterization o f the conclusions from this exhaustive survey is that surface 

chemistries conducive to cell adhesion have specific chemical and physical parameters 

that endow them with a propensity to adsorb cell matrix proteins at sufficient density, and 

with sufficient adhesion strength, to support cell receptor and cell surface engagement 

successfully enough to produce cell adhesion, spreading and proliferative responses .4,29 

Frequently, this correlates with moderate surface polarity and mechanical modulus 

(neither extreme hydrophilicity nor extreme surface elasticity ) . 29

Various cell types have been employed in cell patterning studies, including epithelial,7 

endothelial,30 capillary endothelial,31 MC-MO ,26,32 osteoblast,24,33 fibroblast34 and 

numerous others. Interestingly, few studies report pattern responses o f inflammatory cell 

types, including lymphocytes, or leukocytes such as MC and differentiated MO. This

current contribution describes the 

use o f  plasma-patterned surface 

chemistry to contrast the 

adhesive and proliferative 

behavior o f fibroblasts and MO 

cell lines cultured in serum- 

containing media. Few studies 

compare these distinct cell

F ig u re  2.1 S c h e m a tic  o f re la tio n sh ip s  a m o n g  cu ltu red  behaviors. This present study
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includes biologically relevant cell types o f primary and secondary derivation for 

comparison: primary bone marrow-derived M®, three secondary (MC-) MO cell lines 

(IC-21, RAW  264.7 and J774A.1), and one fibroblast cell line (NIH 3T3) frequently 

employed in patterning studies34' 36 (Figure 2.1). Results point to intrinsic differences in 

the responses o f  these cell types to identical chemistries and suggest important 

distinctions in phenotypic mechanisms for recognizing surfaces relevant to cell based 

drug testing in vitro (e.g., anti-fibrotic, anti-inflammatory drugs) and inflammatory 

processes w ith implanted biomaterials and surgical devices.

2.3 Materials and Methods

Preparation of culture surfaces using plasma deposition

All pp-films were deposited as described previously .37 Acrylic acid (99%), N-vinyl-2- 

pyrrolidinone (99%), and N-vinylformamide (98%) were obtained from Aldrich 

Chemical Company. Allylamine (98%) and hexylamine (99%) were obtained from Acros 

Organics. Tissue culture polystyrene (TCPS, Falcon) and polystyrene (PS) suspension 

culture dishes (Coming), and glass coverslips (VW R Scientific) were used as substrates 

for pp deposition reactions. One macro (30 mm  diameter) solid disk mask and copper 

TEM grids (Ted Pella, Inc.) o f various dimensions and with distinctly different internal 

patterns (grids, circles and bullet shapes) were used as masters for pp-film patterning on 

TCPS, PS and glass substrates. All substrates were cleaned with methanol immediately 

before pp-deposition. Surface analysis was performed on patterned and unpatterned 

samples treated identically. Deposition times ranged from 5 to 90 minutes and deposition 

rates varied from 1.3 A/minute to 129.3 A/minute. Adhesion tests revealed successful
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Figure 2.2 Schematic illustration of the patterning 
procedure using masks and sequential plasma 
polymerization techniques, (a) Polystyrene petri dishes 
were exposed to the first of two sequential plasma 
polymerization depositions, (b) One macro (30 mm 
diameter solid disk) or multiple micropatteming (3 mm 
diameter copper TEM grid) mask(s) of various patterns 
(grids, circles and bullet shapes) were placed onto the 
plasma-deposited substrates and the (c) second plasma 
deposition (different chemistry) was performed. The 
mask(s) were then removed, (d) Plates were treated with 
70% ethanol and UV light for twenty minutes. Plates were 
subsequently exposed to 10% serum containing media for 
3-24 hours before cell seeding. Plates were seeded with 
NIH 3T3 fibroblasts and (MC-) M<t> cells at various densities 
as described in Materials and Methods.

layering (i.e. no 

delamination) o f pp-films on 

PS and PS coated with pp- 

C3F8. After deposition, 

samples were stored in petri 

dishes under ambient 

conditions until cell culture 

use (1-14 days). All pp- 

surface chemistries employed 

here are listed in Table 2.1.

Prior to use in cell studies, 

pp-surfaces were first 

thoroughly misted with 70% 

ethanol and then UV 

irradiated for twenty minutes 

in a biosafety cabinet. This 

process was previously 

shown to reliably produce 

sterility for cell culture with 

minimal changes to surface 

chemistry .38 XPS analysis37

41

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



performed on samples before and after this treatment demonstrated that the pp-deposited 

surface chemistry was not affected (data not shown).

Patterned substrate deposition by plasma polymerization

Patterned substrates comprising two different surface chemistries for cell culture were 

produced by a previously reported plasma deposition technique .37 Plasma deposition for 

patterns occurred sequentially as described in Figure 2.2, and was then reversed in a 

separate preparation to create two analogous inverse macropattemed surfaces for each 

combination o f surface chemistries employed (Table 2.2).

Materials surface characterization

Surfaces o f  plasma-deposited polymeric materials were characterized as described 

previously using angle-resolved XPS, spectroscopic ellipsometry (SE) and measurement 

o f static water contact angles .37 Similarly, surface pattern fidelity was confirmed with 

scanning electron microscopy (SEM), scanning Auger microscopy (SAM), XPS imaging,

• 3 7

and time-of-flight secondary ion mass spectroscopy (ToF-SIMS). Aging studies were 

performed on nitrogen-containing materials by allowing exposure to atmosphere for 1 0 -

■37

14 days, with subsequent reprobing o f surfaces via XPS.

Cell culture

Murine fibroblast NIH 3T3, murine MC-MO RAW  264.7 and J774A.1, and murine MO 

IC-21 cell lines were obtained from the American Type Culture Collection (Manassas, 

VA). Cells were cultured in Dulbecco’s modification o f  Eagle’s medium (DMEM,
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Mediatech, for NIH 3T3 and J774A.1), or RPMI 1640 (Mediatech, for IC-21 and RAW 

264.7) supplemented with 10% fetal bovine serum (FBS, HyClone, Inc.) and 1% 

penicillin-streptomycin (Life Technologies). Cultures were maintained in T-175 TCPS 

flasks (Nunc™) under standard conditions: incubation at 37° C, 98% humidity and 5% 

CO2 . Cells were dissociated from culture flasks by incubation with Ca2+- and Mg2+- free 

cell culture grade Hank’s balanced salt solution (HBSS, Life Technologies) (NIH 3T3, 

J774A.1 and RAW  264.7), or by scraping with a rubber policeman (IC-21).

Primary cell harvest

Bone marrow derived macrophages (BMMO) were prepared from bone marrow cells 

harvested from the femurs and tibias o f C57BL/6 mice .39 To differentiate bone marrow 

precursors into MO, bone marrow-extracted cells were cultured in DMEM supplemented 

with 10% L929 fibroblast-conditioned medium, 2 mM L-glutamine, 0.01% HEPES, 1% 

penicillin-streptomycin, and 2 mM  non-essential amino acids (Sigma-Aldrich). Cells 

were grown under standard conditions (vida supra) with media changes every two days. 

This method has been shown to produce differentiated M O .39

Cell culture on patterned surfaces

Cell seeding densities were adjusted, depending on observed cell-specific culture 

doubling times. Seeding densities were varied for each cell type to allow similar growth 

kinetics toward confluent density for comparison o f  cell types as follows: murine (MC-) 

MO cell lines were seeded at a density o f 50,000 to 250,000 cells; NIH 3T3 murine 

fibroblasts at 150,000-200,000 cells; and primary-derived BMMO cells at 6.2 x 106 cells;
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all per 15 x 60 mm culture surface. Cell line passage number ranged from 2-22 (beyond 

original stock subculture as obtained from the ATCC) and varied depending on the cell 

line employed. Cells counts were performed with a hemacytometer and viability was 

assessed using the standard Trypan blue dye exclusion test .43 Surfaces were conditioned 

for up to 24 hours with 10% FBS-containing media (RPMI 1640 or DMEM) prior to 

seeding. After seeding, surfaces were incubated at 37°C, 98% humidity and 5% CO2 and 

media changes were performed as necessary. Cell attachment, growth and proliferation 

were studied by phase contrast (light) and fluorescent microscopy techniques.

Protein pre-adsorption and cell culture on pp-FC surfaces

IC-21, N IH  3T3 or BMMO cells were seeded onto control PS suspension culture dishes 

and pp-FC surfaces that were treated for 24 hours w ith one o f the following solutions: 3 

mg/ml bovine serum albumin (BSA Fraction V, OmniPur®, Sigma) in sterile Dulbecco’s 

phosphate buffered saline (DPBS, HyClone), 100% FBS, or 10% FBS in DPBS. At 24 

hours, the protein solution or serum was removed by aspiration and cells were 

immediately seeded in an appropriate cell culture m edia containing 10% FBS. Culture 

conditions proceeded as described above.

Phase contrast microscopy

Images were obtained on either a Nikon Eclipse TS100 or a N ikon TMS inverted 

microscope using Nikon objectives. A  Kodak DC290 camera was used to capture images 

that were subsequently processed in Adobe Photoshop 6.0 (Adobe Systems, Inc.).
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Fluorescence microscopy

Cells were stained with fluorescein diacetate (Molecular Probes). Briefly, culture media 

was aspirated from the surfaces, which were then rinsed once with sterile DPBS. A dilute 

fluorescein diacetate solution (0.01 mg/ml in PBS) was added and surfaces with cells 

were allowed to stand for 15 minutes. Images were obtained on a Zeiss Axiomat® 

inverted microscope with Zeiss filter sets for fluorescein with a Dage 300 CCD camera 

(Zeiss Plan 2.5X objective, NA  o f 0.08, and 0.63 reducing lens). A DPS PVR digital 

recorder was used to digitize the video output o f the camera.

2.4 Results

Previously, a series o f micropatterned substrates was created and characterized where the 

underlying substrate was first coated with one type o f plasma polymer (most commonly a 

highly hydrophobic FC) and then patterned with a second type o f plasm a polymer 

(usually a relatively hydrophilic hydrocarbon) . 37 This diverse group o f  polymer films was 

subsequently employed in patterning experiments using fibroblastic and (MC-) MO cell 

types, as reported here. Included in this group were the cell adhesion-promoting pp-AA 

films41 containing carboxylic acid groups; the unique NVP monomer, a heterocyclic 

nitrogen-containing compound; the amide-containing NVFA monomer, an isomer o f 

acrylamide that exhibits low toxicity; the extensively studied and employed nitrogen- 

containing AlAm; and the saturated amine monomer HxAm, thought to be promising for 

the production o f films with high concentrations o f primary am ines .37 Since material 

hydrophilicity is a critical factor in promoting protein adhesion and subsequent cellular 

adhesion, static aqueous contact angle measurements were performed on non-patterned
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TCPS FC AlAm NVFA

Figure 2.3 Phase contrast microscopy images of NIH 3T3 (A-D) and IC-21 2 cell morphologies 
observed on control (TCPS) and FC, AlAm and NVFA pp-surfaces at sub-confluent culture 
conditions (time in culture varied based on cell type and substrate). Images shown are 
representative of results obtained for multiple fields (> 5) and plates (> 2) for each surface and cell 
line. Arrow (B) indicates an anomalous adherent cell that has likely attached to a surface defect.

plasm a polymerized films created on Si substrates37 with the materials ranging from 

hydrophilic to very hydrophobic in nature: NVFA (43 ± 1°), AlAm (46 ± 1°), NVP (53 ± 

1°), HxAm (77 ±  6 °), AA (74 ± 3°), FC (114± 1°).

2.4.1 Cell attachment and proliferation on plasma-polymerized culture substrates in 

serum containing media

First, each unpattemed pp-surface was assessed for its ability to support cell attachment 

and proliferation in vitro in 10% FBS using the following cell types: NIH 3T3 

(fibroblast), RAW  264.7 and J774A.1 (MC-MO), IC-21 (MO) and primary-derived 

BMMO. Two dissimilar cell types were selected [fibroblast versus (MC-) MO] to 

determine differential surface responses based on cell type. On each unpattemed surface 

chemistry, at least one (MC-) MO cell line was compared to the NIH 3T3 fibroblast cell
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line. Results for control surfaces (PS and TCPS) and pp-film chemistries studied over 2-7 

day culture times are shown in Table 2.1. Each surface tested supported the attachment 

and proliferation o f all (MC-) M<1> cell lines, and all surfaces except the FC chemistry 

supported attachment and proliferation o f NIH 3T3 fibroblasts, similar to fibroblast 

behavior observed on Teflon® AF FC surfaces .42,43 Representative phase contrast 

microscopy images for the IC-21 and NIH 3T3 cell lines are shown in Figures 2.3 and 

2.4. Figure 2.3 shows results for control (TCPS) and three o f the pp-surfaces tested: FC, 

AlAm and NVFA. Due to differences in doubling times, cell lines were seeded at varied 

densities on each substrate (as described in Materials and Methods) to facilitate 

comparative analysis over virtually equivalent culture time periods, based on predicted 

time to reach 100% confluence on TCPS. Results from Figure 2.3 B and Figure 2.4 D-F 

show minimal fibroblast attachment and survival, supporting previous assertions that 

albumin’s natural abundance in cell culture media prevents fibroblast-surface interactions 

required for attachment, growth and proliferation on FC surfaces .30,42' 44

Table 2.1 Cell attachment and proliferation on uniform plasma-deposited substrates.

Surface
description3 NIH 3T3b

RAW
264.7b J774A.1b IC-21b BMMOb

Duration
(days)c

F C - + + + + 2-5
AA + + N D ND N D 2
A lA m + + + + N D 4
H xA m + N D + + N D 4
N V FA + N D N D + ND 4
N V P + + + + N D 4
P S  c o n tro l + N D + + + 7
T C P S  c o n tro l + + + + + 7

3 Abbreviations as used in text. See text for detailed description of patterning method. 
b + (supportive of cell growth), -  (no adherence or proliferation), ND (not determined). See ref. 37 
for full surface analytical characterization.c Duration differences due to different seeding 
concentrations, doubling times, and affinity for surfaces.
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Table 2.2 Cell attachment and proliferation on plasma-macropatterned substrates.

Surface
description3 NIH 3T3b RAW 264.7b J774A.1b IC-21b

Cell pattern 
fidelity 
(days)0

N V P -F C +/- N D N D +/+ 7

F C -N V P -/+ N D N D +/+ 7

A lA m -F C +/- +/+ N D +/+ 7

F C -A IA m -/+ N D +/+ +/+ 5

a Abbreviations as used in text. See text for detailed description of patterning method. 
b + (supportive of cell growth), -  (no adherence or proliferation); order of “surface description” 
matches reported + or - order, respectively. ND (not determined). See ref. 37 for full surface 
analytical characterization. See text for a detailed description of successful combinations of 
surface chemistries for macropatterning based on cell line.0 Cell pattern fidelity differences due to 
different seeding concentrations, doubling times, and affinity for surfaces.

To determine whether the noteworthy result o f growth o f (MC-) MO cell lines on FC 

surfaces was a cell line-dependent phenomenon, we performed limited experiments on 

FC surfaces with murine primary-derived BMMO. Significantly, BMMO cells readily 

adhered, grew and proliferated on FC surfaces (Figure 2.4 G-L). Although at 24 hours the 

majority o f BMMO cells remained undifferentiated (monocytic) and either non-adherent 

or loosely adherent (indicated by a round shape), several cells with surface contacts and 

short filopodia can be seen even at this early time point (Figure 2.4 J-L).

Surfaces prepared with AlAm (Figure 2.3 C, G), HxAm (data not shown) and NVFA 

(Figure 2.3 D, H) readily promoted cell adhesion and proliferation for fibroblast and 

(MC-) M<t> cell types. Cells elongated and spread at early time points suggestive o f a 

motile phenotype, but as the cultures progressed, adherent cells adopted characteristic 

tightly packed cobblestone growth patterns associated with limited surface space 

(exemplified by cells grown on TCPS, Figure 2.3 A). Fibroblasts exhibited normal 

morphology on AlAm (Figure 2.3 C), HxAm (data not shown) and NVFA (Figure 2.3 D)
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Table 2.3 Cell attachment and proliferation on plasma-micropatterned substrates.

Surface
description3 NIH 3T3b IC-21b

Cell pattern 
fidelity 
(days)c

HxAm-FC +/- +/+ 9
NVP-FC +/- +/+ 9
NVFA-FC +/- +/+ 9
AlAm-FC +/- +/+ 7
FC-AIAm -/+ +/+ 7

3 Abbreviations as used in text. See text for detailed description of patterning method. 
b + (supportive of cell growth), -  (no adherence or proliferation); order of “surface description” 
matches reported + or - order, respectively. ND (not determined). See ref. 37 for full surface 
analytical characterization. See text for a detailed description of successful combinations of 
surface chemistries for micropatteming based on cell line.0 Cell pattern fidelity differences due to 
different seeding concentrations, doubling times, and affinity for surfaces.

surfaces by comparison to TCPS (Figure 2.3 A) with multiple attachment sites on these 

surfaces. Cultures progressed to 100% confluence if  allowed (Day 4), and cells remained 

adherent throughout the culture lifetime. No delamination o f the cells was observed at 

any time.

On AlAm, HxAm and NVFA substrates, (MC-) MO cells also adopted typical adherent 

morphologies, which differed slightly based on the cell line. Representative data for IC- 

21 cells are shown in Figure 2.3 E-H. J774A.1 and RAW 264.7 cultures exhibited similar 

results (data not shown), with the appearance o f characteristic features such as 

lamellipodia, filopodia, and membrane ruffles as the cells adhered to and spread on 

surfaces. These features have been previously reported for surfaces o f varied chemical 

composition and hydrophilicity.43 Surfaces comprising NVP were also observed to be 

generally cell-conducive for all cell lineages tested, with slightly slower proliferation 

rates compared to AlAm, HxAm and NVFA surfaces (unpublished
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+ ALBUMIN 100% SERUM 10% SERUM

F ig u re  2 .4  Phase contrast microscopy comparison of IC-21 MO, NIH 3T3 fibroblast and 
BMMO cell growth at 24 hours post-seeding in 10% serum containing media on uniform 
FC surfaces pre-treated with pure (3 mg/ml) albumin (A, D, G and J), 100% (B, E, H and 
K) or 10% serum (C, F, I and L). NIH 3T3 fibroblasts fail to adhere to FC surfaces under 
any of the conditions tested (D-F). IC-21 (A-C) and BMMO (G-L) cells adhere and 
proliferate to nearly confluent cultures (data not shown) on FC surfaces under all test 
conditions. Images are representative of multiple fields (> 5) and multiple plates (2) for 
each test condition. Since BMMO cells are significantly smaller than IC-21 and NIH 3T3 
cells, BMMO images were further magnified (J-L) to allow visualization of differences in 
adherent (dark circular and angular with extensions) and non-adherent (light circular) cell 
morphologies.
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Pattern key: A-B 
Region depicted

Pattern key: C-E 
Region depicted

V  IMP

1
NVP-black bars 
FC-grey spaces

F ig u re  2 .5  Patterning of IC-21 murine MO (A, C-E) and NIH 3T3 fibroblasts (B) on FC-NVP 
surfaces with macro (A-B) and micro (C-E, striped TEM grid) masks. Note: pattern cartoons 
are not to scale. Striped TEM grid (C-E) bars are184 pm, spaces are 92 pm. A) IC-21 MO 
moderately and evenly populated the FC center of the pattern, while fewer cells attached to 
NVP regions (72 hours). A small annulus (partially shown, bold arrow) was visible at the 
chemistry boundary. B) NIH 3T3 fibroblasts attached exclusively to the NVP region, with a ring 
forming at the margin between the NVP and FC chemistries (bold arrow, 72 hours). Cells were 
loosely adherent at this boundary (an edge effect) with some cells floating above other 
adherent cells, attached on the NVP side only. C-E) Edge effect observed with IC-21 cells on 
NVP-FC micropatterns at 48 hours (bold arrows). MO cells grew preferentially at the interface 
of the surface chemistries at early time points. (D and E are the same image with E labeled for 
clarity).

observations). Limited culture performed on AA surfaces supported attachment and 

proliferation o f both RAW  264.7 and NIH  3T3 cells, consistent with previous reports.45,46

2.4.2 Media influences on cell proliferation on protein pre-adsorbed surfaces

Effects of serum protein-surface deposition from a pure albumin solution (at 10% of 

physiological concentration, 3 mg/ml, consistent with tissue culture conditions o f 10% 

FBS) versus surface protein selection from complex cell culture milieu (10% or 100% 

FBS) on cellular attachment and proliferation, were assessed using NIH 3T3 fibroblasts, 

IC-21 MO and BMMO under the aforementioned culture conditions on moderately and 

very hydrophobic surfaces (PS and pp-FC, respectively). Surfaces were exposed to one o f
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three protein pre-adsorption test conditions: 1) pure albumin solution (3 mg/ml albumin 

in DPBS), 2) 100% FBS, or 3) 10% FBS in DPBS, for 24 hours prior to seeding with 

either fibroblast or MO cells in an appropriate culture media also containing 10% FBS.

M urine NIH 3T3 fibroblasts failed to adhere and proliferate up to 48 hours on FC 

surfaces under any o f the pre-adsorbed test conditions. Instead, fibroblast cells displayed

• 3 38spherical morphologies characteristic o f non-adherent/non-spreading phenotypes ’ or 

adhered to each other, forming cell clusters (Figure 2.4, D-F, 24 hours after seeding). 

Significantly, IC-21 MO readily adhered to and proliferated on FC surfaces under all test 

conditions (Figure 2.4, A-C) with no apparent differences in proliferative rate or 

morphological behavior as compared to growth on PS (data not shown). These cells 

progressed to near confluent (data not shown) conditions in culture and exhibited varied 

morphology including astral shapes, filopodia, lamellipodia and membrane ruffling, 

consistent with our previous observations o f MO growth on Teflon® AF FC surfaces.42,43 

BMMO cells also adhered, grew and proliferated regardless o f test conditions (Figure 

2.4, G-L), and at later time points (data not shown) achieved cell morphologies similar to 

that observed for the IC-21 cell line on these surfaces under identical conditions. The 

morphologies observed for the BMMO at 24 hours (Figure 2.4 J-L) are typical for mixed 

cell population primary-derived BMMO cultures that have been recently collected. Light 

spherical cells are non-adherent (for BMMO cultures, typically immature monocytic) 

cells. Dark spherical cells are assumed to be in proximity to the surface, and are likely 

establishing adhesive contacts. Cells with astral or elongated morphologies are adherent.
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Figure 2.6. Patterning of NIH 3T3 fibroblasts on FC-AIAm surfaces with macro (A) and micro (B- 
C) masks. Striped TEM grid (B), bars are 184 pm, spaces are 92 pm. A) NIH 3T3 cells adhered to 
and proliferated on AlAm \  but not on FC (left). Patterned growth fidelity appeared within 24 hours 
and was maintained through day 7. An “edge effect” (see text for description, bold arrow) was 
noted at margins of masked regions. B) NIH 3T3 cell growth was confined to the region of the 
TEM grid (see also C, left), but not to the AlAm region exclusively (arrows indicate approximate 
widths of each polymer chemistry) C) NIH 3T3 cells did not grow on the larger FC background 
region 1 of the plates with micropatterns. Arrows indicate a large sheet of cells that are loosely 
adherent at the boundary (bold arrow) between the FC background and the FC-AIAm 
micropatterned region. Note: pattern cartoons are not to scale.

Only a small percentage o f the cell population exhibits filopodia at this early time point 

on this substrate.

2.4.3 Cell attachment and proliferation on macropatterns in serum-culture

Cell growth on macropatterned surfaces was tested using multiple combinations o f two 

dissimilar plasma-deposited surfaces (Table 2.2); one surface generally observed to be 

cell-adhesive in serum-based culture (e.g., NVP, AlAm) was paired with another surface 

characterized as generally non-cell adhesive (e.g., FC). Plasma deposition o f patterns 

occurred sequentially, and was then reversed in a separate preparation to create two 

analogous macropattemed surfaces for each polymer combination studied (Figure 2.2). 

Representative results for macropattem cultures using IC-21 murine MO (Figure 2.5 A) 

and NIH 3T3 murine fibroblasts (Figures 2.5 B and 2.6 A) are shown.
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For either the NVP-FC or AlAm-FC macropattems, NIFI 3T3 fibroblasts adhered 

exclusively to and proliferated on the NVP (Figure 2.5 B) or the AlAm (Figure 2.6 A) 

regions. Cell patterns with fidelity to the anticipated surface chemistry pattern appeared 

within 24 hours o f seeding. The NIFI 3T3 cells exhibited normal growth characteristics, 

kinetics and morphology in cell-supportive regions, and progressed to 100% confluence 

over the time course o f the experiment, 7 days, in these regions. The boundary between 

the two co-patterned chemistries was also maintained for the duration o f the culture 

experiment. A t the boundary, cells would frequently grow parallel to the non-supportive 

chemistry boundary or extend toward and over the non-supportive (FC) region, surface- 

adherent only by cell contacts made in the cell-supportive (AlAm or NVP) region 

(Figures 2.5 B and 2.6 A). Many loosely adherent cells were observed at the pattern 

boundary. These cells were partially attached to the adherent NVP (or AlAm) chemistry 

zone, and floated above the non-adherent FC zone. Collectively, this behavior at the 

margin can be described as an “edge effect”, attributed both to topological and chemical 

distinctions by cultured cells across the adherent/non-adherent pattern boundaries. The 

pp-film thickness for each deposition was calculated from the deposition rates and 

exposure times. For each experiment, deposited film thicknesses were: FC, 100 run;

NVP, 26 nm; AlAm, 90 nm; HxAm 47 nm.

By contrast, serum cultured IC-21 murine MO preferentially adhered to the FC region of 

the FC-NVP surfaces. These cells were evenly distributed over the FC substrate 

chemistry, suggesting that adherence was not due to a surface defect or topographical 

feature (Figure 2.5 A). Initially upon seeding, cell morphology was markedly different on
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Figure 2.7 Micropatteming and control images. A) Phase contrast microscopy image of one 
type of (striped) TEM grid employed as a mask. Bars, 184 pm; spaces 92 pm. B-C) Electron 
microscopy images of the same grid. D) Phase contrast microscopy image of IC-21 cells grown 
on micropatterned HxAI-FC. Majority of cells shown are adhered to the HxAl bars. Patterns 
appeared by day 7 and were maintained through day 9, when the experiment was terminated. 
Cell seeding density was 100,000 cells per 15 x 60 mm plate. E-F) Scanning Auger maps of a 
pattern generated using a striped TEM grid identical to those used for preparing samples for use 
in cell culture experiments. Areas of most intensity (lightest) are strongest Auger signal. Intensity 
scales shown in E and F: a=  0, p= 281400, y= 520633. E) Auger fluorine map (from the KLL 
signal) and F) Auger nitrogen map (from the KLL signal). G) Fluorescence microscopy of a non­
patterned control FC surface showing an even and random distribution of IC-21 cells. H) 
Fluorescence microscopy of IC-21 cells on an AlAm-FC striped micropattern. Preferential growth 
was observed on the AlAm region (thicker bar) of the pattern at day 2, although cells also grew 
on the FC regions (thinner bar and background). Seeding density was 136,000 cells per 15x60 
mm plate. I) Phase contrast images of IC-21 cells grown on a bullet shaped micropattern of 
NVP-FC, dimensions 1 x 2 mm, 4 days post-seeding at a density of 250,000 cells per plate.

each chemistry; cells in the center o f the FC pattern were more closely packed and 

exhibited primarily astral morphology, whereas the fewer cells scattered across the NVP
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region exhibited spreading behavior. Adherent MO cells exhibited characteristic 

membrane ruffling, lamellipodia and filopodia on both chemistries.43 Although initial cell 

adherent densities indicated cell preference for FC regions, these cells progressed with a 

normal proliferative rate and eventually populated the entire surface (> 7 days) with no 

discernible differences in cell behavior or morphology based on surface chemistry. 

However, over short time frames post-seeding (24-72 hours), the IC-21 cells were 

observed to preferentially bind to the FC surfaces rather than the NVP, a behavior distinct 

from that previously documented in cultures o f m ost other cell lines on similar FC or 

substantially hydrophobic surfaces, ’ but similar to that reported by Rich and Harris.

Since the IC-21 MO represents the most physiologically relevant MO model within this 

study, use o f the more monocytic RAW 264.7 and J774A.1 cell lines in macropatteming 

studies was limited. However, RAW  264.7 and J774A.1 behavior was examined on 

AlAm-FC and FC-AIAm, respectively. Both cell types attached to the FC and AlAm 

surface chemistries; neither demonstrated any discernible preference for either chemistry 

throughout the culture period, analogous to results obtained for the IC-21 cells (data not 

shown).

2.4.4 Cell attachment and proliferation on micropatterned surfaces

Cell behavior on micropattemed surfaces (see masks, Figure 2.7 A-C) was tested using 

multiple combinations o f five plasma-deposited polymers (Table 2.3), representing four 

adhesive (e.g., NVP, AlAm, HxAm, NVFA) and one non-adhesive (e.g., FC) cell culture 

surfaces. Plasma deposition was performed in a sequential manner (Figure 2.2) and all
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cell cultured micropatteming experiments were performed in media supplemented with 

10% FBS.

M icropattem cell pattern fidelity for the MO-derived IC-21 cell line was generally 

successful, although not absolute for cell exclusion versus adherence on the different 

chemistries where registration o f patterned substrate chemistry and cell adhesion was 

directly observable in culture from 2-9 days (Figures 2.5 C-E and 2.7 D, H, I). Cell 

adhesive patterns became evident at different time points. Generally, at early time points, 

few cells adhered to both regions regardless o f surface chemistry (illustrated in Figure

2.7 H for cells grown on AlAm-FC chemistries Day 2). A t later time points, discernible 

preferences for one chemistry were observed on select surfaces (e.g., Day 7 o f culture for 

HxAm-FC, Figure 2.7 D). Patterns were typically maintained for 2-5 days before the cells 

overgrew the pattern. Such fidelity to substrate micropatterned chemistry was less 

successful for NIH 3T3 fibroblasts. Although cell patterns developed on these surfaces 

(Figure 2.6 B), as fibroblast cultures progressed, cellular delamination occurred readily, 

originating from the margins o f the chemistry interfaces (Figure 2.6 C). These results 

indicate that strong cell-cell contacts dominate over cell-surface interactions. As cells 

multiplied and adhesive space became limiting, strong cell-cell contacts allowed surface- 

bound cells to be pulled off o f their patterns (during rinsing) by attached cells “hanging” 

off pattern edges bound only by cell-cell contacts. Additionally, after completely rinsing 

cells from the surface, cells repopulated the patterned region, but again could be rinsed 

away once space became limiting.
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Representative results for micropatteming with IC-21 murine MO (Figure 2.5 C-E, Figure

2.7 D, H and I) indicate that cell patterns develop for these cells on AlAm-FC (Figure 2.7 

H), NVP-FC (Figure 2.5 C-E, Figure 2.7 I) and HxAm-FC (Figure 2.7 D), but not on 

NVFA-FC (data not shown) where no preferential growth based on chemistries was 

observed. Phase contrast microscopy results for striped and bullet shaped TEM grid- 

pattems, HxAm-FC and NVP-FC respectively, are shown in Figure 2.7 D and I. Multiple 

examples o f  such pattern fidelity were detected on each plate. Additionally, at early 

culture times (48 hours), an edge effect was observed for micropattemed IC-21 cells 

(Figure 2.5 C-E), likely a response to topological features (roughness) at the margin of

39the two chemistries.

2.5 Discussion

Cellular response to various model materials has important fundamental significance to 

numerous biotechnological medical devices, diagnostic high-throughput cell-based 

screening and environmental applications. Specifically, surface interactions with 

leukocytes and lymphocytes are particularly important for understanding inflammatory 

responses to implanted device materials and soluble dmg candidates. We have previously 

described the morphological and proliferative characteristics o f a fibroblast and MO 

inclusive group cultured on model biomaterials surfaces.42’43 This initial study has been 

extended here to a large group o f previously characterized plasma-deposited co-pattemed

• 37surfaces of distinct chemistries.
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Two important considerations distinguishing cell-surface behavior for in v/Yro-based cell 

adhesion studies are the presence o f serum as opposed to biased pre-adsorption o f ECM 

proteins, and the influence o f cell phenotype.3 MC-MO and fibroblast cells have 

markedly different functions in vivo, and consequently their interactions with surfaces 

reflect these highly specialized phenotypic roles. Although typically considered non­

adhesive in vivo unless activated by non-host materials (e.g., foreign bodies) M<h, the 

sentinels o f the immune system, are uniquely equipped to identify and respond to 

surfaces. The complex MO-mediated host response includes biomaterials attachment 

reactions,47 interactions with lymphocytes48 and cell-cell fusion to form FBGC,49’51 

Curiously, materials typically considered non-permissive to cell attachment and growth 

in culture unless pre-adsorbed with matrix proteins (e.g., hydrophobic surfaces), have 

been shown to promote M<D attachment in serum cultures in vitro.32’42’43’52 One major 

unresolved issue is the mechanism by which this occurs, compared to well-known 

integrin attachment mechanisms employed by most cell types.53,54 Additionally, there is 

the question o f how closely the frequently employed immortalized MC/MO-derived 

secondary cell lines accurately and faithfully represent phenotypic behavior o f primary 

MO or monocytic cells under in vitro assay conditions. This has significant implications 

for in vitro pharmacological assays employing adherent cells as predictive indicators of 

inflammatory activation in vivo.

Given that MO adhesion to biomaterials plays a key role in mediating immune response 

to foreign materials,47 adhesive behavior on surfaces designed to be non-fouling is of 

great interest. However, primary cells represent an expensive cell source with a short
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lifetime and uncertain phenotypic stability in culture. Therefore, we focused on the most 

physiologically relevant cell line, IC-21, as it shares many characteristics with normal 

peritoneal MO,55 yet as an immortalized cell line it can be grown successfully over 

extended culture periods. In the case o f our most interesting result, i.e. proficient growth 

on FC surfaces, we compared the behavior o f primary sourced and secondary-derived cell 

lines. Results for the (MC-) MO cell lines indicated similar behaviors for these cells on 

all pp-generated surfaces tested. The IC-21 and J774A.1 lines grew well on HxAm, and 

all three MC/MO cell lines successfully colonized FC, AlAm and NVP surfaces (Table 

2 .1).

Data demonstrate that IC-21, J774A.1 and RAW 264.7 secondary (MC-) MO cell lines 

tested in serum cultures adhered to and proliferated on all pp-surfaces, regardless of 

surface chemistry. In addition, limited tests with primary derived bone marrow MO (FC 

and PS controls) showed similar results, indicating that both the immortalized lineages 

and the primary MO behave consistently with respect to surface response within this 

select group o f cells and surfaces.

Poor cell culture results on FC surfaces have been previously reported for numerous cell

t  /i i r i  -5 0  r z  ? ___ ___

lines and conditions. Extremely hydrophobic perfluorocarbon surfaces (e.g.,

poly(vinylidene fluorine), PVDF; poly(tetrafluoroethylene), PTFE) typically hinder 

cellular attachment from serum media.3’44 This observed resistance to cell adhesion has 

been shown to be mediated by preferential albumin deposition onto these surfaces, 

blocking recognition by cell integrin receptors o f trace matrix protein motifs on the
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surface required for cell adhesion.44,57,58 Interestingly, our FC surfaces supported the 

attachment and proliferation o f all (MC-) MO cell lines tested, but not the NIH 3T3

•3 ' i n

fibroblasts (Figures 2.3 and 2.4). ’ In addition, pre-treatment o f surfaces for 24 hours 

with either 3 mg/ml albumin, 10% or 100% serum, to adsorb protein from a single biased 

or complex protein mixture, had no significant effect on the ability o f  cells to adhere to 

and proliferate on this surface (Figure 2.4). Despite little observable adhesion from other

o n  T O  C/T

cell lines cultured on similar FC surfaces in serum-containing media, ’ ’ ’ murine MO 

were observed to grow well on various types o f FC surfaces: all three MO-derived cell 

lines and primary-derived bone marrow MO adhered readily to FC patterns in the 

presence o f serum. This distinct attachment capability from fibroblasts could result from: 

(1) different classes o f cell adhesion receptors on MO compared to other cell types that 

typically rely on integrins and matrix proteins, (2) MO use o f an integrin-independent 

surface attachment process that is not receptor-driven (i.e., protein-independent, 

electrostatic, membrane glycosylation-dependent), (3) much lower surface density 

requirements o f adsorbed trace matrix proteins (e.g., fibronectin, collagens, vitronectin) 

for MO as compared to cells that attach to surfaces using their integrin classes, or (4) 

rapid up-regulation o f endogenous matrix protein expression in these cells that facilitates 

surface attachment.

Grainger and coworkers recently showed that poly(tetrafluoroethylene) FC surfaces 

overwhelmingly adsorb excess albumin from serum44 compared to other trace matrix 

proteins (e.g., fibronectin) essential for attachment o f most cell types.53,54 This result 

correlated with lack o f observed probe antibody reactivity to several fibronectin-epitopes
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after serum exposure, as well as observed low endothelial cell adhesion. Biased surface

C O

selection o f  albumin seems to be a natural tendency o f FC surfaces, hindering cellular 

attachment in the presence o f serum via an albumin blocking mechanism that either limits 

matrix protein deposition or masks its recognition by adhering cells. Therefore, cell- 

surface chemistry selection preference should result for specific surface chemistries 

patterned side-by-side. For example, this rationale applied to cell attachment to FIxAm 

co-pattemed with FC in serum predicts that albumin adsorption to the more apolar FC 

surface precludes cell adhesion to these areas, whereas increased matrix protein adsorbed 

abundance on HxAm promotes cell adhesion. This is in fact what is observed in studies

, 3  3 ^  3 £
reported here for MO and supported in several other analogous literature reports. ’ ’ 

Typical cell pattern development from serum media relies on consistent cell adhesion 

preference for an attachment-permissive surface (e.g., HxAm, NVP, TCPS) adsorbing 

sufficient matrix proteins over non-permissive (e.g., FC) surfaces blocked by preferential 

albumin adsorption.

This predicted preferential behavior was evident in the NIH 3T3 fibroblast culture results, 

where cells bound exclusively and definitively to permissive regions o f macropattemed 

plates (Figure 2.5 B and 2.6 A; analogous results obtained for inverse patterned 

chemistry, data not shown). These patterns were evident at early culture times (24 hours) 

and maintained even if  cells were allowed to progress to 100% confluence on the 

permissive substrate. In contrast, MO did not exhibit this distinct patterning behavior: 

they did not adhere exclusively to the predicted permissive regions. Although (MC-) MO 

consistently demonstrated the ability to adhere to and proliferate on all homogenous
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surface chemistries tested, they did exhibit preferences for specific chemistries within 

combinations o f  co-patterned substrates. Examples include the combination o f FC and 

HxAm (Figure 2.7 D) where IC-21 MO adhered preferentially to the HxAm over the FC, 

resulting in a pattern. This pattern evolved slowly with time, fully developed seven days 

after cells were applied to the plates, and was maintained through day nine when the 

experiment was terminated. By contrast, at early time points (24 hours), IC-21 MO 

attached preferentially to FC regions o f FC-NVP macropatterns (Figure 2.5 A). In some 

cases no surface chemistry preference was discernible due to similar surface selection 

(e.g., J774A.1 and RAW  264.7 cultures on AlAm-FC and FC-AIAm, respectively, data 

not shown).

Numerous previous studies o f cell adhesion to materials have utilized fibroblastic cell 

lines o f diverse types. ’ ’ ! ’ The ability o f fibroblasts to attach to and proliferate on, or 

in the presence o f specific substrate chemistries in serum-containing milieu or pre­

adsorbed with matrix proteins, is often used as a basic indicator o f materials 

“biotolerance”. Fibroblasts adhere to more hydrophobic substrate chemistries with

3 32 34 38 56 57difficulty ’ ’ ’ ’ ’ unless pre-adsorbed with purified matrix proteins prior to culture. 

Their attachment-dependent phenotype, adherent morphology and surface matrix protein 

requirements are distinct from MC/MO cells. In addition, the cell-cell contacts formed in 

cells grown on hydrophobic surfaces are stronger than the cell-surface contacts, 

exemplified by delamination o f large intact sheets o f cells (Figure 2.6 C).
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NIH 3T3 fibroblast cultures attached to and grew readily on all attachment-permissive 

surfaces tested—AlAm, HxAm, NVP and NVFA. This is consistent with previous 

reports59’61 and leads to an interpretation that these adhesion-permissive surface 

chemistries (1) adsorb sufficient matrix proteins from serum to support cell integrin- 

dependent attachment, and (2) are not cytotoxic. In contrast to M<D cultures, fibroblasts 

were non-adherent or poorly adherent to the FC surfaces in the presence o f either serum 

(as previously observed by others)3,38,56 or pure albumin solution pre-adsorption. Most 

cells were unable to adhere and remained free-floating in the media. Any observed 

fibroblast attachment was attributed to small surface coating defects in the plates (Figure

2.3 B, arrow). Ultimately, the NIH 3T3 fibroblast cells were not able to colonize the 

plates effectively, with only small, isolated areas o f attachment, and no observed cell 

pattern development in any case, consistent over various cell-seeding densities. Limited 

fibroblast attachment and growth on non-permissive plasma-treated substrates was most 

frequently observed at the pattern edges (Figure 2.6 B) where FC deposition was likely 

affected or disrupted by the pattern transition or walls o f the plate.

2.6 Conclusions

Biomaterials design has become more sophisticated with numerous techniques currently 

available to develop surfaces with improved biocompatibility. Plasma-derived chemical 

functionalization o f biomaterials is one commonly employed method for improving 

implant surface characteristics. We have examined a diverse group o f  pp-surfaces and the 

responses o f two phenotypically distinct cell types to these surfaces in vitro.
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NIH 3T3 fibroblast cell lineage adherence, growth and proliferation on pp-substrates in 

serum proceeds as expected based on known surface chemistry trends. MC-MO cells 

derived from both primary and secondary cell sources show consistent adherence, growth 

and proliferation on all pp-surfaces tested, including FC shown refractory to cell adhesion 

in many previous studies. Results suggest that these phenotypically distinct cell types 

have different requirements for successful surface adherence and proliferation. Cell-cell 

contacts on FC surfaces are stronger than cell-surface contacts made by fibroblast 

cultures, whereas (MC-) MO cells establish strong cell-surface contacts, even in serum on 

FC.

The demonstrated ability o f cultured, secondary-derived immortalized cells to attach to 

non-adhesive substrates such as FC is unusual. Equivalence with the more biologically 

significant primary-derived BMMO cells to adhere and proliferate on these surfaces 

suggests that the many elegant micropatterns designed for use in implantable devices and 

scaffolds may not be practically useful in vivo due to the attachment o f immunogenic 

cells which not only elicit a FBR, but also preclude the attachment and growth of 

desirable cell types. Additionally, use o f apolar surfaces and albumin masking agents in 

common in vitro assays o f anti-inflammatory drugs with cultured MO may not be 

sufficient to block cell-surface activation, thus confounding pharmacological assay 

results. Consequently, the interactions o f MO as key cellular mediators must be carefully 

considered in an appropriate biologically relevant context.
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CHAPTER 3: RHO GTPASE PROTEIN EXPRESSION AND 

ACTIVATION IN MURINE MONOCYTE/MACROPHAGES ARE 

NOT MODULATED BY MODEL BIOMATERIAL CULTURE 

SURFACES IN SERUM-CONTAINING IN  VITRO CULTURES

This chapter was written by M arisha L. Godek, edited by David W. Grainger and 

contains contributions from Jennifer A. Sampson, Nichole L. Duchsherer and Quinn 

McElwee. It has been accepted for publication in the Journal o f  Biomaterials Science, 

Polymer Edition, 2006.

3.1 Abstract

The Rho GTPase cellular signaling cascade was investigated in pro-monocyte and (MC-) 

MO) cells by examining GTPase expression and activation in serum-containing cultures 

on model biomaterials. Abundance o f Rho GDI and the Rho GTPase proteins RhoA, 

Cdc42 and Racl was determined in cells grown on TCPS, PS, PLA and Teflon® AF 

surfaces. Protein expression was compared based on cell maturity (pro-monocyte to MC 

to MO lineages) and by model surface chemistry: Rho proteins were present in the 

majority o f MO cells tested on model surfaces suggesting that a pool o f Rho proteins is 

readily available for signaling events in response to numerous activating cues, including
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biomaterials surface encounter. Rho GTPase activation profiles in these cell lines 

indicate active Cdc42 and Rho proteins in RAW 264.7, R acl and Rho in J774A.1, and 

Cdc42 and R acl in IC-21 cell lines, respectively. Collectively, these proteins are known 

to play critical roles in all actin-based cytoskeletal rearrangement necessary for cell 

adhesion, spreading and motility, and remain important to establishing cellular responses 

required for FBR in vivo. Differences in Rho GTPase protein expression levels based on 

cell sourcing (primary versus secondary-derived cell source), or as a function o f surface 

chemistry were insignificant. Rho GTPase expression profiles varied between pro- 

monocytic non-adherent precursor cells and mature adherent (MC-) MO cells. The active 

GTP-bound forms o f the Rho GTPase proteins were detected from MC-MO cell lines 

RAW 264.7 and J774A.1 on all polymer surfaces, suggesting that while these proteins are 

central to cell adhesive behavior, differences in surface chemistry are insufficient to 

differentially regulate GTPase activation in these cell types. Active Cdc42 was detected 

from cells cultured on the more-polar TCPS and PLA surfaces after several days, but 

absent from those grown on apolar PS and Teflon® AF, indicating some surface 

influence on this GTPase in serum-containing cultures.

3.2 Introduction

The Rho GTPase family o f  intracellular signaling proteins is implicated in numerous 

cellular behaviors, including cytoskeletal reorganization and resultant cell adhesion, 

shape and motility changes, membrane trafficking, cellular proliferation and 

transcriptional regulation in mammalian cells.1,2 Rho GTPases are key enzymes 

positioned at signal convergence points from numerous receptors, and when activated,
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mobilize groups o f functionally divergent molecules to elicit diverse responses.

Numerous interactions o f Rho GTPase proteins with upstream regulators and downstream 

targets create a complex cell-signaling network.

Rho, Rac and Cdc are the most frequently studied Rho GTPase proteins and, like other G 

proteins, function as intracellular molecular switches, cycling between active (GTP 

bound) and inactive (GDP bound) forms. Cellular regulation o f these proteins, based on 

the exchange o f substrate GDP for GTP, is complex and affected by multiple regulatory 

factors including GEFs (Guanine Nucleotide Exchange Factors) that catalyze the 

exchange o f  bound GDP for GTP1, GAPs (Guanine Activating Proteins) that increase the 

intrinsic Rho protein GTPase activity, and Rho GDIs (GDP-Dissociation Inhibitors) that 

prevent release o f  bound GDP, stabilizing inactive forms o f Rho proteins.4,5

Rho GTPases influence the ability o f many cell types to adhere, proliferate and spread, 

mobilizing elements o f the cytoskeleton in response to environmental stimuli that are 

both physical and chemical in nature.5,6 Significant environmental cues in the context of 

biomaterials include both (solid) physical and (soluble) chemical stimuli such as culture 

plastics and implantable materials interfaced with host tissues, as well as altered 

physiological states o f tissues adjacent to a biomaterial (hypoxia, edema, mechanical and 

chemokine gradients, e tc ) . Many attachment-dependent cell types require surface 

contact, haptotaxis, adhesion, spreading and migration to initiate proliferative and 

phenotypic responses.7,8 Other cells (e.g., leukocytes), while not requiring attachment for 

normal functions, use outside-inside receptor-initiated interrogation o f both natural and
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synthetic surfaces in homeostatic and immuno-modulatory responses. Rho GTPases are 

implicated in these cells’ phenotypic functions and signaling.9' 12

Implanted biomaterials initiate a host FBR reaction involving a series o f cell-materials 

surface-mediated interactions.13’14 Rho GTPases are likely involved in mediating this 

ubiquitous host cell-materials interaction. MC, MO, and fibroblast recruitment to and 

presence at biomaterial implant sites correlate with histological events producing

1 Timplant-associated fibrosis and unresolved wound healing. Gross cellular responses to 

biomaterials surfaces such as morphological changes in cytoskeletal features can be 

directly observed,15 yet cell-surface signaling mechanisms underlying propagation o f key 

events in this context remain poorly understood. Ultimate control o f  this adverse host 

inflammatory response requires an improved understanding o f implant surface reactions 

with various cell types crucial to healing response mechanisms. In particular, MC and 

MO recruitment, followed by cell-surface attachment, maturation to differentiated MO 

phenotypes, and ensuing signaling events initiating the FBR, including characteristic 

FBGC developm ent13’1446’17 all plausibly involve Rho GTPases.

Directly relevant to implant-associated cell types, Rho GTPases have been studied 

extensively in adherent Swiss 3T3 fibroblast and Bacl.2F5 MO cell lines.1'4’18 Less work 

is reported for other cell lines, including J774A.1 (M C-M O)12 and a sub-line o f the RAW

264.7 MC-MO, RAW  LR/FM LPR 2 .19 In these cells, Rho GTPase expression has been 

linked to regulation o f specific cytoskeletal features: RhoA is associated with control of 

stress fiber formation (fibroblasts) and actin and myosin attachment to the cell membrane
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at focal adhesion sites.1’2 Rac controls lamellipodial protrusion and membrane ruffle

18 • *formation and Cdc42 induces formation o f microspikes and filopodia, and influences

cell polarity.4 In Swiss 3T3 fibroblasts, a hierarchical signaling cascade exists beginning 

with Cdc activation, then Rac, and subsequent activation o f Rho.20 Rho GTPase 

contributions to M O phagocytic behavior have also been reported.19,21 Recently, the 

Rho/ROCK (Rho activated kinase) signaling proteins have been implicated in the ability 

o f fibroblasts to “sense” rigidity in their adhesion environment.22 These effects have 

profound implications for elucidating cell-based mechanisms in wound healing, tissue 

regeneration and neogenesis.

The FBR is characterized by chronic unresolved wound healing, is mediated by MO 

cells in vivo. Rho GTPase involvement in key cellular responses to biomaterials such as 

MO activation and differentiation at the implant site is therefore a significant issue. 

Hence, expression and activation profiles o f Rho GTPases Rho, R acl and Cdc42 in 

primary-derived murine pro-monocytes and differentiated BMMO, and in three murine 

(MC-) M O 1 derived cell lines in culture are compared here. Specifically, Rho GTPase 

expression (e.g., presence or absence o f this protein) and activation (e.g., presence or 

absence o f the GTP-bound protein) profiles were compared for: 1) primary-derived MC> 

to secondary-derived immortalized (MC-) M<D cell line populations, 2) cellular maturity, 

ranging from the (non-adherent) pro-monocytic mixed population bone marrow precursor 

cells to the fully differentiated (adherent) BMMO, and 3) ability o f  cells to adhere to,

1 The use o f  “(MC-) MO” is meant to describe the three cell lines J774A.1, RAW 264.7 and IC-21 
collectively despite their presumed phenotypic differences and lineage maturity, and may refer to any 
combination o f  the MC-MO cell lines J774A.1 and RAW 264.7 with each other and/or the MO cell line IC-
2 1 .
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grow (enlarge), proliferate and spread on control and model biomaterial polymer 

surfaces. We have previously reported the ability o f BMMO and RAW  264.7, J774A.1 

and IC -21 murine (MC-) MO cells to adhere to, proliferate and spread on these 

surfaces.15 N ew  findings here relate to key signaling events in the context o f specific 

model biomaterials and MO cell culture systems to progress toward an improved 

understanding o f events underlying MO attachment to and proliferation on biomaterials. 

We hypothesized that surface chemistry would influence Rho GTPase expression and/or 

activation profiles based on observations o f varied gross cell morphologies on the 

substrates selected. Interestingly, we found that Rho GTPase expression is not 

significantly different in cultured cells based on either cell sourcing or culture surface 

chemistries tested. Rho GTPase activation in the MC-MO cell lines RAW  264.7 and 

J774A.1 was not modulated in a surface-dependent m anner. In contrast, activated Cdc42 

was detected in the IC-21 MO cell line on more polar surfaces (TCPS and PLA) after 

several days in culture, and absent from less polar PS and Teflon® surfaces, correlated to 

observations o f distinct cell morphologies based on surface polarity.

3.3 Materials and Methods 

Primary cell harvest

Bone marrow cells were harvested from the femurs and tibias o f C57/BL-6 mice (Jackson 

Laboratories) as previously described.23 Proteins were either extracted from these isolated 

cells immediately upon harvest from bones and labeled “na'ive pro-monocytic” due to the 

immature nature o f the cells present, or these cells were plated in 10 ml o f complete 

BMMO media (10% heat inactivated FBS, 10% L929 fibroblast conditioned medium, 1%
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penicillin-streptomycin, 1% HEPES, 1% non-essential amino acids, and 1% sodium 

pyruvate in Dulbecco’s modified Eagle’s medium, DMEM) to promote maturation to the 

MO phenotype for 10 days before collection and protein extraction.

Cell culture

Murine MC-MO cell lines RAW 264.7 and J774A.1, and the MO IC-21 cell line were 

obtained from the ATCC (Manassas, YA). Cells were cultured in DMEM (Mediatech, 

for J774A.1) or RPMI 1640 (Mediatech, for IC-21 and RAW  264.7) supplemented with 

10% FBS (HyClone) and 1% penicillin-streptomycin (Life Technologies) or complete 

BMMO media. Cultures were maintained in T175 TCPS flasks (Nunc™) under standard 

conditions: incubation at 37°C, 98% humidity and 5% CO2. Cells were dissociated from 

culture flasks by incubation with Ca2+- and Mg2+- free cell culture grade Hank’s balanced 

salt solution (HBSS, Life Technologies) (J774A.1 and RAW  264.7), or by scraping with 

a rubber policeman (IC-21). Cell concentration and viability was assessed using trypan 

blue dye exclusion (BioW hittaker) and a hemacytometer. All cell line subcultures were < 

41 beyond the passage number as received from ATCC.

Cell culture on model surfaces

TCPS (Falcon®, Becton Dickinson) and PS (Coming Inc.) 15 x 100 mm dishes were 

utilized for both control and experimental conditions. Glass plates (20 x 100 mm) were 

treated in a potassium hydroxide solution overnight and rinsed copiously with 18 MQ 

“Nanopure-grade” water prior to use. Fluoropolymer culture surfaces were prepared by 

coating PS dishes with 0.1 wt. % Teflon® AF (DuPont Fluoroproducts) in FC-40 solvent
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(3M Corp). Coated surfaces were incubated in vacuum overnight to remove residual 

solvent, and plates were misted with 70% ethanol, dried, and treated with biosafety 

cabinet UV light for 20 minutes immediately before culture use, a process shown benign 

to cell culture surface chemistry.24 PLA (mol. wt. 50,000 or 100,000, Polysciences, Inc; 

0.2% solution in methylene chloride) was pipetted into glass plates and air-dried 

(covered). Plates were sterilized with a 70% ethanol solution and biosafety cabinet UV 

light immediately before use. Plates were tested for the presence o f contaminating 

endotoxin using a Pyrogene™ Assay kit (Cambrex), and endotoxin levels were 

determined to be below the kit detection limit (0.02 EU/ml). Plates were subsequently 

pre-treated with appropriate media containing 10% FBS for a minimum of six hours 

before cell seeding. This media was then removed and cells were seeded at 

concentrations ranging from 5.0 x 104-1 x 106 cells per plate, and grown to a specified 

point o f sub-confluence (to avoid profiling staged or quiescent cells). Initial seeding 

densities varied slightly for each cell type, due to surface-dependent differences in cell 

adhesion and growth rates, and in order to create roughly equivalent culture time 

endpoints whenever possible (see Figure 3.1.S for experimental outline).

Phase contrast microscopy

Images were obtained on either a Nikon Eclipse TS100 or a Nikon TMS inverted 

microscope using Nikon objectives. A Kodak DC290 camera was used to capture field 

images that were subsequently processed in Adobe Photoshop 6.0 (Adobe Systems, Inc.).

78

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Contact angle analysis

Static water contact angles were measured with a contact angle goniometer (Kriiss DSA 

10). Reported contact angle measurements are the mean o f 4 measurements on each o f 3 

samples for each experimental condition. The water drop profiles were fit using the 

tangent method drawn from the three-phase contact point along the drop/air phase 

boundary.

Protein harvest for Rho GTPase expression and activation assays from cells 

cultured on control and model biomaterials surfaces

Upon reaching a predetermined sub-confluent density (<90%) in culture, cells were 

rinsed once with Dulbecco’s phosphate buffered saline (DPBS, HyClone) to remove 

residual media, and 0.75 ml o f cell lysis buffer was applied. Protease inhibitors (1 pg/ml 

aprotinin, 1 pg/ml leupeptin and 1 mM (final) phenylmethylsulfonyl fluoride) were added 

to the lysis buffer [M-PER® (expression only; Pierce Biotechnology, Inc) or 25 mM 

Tris-HCl with 150 mM NaCl, 5 mM  MgCl2, 1% NP-40, 5% glycerol and 1 mM 

dithiothreitol (DTT) (combined expression/activation assays)] immediately before use. 

Cell lysates were removed with the aid o f a rubber policeman and lysates were pipetted 

into sterile microcentrifuge tubes on ice. Samples were vortexed briefly and kept cold 

(4°C) throughout the harvesting and activation assay procedures. Rho GTPase 

expression samples were clarified at 16,000 x g, 4°C for 15 minutes and stored at -20°C.

Active (GTP-bound) Rho proteins were pulled down using commercially available 

affinity columns (Pierce EZ-Detect™ Activation Kits) with specificity for R acl, Cdc 42 

and Rho. The Rho pulldown is not specific for RhoA exclusively, but is known to detect
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three common (A, B and C) isoforms, which are highly homologous. Appropriate 

positive and negative control treatments (GTPyS or GDP) were carried out (per 

manufacturer’s instructions) to ensure that the affinity capture procedures functioned 

properly. To avoid GTP hydrolysis, cell lysates were immediately loaded onto affinity 

columns preincubated with the appropriate binding protein for the target o f interest: 20pg 

o f G ST-Pakl-PBD  (Cdc42 capture), or GST-human Pakl-PBD  (Racl capture), or 400 pg 

o f  GST-Rhotekin-RBD (Rho capture). All binding and rinsing steps were carried out per 

manufacturer’s instructions. Protein was eluted with 2x SDS Laemmli sample buffer with 

(3-mercaptoethanol (P-ME, Sigma-Aldrich) and heat. Samples were centrifuged at 7200 x 

g for 2 minutes and stored at -20°C until analysis.

Total protein quantification

Total cellular protein was quantified per manufacturer’s instructions using the Bio-Rad 

Protein microassay (Bio-Rad Laboratories, linear range o f 0.05 to 0.5 mg/ml) and a 

microplate reader (Phenix Research Products).

Rho GTPase expression analysis by immunoblotting

Commercial preparations o f whole cell lysates (WCL; Santa Cruz Biotechnology) were 

used as positive controls for expression o f each protein o f interest: HeLa WCL for 

Cdc42, RhoA and Rho GDI; KNRK WCL for R acl; and K562 WCL for Cdc42 and 

R acl. Equivalent amounts (25 pg) o f total cell lysate from each expression sample and 

controls were analyzed via standard Western blot techniques. Equivalent loading of 

samples based on amount or volume was confirmed by SDS-PAGE (Figure 3.2.S), and
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equivalent and optimized transfer conditions were confirmed by post-electrotransfer 

staining o f nitrocellulose (NC) membranes (Bio-Rad Laboratories) and gels (data not 

shown).

Briefly, samples were electrophoresed on a 12% SDS-polyacrylamide gel and 

electrotransferred to a 0.2 pm  NC membrane (Bio-Rad Laboratories). Membranes were 

blocked with 3% BSA (Sigma-Aldrich) in Tris-buffered saline (TBS, Bio-Rad 

Laboratories) and washed with 0.05% TBST (Tween®-20 (Sigma-Aldrich) in TBS). 

Blotting conditions were optimized for each protein separately. Primary antibody 

solutions (all rabbit polyclonal, Santa Cruz Biotechnology) at concentrations ranging 

from 1:100-1:1000 were applied to membranes (individually) for Rho A (clone 119, goat 

polyclonal), R acl (clone C-14), Cdc42 (clone P I) or Rho GDI (cloneA-20). Optimum 

detection was achieved using a 1:100 dilution for RhoA and a 1:500 dilution for Rac 1 

and Cdc42. Horse radish peroxidase (HRP)-conjugated secondary antibodies (Santa Cruz 

Biotechnology, goat anti-rabbit IgG-HRP or mouse anti-goat IgG-HRP) were applied at 

concentrations o f 1:500 (RhoA) or 1:5000 (Cdc42 and R acl). Blots were developed using 

Supersignal® W est Pico Chemiluminescent Substrate or SuperSignal® West Dura 

Extended Duration Substrate (Pierce Biotechnology) and membranes were quantified on 

either a BioChemi Imaging System using LabWorks software (UVP) or a ChemiDoc™ 

XRS System using Quantity One® software (Bio-Rad Laboratories).

Each blot contained one or more positive control lysate sample(s) (WCL, vida supra) 

known to contain the protein analyte o f interest. All sample values obtained from
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chemiluminescent imaging techniques were normalized to the positive control WCL 

value o f  the same blot to minimize effects attributed to variation between blots due to 

slight differences in electrophoretic conditions. Generally, blots were not stripped and re­

probed with multiple antibodies. However, when protein supply was limited (e.g. IC-21) 

blots were stripped with Restore™ Western Blot Stripping Buffer (Pierce 

Biotechnologies) prior to re-probing.

Protein activation analysis by immunoblotting

As noted above, the Rho pull-down assay employed here is not specific for RhoA 

exclusively, but detects the common, highly homologous A, B and C isoforms. 

Subsequent RhoA specific probing o f  these samples was attempted with the same 

antibody used in expression analyses (Santa Cruz Biotechnology, clone 119) with only 

marginal success, likely due to the small amount o f active protein isolated. Further, this 

RhoA antibody was compared to numerous commercially supplied RhoA antibodies 

(different species, different suppliers, etc), and was found to be, by far, the most effective 

RhoA antibody available for this assay. Due to these difficulties, the less-specific “Rho” 

antibody was used for activation assays. Thus, Rho activation results are reported as 

“Rho”, in contrast to protein expression data reported as “RhoA”.

Up to 50 pi o f cell-derived activation lysate and 25 pg o f  WCL controls were analyzed 

via standard W estern blot techniques as described (vida supra). Primary antibody 

solutions (Pierce Biotechnology) at concentrations o f 1:100 (RhoA) or 1:250 (Racl and 

Cdc42) were applied to the membranes individually for Rho (mouse monoclonal IgGi),

82

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



R acl (mouse monoclonal IgG2b) and Cdc42 (mouse monoclonal IgGi). Immunopure® 

Goat Anti-M ouse IgG (H + L) peroxidase-conjugated secondary antibody (Pierce 

Biotechnology) was applied at a concentration o f 1:1000 and blots were developed and 

quantified as described above.

Statistical analysis

To determine statistically significant differences in protein expression, split plot analysis 

o f variance was performed on data, where the whole plot effects were cell line and 

protein, and the split plot effect was surface chemistry. The whole plot error was trial by 

cell line and by protein. The split plot error was the surface by the whole plot error 

interaction. Error was represented as ± one standard error o f the mean (SEM).

3.4 Results

Microscopic evaluation o f each cell type in serum cultures, with attention to 

characteristic morphological features (filopodia, membrane ruffles) exhibited by cells on 

each control and model surface revealed distinct features based on cell type and surface. 

Culture surfaces represent a wide wettability range, as determined by static aqueous

25contact angle measurement: hydrophilic TCPS (54° ± 2), moderately hydrophobic PS 

(92° ± l)25 and PLA (82° ± l) ,25,26 and very hydrophobic Teflon® AF (116° ± 2),26 

consistent with values previously reported. Cell adhesive and proliferative behavior was 

expected to vary on these different substrates related to surface chemistry effects on 

protein selection from complex biological milieu (serum). Morphological features 

exhibited by cells on each surface provided basic information about general cell
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TCPS PS PLA Teflon® AF

Figure 3.1 Phase contrast photomicrographs of various morphologies exhibited by populations of 
IC-21 MO cells on polymer surfaces at early (< 50% confluent) culture times. Cells exhibit 
primarily astral morphology with some filopodial extensions (E, bold arrow) at sub-confluent 
culture conditions on TCPS (A, E). However, as these cultures progress to 100% confluence cells 
adopt a typical “cobblestone-like” pattern of cell growth with fewer extensions (data not shown). 
On PS (B, F) cells exhibit membrane ruffling (F, arrows) and filopodia, similar to (but to a lesser 
extent than) behavior observed on Teflon® AF. Morphology is more compact on PLA surfaces (C, 
G), in contrast to the lengthy filopodia and large areas of membrane ruffling (D and H, arrows) 
observed on Teflon® AF. Results are representative of numerous (>3) fields and (>3) trials.

responsiveness to surfaces, including establishment o f focal adhesions required for

surface colonization, a requisite step in inflammatory response induction at implant sites.

Further, cell morphology has been associated with expression and/or activation of

specific Rho GTPases.27

Phase contrast microscopy observation o f MC-MO cells revealed populations exhibiting 

different morphologies based on surface chemistry (Figures 3.1, 3.2, 3.3.S and 3.4.S). 

Hydrophilic TCPS promoted attachment, growth and proliferation for all cells tested, and 

cells exhibited adherent (punctate, astral) morphology indicative o f numerous cell- 

adhesive sites (Figure 3.1 A and E; Figure 3.3.S, A; Figure 3.4.S, A and C). At early time 

points cells exhibited motile phenotypes on all surfaces, as indicated by the presence o f
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Figure 3.2 Phase contrast photomicrographs of IC-21 M<t> cell morphologies on Teflon® AF 
surfaces. A) Cells commonly exhibit loosely adherent cell bodies (circle) with numerous 
filopodia, sometimes in a circular arrangement. B) Distinct from cultures on all other surface 
chemistries, filopodial extensions are often observed to cross one another (bold arrows), or to 
terminate in proximity to attachment sites of other cells. C) Cell populations on Teflon® AF 
surfaces show a mixture of actin-based cytoskeletal features (filopodia, lamellipodia, 
membrane ruffling), often with numerous features on a single cell, as illustrated by all 3 cells in 
this field. Note differences in cell size, shape and features. D) Filopodia are frequently lengthy, 
extending hundreds of microns from the cell body [bold arrows indicate cell body (right) and 
filopodium terminus (left)]. E-F) Cells showing characteristic membrane ruffling, indicative of 
the “lagging edge’’ of a motile cell. G-H) Less typical morphologies observed on Teflon® AF 
include cells with numerous bulbous attachment sites (G) and tree-trunk-like morphologies 
(H). I) This field illustrates the diversity of the cell population observed: cell “1” has multiple 
lengthy filopodia that cross over cell “2”, and that are diffuse rather than punctate at their 
termini, possibly indicative of active surface probing. Cell “2” has a diffuse cytoplasm, with 
large areas if membrane ruffling. Cell “3” has a small well-defined cell body with one lengthy 
filopodium. J) Occasionally, cells with multiple nuclei (3-5) have been observed on Teflon® AF 
without the addition of exogenous cytokines that promote fusion events. Results are 
representative of numerous (>3) experiments.

filopodia and membrane ruffling (Figure 3.1, E-H). However, as cultures progressed to
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nearly confluent conditions cells adopted a tightly packed “cobblestone-like” growth 

pattern allowing maximal use o f surface area (data not shown). Morphology on PLA 

surfaces (Figure 3.1, C and G) was highly similar to TCPS. Typically, cells grown on PS 

(Figure 3.1, B and F; Figure 3.3.S, B and F), and Teflon® AF (Figure 3.1, D and H; 

Figure 3.3.S, D and H; Figure 3.4.S, B and D) exhibited lengthy filopodia and large areas 

o f membrane ruffling; these effects were always more pronounced on Teflon® AF 

surfaces.

Pronounced morphological variation was observed for the m ost M O-like cell line tested, 

IC-21, on Teflon® AF (Figure 3.2) At early time points (24 hours), cells with loosely 

adherent cell bodies and multiple attachment sites at the termini o f  lengthy filopodia were 

frequently observed. Filopodia often extended radially from the cell body (Figure 3.2 A- 

C). Alternatively, filopodia extended in a direction opposite that o f  an area o f membrane 

ruffling (Figure 3.2 D and I, cell #1). Collectively, the arrangement o f filopodia suggests 

that cells first send out filopodia to sample the surrounding surface in all directions, and 

subsequently respond to environmental cues by moving toward a “desirable” region 

[indicated by the development o f a cellular “leading edge”(designated by the presence of 

filopodia) and a “lagging edge” (designated by the presence o f  membrane ruffling)]. 

Characteristic membrane ruffling is shown in Figure 3.2 E and F, and less typical 

morphological variants and multinucleation are shown in panels G, H and J, respectively. 

Regardless o f cell lineage or derivation, the (MC-) MC> cells grown on Teflon® AF 

exhibited a mixture o f  phenotypic features such as membrane ruffles and filopodia within 

the same culture and in proximity to one another (Figure 3.2 D and I). Significantly, cell

86

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



behavior on Teflon® AF was different from predicted cell growth patterns. For example, 

IC-21 cells grown on Teflon® AF sent out unusually lengthy (hundreds o f microns) 

filopodia (Figure 3.2 D, arrows), indicating a lack o f appropriate adhesive contact sites on 

these highly hydrophobic surfaces in serum. Equally unusual, filopodia were repeatedly 

seen crossing over one another (Figure 3.2 B, C, D; Figure 3.3.S, H) or over other cell 

bodies (Figure 3.2 I, cell #s 1 and 2). Figure 3.2 I shows cells moving in directions 

opposite one another, but nearly on top o f one another (cell #s 1 and 2). In proximity to 

cell #s 1 and 2, cell # 3 exhibits a very different morphology, a compact cell body with a 

single filopodium. Importantly, these features are maintained as cell culture progresses to 

near 100% confluence on Teflon® AF, in contrast to all other surface chemistries where 

adherent cell shape is modified as progression toward confluence occurs, most notably 

observed in IC-21 cells and mature, differentiated BMMO. In general, these cell types 

responded to surfaces in a more pronounced and morphologically similar fashion than 

either o f  the MC-MO cell lines (J774A.1 and RAW 264.7).

To correlate observed morphological features (filopodia, membrane ruffling) and Rho 

GTPase signaling proteins in (MC-) MO cells grown on these surfaces, Rho protein 1) 

expression, and 2) activation assays were performed. Lysate samples from cells of 

increasing maturity (e.g., primary pro-monocytes, secondary (MC-) MO cell lines 

J774A.1 and RAW  264.7, secondary MO IC-21 and primary BMMO) were analyzed for 

expression o f the regulatory factor Rho GDI, and Rho GTPase proteins, RhoA, Racl and 

Cdc42 (Figures 3.3, 3.5.S, 3.6.S and 3.7.S).
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Figure 3.3 Rho GTPase expression comparison for (MC-) M<t> 
cell lines cultured on control (TCPS, PS) and model (PLA, 
Teflon® AF) surfaces. Protein expression was normalized to a 
whole cell lysate for the protein of interest. Error bars represent 
standard error of the mean, n= 3-8. Only two significant pairings 
(p < 0.05) were noted, and they are indicated by a * or a +, 
respectively (panel A). Key:
§ §  TCPS, ggj PS, [T|] PLA, I I I  Teflon® AF.
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probed except R acl (data not shown). The adherent (MC-) MC> cell lines, J774A.1, RAW 

264.7 and IC-21, exhibited similar expression profiles; the majority o f Rho GTPase 

proteins were expressed on most surfaces tested (Figure 3.3 A-C); RhoA was absent on 

TCPS from both the J774A.1 and IC-21 cell lines (Figure 3.3, A and C), and both RhoA 

and Rho GDI were non-detectable in IC-21 cells cultured on PLA (Figure 3.3 A). A 

comparison o f  each Rho protein expression profile within each cell type based on surface 

chemistry alone (control: TCPS, PS, versus model: PLA, Teflon® AF surfaces) revealed 

only two significant pairings, IC-21, Rho GDI on TCPS versus either PLA or Teflon®

AF (Figure 3.3 A).

Table 3.1 Rho GTPase activation summary for (MC-) MO cell lines.

P ro te in  & C u ltu re  S u rface Cell Line
RAW 264.7 J774A.1 IC-21

Rhoab T C P S  
P S  

PLA 
Teflon AF + 

+ 
+ 

+ 

+ 
+ 

+ 
+ 

f
i

l
l

Rac1a T C P S  
P S  

PLA 
Teflon AF I 

I 
I 

l 

+ 
+ 

+ 
+

1 
• 

• 
+ 

|

Cdc42a T C P S  
P S  

PLA 
Teflon AF + 

+ 
+ 

+ 

t
i

l
l

i 
+ 

. 
+

a + indicates the presence of the GTP-bound form of the protein(s), - 
indicates the absence of the GTP-bound form of the protein(s). bThe Rho 
pulldown and probe is not specific for RhoA, but rather detects Rho 
isoforms A, B and C. See Materials and Methods for a detailed 
explanation.

Close examination o f R acl expression (Figures 3.5.S and 3.6.S), which appeared to be 

most variable among the Rho GTPases tested, revealed that comparatively no statistically 

significant differences based on cell line or surface chemistry were observed. Comparison
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o f Rho GTPase expression profiles on the most different polymer surfaces (based on 

polarity, chemistry and cell morphological response), TCPS and Teflon® AF, revealed 

only one statistically significant pairing for Rho GDI expression (Figure 3.3 A). Similar 

results were obtained for a comparison o f Rho GTPase expression profiles on TCPS and 

PLA surfaces (data not shown).

Activation assays performed under identical conditions (for all cells and all surfaces) 

indicate active (GTP-bound) Cdc42 and Rho proteins in RAW  264.7, R acl and Rho in 

J774A.1, and Cdc42 and R acl in IC-21 cell lines, respectively (Table 1 and Figure 3.7.S). 

No modulation o f Rho or Cdc42 activation in RAW  264.7 cells as a function o f culture 

surface was observed, as indicated by detectable amounts o f active protein on each 

surface tested. A similar result was obtained for the J774A.1 cell line, except that the 

active proteins in this cell type are Rho and R acl, rather than Rho and Cdc42. In the IC- 

21 cells no active Rho was detected on any culture surface, and active fractions o f Racl 

and Cdc42 were only detected on TCPS (both proteins) and PLA (Cdc42 only).

3.5 Discussion

In this study, culture surfaces with various properties were selected as models to 

determine effects o f  surface chemistry on MO adhesion and subsequent changes in 

expression levels and/or activation states o f select Rho GTPases. Chemistries selected 

included: TCPS, the current “gold standard” for adherent cell culture, PS, commonly 

employed for suspension culture, PLA an FDA-approved synthetic bioerodible polymer 

and Teflon® AF (“Amorphous Form”), (4,5-difluoro-2, 2-bis (trifluoromethyl)-l,3-
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dioxole copolymerized with tetrafluoroethylene) the soluble analog o f  Teflon®, a highly 

hydrophobic fluoropolymer with a long history o f  use in biomaterials implants.28,29 Our 

previous work characterized these surface chemistries using x-ray photoelectron 

spectroscopy and correlated surface characteristics to endothelial cell culture support. For 

this attachment dependent cell type, adhesion from serum and contact angle were 

proportional to surface oxygen content.

Until a decade ago, the primary role o f Rho GTPases was believed to be regulation of

cytoskeletal organization in response to extracellular growth factors. Recent evidence

indicates that these proteins are key mediators o f  many critical cellular events such as cell

1 ^cycle progression and apoptosis, and are often implicated in disease. ’ Rho GTPases 

respond not only to growth factors,6,20’30 but to many molecular signals often found at 

biomaterial implant sites: cytokines, antigens, hormone neurotransmitters, and 

extracellular matrix (ECM) cues.5,15,22 Particularly important in the context of 

biomaterials, integrin interactions with ECM proteins have been shown to regulate RhoA, 

Racl and Cdc42,30-35 and specific integrin (3 subunits are known to differentially activate

• • 'K f \ T7
specific Rho GTPases ([33, Rho and (31, Rac/Cdc) through outside-inside signaling. ’ 

Different cell lineages express distinctive groups o f integrins that facilitate ECM protein

• TS TQmediated adhesion and other interactions. ’

Given that surface chemistry dictates protein selection from complex biological milieu40 

(represented here by serum-containing cultures), and subsequent cell adhesion, growth, 

proliferation and spreading relies on the establishment o f  these protein mediated
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interactions,41 surface chemistry influences on Rho GTPase expression and activation in 

various (MC-) M<D cells were studied. Interestingly, these cells have the unique ability to 

proliferate efficiently on fluorocarbon surfaces (Figures 3.1-3.2) that are non- or poorly 

supportive o f m ost mammalian cell adhesion (e.g., endothelial cells, fibroblasts).25,42 

Furthermore, cell morphologies were markedly different on control versus Teflon® AF 

surfaces15 suggesting that expression o f specific Rho proteins related to the most 

commonly observed morphological features could be differentially regulated by the 

surface. Previous reports using Swiss 3T3 fibroblasts indicated that surface chemistry 

affected RhoA activation.42

As cell response to extracellular signals requires regulation o f actin polymerization, 

largely orchestrated by Rho GTPases,1'3 correlation o f cytoskeletal regulation through 

adherent morphology to Rho GTPase activity should be possible. The actin cytoskeleton 

comprises filamentous actin organized into discrete structures: filopodia, lamellipodia 

and membrane ruffles, all features commonly observed in (MC-) MO grown on various 

culture surfaces.15 Observations o f these features is correlated to multiple factors: 1) cell 

maturity; mature MO (e.g., IC-21 cell line, Figure 3.1) exhibit more filopodia and 

membrane ruffles on control and model surfaces than less mature RAW  264.7 and 

J774A.1 cell lines on the same surfaces (data not shown); 2) surface area; greater areas 

available for cell spreading correlate to the presence o f filopodia and a motile phenotype;

3) surface chemistry; cells cultured on very hydrophobic substrates have been observed to 

exhibit more filopodia per cell (up to 6) and extremely lengthy (400-500 pm) filopodial 

protrusions (Figure 3.1 D and H) even when surface area becomes limiting.
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Despite differences in gross adherent cell morphologies on polym er surfaces (Figure 3.1), 

protein expression data was not statistically significantly different for expression of 

RhoA, R acl, Cdc42 or Rho GDI on these surfaces (Figure 3.3). A lthough Racl 

expression appears to vary when compared to the other Rho proteins no statistically 

significant differences (p<0.05) based on either surface chemistry or cell line were 

observed. Both Cdc and Rac are necessary for cell spreading: disruption of expression of 

either protein has been shown to inhibit spreading.5,35 Integrin activation of Cdc42 is 

linked to a mobile phenotype and increased cellular migration, while Rac is associated

• 13with membrane ruffles and lamellipodial formation important to cellular polarization, ' 

and Rho is known to increase cell contractility and focal adhesions necessary to establish 

adherence.6,43 Samples tested here for protein expression represent mixed populations of 

cells exhibiting all o f  these morphological features (e.g., Figure 3.2 D, I). Collectively, 

expression o f  each o f  these proteins was expected in the adherent MC-MO cells due to 

their observed proliferative and motile phenotypes on all materials tested at the time of 

protein collection.

Gross cell morphologies and size were different for cell cultures on TCPS and Teflon® 

AF (e.g., Figure 3.1, A  and E versus D and H). Flowever, a detailed comparison o f 

expression values for Rho GTPases (Rho GDI, RhoA, Cdc42 and R ac l) on these surfaces 

revealed only one statistically significant difference: Rho GDI expression on TCPS 

compared to Teflon®AF (Figure 3.3 A). Possible explanations for lack o f predicted 

modulation o f Rho GTPases based on polymer surface chemistry can be attributed to
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both cellular and molecular events. First, the adherent MO phenotype, regardless of 

source (primary or secondary derived cells) interacts with the surface (regardless of 

chemistry) to attach, grow, proliferate and spread upon it. All such behaviors require 

cytoskeletal rearrangement, orchestrated by Rho GTPases. Further, cultures on both 

control and model surfaces contained diverse cell populations, even at late culture time 

points where surface space was limited and cell spreading reduced. This heterogeneous 

cell population may lead to a net “averaging” o f contributions from any single protein 

correlated to specific membrane features when pooled lysates are analyzed. Finally, the 

(MC-) MO is a dynamic cell type with the ability to mature and differentiate in many 

ways in response to various stimuli. Membrane trafficking and antigen presentation are 

crucial MO behaviors to which the Rho GTPases contribute. Thus, mature MO cells 

likely maintain Rho GTPase expression levels o f sufficient quantity such that a 

population o f  these proteins is continuously present and poised for rapid activation in 

response to extracellular cues.

Rho GDI is known to be ubiquitously expressed in many cell types,1’44 and is measurable 

even in pro-monocytic cells where RhoA, R acl and Cdc42 were undetectable (data not 

shown). Detection o f Rho GDI expression in the absence o f  RhoA, Cdc42 and Racl 

expression may be attributed to the fact that Rho GDI complexes with numerous Rho 

proteins to stabilize them in their inactive form in the cytoplasm. Thus, significantly 

greater amounts o f  Rho GDI are likely to be present, placing it within detectable limits. 

Further, the immature and non-adherent status o f these cells may contribute to low Rho 

GTPase expression levels.
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Active (GTP-bound) forms o f Rho, R acl and Cdc42 were detected J774A.1, RAW 264.7 

and IC-21 cells as shown in Table 1, with active Rho detectable in both MC- MO cell 

lines. Rho activation by integrins is known to be biphasic.5,31 Immediately upon cell 

binding to a surface, Rho is inhibited to allow cell attachment and spreading, and is 

subsequently reactivated to enhance the formation o f focal adhesions.31 This 

understanding is consistent with the observation o f  Rho expression and activation (where 

detected) in cells cultured on model biomaterial surfaces, since cells are collected at time 

points where focal adhesion formation is likely ongoing. Further, MC differentiation to a 

MO phenotype is accompanied by growth and cytoskeletal changes, to which the active 

Rho form may contribute. Active Rho was absent in the mature MO IC-21 cell line, 

consistent with the highly motile phenotype observed even at advanced culture time 

points.

Although the RAW  264.7 and J774A.1 cells share common Rho GTPase activation 

profiles, they diverge at Cdc42/Racl activation. Yet, active Rac and Cdc42 share a 

downstream effector, PAK,30 that is implicated in both proliferative signaling and 

cytoskeletal regulation.45 Therefore, the outcome o f these apparently different activation 

profiles may be functionally equivalent in terms o f  cell attachment and spreading on 

biomaterials surfaces. Active Cdc42 fractions were detected in IC-21 on both TCPS and 

PLA surfaces, which may be related to surface chemistry given that these polymers 

exhibit more polar surface chemistries-TCPS initially,25 and PLA as surface hydrolysis 

occurs over the time course o f the experiment. Further, active Cdc42 was absent on the
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apolar PS and Teflon® AF surfaces. This result correlates to similarities observed in 

gross cellular morphologies on TCPS (Figure 3.1 A, E) and PLA (Figure 3.1 C, G) versus 

the morphologies observed on the more apolar hydrophobic surfaces PS (Figure 3.1 B, D) 

and Teflon® AF (Figure 3.1 F, H). Active Rac and Cdc have been implicated in 

regulation o f  “strong versus weak” cell adhesion through binding to IQGAP, a Rho 

binding protein that plays a role in E cadherin-mediated cell-cell adhesion.46 Active Racl 

detection in both J774A.1 and IC-21 cultures on TCPS could be related to the rapid and 

facile population o f this surface with cells, with a concomitant increase in cell-cell 

adhesion as the population o f cells approaches 100% confluence on this surface.

3.6 Conclusions

Despite gross morphological differences observed in (MC-) MO cell cultures on various 

polymer substrates, no statistically significant differences in expression levels o f Rho 

GTPases RhoA, Cdc42 or Racl were detected as a function o f either cell lineage 

(primary versus secondary-derived cell source), or surface chemistry. Pro-monocytic 

primary bone marrow-derived cells were found to contain ample Rho GDI protein, but 

expression o f Rho GTPases RhoA, R acl and Cdc42 was not detectable, suggesting these 

proteins were below the detection threshold commonly achieved by more mature, 

adherent cell types. Rho GTPase expression profiles (based on cell maturity from the 

non-adherent pro-monocytic precursor cells to the adherent, mature (MC-) M<3> 

phenotypes) were implicitly different and likely affected by both cell adhesion and 

maturity states.
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Activation o f  specific Rho GTPase proteins was detected on all polymer surfaces for the 

RAW 264.7 and J774A.1 cells, suggesting that while these proteins are important to cell 

behaviors on polymer surfaces, differences in surface chemistry are not sufficient to 

differentially modulate GTPase activation in these cell types. The IC-21 activation profile 

was markedly different from either o f the less mature MC-MO cell lines. However, as it 

is the most mature, biologically relevant cell line examined, it may possibly be the most 

sensitive to differential activation by surface chemistry. Overall, specific non­

equivalences o f different MO sources in expression and activation patterns o f Rho 

signaling proteins on different surfaces are shown. These differences should be carefully 

considered for in vitro experiments attempting to probe or recapitulate inflammatory 

events in cells on surfaces. This would be particularly important to in vitro cell-based 

assays (e.g., for inflammatory drug screening) where such casual MO surface contact 

might induce cell activation, phenotypic changes and assay artifacts in this cell type 

typically considered non-attachment dependent.

Accordingly, implant surfaces may be considered generally “activating” to MO cells; 

differences in downstream signaling may relate only to the specific integrin subunits and 

other receptors expressed by different cell types and utilized in interactions with key 

ECM proteins adsorbed on different surface chemistries. Further effects o f growth factors 

and cytokines relevant to FBGC formation at biomaterial implant surfaces on Rho 

GTPase expression and activation have not been explored in this context. Since these 

factors play a crucial role in cytoskeletal rearrangement, an obligatory step in cell fusion 

to FBGCs, they should be worthwhile targets for future investigation.
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select the active (GTP) form of the 
protein of interest i) Rho, ii) Racl or 
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6) A) Quantify total protein using Bio- 
Rad protein assay. Adjust volumes 
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selected protein product from step 
6B onto SDS-PAGE for Western 
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each cell type and surface tested 
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techniques. Positive control whole 
cell lysate included as + control for 
expression & as an internal 
standard for band normalization.

8) Quantify sample and control bands 
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Normalize sample intensities to 
control intensities for each gel.

9) Statistical and graphical analysis.

Figure 3.1.S Schematic of experimental procedures.

102

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A B
209 kD
124 kD
80 kD
49 kD
34 kD
29 kD

21 kD

7 kD

Equal volume loaded

209 kD 
124 kD 

80 kD 
49 kD
34 kD
29 kD

21 kD

Equal amount loaded

Figure 3.2.S Representative SDS-PAGE results of samples loaded as (A) equal volumes of cell 
lysate or as (B) equal amounts of protein as quantified using the Bio-Rad protein assay. A) Lane 1, 
MWM (Bio-Rad), lanes 2-4, BMMO cells grown on TCPS, 30 pi volumes. B) Lane 1 MWM (Bio- 
Rad), lanes 2-4, IC-21 murine macrophage cells grown on 0.1% PLA, 25 pg of each sample. 12% 
SDS-PAGE stained with Coomassie blue.

TCPS PS PLA Teflon® AF

Figure 3.3.S Phase contrast photomicrographs of morphologies exhibited by RAW 264.7 MC-MO on 
polymer surfaces as indicated at sub-confluent culture times. Cells exhibited adherent morphology 
(astral shapes) with short filopodia on TCPS (A, E), PS (B.F), and PLA (C, G). More non-adherent 
cells and cells with lengthy filopodia were observed on Teflon® AF substrates (H, arrows). Results are 
representative of numerous (>3) fields and trails.
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TCPS Teflon® AF

Figure 3.4.S Phase contrast photomicrographs of morphologies exhibited by J774A.1 
monocyte-macrophages on select polymer surfaces at sub-confluent culture times. Cells exhibit 
adherent (spherical and astral shaped) morphologies with short filopodial extensions on TCPS 
(A, C). Cell morphology is more elongated, with lengthy filopodia (B, D, arrows) and large 
regions of membrane ruffling (D, E, grouped arrows) on Teflon® AF substrates. Results are 
representative of numerous (>3) fields and (>3) trials.
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Figure 3.5.S Rho GTPase expression comparison for IC-21 (A), RAW 264.7 (B) and J774A.1 
(C) on control TCPS and model Teflon® AF surfaces. Error bars represent standard error of the 
mean, n= 3-8. Hatched bars: TCPS (left), dotted bars Teflon® AF (right). The only significant 
pairing (p < 0.05) is noted, indicated by a * (top panel, A).
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Figure 3.6.S Representative Western blot expression data for all proteins tested. Some RAW
267.4 data was highly pixilated due to imaging limitations. All bands were normalized to an 
appropriate internal standard (WCL) on each gel corresponding to the protein(s) of interest, 
standards not shown. Molecular weights of proteins detected: Rho GDI 30 kD, RhoA 24 kD, 
Racl 25 kD, Cdc42 25 kD.
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Figure 3.7.S Representative Western blot activation data for positive samples in the RAW 264.7 
and J774A.1 cell lines. Molecular weights of proteins detected: RhoA 24 kD, Racl 25 kD, Cdc42 
25 kD.
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CHAPTER 4: ADHESION OF MACROPHAGES TO ALBUMIN- 

COATED SURFACES IN  VITRO IS DISTINCT FROM OTHER

CELL TYPES

This chapter was written by Marisha L. Godek, edited by David W. Grainger and 

contains contributions from Roger Michel, Lisa Chamberlain and David Castner. It is 

a manuscript in preparation for submission to the Journal o f  Biomedical Materials 

Research.

4.1 Abstract

In vivo, the ubiquitous FBR, a complex inflammatory reaction orchestrated by the 

MO, continues to plague biomedical implants o f diverse chemical composition, 

design and physiological placement. MC-MO adhesion to biomaterial surfaces, an 

obligate step in the development o f the FBR, is typically achieved through adhesive 

protein-integrin mediated interactions. Highly hydrophobic albumin-selective 

fluorocarbon chemistries often employed in biomedical devices are generally 

considered poorly cell-inductive due to a lack o f appropriate adhesive recognition 

sites for receptor-mediated cellular interaction. Yet, in vitro reports indicate MO- 

derived cells can bind to albumin-coated substrates and bind preferentially  to highly 

hydrophobic surfaces.
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This investigation was undertaken to compare and contrast the behavior o f primary 

(BMMO) and secondary-derived immortalized (IC-21) murine MO cells grown on 

model FC biomaterial surfaces. First, protein deposition onto two chemically distinct 

FC surfaces (plasma-polymerized (pp-FC) and commercial cast Teflon® AF 

coatings) from complex and single-component solutions was tracked using 

fluorescence (labeled albumin and fibronectin), and time-of-flight secondary ion mass 

spectrometry (ToF-SIMS) methods. Second, cellular adhesion, growth and 

proliferation were tracked using light microscopy. Finally, the mechanism o f cellular 

adhesion to these FC surfaces was explored using flow cytometry and integrin- 

directed monoclonal antibody (mAb) blocking for select cell membrane receptors 

deemed critical for establishing MC and MO adhesion in vitro.

Albumin was shown to be the predominant protein adsorbed onto pp-FC and Teflon® 

AF surfaces, even from complex biological milieu (10% serum). In cultures on both 

FC surfaces pre-adsorbed with albumin only, or serum-dilutions, BMMO cells 

responded similar to the murine cell line IC-21 at early time points in culture, and 

grew well for extensive periods o f time (to 36 days) on Teflon® AF surfaces. The pp- 

FC surfaces were less permissive to extended cell growth and proliferation, 

suggesting that differences in FC surface chemistry may affect long-term cell 

viability in vitro. Integrin blocking results indicate that P2 integrins, a component of 

the Mac-1 MO receptor, play a major role in MO adhesion to these surfaces given 

that blocking significantly disrupted this cellular behavior.
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4.2 Introduction

M<1> cells are key mediators o f  host inflammatory responses to surgically placed

biomedical devices, implicated in an abnormal wound healing response commonly

1 ^observed around implanted materials known as the FBR. ' MO cells represent a 

highly adaptable, dynamic cell population that respond to activating cues o f both 

chemical and physical nature present in their local environment. FBGC, the fusion 

product o f MC and MO and one cellular hallmark o f the FBR to implantable 

materials ,4 are frequently found at surfaces o f biomaterial implants, and material 

surface chemistries have been shown to influence fusion . 5’6 Modulating the events 

that facilitate progression o f  the FBR at implant sites is o f  substantial interest toward 

improved biomedical device performance and host integration. To date, little in vivo 

control over this complex reaction to implanted materials has been demonstrated.

In vivo, biomaterials surfaces are instantly and continuously bombarded with 

thousands o f different host proteins , 7-11 and surface chemistry is well-known to exert 

an influence on adsorbed protein layer composition, exchange dynamics and 

structural conformations . 12-14 Subsequent cell adhesion is influenced indirectly by 

surface chemistry, and by the surface adsorbed protein layer .5,15,16 Albumin is the 

predominant plasma protein7,8 and albumin’s interaction with surfaces has been 

studied extensively17-22 due to albumin’s propensity to reduce platelet reactivity to

23 •and thrombogenicity o f  certain implant materials, such as polyurethanes. Albumin’s 

presence at implants has been reported to decrease bacterial adhesion and device­

centered infections23 and reduced platelet adhesion has been reported by numerous
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groups .24' 26 “Fatty acid-like” alkyl-grafting surface modifications have been 

employed to exploit albumin’s natural affinity for free fatty acids and produce 

albumin-binding device surfaces .27' 29 However, these surfaces have not been entirely 

successful in terms o f improved thromboresistance associated w ith 1 0 0 % albumin- 

selection , possibly due to the highly hydrophobic nature o f the material, resulting in 

a denatured protein adsorbate at the surface .8 In vitro, denatured proteins have been 

correlated to increased MC (circulating immature MO) adhesion ,30 the first step in a 

sequence o f  events that may ultimately result in development o f a FBR in vivo.

Albumin adsorption to and desorption from surfaces has been studied extensively in

1 7 18 93  9 1 3 7vitro. ’ ’ ’ Some studies indicate that albumin preadsorption on hydrophobic 

surfaces (i.e., surfaces o f  aqueous contact angle > 1 0 0 °) dramatically reduces amounts 

o f bound IgG and fibrinogen from mixed component solutions, and this phenomenon 

is attributed to the irreversible adsorption o f albumin, accompanied by adsorbed-state

39  3^  3A 1 n
globular protein conformational changes ’ ’ that occur readily at most surfaces. 

Further, on perfluorinated (i.e., plasma-deposited and PTFE) surfaces, albumin has

3 r
been shown to bind strongly and selectively, out-competing the cell-adhesive ECM 

protein, fibronectin, in adsorption from binary solutions and serum dilutions, even 

when fibronectin bulk concentration is biased 1 0 - 1 0 0  fold higher than found

30
physiologically. Albumin apparently can out-compete and “m ask” adsorbed 

fibronectin, and low rates o f endothelial cell adhesion have been correlated to the 

limited adsorbed fibronectin surface density as probed by anti-fibronectin 

antibodies .38 Thus, increased density o f surface-adsorbed albumin should correlate to
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-JQ
reduced mammalian cell adhesion given that the majority o f cells are not known to 

have specific receptors to actively engage albumin, with the exception of 

hepatocytes ,40 vascular endothelial cells41 and MC, M<D and D C .42,43 Importantly the 

FcRN receptor, identified as an albumin-binding protein present on MC, MO and 

DC ,43 binds exclusively at pHs below 6.5. and is not a known cell-adhesive 

receptor.42 In the context o f  the FBR, highly albumin-adsorbed perfluorinated 

surfaces might be predicted to elicit reduced inflammatory cell activation if  their 

surface adhesion is inhibited. This has been one motivation for clinical use o f PTFE, 

although in vivo results are equivocal.

Specific integrin receptor families expressed on leukocytes include: ayiPi 

(Cdl lb/CD  18, Mac-1, CR3), a xp2(Cdl 1 c/CD 18, p i 50,95), a Lp2(C D lla/C D 18, 

LFA-1), and (X4P 1 (CD49c/CD29, VLA-4) 44-49 contributing to leukocyte surface 

adhesion . 50 Mac-1, expressed primarily in neutrophils, MC and MO, plays a role in 

several important aspects o f innate immunity, including phagocytosis o f complement- 

opsonized particles, and adhesion and migration46 on ECM components and the 

endothelial lining .51 Like other integrins, Mac-1 requires priming by an agonist that 

induces conformational changes, mobilization and clustering. It has been 

demonstrated that Mac-1 binds numerous ligands including fibrinogen , 53,54 C3bi45 and 

ICAM1 ,55 but not albumin. Both Mac-1 and p i 50,95 have been implicated in 

mediating leukocyte adhesion to denatured proteins, including albumin56 and 

denatured albumin30, facilitating interactions o f  cells with solid substrates in vitro.
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In vitro “biocompatibility” testing and cell-based drug screening often employ 

immortalized, secondary-derived (MC-) MO cell lines due to their availability and 

cost-effectiveness, despite the fact that these cells exhibit varied adhesion patterns, 

culture requirements, longevity and unknown “equivalence” to primary cells. The 

goals o f  this study were to 1 ) examine and compare aspects o f cell behavior for 

murine cells o f primary- (BMMO) and secondary- (IC-21) origins when grown on 

perfluorinated (i.e., fluorocarbon, FC) surfaces in vitro, and 2) to propose a 

mechanism by which initial MC/MO cell adhesion events could occur in the context 

o f establishing a FBR to biomaterials. For practical purposes and to allow an 

appropriate equivalence comparison between primary and secondary derived MO, 

this study focused on responses o f  BMMO and IC-21 cells exclusively. O f the three 

secondary cell lines initially tested IC-21 was selected as a best match for comparison 

to primary BMMO because: 1) IC-21 represents the most physiologically relevant 

cell line within this group .57 and 2) mature IC-21 cell size, morphology, adhesion and 

spreading behaviors were very similar to BMMO. To contrast (MC-) MO cell 

behavior on FC surfaces, one alternate adhesive cell type known to be non-adhesive 

to FC surfaces in vitro, NIH  3T3 fibroblasts , 58’59 was included in these assessments.

Two different FC surface chemistries (pp-FC and Teflon® AF) were used to verify 

cellular adhesion to FC surfaces. Teflon® AF has been employed in previous studies 

employing M C/M O , 59' 61 neuronal62 and endothelial63 cells due to its solubility and 

nearly 1 0 0 % transmissibility o f  light, allowing facile microscopic evaluation o f cell 

cultures. Based on our preliminary findings related to cell adhesive behavior, 59' 61 both
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FC surface chemistries utilized were predicted to produce similar protein adsorption 

and cell adhesive patterns, regardless o f M<D cell origin. The P2 integrin family, vital 

to the development o f an effective inflammatory response in vivo47 and known to 

interact with specific ECM proteins as well as denatured proteins at surfaces,30 was 

hypothesized to be the primary mediator o f any observed initial M<D adhesion to FC 

surfaces exposed to biological milieu in vitro. Further, as MO are known to secrete 

fibronectin ,64' 67 this may facilitate MC and MO adhesion to FC surfaces via 

endogenous ECM  production, deposition and cell-based remodeling o f the pre­

existing adsorbed protein layer.

4.3 Materials and Methods 

Sample preparation for ToF-SIMS

PS dishes were cut into pieces with dimensions not greater than 1 cm x 1 cm, labeled 

to indicate “bottom” and affixed to the bottom o f PS petri dishes using double-sided 

tape, or left unfixed to free-float in protein milieu. Sufficient Teflon® AF (DuPont 

Fluoroproducts) solution (0.1 wt. % in FC-40 solvent, 3M Corp.) was added to these 

petri dishes to completely cover all PS pieces. Coated PS surfaces were then 

incubated in a vacuum oven overnight at 65°C to remove residual solvent, and plates 

were misted with 70% ethanol, dried, and treated with biosafety cabinet UV light for 

2 0  minutes immediately before culture use, a process shown to sterilize reliably while

z o

remaining benign to cell culture surface chemistry. A number o f Teflon® AF 

samples were reserved as controls. Following sterilization, samples were immersed in 

either a 3 mg/ml BSA solution (fraction V, OmniPur®, Sigma, > 98% pure by gel
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electrophoresis) or 10% FBS solution, both in sterile Dulbecco’s phosphate buffered 

saline with Ca++ and Mg++ (PBS++), and incubated at 37°C for 24 hours. Samples 

were removed, rinsed twice with PBS++, three times with 18 MQ “Nanopure-grade” 

ASTM I water and dried under a stream o f nitrogen. These samples were subjected to 

surface analysis as described below.

Preparation of fluoropolymer culture surfaces using plasma deposition

All plasma-prepared (pp) fluorocarbon surfaces employed in these studies were the 

gift o f Dr. E. Fisher and Dr. G. Maikov (Colorado State University). pp-FC surfaces 

utilized in these studies were prepared and characterized as previously described .68 

This method produces a robust (100 nm) thick film o f crosslinked perfluorocarbon 

highly enriched in -CF2 and -CF3 groups. Briefly, all films were deposited in a home- 

built inductively coupled radio frequency (RF) (13.56 MHz) plasma reactor69. The 

pulse duty cycle was varied using the internal pulse generator o f an RE Power 

Products power supply. The peak applied RF pulse power (P ) was kept constant at 

300 W  for fluorocarbon film. The duty cycle (d.c.) is the ratio o f pulse on time to the 

total cycle time; thus, a pulse sequence o f 10/190 ms has a 5% d.c. A 10 ms on time 

was used in all experiments; pulse off time was varied to achieve different d.c.’s, 

ranging from 5-50%. For all experiments, the gas flow was kept constant at 10.0 

seem (standard cubic centimeters per minute), resulting in a reactor pressure o f - 2 0 0  

mTorr. The CsFg (Air Products, 99%) was used without further purification.

ToF-SIMS analysis
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ToF-SIMS analysis used a Physical Electronics 7200 instrument for static data 

acquisition, exploiting an 8  keV Cs+ ion source, a reflectron time-of-flight mass 

analyzer, chevron-type multi-channel plates, and a time-to-digital converter. Data was 

acquired for the Teflon® AF samples incubated (as described) with 3 mg/ml BSA or 

10% FBS; other protein spectra for comparison were collected previously .34,70 

Positive secondary ions mass spectra were acquired over a mass range from m/z = 0 

to 1000. Negative ion ToF-SIMS spectra were not considered here due to a lack of 

unique peaks for the different amino acids .71 The area o f analysis for each spectrum 

was 1 0 0  pm x 1 0 0  pm, and the total ion dose used to acquire each spectrum was less 

than 1 x 1012 ions/cm2. The mass resolution (m/Am) o f  the secondary ion peaks in the 

positive spectra was typically between 3000 and 5000. The ion beam was moved to a 

different spot on the sample for each acquisition. Positive spectra were calibrated to 

the CH3+, C2H3+, C3Hs+, and C5HioN+ peaks before any further analysis. At least two 

replicates were prepared for each sample type, with three spectra acquired from each 

replicate.

Principal Components Analysis (PCA) of ToF-SIMS data

PC A was used to analyze the positive ToF-SIMS spectra projected into a previously 

established dataset,34 and was performed using scripts written at NESAC/BIO 

(University o f W ashington, USA) for MATLAB (The MathW orks, Inc.). All spectra 

were mean-centered before running PCA, capturing the linear combination o f peaks 

that describe the majority o f variation in the dataset. In this study, a previously 

established model o f  various proteins adsorbed to PTFE was used for analysis.34
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Briefly, each amino acid was assigned a distinct mass peak, and the abundance of 

each peak, or amino acid, respectively, was used as input for the dataset. PCA yields 

an output o f both a “scores” and a “loadings” plot. W agner et al34 demonstrated that 

proteins present at a surface can be identified through unique amino acid 

fragmentation patterns in the ToF-SIMS positive ion spectra. Here, the same data set 

(W agner et a /34) was used for comparison to new data collected in experiments 

evaluating BSA and 10% FBS sample adsorption to Teflon® AF surfaces.

Fluorescence labeling of proteins for detection of surface adsorption

Fibronectin (from bovine plasma, Sigma) and BSA solutions were fluorescently 

labeled and subsequently purified per manufacturer’s instructions using Alexa Fluor 

555® and Alexa Fluor 647® protein labeling kits (Invitrogen). Protein and dye 

concentrations were determined by optical density using UV-vis spectroscopy. 

Subsequently, samples o f pp-FC, Teflon® AF, negative control Codelink™ Activated 

hydrogel-coated slides (Amersham Biosciences) or glass coverslips (positive control) 

were either completely covered with dye-labeled protein solution (depending on the 

substrate size: small samples were completely immersed, while wax pencil “wells” 

were drawn on larger slides), or spotted with 30 pi drops (confined within a wax 

pencil-defined well). Samples were exposed to: 1) single component solutions of 

fluorescently labeled albumin or fibronectin, or 2 ) a mixture o f both dye-labeled 

proteins (each with a different fluorescent label) in a range o f sample concentrations 

(albumin, from 1.5 pg/m l to 1.5 mg/ml; fibronectin, from 1.9 pg/ml to 1.9 mg/ml) or 

3 ) a mixture o f both proteins with only one dye-labeled protein in the same range o f
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sample concentrations (vida supra). Coverslips were transferred to petri dishes and 

incubated at 37°C, 98% humidity for 24 hours. No differences in 30 pi spot sizes 

were discernable after the 24 hour incubation period. At the end o f the incubation 

period, the remaining solution was rinsed from the surface using PBS++. Surfaces 

were rinsed copiously with PBS++, dried under a stream o f nitrogen and affixed to 

glass slides using double-sided tape (at the edges only). Samples were scanned for 

fluorescence signal using a Perkin Elmer ScanArray Express™ Microarray Scanner 

employing appropriate filters and wavelengths for each dye employed. Gain and 

power settings were consistently controlled for sample comparisons. Images were 

processed for relative fluorescence intensity using ImagePro™ software, and 

quantified using Quantity One® (Bio-Rad) and MS™  Excel software.

Cell culture

All cell lines were obtained from the ATCC (Manassas, VA). Cells were cultured in 

DMEM (Mediatech, for NIH 3T3), or RPMI 1640 (Mediatech, for IC-21) 

supplemented with 10% FBS ( HyClone, Inc.), and 1% penicillin-streptomycin (Life 

Technologies) except IC-21. Cultures were maintained in T-175 TCPS flasks 

(Nunc™) under standard conditions: incubation at 37° C, 98% humidity and 5% CO2 . 

Cells were dissociated from culture flasks by incubation with Ca2+- and Mg2+- free 

cell culture grade HBSS (Life Technologies) (NIH 3T3), or by scraping with a rubber 

policeman (IC-21). Cell concentration and viability was assessed using standard 

trypan blue (BioW hittaker) dye exclusion assay and a hemacytometer.72 All cell line 

subcultures were < 25 beyond the passage number as received from ATCC.
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Primary cell harvest

BMMO were prepared from bone marrow cells harvested from the femurs and tibias 

o f C57BL/6 mice. To differentiate bone marrow stromal precursors into MO, bone 

marrow-extracted cells were cultured in “complete” bone marrow medium: DMEM 

supplemented with 10% L929 fibroblast-conditioned medium, 2 mM L-glutamine, 

0.01% HEPES, 1% penicillin-streptomycin, and 2 mM non-essential amino acids 

(Sigma-Aldrich). Cells were grown under standard conditions (vida supra) with 

media changes every two days. This method has been shown to reliably produce 

differentiated M O .73

Cell culture on model surfaces

TCPS (Falcon®, Becton Dickinson) and suspension culture PS (Coming Inc.) 15 x 

100 mm dishes and 24-well plates were utilized for both control and experimental 

conditions. Teflon® AF fluoropolymer culture surfaces were prepared by coating PS 

surfaces as previously described (vida supra). Plates were tested for the presence of 

contaminating endotoxin using a Pyrogene™ Assay kit (Cambrex), and endotoxin 

levels were determined to be below the kit detection limit (0.02 EU/ml). Plates were 

subsequently preconditioned with appropriate medium containing 10% FBS for a 

minimum o f six hours before cell seeding unless otherwise indicated. Cells were 

seeded at concentrations ranging from 5.0 x 104-3 x 106 cells per plate in fresh 

medium unless otherwise indicated. Initial seeding densities varied slightly for each
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cell type, due to surface-dependent differences in cell adhesion and growth rates, and 

in order to create roughly equivalent culture time endpoints whenever possible.

Protein pre-conditioning and cell culture on select surfaces

FC surfaces were incubated at 37°C for 24 hours with one o f the following solutions: 

PBS++, 3 mg/ml BSA in PBS++, 0.3 mg/ml fibrinogen (bovine fraction 1, 75% 

clottable, ICN Biomedical), 10% FBS in PBS++, 10% heat inactivated (HI, 56°C, 1 

hour) FBS in PBS++, 100% FBS or (cell specific) medium containing 10% FBS. At 

24 hours, the protein solution or serum was removed by aspiration and cells were 

immediately seeded in an appropriate cell culture medium containing 10% FBS. Cell 

culture conditions proceeded as described above.

Phase contrast microscopy

Images o f cells on surfaces were obtained with either a Nikon Eclipse TS100 or a 

Nikon TMS inverted microscope using Nikon objectives. A Kodak DC290 camera 

was used to capture field images that were subsequently processed in Adobe 

Photoshop 6.0 (Adobe Systems, Inc.).

Flow cytometry

Cells were pelleted by centrifugation (300 x g, 5 minutes) and resuspended in 100 pi 

o f staining solution (1% FBS, 0.01% NaN 3 in PBS++) with 1 pg o f anti-CD16/32 

(clone 93) mAb (eBioscience, Fc receptor block). Cell Fc receptors were blocked for 

15 minutes at 4°C. Subsequently, cells were rinsed twice and resuspended in staining
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solution without antibodies. Cells were transferred to a 96-well plate for subsequent 

staining with 0 .1  pg/ml o f one o f the following fluorescently conjugated 

(allophycocyanin, APC or fluorescein isothiocyanate, FITC) mAh per experiment: 

anti-CD l lb  (clone M l/70 , APC), anti-IgG2a (clone eBR2a, FITC), anti-CD18 (clone 

M l 8/2, FITC), all eBioscience). Cells were stained for 30 minutes at 4°C, rinsed 

twice and resuspended in 500 pi staining solution without antibodies. Cell 

suspensions were transferred to 15 x 100 mm tubes for flow cytometry analysis (BD 

FACSCalibur™ flow cytometer).

Integrin blocking studies

Function-blocking monoclonal antibodies (mAb, all sterile-filtered, azide-free, low 

endotoxin) directed against the murine integrin p2  (M l8 /2 ) chain and a non-specific 

isotype-matched control (Rat IgG2a, k )  were purchased from eBioscience. BMMO 

(matured 7 days) and IC-21 cells were pre-incubated for 30 minutes at 4°C with either 

an integrin-directed mAb or an appropriate isotype control (both 100 pg/ml). Samples 

were seeded into Teflon® AF-coated wells (2 cm2) previously treated for 24 hours 

with 10% FBS in PBS++ at a density o f 500 cells/mm 2 and allowed to adhere for 1 

hour. After the 1 hour incubation period, non-adherent cells were removed with two 

0.65 ml washes o f  warm (37°C) PBS++. Cells were fixed and stained according to the 

Wright-Giemsa method74 using a commercially available kit (Hema 3® Staining 

System, Fisher). For each sample, adhesion blocking was evaluated by counting the 

number o f cells in three lower-power fields and expressing the result as a percentage 

o f untreated cells (Teflon® AF control). For each cell type, 4 independent
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experiments were performed, and data presented is the average o f the 4 trials. Error 

was reported as standard error o f the mean.

Reverse transcriptase-polymerase chain reaction (RT-PCR)

Total RNA from BMMO and IC-21 cells grown on either TCPS or Teflon® AF 

surfaces was extracted and purified at various time points using RNeasy™ kits 

(Qiagen) per the m anufacturer’s instructions. First strand cDNA was synthesized 

from up to 4 pg o f  total RNA using Superscript II™ reverse transcriptase (Invitrogen) 

as recommended by the supplier. Both poly dT (Invitrogen) and murine fibronectin- 

specific primers75 (5 ’ -AGCAGTGGGAACGGACCTAC-3 ’,

5 ’-CGTAGGACGTCCCAGCAGC-3 ’, IDT), 100 pmol per reaction, were used (in 

separate reactions) to obtain total and fibronectin-specific product cDNA, 

respectively. Primer-specific PCR amplifications o f glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) served as “housekeeping” controls for each sample (5’- 

AACTTT GGC ATT GT GGA AGGGCTC-3 ’,

5’-TGGAAGAGTGGGAGTTGCTGTTGA-3’). Primers were either designed using 

PrimerquestSM software (GAPDH) or as described previously (fibronectin) . 75 All PCR 

amplifications were performed using an iTaq™ DNA polymerase kit (Bio-Rad) per 

manufacturer’s instructions, on an iCycler thermal cycler (Bio-Rad). Each experiment 

was performed with > 2 separate RNA isolations. PCR products were analyzed on 2% 

agarose gels, stained with ethidium bromide, and visualized/analyzed using a 

ChemiDoc XRS system (Bio-Rad) and Quantity One® software (Bio-Rad).
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4.4 Results 

ToF-SIMS and PCA

ToF-SIMS and PCA methods previously described have been frequently employed to 

classify and distinguish surface adsorbed proteins .34 ToF-SIMS spectra are 

challenging to interpret due to the highly energetic SIMS ion fragmentation process, 

which leads to extensive protein fragment production from surfaces during analysis. 

This fragmentation translates to a multitude o f small peptides, reflected in SIMS- 

spectral data in the form o f hundreds o f peaks in the 0 - 2 0 0  m/z (i.e., mass/charge 

ratio) range. To facilitate protein identification under these experimental conditions, 

each amino acid can be assigned one characteristic mass peak; a standard table of 

mass peaks assigned to specific amino acids has been established .71

PCA is a convenient method for simplifying large, complex data sets and identifying 

trends. Previous reported created a PCA-based model useful for identifying proteins

90adsorbed to surfaces, (Wagner et al.) This model included the analysis o f numerous 

proteins including BSA, fibrinogen, fibronectin, IgG and others (Figure 4.1 A). PCA 

involves a mathematical transformation that relates a large number o f (potentially) 

correlated variables into a smaller number o f uncorrelated variables, i.e. the principal 

components. The first principal component (x axis) accounts for as much o f the 

variability in the data set as possible (in the cases reported here, 51%), and the second 

principal component (y axis) accounts for as much o f the remaining variability as 

possible (here, 17%). In W agner’s model,34 as presented here, this allows for
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qualitative statements to 

be made about the 

presence (or absence) of 

specific protein species 

present on tested surfaces.

In this set o f experiments,

the PCA model of

Wagner et alu  was

utilized for analysis o f a

new data set for protein(s)

o f interest (e.g., albumin)

on Teflon® AF surfaces

pre-treated with either

complex (10% FBS) or

biased single component

(BSA) protein solutions, 
and 10% FBS treated Teflon® AF surfaces, projected into
the model of Wagner et a t34 A) Wagner’s PCA-based Data obtained for BSA
model identifying and grouping various proteins adsorbed
to different substrates. B) Samples of 3 mg/ml BSA and were compare(j  to the
10% FBS on Teflon® AF substrates projected into 
Wagner’s BSA model. Figure and PCA analysis, courtesy
Dr. Roger Michel and Dr. David Castner. results obtained by

Wagner et a / 34 (Figure 4.1 A) for numerous single proteins adsorbed to a PTFE 

surface. In this model the ellipses represent the 95% confidence interval for each 

protein, and most o f  the proteins (differing in amino acid composition) can be
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Figure 4.1 Principal component analysis performed on BSA
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separated from each other based on the two principal components shown (Figure 4.1 

A). By comparison, it can be stated that the BSA present on Teflon® AF surfaces 

exposed to a single component BSA solution (indicated as BSAtefion a f ) is highly 

similar to BSA results for PTFE and BSA on other surfaces (Figure 4.1 B). In fact, 

the data for all BSA samples shown (0.1 mg/ml BSA solution on mica, silica (SiC^), 

and plasma-polymerized poly(A-isopropyl acrylamide, ppNIPAM) are within the 

95% confidence limits o f BSA on Teflon® AF. In contrast, the 10% FBS (multi- 

component protein solution) on Teflon® AF (FBSio%) showed a slightly different 

localization from the BSA samples (Figure 4.1 B). By examining the first principal 

component (51% o f all the variance in the dataset) exclusively, co-localization o f the 

FBSio% with the BSAjeflonOAF and other BSA samples is noted. Examining the second 

principal component (17% of the overall variance) exclusively, reveals a higher value 

for the FBSio% compared to the BSA samples.

To examine precise distances between these groups o f proteins, a group distance- 

calculating program was employed to measure distances between the PCA-generated 

ellipse centers o f  each sample protein. The average normalized distance of the 

B S Axeflon® a f  to B S A  on other substrates was 0.0168, while the distance o f the 

BSAiefion®a f  to the other proteins was 0.0615. The FBSio% distance from the B S A  

samples was 0.0456, while the average normalized distance to the rest o f the proteins 

was 0.817. Although this experiment cannot distinguish between proteins per se, the 

location o f the FBSio% is likely an indication that albumin derived from the FBS
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solution (BSA) is the major component adsorbed to the Teflon® AF surface from this 

complex solution.

Fluorescence scanning detection of surface adsorbed proteins

Results o f fluorescence scanning experiments probing protein adsorption to various 

surfaces are show in Figure 4.2. Results presented are equivalent protein 

concentrations and fluorescence label by species across experimental trials, i.e., 4 

pg/ml fibronectin-Alexa Fluor 555® and 37 pg/ml albumin-Alexa Fluor 647®. 

Significantly, the concentration o f fibronectin employed here is roughly equivalent to 

the concentration o f  fibronectin in 10% FBS (i.e., 10% physiological concentration), 

whereas the albumin concentration is considerably less than encountered in either 

circumstance (1% o f that in 10% FBS, 0.1% o f physiological concentration) due to 

the complications from preliminary experiments performed with albumin at 

physiological concentration and 1 : 1 0  or 1 : 1 0 0  dilutions that were not quantifiable due 

to saturation o f fluorescence signal.

The highly hydrophilic Codelink™  hydrogel control surfaces showed minimal 

protein adsorption (background levels) compared to both glass and highly 

hydrophobic FC surfaces (Figure 4.2). As a hydrated, uncharged polyacrylamide- 

based coating, this commercial microarraying surface is designed to repel serum 

proteins .76 Protein adsorption was not significantly different on the Codelink™ 

surface based on the protein species (albumin versus fibronectin, Figure 4.2 insert). 

Further, these results were very close to background levels o f fluorescence (unlabeled

125

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3
LL
S=-
J
C
3
0)o
c
0 )otfl
k.o
3

LL
0 )
>

'+ ->ro
a>
□£

20000
18000
16000

14000
12000
10000
8000
6000

4000
2000

0

120
100

_  80 
3
L- 60 <£— 40

20
0

U nlabeled
protein

C odelink”

Key: □  Fibronectin 

□  Albumin

Unlabeled Codelink™ 
protein

Fluorocarbon Glass

Figure 4.2 Fluorescence scanning results for Alexa Fluor® labeled (as described 
in Material and Methods) fibronectin and albumin protein samples exposed to 
surfaces with a wide range of wettabilities for 24 hours: Codelink™ and glass (very 
hydrophilic), FC (very hydrophobic). Unlabeled proteins were incubated with FC 
surfaces as a negative control. Results shown in all tests are for 37 pg/ml albumin- 
Alexa Fluor 647®, and 4 pg/ml fibronectin-Alexa Fluor 555®. Insert: Close up of 
results for unlabeled protein samples and proteins exposed to hydrophilic 
Codelink™ substrates.

protein, Figure 4.2 insert), reflecting minimal protein adsorption on the Codelink™ 

surface. Fluorescence-based adsorption results for FC surfaces show minimal 

fibronectin adsorption when compared to albumin on the same substrate (Figure 4.2) 

in contrast to adsorption profiles on glass substrates where fibronectin signal is 

significantly higher than that from albumin.

Cell adhesion, growth and proliferation on control and fluorocarbon surfaces

Adhesion, growth and proliferation o f (MC-) MO and fibroblast immortalized cell 

lines and primary-derived BMMO cultured on FC (Teflon® AF and pp-FC) surfaces 

were characterized using light microscopy techniques. Cells were tracked live and/or
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F ig u re  4 .3  Phase contrast photomicrographs of live cells on control (TCPS) and FC 
surfaces for primary-derived cells (BMMO) and secondary-derived immortalized cell lines 
of monocyte/macrophage (RAW 264.7, J774A.1, IC-21) and fibroblast (NIH 3T3) origin. 
Cell seeding density varied, as described in Materials and Methods. Cultures depicted 
represent 2-4 days post-seeding on each surface and represent the typical sub-confluent 
growth pattern observed for each cell type (except J). Images are representative of 
multiple fields (> 3) and multiple replicates (> 2) for each test condition.

after fixation and staining using the W right-Giemsa technique .74 As expected, all cells 

were able to efficiently colonize TCPS surfaces (Figure 4.3 A, C, E, G, I). All (MC-)
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MO cells tested achieved proficient growth, although cell adhesion was not 100% 

(Figure 4.3 B, D, F and H, spherical cell body morphologies are non-adherent). 

Adherent cells were not easily removed by rinsing and exhibited motile phenotypes, 

often displaying lengthy filopodia (up to hundreds o f microns from the cell body) 

which appeared to be “probing” the surface in search o f adhesive sites61. IC-2161 and 

BMMO (Figure 4.4 M-O, Figure 4.5) cell populations on FC surfaces showed a 

mixture o f  actin-based cytoskeletal features (filopodia, lamellipodia, membrane 

ruffling), often with numerous features on a single cell.

A temporal series o f phase contrast photomicrographs for BMMO cell adhesion, 

growth and proliferation on pp-FC surfaces exposed to pre-conditioning with 3 mg/ml 

BSA, 100% serum or 10% serum is shown in Figure 4.4. By 24 hours, cells had 

attached to surfaces and adopted characteristic adherent MO morphologies: astral 

shapes with short filopodia (Figure 4.4 A-C). By Day 8 , adherent MO had 

approximately doubled in size (Figure 4.4 D-F, note scale bar difference) and 

filopodia and membrane ruffles were observed features o f  the majority o f  cells, 

comparable to previous observations on model biomaterials surfaces .59,61 Similar 

surface coverage and growth patterns were observed for each test condition (Figure

4.4 G-I). By Day 12 a substantial portion o f the FC surface was covered with cells 

(Figure 4.4 J, L), although some areas were more sparsely populated (Figure 4.4 K). 

BMMO morphologies and growth patterns on FC surfaces were consistent with those 

previously observed for the IC-21 MO cell line on FC and Teflon® AF FC surfaces .61
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BSA 100% FBS 10% FBS

Figure 4.4 Phase contrast photomicrographs of live BMMO grown on uniform pp-FC surfaces 
preconditioned with pure (3 mg/ml) albumin (BSA), 100% FBS or 10% FBS. Images of cells 
are at times indicated for each condition and scale bars are relevant for each row. Cells were 
seeded at densities of 1500 cells/mm2- Circles indicate astral morphology (A, E), arrows 
indicate filopodia (D, M, O) and bold arrows indicate membrane ruffling (D, F). Note that 
multiple cytoskeletal features (filopodia and membrane ruffling) are common features on many 
cells, as illustrated by examples shown in D and F. Images are representative of multiple fields 
(> 3) and multiple replicates (> 2) for each test condition.

For all time points, the results for FC surfaces exposed to 3 mg/ml BSA or 10%
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Figure 4.5 Phase contrast photomicrographs of live BMMO (Day 8 in culture) on FC surfaces 
exposed to preconditioning treatments as indicated. Cells were seeded at densities of 600 
cells/mm 2 on Teflon® AF and 1500 c e l!s /m m 2  on pp-FC. Circles indicate astral morphology (C- 
E), arrows indicate filopodia (A-D, F) and bold arrows indicate membrane ruffling (D). Scale bar 
shown in F is relevant for all images. Images are representative of multiple fields (> 3) and 
multiple replicates (> 2) for each test condition.

serum were comparable, suggestive o f  albumin biasing o f the protein-adsorbed 

surface, regardless o f whether a complex mixture o f serum proteins (e.g., FBS) or 

pure BSA was used to condition the FC surface prior to cell culture. By Day 19, 

individual cells adopted MO morphologies typically observed on FC surfaces39,61: 

lengthy filopodia, membrane ruffling, unusual shapes and clustered growth with 

overlapping regions (Figure 4.4 M-O). Results shown in Figure 4.3 are for cells on 

pp-FC surfaces. These surfaces supported cell growth and proliferation, but when 

compared to Teflon® AF (Figure 4.5), a significant difference in BMMO response 

was observed. Although numerous non-adherent cells were observed on each type o f 

surface (i.e., spherical cells with a haloed appearance), Teflon® AF was more 

permissive to BMMO attachment and spreading, this behavior was observed from 8 -
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Figure 4.6 Phase contrast photomicrographs of live NIH 3T3 cells 48 hours post- 
seeding in 10% serum containing media on uniform pp-FC surfaces pre-treated with (3 
mg/ml) BSA (A, D and G), 100% (B, E and H) or 10% serum (C, F and I). NIH 3T3 
fibroblasts fail to effectively colonize FC surfaces under any of the conditions tested (D- 
I). Scale bars are relevant for each row. Images are representative of multiple fields (>
5) and multiple plates (2) for each test condition.

36 days o f culture. On pp-FC BMMO grew and proliferated until approximately Day 

2 1  o f culture, when cells began to die/detach.

In contrast, NIH 3T3 fibroblast cells were unable to colonize identically treated FC 

surfaces (Figures 4.3 J and 4.6 D-I) at any time point. On PS surfaces (Figure 4.6 A- 

C) cell proliferative kinetics were approximately equivalent for the 3 mg/ml BSA and 

10% serum samples. PS surfaces preconditioned with 100% serum (Figure 4.6 B) 

showed substantial improvement in cell proliferation at early time points (through 72
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hours). Eventually, the cell populations on all three PS pre-conditioned surfaces 

reached 1 0 0 % confluence (data not shown), but large confluent “sheets” o f fibroblasts 

delaminated easily from PS, suggesting that cell-cell contacts were stronger than cell- 

surface interactions on this surface. On Teflon® AF surfaces, BSA and 10% serum 

pre-conditioning treatments (Figure 4.6 D and F) also exhibit similar results, with 

only the 100% treatment (Figure 4.6 E) supporting limited NIH 3T3 cell adhesion.

The pp-FC surfaces were non-supportive o f cell adhesion regardless o f pre­

conditioning (Figure 4.6 G-I) and this was maintained until NIH 3T3 cultures were 

terminated (Day 6  post-seeding).

Pre-conditioning treatments also included PBS++, 0.3 mg/ml fibrinogen, 10% HI FBS 

in PBS++ and cell-specific medium containing 10% FBS. Regardless o f treatment, 

BMMO (data not shown) and IC-21 cells adhered rapidly and spread on the FC 

surfaces, exhibiting great variance in cell size (Figure 4.1.S). Results for the most 

frequently employed pre-conditioning treatments for BMMO and IC-21 cells are 

shown in Figure 4.7. Generally, IC-21 cells exhibited more motile phenotypic 

features (i.e., filopodia and membrane ruffles) on Teflon® AF surfaces (Figure 4.7 

E, G and I) when compared to TCPS (Figure 4.7 A and C), which exhibited a more 

even distribution o f  adherent cells. In contrast, BMMO cells were larger with more 

motile phenotypes on TCPS surfaces versus Teflon® AF at one hour time points 

(Figure 4.7, B and D versus F, H and J). In general, the adhesion o f  BMMO cells was 

lower on Teflon® AF surfaces than TCPS, whereas IC-21 adhesion was comparable 

on both surfaces regardless o f protein pre-conditioning (Figure 4.2. S).
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Figure 4.7 Phase contrast photomicrographs of IC-21 and BMMO cells 
on control (TCPS) and Teflon® AF surfaces with preconditioning 
treatments (Teflon® AF only) as indicated. Cells were seeded at a 
density of 500 cells/mm2, fixed and stained after one hour. Scale bars in 
D and J are equivalent, and relative for all panels except A and B. 
Images are representative of multiple fields (> 3) and multiple replicates 
(> 2) for each test condition.

133

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Flow cytometry and integrin blocking studies

Flow cytometry experiments were performed to determine fractions o f cells in 

BMMO and IC-21 populations expressing p2 and cxm subunits o f the Mac-1 integrin 

receptor. Results (Figure 4.8) indicate that 76 ± 13% o f the IC-21 and 80 ± 5% of the 

BMMO cells express p2 (CD18), and 90 ± 1% o f the IC-21 and 87 ± 3% o f the 

BMMO populations express oim (CD1 lb). mAb blocking experiments included 

controls for 1) the surface, Teflon® AF (Figure 4.9 A and D) and 2) non-specific 

binding (isotype matched control, Rat IgG2a, k ;  Figure 4.9 B and E). mAb blocking 

against integrin p2 produced significant cell adhesion blocking (i.e., reduced cell 

adhesion) for both the IC-21 (reduced 8 8  ± 6 %) and BMMO (reduced 80 ± 9%) cells 

on Teflon® AF surfaces (Figure 4.9 C and F) compared to untreated cells seeded 

under identical conditions. Further, at one hour post-seeding, p2-blocked seeded cells 

(Figure 4.9 C and F) exhibit altered morphologies when compared to those unblocked 

on Teflon® AF (Figure 4.9 A and D) and isotype controls (Figure 4.9 B and E). Post­

blocking adherent cell morphology is more spherical with fewer obvious adhesion 

sites, fewer filopodia and less extensive membrane ruffling.

RT-PCR for fibronectin transcript production

Fibronectin mRNA production in both BMMO (Figure 4.10 A) and IC-21 (Figure 

4.10 B) cells grown on TCPS and Teflon® AF surfaces was confirmed at various 

time points (up to 24-hours post-seeding). Figure 4.10 shows representative agarose 

gel electrophoresis results for amplifications o f fibronectin cDNA (Figure 4.10 A, 

Lanes 2-5; B Lanes 2-4), which yielded a 400 bp band (Figure 4.10 A and B, arrows).
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Figure 4.8 Flow cytometry analysis of integrin p2 (CD18) and aM (CD11 b) expression on 
populations of IC-21 and BMMO cells grown on TCPS under standard conditions. A) Raw 
data showing specific integrin labeling. B) Bar graphs representation of data shown in A, 
indicating the percent of total sampled cell population positive for the integrin indicated. Error 
bars represent standard error of the mean. Data provided by Lisa M. Chamberlain.

Each sample was also tested for the presence o f GAPDH (all positive, data not 

shown) to monitor the quality o f RNA purification and cDNA synthesis. BMMO cells 

were positive for fibronectin transcript production at 30 and 60 minutes on control 

(TCPS) and model biomaterial (Teflon® AF FC) surfaces (Figure 4.10 A, Lanes 2-5); 

IC-21 cells were also positive for fibronectin transcript production at 30 minutes and
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Figure 4.9 Representative phase contrast photomicrographs of integrin blocking experiments 
for IC-21 cells incubated on Teflon© AF surfaces after treatments as indicated: A) Teflon® AF 
negative control (no antibodies), B) Isotype control (non-(32 directed antibodies) and C) (32- 
directed monoclonal antibody block. Cells were incubated with control or blocking antibodies 
at a concentration of 100 (ig/ml for 30 minutes prior to seeding at a density of 500 cells/mm2. 
Cells were fixed and stained at one hour post-seeding. Scale bars are relevant for each row. 
Images are representative of multiple fields (> 3) and multiple replicates (> 2) for each test 
condition.

two hours post-seeding (60 minute time point was omitted in this experiment to allow 

a longer sampling time) on TCPS (Figure 4.10 B, Lanes 2-3) but not Teflon® AF 

(data not shown). IC-21 cells were positive for fibronectin production on Teflon®

AF, but only at the 24 hour time point shown in Figure 4.10 B, lane 4.

4.5 Discussion

MO adhesive behavior to FC surfaces is interesting since these surfaces are shown to 

be heavily albumin-adsorbed -  a condition that should inhibit cell adhesion as shown 

by substantial previous work on related surfaces .77' 79 Indeed, control NIH 3T3 

fibroblasts show poor FC adhesion, consistent with these previous results for
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fibroblasts58’80’81 as well as 

several other attachment- 

dependent cell lines . 14,78 Hence, 

because cell-surface 

interactions are primarily due 

to integrin-ECM mediated 

interactions, mechanisms for 

consistent M<3> attachment, 

growth and proliferation 

observed on albumin-coated 

surfaces are intriguing. MO adhesive behavior on two FC surfaces, pp-FC and

60 68 87Teflon® AF was described in preliminary studies. ’ ’ This current study compares 

the response o f  select MO and fibroblast cells on two FC surfaces subjected to protein 

pre-conditioning treatments for biased protein adsorption, and investigates a possible 

mechanism for initial integrin-based MO adhesion to these surfaces. The culture 

surface test set included controls (TCPS, the current “gold standard” for attachment- 

dependent cell culture; PS, a substrate commonly employed for surface 

modifications) and two FC surfaces (pp-FC, a plasm a deposited film o f C3F8 

monomer; Teflon® AF (“Amorphous Form”, poly(2,2-bis (trifluoromethyl)-4,5- 

difluoro-l,3-dioxide-co-tetrafluoroethylene)), a stable fluorinated polymer and the 

soluble analog o f Teflon® (PTFE), a highly hydrophobic fluoropolymer with a long 

history o f  use in biomaterials implants .84’85 Surface characterization o f these 

substrates by static aqueous contact angle measurements69’82 and XPS has been

100 bp 
Ladder TCPS Teflon® AF

400 bp

400 bp

Figure 4.10 RT-PCR amplification of murine 
fibronectin cDNA from BMMO (A) and IC-21 (B) cells 
grown on TCPS and Teflon® AF surfaces, as 
indicated. Lane 1 A and B: 100 bp marker (Bio-Rad). 
BMMO cells collected from TCPS (lanes 2 and 3) or 
Teflon® AF (lanes 4 and 5) surfaces at 30 and 60 
minutes post-seeding, respectively. IC-21 cells 
collected from TCPS (lanes 2 and 3) at 30 and 120 
minutes after seeding, respectively or Teflon ® AF 
(lane 4) 24 hours after seeding.
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f \0 78reported. ’ The two FC surfaces likely exhibit different surface and bulk FC chain 

arrangements: PTFE (corresponding to segments o f Teflon® AF) is known to have a

o /r

helical conformation, with -CF2- monomer units oriented parallel and in-plane at the 

surface, and very few -C F 3 groups (i.e.., only from chain ends on very high molecular 

weight polymers). Teflon® AF, by stark contrast, has amorphous segments o f -C F 2- 

chemistries alternating with segments o f the 2,2-bis (trifluoromethyl)-4,5-difluoro- 

1,3-dioxide monomer that present higher concentrations o f-C F 3 groups at the surface 

(see XPS spectra in Ref. 71). In further contrast, pp-C3F8 is an amorphous,

8 7  88crosslinked thin film, ’ with different plasma preparation conditions producing 

differing amounts o f -CF2- units oriented both in- and out of- plane at the surface, and 

varying amounts o f co-existing -C F 3 terminal groups, but certainly measurable 

amounts o f both .87 The reported static aqueous contact angle for pp-FC (112° ) 69 

suggests the terminating surface layer is composed largely o f -C F 3 groups. Hence, 

these pp-FC surfaces also present surfaces rich with different mixtures o f -CF2- and -  

CF3 chemistry. These structural differences likely translate to non-equivalent 

adsorbed protein densities36 and/or conformations , 89’90 common phenomena on 

synthetic polymers. Since albumin retention on various glow-discharge treated 

polymer surfaces is linked to surface free energy (lower surface energy correlated to 

higher albumin retention) , 36 and specifically, FC surfaces are known to both sequester 

albumin and exhibit poor cell adhesion, different adhesive behaviors observed for 

BMMO cells (the most naive and perhaps the most biologically-relevant/stimulus 

sensitive cell type explored here) on pp-FC versus Teflon® AF surfaces may be 

related to albumin adsorbed states on surfaces over time in culture. Thus, the different
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adhesive behaviors observed for BMMO cells (the most naive and perhaps the most 

biologically-relevant/stimulus sensitive cell type explored here) on pp-FC versus 

Teflon® AF surfaces, may be related to the amount and conformation o f albumin 

adsorbed to (and retained by) surfaces over time in culture.

Prior to cell culture experiments, surfaces were assayed using several analytical 

techniques to verify protein deposition. XPS was employed to verify general presence 

o f protein on FC surfaces (i.e., specific presence o f protein nitrogen N ls  signal, data 

not shown). Fluorescently labeled BSA and fibronectin samples (adsorbed singly per 

surface or from binary mixtures) were incubated with FC surfaces under conditions 

identical to those employed in cell culture experiments. Fluorescence intensity 

measurements indicate that albumin inundates these surfaces, even well below 

physiological ( 1/ 1 0 0 0 th) or standard cell culture condition ( 1/ 1 0 0 th) levels o f protein 

(Figure 4.2). Fibronectin is barely detectable in FC samples exposed to binary 

solutions o f fibronectin and albumin (data not shown), consistent with previous 

reports.31,32,38 Finally, ToF-SIMS and PCA analyses compared protein deposition 

from BSA and 10% FBS solutions onto Teflon® AF substrates using previously 

established models for protein surface adsorption described by W agner et a l 34 Since 

ToF-SIMS methods employed here sample only the outermost 1.0-1.5 nm o f the 

surface,29 this is extremely selective for protein surface analysis. Additionally, ToF- 

SIMS fragments from underlying FC surfaces are readily distinguished from any 

protein .86 Significantly, PCA analysis o f these data strongly supports BSA abundance 

on Teflon® AF both from single component BSA and multi-component (10% FBS)
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solutions, consistent with similar studies. 31’32 Collectively, these techniques indicate 

that albumin represents the major protein constituent at the FC surface, suggesting 

that MC/MO must initially interact with an albumin-rich surface in order to 

efficiently adhere and grow.

Typical (sub-confluent) cell adhesive responses to FC surfaces from serum- 

containing cultures are shown in Figure 4.3. Adherent cells appear darker, with 

punctate adhesion sites and typically exhibit filopodia and membrane ruffling 

(examples shown in Figure 4.4 D and F). Non-adherent surface-resident cells appear 

lighter (“haloed”) and rounded. The BMMO shown are immature (i.e., 24 hour 

cultures), and thus represent a mixed MC-MO culture. BMMO cell size varies 

significantly in immature cultures, but generally all BMMO cells are smaller than any 

cell line examined here. When comparing all cell types, magnified BMMO images 

were selected to more clearly illustrate adherent cells (Figure 4.3 A and B). For all 

other cell types (where adherent cells are more obvious) low magnification images 

were selected to depict typical growth patterns (Figure 4.3 C-J).

All cell types except NIH 3T3 fibroblasts readily adhered to and, over time (days), 

efficiently colonized FC surfaces in all treatment conditions. All MC-MO cultures 

grew to nearly 100% confluence on Teflon® AF substrates, and BMMO and IC-21 

cells grew to nearly 100% confluence on pp-FC. These results are consistent with 

previous reports o f MC and MO adhesion and migration on albumin-coated 

surfaces .50,56,91"95 Generally, growth kinetics observed for all MC-MO cells tested
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were comparable (to each other) on either TCPS or Teflon® AF substrates. The 

primary observed difference between cells grown on these surfaces was that cells 

cultured on FC surfaces exhibited lengthy filopodia maintained even when surface 

space became limiting (Figure 4.5 A-C).

Comparing BMM O growth on Teflon® AF and pp-FC (Figure 4.5) it is evident that 

Teflon® AF is the more supportive substrate. Pre-biasing the FC surface with 

adsorbed BSA or 10% or 100% FBS had no effect on the ability o f  these cells to 

adhere, grow and proliferate (Figure 4.5 A-C). Cells on both substrates exhibited 

motile phenotypes with characteristic features (Figure 4.5 A-C-filopodia, arrows; D- 

membrane ruffling, bold arrows). On pp-FC, BMMO cells reached maximum 

confluence at 19-20 days post-seeding, and cells began to detach and die at 2 0 - 2 1  

days. It is unlikely that cell age was the primary factor in cell death/detachment on 

pp-FC since the same cells seeded onto Teflon® AF surfaces were still growing well 

on Day 36, when the culture was terminated.

Observed differences in BMMO cell adhesive behavior observed on the two different 

FC substrates employed here could be attributed to different FC surface chemistry 

influences on adsorbed protein conformation and composition, which in turn 

influence cell adhesive behavior. Methods employed here indicate only the presence 

or absence o f proteins, and provide no information about accessibility or orientation 

o f cell receptor ligands available for binding interactions. Previous studies show

30 32unique behavior for proteins in general and albumin specifically on FC surfaces.
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Albumin, the most abundant serum protein (55% o f total serum mass) , 8 binds to FC

• * 1 7  36 38surfaces with high affinity and retention, resisting surfactant elution. ’ ’ This 

albumin-binding characteristic has been correlated with improved surface resistance 

to cell adhesion, related to the ability o f albumin to effectively block recognition of 

adhesive protein motifs present on these surfaces via integrin receptor-mediated 

interactions .28,29,36’38,58 This is significant since albumin is likely the primary adsorbed 

protein on many o f  the surfaces shown here to allow M<t> adhesion. Other potential 

adsorbed protein mediators o f MC/MO adhesion to FC surfaces in vitro include the

Q /r  o  q t

complement protein C3, trace fibrinogen, ’ and trace matrix proteins such as 

fibronectin and vitronectin .98,99 Each o f these proteins is known to interact with cells 

via specific integrin receptor interactions. However, previous serum-based adsorption 

studies have indicated that negligible adsorbed fibronectin is detectable on PTFE34 or 

Teflon AF . 69 Also, since fibrinogen should be effectively removed from serum during 

standard commercial preparation, it should not represent a significant fraction of 

protein adsorbed to FC surfaces under the test conditions described here.

Surfaces treated w ith either 10% FBS or 3 mg/ml BSA solutions are expected to 

represent approximately equivalent amounts o f albumin and roughly 1 0 % of

o

physiological concentration (plasma/serum concentration 35-50 mg/ml), allowing 

facile comparison o f albumin deposition from a pure, biased solution (BSA) versus a 

cell culture-relevant multi-component solution (10% FBS). Limited tests were 

performed in 100% serum (Figures 4.4-4.6 ), admittedly the m ost biologically relevant 

solution, but not representative o f in vitro conditions and overwhelming in terms of 

protein deposition, leading to difficulty in parsing out individual protein contributions

142

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



and cellular behaviors on these surfaces. Therefore, pre-biasing conditions (10% FBS, 

BSA) relevant to in vitro assay conditions were o f more interest.

NIH 3T3 fibroblast cells exposed to a range o f  hydrophobic substrates (moderately 

hydrophobic PS and very hydrophobic pp-FC and Teflon® AF) demonstrate 

predicted non-adhesive behavior on these substrates (Figure 4.6) consistent with

58 77 79numerous previous reports o f poor cell adhesion on FC surfaces. ’ ' Compared to 

TCPS, PS is well known to have less adsorbed vitronectin and fibronectin, resulting 

in decreased fibroblast cell attachment. 100,101 Consistent with these reports, NIH 3T3 

cells grown on PS under conditions typically employed in vitro (Figure 4.6 C) 

exhibited only moderate adhesion . 16,79 When substrates were pre-biased with 100% 

FBS, NIH 3T3 cell adhesion improved dramatically (Figure 4.6 B), likely related to

78
an increase in the amount o f  trace adhesive proteins present at the substrate surface. 

Notably, NIH 3T3 cells were able to colonize PS after several days regardless of 

protein pre-biasing, although the 100% FBS treatment progressed most rapidly (data 

not shown). In contrast, NIH 3T3 cells were unable to colonize the FC substrates 

(Figure 4.6 D, F, G-I) at any time points under any o f the test conditions except for 

scant adhesion on the 100% FBS treatment o f Teflon® AF (Figure 4.6 E), similar to

78results reported for endothelial cell adhesion on Teflon® AF.

Pre-conditioning treatments o f PBS++ (negative control), 0.3 mg/ml fibrinogen 

(positive control for MO adhesion, approximately equivalent to 10% o f physiological 

concentration, but non-equivalent to 1 0 % serum since serum should be fibrinogen-
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free), 10% HI FBS in PBS++ (control for removing complement protein C3) and cell- 

specific media containing 10% FBS (negative control for media effects). The 

adhesive behavior o f IC-21 and BMMO on Teflon® AF substrates did not change 

significantly in response to pre-conditioning with albumin-containing solutions (BSA, 

10% FBS, 10% HI FBS, Figure 4.2.S C-H). However, BMMO adhesion favored 

TOPS chemistry to Teflon® AF at short culture time points; 30 minutes (data not 

shown), and one hour (Figure 4.2.S A versus C, E and G). Further, on substrates pre­

biased with fibrinogen, an increase in adhesion at these short time points was noted. 

Both o f these observations are consistent with results reported by Shen et al. 6 In 

contrast, IC-21 cells exhibited comparable adhesion rates on TCPS and Teflon® AF 

surfaces (Figure 4.2.S B, D, F, H).

Results for the most frequently employed pre-conditioning treatments for BMMO and 

IC-21 cells are shown in Figure 4.7. Generally, IC-21 cells exhibited more motile 

phenotypic features (filopodia, membrane ruffles) on Teflon® AF surfaces (Figure 

4.7 E, G and I) compared to TCPS (Figure 4.7 A and C), on which cells were more 

evenly distributed. Interestingly, both cell types exhibited a range o f  cell sizes and 

motile phenotypes on both substrates, suggesting that BMMO and IC-21 populations 

employ similar mechanisms to attach and probe surfaces in vitro.

Investigation o f  integrin-related mechanisms facilitating initial MO adhesion to FC

surfaces focused on integrin (32 , often implicated in MO adhesion96 and 

102extravasation. Leukocyte-specific (32 receptors include a j f a ,  cxx/(32 and
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cW P 2, and receptor a u ^2 (CD 1 lb/CD 18, Mac-1) is well-known to interact with 

numerous ligands, including complement protein C3, fibrinogen, ICAM-1, -2 and -3, 

VCAM-1 and factor X . 103 Based on flow cytometry analysis (Figure 4.8), the 

majority o f BM MO cells present a,M (CD llb) and P2(CD18). Other reports indicate 

that the Mac-1 P2 integrin subunit contributes most significantly ( > o c m , > o c x  > < X l) to 

MO adhesion on protein-coated glass surfaces and latex beads .50 Davis reported that 

activated MC bind to denatured and native protein-coated substrates via a 

mechanism, and that activated MC bind faster and to a greater extent on surfaces

•J A

coated with denatured proteins in vitro. Based on these findings this integrin was 

selected as a target for monoclonal antibody (mAb)-directed blocking studies for cells 

on FC surfaces. Blocking experiments employing mAb directed toward P2 show 8 8  ± 

6 % adhesion blocking in IC-21 cells and 80 ± 9% in BMMO cells, suggesting that P2 

integrins play an important role in establishing initial surface contacts on FC.

Previous results for an analogous assay on peripheral blood-derived MC showed 70- 

100% cell adhesion blocking with the variation attributed to differences in P2-directed 

mAb efficiency .96 The higher (100%) adhesion blocking may reflect the naive, non­

adherent nature o f the peripheral blood MC. Adherent cells cultured on solid two- 

dimensional substrates for extended periods o f time (such as immortalized cell lines 

and the mature BMMO utilized here) likely exhibit an altered, diversified integrin 

expression profile that may contribute to lower adhesion blocking rates.

However, the incomplete block observed suggests a(n) additional mechanism(s) for 

cell attachment, given that flow cytometry shows 20-24% o f the cell populations lack

145

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



a P2 receptor, and blocking efficiency directed against P2 is less than 100%. Other 

integrins may contribute to MC/MO adhesion. Analogous assay o f  Pi integrin- 

mediated adhesion was unsuccessful due to high levels o f non-specific binding for 

isotype controls. Non-integrin mediated cell attachment mechanisms may include 

non-specific binding, hydrophobic interactions and interactions (primarily 

electrostatic in nature) between heparin- (or heparin-like) binding domain ands 

proteoglycans or glycoproteins found on cells/surfaces . 103 However, that these are 

specific to MO adhesion on FC, and not other cell types shown refractory to FC 

binding, seems implausible. Additionally, endogenous MO fibronectin production 

demonstrated at early culture time points (30 minutes in some cases, Figure 4.10) 

may increase adsorbed matrix protein density sufficiently to increase numbers o f cell 

adhesive sites available for cell interactions, resulting in cell-enhanced remodeling of 

the pre-existing adsorbed protein layer at the surface and facilitating additional 

MC/MO adhesion as cultures progress temporally. Finally, presence o f surface- 

adsorbed fibronectin or other ECM protein sufficient to accommodate integrin 

attachment cannot be ruled out (except in the 100% BSA pre-adsorbed cultures), 

despite the lack o f evidence from fluorescence studies and the strong supporting 

evidence for a predominantly albumin-covered surfaces.

4.6 Conclusions

Significant to the reported development o f the FBR in vivo w ith implanted fluorinated 

polymers ,3,104 MO cultures were found to efficiently adhere to and colonize FC 

surfaces o f two different chemical compositions in vitro. This distinct adhesive
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behavior was exhibited by cells o f both primary- (BMMO) and secondary- (IC-21) 

origin. A t early time points, BMMO colonization was more successful on standard 

tissue culture substrates designed to promote cell adhesion, growth and proliferation 

compared to FC. However, BMMO cells were able to achieve nearly 100% confluent 

surface coverage on FC substrates as cultures progressed. Both FC substrate cultures 

were allowed to progress to extended (36 Day) time points not typically assayed in 

vitro. Some previous reports assay “non-adhesive” albuminated substrates such as FC 

for very short (~24 hours) time periods ,6 perhaps missing a more long-term efficient 

colonization o f  FC surfaces described here. Findings confirm numerous previous 

reports o f “anomalous” MC/MO growth and motility on hydrophobic surfaces30,56,79 

that contrast the better-known poor adhesion characteristics typical o f numerous 

cultured mammalian cell types on FC surfaces . 14,58,80,81

Several protein pre-conditioning treatments had little effect on the consistent MO 

adhesion and colonization o f  FC substrates, although slightly improved cell adhesion 

was noted for FC surfaces pre-biased with known MO-adhesive protein1,54 fibrinogen. 

Interestingly, despite presumed albumin dominance o f  this FC surface in culture 

media, pp-C3F8 surfaces were less permissive than Teflon® AF surfaces to BMMO 

cultures, suggesting that variations in FC surface chemical composition or 

architecture translate to altered protein conformations that affect these naive cells in 

culture. Previous findings indicate that MC and activated MO cell lines adhere 

proficiently to denatured proteins, including albumin ,30,56 with direct relevance to the 

scenario described here given that 1) highly hydrophobic surfaces such as FC have

147

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



been shown to be albumin selective, 2 ) albumin was shown to be the major protein 

adsorbed to both FC surfaces tested here and 3) the mechanism o f adhesion to FC 

surfaces was consistent with the findings o f Davis ,30 i.e., functional blocking o f the 

Mac-1 p2 integrin significantly impaired the ability o f BMMO and IC-21 cells to 

adhere to FC substrates. This suggests that the MO cells examined here primarily 

utilize integrin-mediated binding mechanisms to adhere to denatured proteins present 

on FC surfaces, and that this interaction may proceed via integrin interactions with 

epitopes exposed only after albumin denaturation or altered conformational state(s) 

are achieved.

Although mAb blocking experiments directed toward the p2 integrin subunit o f the 

Mac-1 receptor reduced cell adhesion substantially for both primary- and secondary- 

derived cells on FC substrates, limited adhesion was still observed, indicating that 

other interactions play a role in MO adhesion to FC surfaces. Collectively, these 

studies demonstrate that primary BMMO and secondary-derived IC-21 cells behave 

in a very similar manner with respect to adhesive capacity and mechanism, and cell 

morphology, motility and proliferative behavior on FC surfaces regardless o f protein 

biasing. Yet, one difference was observed for the comparative case o f BMMO cells 

grown to extended culture time (36 days) on pp-FC and Teflon® AF surfaces, which 

may reflect important phenotypic differences o f these cell types that may be enhanced 

by extended culture times. Since many secondary cells lines are selected for their 

ability to grow in adhesion-dependent cultures, phenotypic differences between
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primary (i.e., surface naive) MO and those o f secondary origin might be attributed to 

this selection bias.
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4.9 Supplemental Figures

control

Figure 4.1.S Phase contrast photomicrographs of fixed, stained IC-21 cells one 
hour after seeding onto Teflon® AF surfaces exposed to preconditioning treatments 
as indicated. Cells were seeded at a density of 500 cells/mm2. Bold arrows indicate 
membrane ruffling. Images are representative of multiple fields (> 3) and multiple 
replicates (> 2) for each test condition. Scale bar shown in F is relevant for all 
images. Images are labeled with letters to simplify references in the text.
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BMMO IC-21

Supplemental Figure 4.2.S Phase contrast photomicrographs of fixed, stained BMMO and 
IC-21 cells one hour after seeding onto TCPS and Teflon® AF surfaces exposed to 
preconditioning treatments as indicated. Cells were seeded at a density of 500 c e lls /m m 2 . 
BMMO results are typical (differences in number of adherent cells) for one hour evaluation,
i.e., cells adhere, grow and proliferate on all surfaces over time-see Figure 4.4 for examples 
Images are representative of multiple fields (> 3) and multiple replicates (> 2) for each test 
condition. Scale bar shown in H is relevant for all images.
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CHAPTER 5: SUMMARY AND FUTURE DIRECTIONS

5.1 Summary

The work described here explored (MC-) MO cell behavior to select biomedically- 

relevant polymer surfaces under standard in vitro culture conditions. Initially, 

observations and comparisons o f (MC-) MO cell behavior on control and model polymer 

surfaces were made. Differences in gross morphological features have previously been 

linked to changes in DNA synthesis and cell growth in primary cells,1 and our 

observations o f  cell morphology influenced selection o f specific molecular-level targets 

such as the Rho GTPases, in an effort to provide insight to the basic molecular level 

events governing (MC-) MO cell adhesion, spreading and proliferation, necessary to the 

establishment o f a foreign body inflammatory reaction. Significant findings o f this work 

include:

• (MC-) MO cells adhered to and efficiently colonized substrates that are

considered non- or poorly permissive for mammalian cell adhesion, growth and 

proliferation in vitro (i.e., PS, Teflon® AF, pp-FC). This behavior was exhibited 

by cells o f both primary and secondary derivation, and o f  varying maturity.
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•  When cultured on substrates with alternating hydrophilic and hydrophobic 

regions, (MC-) MO cells preferentially bound to hydrophobic substrates that are 

refractory to the growth o f other cell types (endothelial, fibroblasts, etc.) until 

surface space became limiting.

•  Surfaces were generally activating to (MC-) MO cells in vitro, likely due to the 

presence o f  (denatured) adsorbed proteins.

•  BMMO and IC-21 MO adhesion to Teflon® AF FC surfaces was found to be 

significantly reduced by blocking the p2 integrin o f the Mac-1 receptor.

•  Cells o f  primary origin (BMMO) behaved in similar and dissimilar manners to 

cell lines (IC-21, RAW 264.7 and J774A.1), depending on the specific 

experimental context.

•  Cell lines IC-21, RAW 264.7 and J774A.1 may behave in a similar or dissimilar 

manner to each other, depending on the specific context

5.2 F u tu re  W o rk

Numerous previous studies o f materials utilized for biomedical device construction 

employ (MC-) MO cells to examine cytotoxicity, inflammatory response and general 

“biotolerance” . The selection o f the specific cells employed to this end is often limited by 

what is available, inexpensive and practical, typically excluding primary cells. Numerous
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cell lines o f MC and/or MO origin from human and murine sources are available, each 

with different morphologies, adhesion patterns and growth requirements. For instance, 

the IC-21 murine cell line is an adherent, trypsin-sensitive cell line. Thus, it grows readily 

on surfaces without the addition o f  activating agents such as phorbol esters, yet is cannot 

be trypsinized from surfaces like other cells. In contrast, human MC lines such as U937 

require a stimulus for initial adherence in vitro. Both cell types are oft employed in 

biomaterial studies, but comparison o f results for cells types from different species, of 

varied maturity and with different growth, subculture and harvesting requirements is 

problematic. A thorough characterization o f each cell type would support some 

comparison, but consensus is lacking in terms o f what markers are appropriate for 

distinguishing maturity and differentiation, especially between the closely related MO 

and dendritic cell. Characterization via surface marker detection is commonly employed, 

but often it relies on relative levels o f expression rather than presence or absence of 

markers to distinguish between cells o f the mononuclear phagocyte system. This begs the 

question— are these cells truly different or rather specialized adaptive states? 2 Further, no 

single marker can be used to define a MC). It has been suggested by Hume that based on 

new insight provided by detailed characterizations o f cells o f the mononuclear system in 

recent years that a revised system for classifying immune cells o f this lineage is overdue.2

Considering many different types o f cell culture supports and their effects on MO, it is 

evident that there is no unambiguous culture substrate to which other materials can be

-j

compared, and results reported here (Chapter 3) suggest that all surfaces tested were 

activating to MO (see also Appendix B.7). The activating nature o f the surface may result

162

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



from denatured or partially denatured proteins adsorbed to the surface that act as 

attractants and/or provide M<E> activating cues. Previous reports indicate that denatured 

proteins serve as non-specific attractants for granulocytes.4 Recently, efforts to develop 

and employ new materials that mimic the three-dimensional environment more natural to 

cells have led to commercial synthetic support production (e.g., Ultra-W eb© Synthetic 

ECM, SurModics/Donaldson®) for use in static cultures.5 Culture methods have seen 

some advances, examples include roller bottle systems (designed to more closely 

represent cell growth in the presence o f  shear forces) and spinner flasks (designed to 

support suspended cell growth). Advances represent efforts to more accurately mimic in 

vivo conditions for in vitro studies.6 Additional considerations for appropriate design of 

in vitro studies require the use o f serum, given that serum proteins play a determinant role 

in cell interaction with surfaces in vivo. MC) studies can be complicated by the presence 

o f contaminating levels o f  endotoxins produced by bacteria. Therefore, all studies that 

employ MO should also describe measures taken to test for and reduce endotoxin 

contamination.

In order to advance in our quest for biocompatible materials we must first develop a 

thorough understanding o f the FRB, which necessitates a detailed understanding o f MO 

phenotype and function in this unique context. With the advent o f  new molecular 

characterization techniques and the likely discovery o f novel MO markers the relative 

relationships between cells o f the mononuclear phagocyte system should be clarified. 

Additionally, understanding o f the role o f  relatively new markers related to MO fusion
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(e.g., CD 47),7 and comparison to MO specific (maturity) markers should allow a more 

detailed picture o f  the MO phenotype found at biomaterials surfaces.

Given that cell lines are certain to remain in use for practical purposes, improved 

phenotypic characterization should aid in the selection o f specific cell lines that most 

faithfully represent primary cells within the experimental context. Specific guidelines for 

appropriate experimental design (serum inclusion, endotoxin testing, etc.) in the context 

o f biomaterials testing must be followed to collect meaningful data. Relevant to in vitro 

work, characterization and comparison o f immature and mature (aged) primary-derived 

cells to Md> cell lines with respect to integrin expression on both standard tissue culture 

supports and model biomaterial surfaces would provide insight to the suitability of 

employing (aged, immortalized) adherent MO cultures that may be “prebiased” with 

respect to integrin expression based solely on culture methods. The same argument could 

be applied to MO activation and inflammatory cytokine production.

Studies must be carefully designed to be relevant to FBR progress in vivo, and full FBR 

modeling requires an understanding o f relationships between specific subsets o f MC-MO 

as well as MO interaction with other cell types (e.g., fibroblasts, lymphocytes). Future 

work should address a thorough characterization o f all MO phenotypes present at implant 

sites (adherent, activated or fused MO). This could be attempted in situ  using specific 

markers directed toward surface antigens or soluble chemokine/cytokine products, or 

using techniques that allow cell sorting based on size and various surface markers. A 

combination o f techniques will likely yield the most convincing results in terms o f FBR
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event sequelae. Understanding the molecular events underlying the FBR should allow for 

improved biocompatibility through modification and modulation o f  both materials and 

host inflammatory response.
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APPENDICES
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APPENDIX A: BACKGROUND-MACROPHAGE ORIGIN, 

CHARACTERISTICS AND FUSION PRODUCTS

A.1 Macrophage origin

Macrophages (MO) represent the major differentiated cell o f the mononuclear phagocyte 

system, are widely distributed throughout the body and exhibit a broad range o f structural 

and functional heterogeneity, often associated with “immunocompetency” and 

localization within specific tissues.1 The mononuclear phagocyte system, comprising 

bone marrow monoblasts and promonocytes, circulating peripheral blood monocytes, and 

tissue-resident MO (Figure A .l), is largely responsible for protecting the body from 

insulting entities o f various origins. MO can be found in the skin, synovium, central 

nervous system, gastrointestinal tract, liver, lungs, serous cavities, and the lymphoid 

organs where they participate in physiological and pathological processes o f great 

variety.1 MO cells represent a highly adaptable and dynamic cell population with the 

ability to alter their physical appearance and biochemical profile in response to activating 

cues present in their local environment.

The MO originates in the bone marrow, where the cell population includes not only 

resident MO but also precursors including monoblasts, promonocytes and monocytes 

(MC). MC and neutrophils are thought to share a common progenitor cell, the “colony 

forming unit, granulocyte-macrophage” (CFU-GM).3 MC progress through several stages
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o f maturity, each associated with increased functionality, before reaching their terminally 

differentiated states in tissues (Figure A .l). It is likely that MC remain in the bone

marrow for less than 

24 hours before 

entering the 

peripheral blood, 

where they distribute 

between the 

circulating and 

marginating pools.4,5 

MC have a half-life of 

17.4 hours in mice,6 

up to 70 hours in 

humans,7 and 

constitute between 

one and six percent of 

the o f the total white blood cell count, approximately 300-700 cells per microliter of 

blood.1 This circulating form is frequently harvested and differentiated to MO that serve 

as a primary culture in experimental models. MC may migrate into extravascular tissues 

where they differentiate to MO, relying on local cues for phenotype. After transition, MC 

do not return to circulation, but reside in the organ, tissue or implant site for several 

months as mature, terminally differentiated M O .1 Approximately 95% o f tissue-resident 

MO derive from MC; the remaining 5% derive from local division o f mononuclear

neutrophil

(•) monoblast 

(5) promonocyte 

• » )  monocyte

• » !  monocyte

m acrophagedendritic cell
Figure A.1 Origin of cells of the mononuclear phagocyte system.
A) Neutrophils and monoblasts derive from a common precursor, the 
colony forming unit, granulocyte-macrophage, “CFU-GM”. 
Promonocytes precede monocytes (MC) in maturity. MC originate in 
the bone marrow and pass into the blood and tissues. B) MC mature 
to dendritic cells (DC) or macrophages (Mct>) in response to local 
chemical cues. Note: cartoons are not to scale.
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Q
phagocytes within the tissue that have yet to complete cell division. During acute 

inflammatory reactions the number o f circulating MC increases, reflecting increased 

production in the bone marrow;9 circulation time is shortened due to rapid efflux o f cells 

into inflammatory exudates.10

MC are one o f two cell types known to differentiate to dendritic cells11 (DC), the most

12competent antigen presenting cells known (Figure A .l). In vitro, this maturation process 

is facilitated by the addition o f granulocyte-macrophage colony stimulating factor (GM- 

CSF) and IL-4, which are known to push CD14+ MC toward a DC phenotype.13,14 In vivo, 

DC are migratory cells that may be found in the blood and lymph (veiled cells), in 

secondary lymphoid tissues (interdigitating DC), in organs (interstitial DC) and in the 

epidermis and mucous membranes (Langerhans cells). Like MO, DC function and 

phenotype varies based on the local environment. Collectively and constitutively, DC 

express more MHC class II and co-stimulatory molecules required for antigen 

presentation to T cells than MO, and this is one o f the main distinctions between these 

two cell types.

A.2 Macrophage morphology

The appearance and size o f cells o f  the mononuclear phagocyte system changes as cells 

progress toward a fully differentiated mature state. Monoblasts and promonocytes are 

smaller and less complex in both appearance and function than either MC or M O.1 MO 

possess a single, spherical concentric nucleus containing several nucleoli, and typically 

exhibit a ruffled margin and many fine cytoplasmic granules.15 MO morphology on

169

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



artificial substrates such as two-dimensional cell culture supports is altered. Cells grown 

on these surfaces display a somewhat distorted and non-physiologically equivalent

F ig u re  A .2 Cartoon depiction and photomicrographs of cell morphologies observed in vitro. A 
and D) dendritic cells, B and E) macrophage cells, and C and F) multinucleated giant cells. Cell 
morphology reflects the two-dimensional nature of the culture substrate the cells are grown on. 
Cells take on a flattened or compressed morphology as compared to the more natural spherical 
morphologies of cells in vivo. D) J774A.1 cells take on the appearance of a dendritic cell in 
response to exogenous cytokine treatment (10 ng/ml GM-CSF and IL-4). E) An example of IC- 
21 macrophage morphology on tissue culture polystyrene. F) An example of the fusion product 
of multiple bone marrow-derived macrophages in the presence of exogenous cytokines (5 ng/ml 
M-CSF, 10 ng/ml IL-4). Note: cartoons are not to scale.

morphology that is flattened and elongated (Figure A.2). The morphology and growth 

pattern o f  each cell type utilized in experiments described in Chapters 2-4 is shown in 

Figure A.3. In response to exogenous cytokine addition in vitro, M<D cells may fuse to 

form multinucleated giant cells (MnGC), or develop a “foamy” appearance (Figure A.4). 

In vivo, foamy cells are associated with diseased states and are often described in the 

literature as a pathological feature. This phenotype may reflect the uptake o f an excess of

i  <*! i o

external materials such as cholesterol, surfactants or bacteria.

diffuse
cytoplasm

^  - f -  compact, single 
/  concentric 

/  nucleus

dense nuclear 
region with 
multiple nuclei

multinucleated giant cellmacrophagedendritic cell
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A.3 Macrophage maturity and activation

finite lifetime 
primary cell source

immortalized 
secondary cell sources

finite lifetime 
primary cell source

least mature ► most mature

F ig u re  A .3  Phase contrast photomicrographs of murine monocyte/macrophage cells employed 
in experiments. A) Bone marrow-derived (BMMO) primary culture, consisting of non-adherent 
monocytes (small white spheres, arrows), adherent monocyte/macrophages (dark spheres, 
boxes), and adherent macrophages (large cells, circles) 2 days post-seeding. Typical growth 
patterns and morphologies for sub-confluent cultures of RAW 264.7 (B) and J774A.1 (C) 
monocyte-macrophages and IC-21 (D) macrophages. All three cell lines demonstrate motile 
phenotypes, indicated by the presence of filopodia 2 and membrane ruffling. E) BMMO matured 
7 days in complete growth medium. Note the difference in cell size compared to primary derived 
culture shown in panel A at day 2. All cells were grown on tissue culture polystyrene.

MO mature in response to local cues, resulting in their heterogeneous distribution 

throughout the body. Upon terminal differentiation, cells exhibit altered or enhanced 

effector cell functions. Physical surfaces employed for cell culture are often relied upon 

to differentiate precursor cells (MC) to MO cells in vitro, as surfaces alone may serve as 

sufficient stimuli to promote MO phenotype development. Further, it has been reported 

that MO maturity effects the formation o f MnGC in vitro.19

Generally, MO activation can be described as the enhancement o f a pre-existing 

characteristic and/or the acquisition o f new or enhanced biochemical or functional 

activity. Activated M O display more class II major histocompatibility complex (MHC), 

are more phagocytic, and release more cytokines (e.g., interleukin-1, IL-1) than their un-
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activated counterparts.20 As a sentinel o f the immune system, MO play a critical role in 

host defense against a diverse group o f environmental challenges.21,22 MO activation is an 

essential part o f the response to and clearance o f harmful entities. Extreme activation 

leads to the overproduction o f  chemical mediators, which may in turn result in systemic 

imbalances often leading to tissue damage/necrosis, anaphylactic shock and death.

Cytokines are potent MO activators capable o f modulating MO function. Cytokines are 

low molecular weight regulatory proteins or glycoproteins secreted by numerous cell 

types involved in cell-to-cell communication.23 Importantly, MO produce many 

cytokines, which may act on various cell types including other MO. Inflammatory 

cytokine production may be the consequence o f exposure to bacterial endotoxins (e.g., 

lipopolysaccharide, LPS), viral particles, or priming factors (e.g., interferon y, IFN-y).24 

A list o f cytokines produced by MO and their biological actions can be found in Table

A .l.

‘Cytokine’ is the general name implied to include the more specific monokines and 

lymphokines (cytokines secreted by MC and MO, and lymphocytes, 

respectively). M any o f the cytokines are interleukins, which are secreted by and act on 

leukocytes.23 Cytokines can be effective in picomolar concentrations due to high binding 

affinities (typical K d =  1 0 '10 to 1 0 '12) 23 and are generally known to have specific effects

25 26on, and thus elicit specific responses from, MO. IFN-y, IFN -a,

TNF,27 IL-2,28 IL-4,29 M -CSF30 and GM-CSF31 have all been shown to be activating to 

MO.

172

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



M®
Cytokine
Product3

Stim ulus for 
Production3 Biological Action3 Th1/Th23

Induces
Production
o f

Cell Type(s) 
Affected3

G-CSF IL-1, LPS

Granulocyte colony 
stimulation, terminal 
differentiation of myeloid 
cells, enhanced neutrophil 
function

— —

Granulocytes, 
myeloid stem 
cells,
neutrophils

GM-CSF
IL-1, TNF, 
LPS, retroviral 
infection

Granulocyte, eosinophil and 
M® colony stimulation, 
enhanced
neutrophils/eosinophil
function

Th1
IL-1, TNF, 
PGE2, 0 2

M®,
eosinophils,
granulocytes

M-CSF IL-1, LPS
M® colony stimulation, 
antiviral

—

IL-1, IFN-y, 
TNF-a, PGE2, 
PA

M®

TNF-a IL-1, IL-2, 
GM-CSF, LPS

Tumor necrosis, endotoxic 
shock-like syndrome, 
cachexia, fever, acute phase 
protein response

Th1

IL-1,IL-6, 
GM-CSF, 
MHC I, MHC 
II

M®

IL-1

IL-2, TNF, 
GM-CSF, 
antigen 
presentation

Fever, acute phase protein 
response, hypotension; 
increased ICAM-1 expression 
(endothelial cells)

—

IL-2, IL-4, IL- 
6, TNF, PGE2, 
collagenase

M®,
endothelial
cells

IL-6
IL-1, TNF, 
PDGF

Hemopoietic cell proliferation, 
fever, acute phase protein 
response

Th2
IL-2R (T- 
cells), IgG (B- 
cells)

M®, T-cells, 
B-cells

IL-10
T and B cell
activation,
LPS

Inhibitory to T cell 
proliferation & cytokine 
production

Th2 MHC II M®, T-cells, B- 
cells

IL-12
T cell
activation,
LPS

Promotion of cell mediated 
immunity, activated T and NK 
cell proliferation

Th1 IFN-y T-cells

TGF-P —

Fibrosis & wound healing in 
vivo, influences integrin 
expression & differentiation

— —

M®, T-cells, B- 
cells, epithelial 
cells

FGF —

Angiogenesis in vivo, 
endothelial cell chemotaxis & 
growth

— IFN-y
Endothelial
cells,
myoblasts

PDGF

LPS, lectins, 
zymosan, 
thrombin 
coagulation

Neutrophil activation, 
collagen synthesis 
augmentation, mesenchymal 
cell proliferation and 
chemotaxis

—

IL-1, IL-1R, 
IFN-p, IFN-y,
p g e 2

Neutrophils,
mesenchymal
cells

EGF —

Angiogenesis, wound healing, 
proliferation/differentiation of 
basal epithelial cells

— — Epithelial cells

MIP-1a —
Neutrophil recruitment, 
regulation of hemopoiesis

— — Neutrophils

MDC — Chemoattractant — —
DC, T-cells, 
NK cells

Table A.1 Select M® cytokine products and their effects. Other M® cytokine products include: 
IFN-a, IL-8, IL-15, IL-16, and IL-18.1,23,32'41 Abbreviations as used in text.
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In addition to cytokines, chemokines play a role in influencing MO populations. 

Chemokines are a superfamily o f small polypeptides that selectively control leukocyte 

activation, adhesion and chemotaxis42 and typically have multiple effects on their target 

cells.43 More than fifty leukocyte chemoattractant cytokines have been identified in 

human and murine systems.44'46 Chemokines are produced by MC, MO, neutrophils, 

eosinophils, platelets, mast cells, natural killer cells, T and B lymphocytes and epithelial, 

mesothelial and endothelial cells.47

Other activators commonly employed to stimulate MC/MO cells in vitro are LPS, a 

mitogen, and phorbol esters (e.g., phorbol 12-myristate 13-acetate (PMA), 12-0- 

tetradecanoylphorbol-13-acetate (TPA), and others), which act as differentiating 

Agents 48 LPS is an endotoxin present in gram-negative bacterial cell walls,49 often 

associated with systemic bacterial infections, that leads to MO activation and subsequent 

production o f  inflammatory cytokines.24 LPS induces cytokine gene expression via 

numerous transcription factors including members o f the AP-1, C/EBP, Ets, and NF- 

icB/rel families.50 Other bacterial components including peptidoglycans, trehalose 

diesters, lipoteichoic acid and lipomannans are all recognized by and activating to M O.50

Phorbol esters are tumor promoters that are capable o f binding to and activating protein

51 52kinase C (PKC), one critical component in T-cell activation. ’ PMA is a structural 

analog o f diacylglycerol (DAG), an allosteric activator o f  PKC. PKC activation via 

phosphorylation leads to calcium release, resulting in a cascade o f cellular responses 

including rapid proliferation.52 Experimentally, phorbol esters have been used as
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chemoattractants (e.g., TP A 51) and to differentiate monocytic cells to adherent MO

C-3 C/T

cultures (e.g., PMA ' ). Phorbol esters are metabolized slowly, thus their effects are 

long lasting.57

A.4 Macrophage secretory products

In addition to cytokine and chemokine production, MO and cells o f the mononuclear 

phagocyte system are known to produce a wide range o f substances (over 100) varying in 

size (32-440 kD) and biological activity, affecting virtually every aspect o f cell behavior 

from cell growth to cell death.40 Enzymes such as lysozyme, proteases and lipases, as 

well as enzyme inhibitors, complement components, adhesive proteins (fibronectin),40 

reactive oxygen intermediates,40 and coagulation factors are all known secretory products 

o f M O.1,40’58 MO secretory profiles may be affected by maturity and local environmental 

cues.

A.5 Macrophage surface receptors

MO response is often modulated though different combinations o f effector molecules 

(e.g., cytokines) acting on specific receptors;1 thus, the presence o f specific receptors on 

MO correlates to specific (acquired) functions and activation profiles. Further, MO 

maturity and/or differentiation state is/are often characterized based on the presence or 

absence o f specific surface receptors (e.g., F4/80, Mac-1).59 Receptor profiles vary 

between cells o f primary and secondary derivation, and between cell lines.60 Select 

maturity markers are shown in Table A.2.
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Cell Type Immaturity Markers3 Maturity Markers

Promonocyte Unknown FcR

BMMO Unknown F4/80+°, CD11b+D

J774A.1 ER-MP12-/20-/54-/58- F4/80+, Mac-1 +, FcR

RAW 264.7 ER-MP12-/20-/54-/58- F4/80+, Mac-1 +

IC-21 None known F4/80+b, Mac-1 +, FcR

Table A.2 Select characteristics of cells employed in these studies. aER-MP12, ER-MP20, ER- 
MP54 and ER-MP58 are monoclonal antibodies used to classify immature mouse M® as 
described by the system of Leenan ef a/59'62. bPreliminary unpublished findings, L. M. 
Chamberlain.

63Among the first surface receptors to be identified on MO were Fc from IgG and 

complement protein C3.64 Others include lipoprotein, fibronectin, laminin, fibrinogen, 

hormone, chemokine, lectin-like, adhesion and migration, and advanced glycosylation 

endproducts 65 receptors.1 The mannose receptor (MMR) is a classic phagocytic receptor 

highly upregulated by IL-4 and implicated in IL-4-induced fusion to FBGC.66 Cytokine 

receptors include numerous interleukins (IL-1, IL-2, IL-3, IL-4, IL-6, IL-7, IL-10, IL-13, 

IL-16, IL-17), macrophage-colony stimulating factor (M-CSF/CSF-1) and GM-CSF, 

interferons (IFN -a, IFN-(5, IFN-y), and many others.1 Chemokine receptors have also 

been identified: CCR1, CCR2, CCR5, CCR8, CCR9, CXCR1, CXCR2, CXCR4 and 

CX3CR1.1 Significantly, no single marker has been determined to reliably distinguish 

MO from DC.67

A.6 Macrophage fusion products-giant cells

An alternate term inal developmental stage exhibited by cells o f the mononuclear 

phagocyte system is the fusion product of multiple cells to produce a multinucleated giant
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cell (MnGC, Figure A.4).1 The first reported observation o f these cells dates to 186868 by 

Langhans, and later reports (1912, 1925 and 1927, respectively) by Lambert and the 

Lewises.69'71 Three types o f  giant cells are most commonly referred to in the literature, 

the osteoclast, the Langhans cell and the foreign body giant cell (FBGC). Each is distinct 

in location and appearance, but all share common traits: 1) derivation from cells o f the

mononuclear phagocyte

“foamy cell”

■oPf-Po 

i ° 8 8

Monocytes (MC) and 
macrophages ( M $ ) may 
form mononucleate “foamy 
cells” or fuse to form 
multinucleate (Mn) cells in 

$ \  response to cytokine cues

o t h e r s \w  jj*;

fusion

diffuse
cytoplasm

nuclei

dense nuclear 
region with 
multiple nuclei

Af# -derived “foamy” ceif M& -derived MnGC

M ononucleate Multinucleate
Figure A.4 A) The cellular products of monocyte (MC) and 
macrophage (M<D) cells exposed to specific cytokine cues. 
Cytokine stimulation may result in the production of “foamy” 
cells, which are characterized by the presence of numerous 
vesicles and are named for their foamy appearance. 
Alternatively, MC and M<t> may fuse to produce multi nucleated 
giant cells (MnGC). Photomicrographs of MO-derived foamy (E) 
and MnGC (F) cells are shown. Note: cartoons are not to scale.

system, 2) a role in tissue 

remodeling and/or 

immune defense, 3) an 

association with disease 

and tumors.72 These cells 

are well known to be the 

products o f fusion, not 

cell division in the

79absence o f cytokinesis.

76

Osteoclasts are found on 

the bone which they 

resorb, and play a key 

role in bone tumors, bone 

transplant rejection and in 

the pathogenesis o f

79osteoporosis. Langhans
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cells (not to be confused with the epithelial dendritic Langerhans cell) are examples of 

giant cells that are frequently encountered in diseased states involving granulomatous 

lesions such as tuberculosis, syphilis, sarcoidosis, and deep fungal infections.68,77 These 

cells exhibit a nuclear arrangement that is horseshoe- or circular in shape, and the nuclei 

are found at the periphery o f the cells.

The FBGC is the hallmark o f the foreign body reaction (FBR) to implant materials and 

devices, and may contain over a hundred nuclei.78,79 In contrast to the peripheral nuclear 

arrangement o f the Langhans cell, the nuclei o f  the FBGC are found in a dense central 

location.80 FBGC are not highly phagocytic,81 possibly due to the relatively large size of 

the foreign entity that results in a FBR. Despite the fact that FBGC do not phagocytize 

the implant directly, they do exhibit increased lysosomal and respiratory enzyme 

activity,79 and are reported to exhibit fewer cell surface and complement receptors,82 

suggesting a change to a task-oriented phenotype directed toward dismantling and 

removing the insulting entity. In fact, upon fusing to a giant cell phenotype, the MO is 

thought to redirect its functional role from endocytosis to establishment o f a powerful 

external lysozome.72 Giant cells and osteoclasts adhere strongly to the substrate they are 

resorbed to through a “sealing zone” into which lysosomal enzymes and protons are 

secreted, allowing powerful extracellular resorption.83

Giant cell formation in vivo is implicated in numerous disease processes including 

chronic inflammation (FBGC) and osteoporosis (osteoclasts) and clearly occurs only in

77
specific microenvironments. The fusion process is thought to be mediated by the
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interaction o f transiently expressed cell surface proteins, although the detailed 

mechanism remains unclear.72 Recently, several molecular markers that play a role in 

fusion have been identified; MMR,66 also known as CD 206, CCR2 (the receptor for 

monocyte chemoattractant protein-1, MCP-1), the macrophage fusion receptor (MFR), 

comprising CD44 and CD47,72,74,84 and the dendritic cell-specific transmembrane protein 

(DC-STAMP).85

In vivo and in vitro MO studies performed by Vignery el al have demonstrated that all 

cells tested, regardless o f origin (species, organ/tissue), express the same functional 

markers, characteristic o f  osteoclasts.83,86'89 To date, no single molecule has been 

identified with restricted expression to either giant cells or osteoclasts, although it has 

been postulated that multinucleated MO acquire a tissue-specific molecular repertoire.72
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APPENDIX B: EXPERIMENTAL

B.l Preliminary studies of murine monocyte/macrophage fusion in vitro

B.1.1 Gross morphological observations for J774A.1 monocyte-macrophage cells 

treated with exogenous cytokines IL-4 and GM-CSF

The objective o f this set o f experiments was to examine the effects o f exogenous cytokine 

addition to the J774A.1 monocyte-macrophage cells. The effects o f cytokine cocktails on 

this particular cell line were unknown, as it had not been utilized in any previously 

reported fusion studies. The RAW  264.7 cells had been tested, and fusion was 

unsuccessful.1

Fusion results with this cell 

line were poor, although 

morphological variants were 

plentiful (Figures B .l and B.2). 

Cells o f the J774A.1 lineage 

appear to be easily pushed to a 

dendritic phenotype (E.g., 

Figure B.2, C). Generally, 

multinucleate cells did not 

possess more than five nuclei 

(Figure B .l, D, Figure B.2, A, 

B, D and F). Data presented

186

TCPS control TCPS + GM-CSF/IL-4

Figure B.1 Phase contrast photomicrographs of J774A.1 
murine monocyte-macrophage cells on TCPS without 
(control) and with cytokine treatments as indicated. A and 
C) TCPS controls, A) 7 days post-seeding, B) 3 days- 
post-seeding. Cells progressed to 100% confluence and 
adopted a tightly packed “cobblestone-like” growth 
pattern. B and D) Cytokine treatments: 10 days post- 
seeding on TCPS, 7 days post-cytokine treatment, 10 
ng/ml each IL-4 and GM-CSF. B) Cells were more 
diffuse, exhibited unusual morphologies with lengthy 
filopodia, a diffuse cytoplasm, and multiple nuclei (D, 
arrows). No cells with more than five nuclei were 
detected. Magnifications: A and B, 100 x, C and D, 400 x.
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here is representative o f specific morphologies observed repeatedly in response to 

exogenous cytokine addition to the J774A.1 cell line.

24 hours post-cytokine addition 4 days post-cytokine addition

Figure B.2 Phase contrast photomicrographs of live J774A.1 cells on TCPS surfaces exhibiting 
cell fusion and morphologies commonly observed after cytokine treatment. At early time points 
(24 hours) cultures of J774A.1 cells appeared to be responding favorably to cytokine treatments 
(A-D), adopting multinucleate (A,B,D) or dendritic-like (C) morphologies. E-H) Cells maintained 
altered morphologies as cultures progressed (day 4 shown). By day 7 of cytokine addition, cells 
appeared stressed and apoptotic (data not shown). Cells were seeded at a density of 100 
c e lls /m m 2 . Scale bar is relevant to all images.

B.1.2 RNase Protection Assays

Limited RNase protection assays (RPA, BD Pharmingen, mCK-4 and mCK-1 template 

sets) were undertaken to profile mRNA species present in control (cells grown on TCPS 

without exogenous cytokine addition) and IL-4/GM-CSF treated cells on TCPS and 0.5% 

PLA surfaces. Figure B.3 shows results for select mCK-4 data. J774A.1 grown on TCPS 

substrates were positive for mRNA for the following species: IL-9 (mCK-1 template set), 

G-CSF and LIF (mCK-4 template set). J774A.1 grown on TCPS and exposed to IL-4 and 

GM-CSF (R & D Systems, 10 ng/ml each) were positive for IL-9 (mCK-1 template set),
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1 2 3 4 5

— tjj j

- IL-3
- IL-11

- IL-7 
GM-CSF 

M-CSF 

G-CSF

LIF

IL-6

IL-3, IL-11, IL-7, GM-CSF, M-CSF, G-CSF 

and LIF (mCK-4 template set). J774A.1 grown 

on 0.5% PLA substrates were positive for IL-9 

and G-CSF; when exposed to cytokines IL-4 

and GM-CSF, IL-9 production decreased and 

G-CSF production increased.

Figure B.3 Autoradiogram of samples 
of total RNAfrom J774A.1 cells 
analyzed for distinct mRNA species 
using RiboQuant™ Multi-Probe 
Ribonuclease Protection Assay System 
(BD Pharmingen) with the mCK-4 
Multi-Probe Template Set. Lane 1: 
mCK-4 template set, not treated with 
RNases. Lane 2: mouse control RNA; 
lane 3: cells grown on TCPS, no 
cytokines (20 pg); lane 4: cells grown 
on 0.5% PLA with IL-4 and GM-CSF 
(20 pg); lane 5: cells grown on TCPS 
with IL-4 and GM-CSF (10 pg).
Cytokine treatments were 10 ng/ml 
each, started 3 days post-seeding and 
continued through total RNA harvest at 
day 21.

B .l.3 BMMO response to exogenous cytokine 

cocktails

The objective o f this experiment was to 

examine the effects o f IL-4 in combination with 

one additional cytokine or stimulatory factor 

(IL-3, M-CSF or GM-CSF) on fusion rates of 

BMMO cells matured two days prior to 

treatment. The cytokine cocktails consisted o f combinations o f M-CSF, GM-CSF, IL-3 

and IL-4, in various amounts. These treatment conditions were selected based on positive 

fusion results in an initial screening o f numerous cytokines and combinations thereof.

The effects o f using a standard (5 or 10 ng/ml) versus an excess o f cytokine (50 or 100 

ng/ml) were assessed to determine if  increasing the cytokine concentration would 

improve fusion yields. An outline o f the experimental procedure is shown in Figure B.4,

A.
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I add cytokine 
^  cocktail

examine cell morphology and 
count the number of cells with 
>3 nuclei in a field of 200 cells cytokine treatment

Figure B.4 Bone marrow macrophage fusion to multinucleated giant cells in response to 
exogenous cytokine cocktail treatments (as indicated). A) Schematic of experimental 
procedure. Cells were harvested from the femurs and tibias of C57BL/6 mice (n=4), counted, 
and seeded into TCPS wells at a density of 5000 cell/mm2. Cells were allowed to 
adhere/mature for 48 hours in complete bone marrow medium before exogenous cytokine 
addition took place. Media and cytokines were replaced every third day, and the experimental 
endpoint was 10 days after the first cytokine treatment. Cells were fixed and stained using the 
Wright-Giemsa method. A minimum of three fields of 200 cells each were counted to 
determine fusion rates for cells with >3 nuclei per cell.
B) Fusion results for BMMO treated with exogenous cytokines IL-3 and IL-4 at concentrations 
of 10 ng/ml (a) and 100 ng/ml (b), M-CSF and IL-4 at concentrations of 5 (c) or 50 ng/ml (d) of 
M-CSF and 10 (c) or 100 (d) ng/ml of IL-4, respectively, and GM-CSF at concentrations of 5 
(e) or 50 ng/ml (f) and 10 (e) or 100 (f) ng/ml of IL-4, respectively.

Results (Figure B.4, B) indicate that the majority o f the cytokine treatments do not differ 

significantly. (Error bars represent standard error o f the mean). A  significant difference 

was observed between the standard and excess cytokine treatments for M-CSF and IL-4 

(Figure B.4 B, c and d). However, these fusion rates are generally low (> 25%) compared

•3

to reported literature fusion values for cells o f primary derivation. Thus these conditions 

will not be pursued further, and efforts will focus on establishing a reliable in vitro fusion 

protocol using other cytokine combinations (a combination o f  GM-CSF, IL-4 and IL-13 

is most successful to date).
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Figure B.5 Photomicrographs of bone marrow macrophage fusion to multinucleated 
giant cells in response to exogenous cytokine cocktail treatments as indicated. Fusion 
results for BMMO treated with exogenous cytokines IL-3 and IL-4 at concentrations of 
10 ng/ml (A) and 100 ng/ml (B), M-CSF and IL-4 at concentrations of 5 (C) or 50 ng/ml
(D) of M-CSF and 10 (C) or 100 (D) ng/ml of IL-4, and GM-CSF at concentrations of 5
(E) or 50 ng/ml (F) and 10 (E) or 100 (F) ng/ml of IL-4. Cells harvested from 4 
C57/Black6 mice (n=4) were seeded at a density of 5000 c e ll/m m 2  on TCPS surfaces 
and treated on day 3. Media and cytokines were replaced every third day, and the 
experimental endpoint was 10 days after the first cytokine treatment. Cells were fixed 
and stained using the Wright-Giemsa method. Scale bar is relevant to all images.

1 9 0
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Figure B.6 Phase contrast photomicrographs of bone marrow macrophage fusion to 
multinucleated giant cells in response to exogenous cytokine cocktail treatments as 
indicated. Fusion results for BMMO control (A) and treated with exogenous cytokines IL-3 
and IL-4 at concentrations of 10 ng/ml (B) and 100 ng/ml (C), M-CSF and IL-4 at 
concentrations of 5 (D) or 50 ng/ml (E) of M-CSF and 10 (D) or 100 (E) ng/ml of IL-4, and 
GM-CSF at concentrations of 5 (F) or 50 ng/ml (G) and 10 (F) or 100 (G) ng/ml of IL-4. 
Cells harvested from 4 C57/Black6 mice (n=4) were seeded at a density of 5000 c e ll/m m 2  
on TCPS surfaces and treated on day 3. Media and cytokines were replaced every third 
day, and the experimental endpoint was 10 days after the first cytokine treatment. Cells 
were fixed and stained using the Wright-Giemsa method. Scale bar is relevant to all 
images.

191

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The surface coverage (Figure B.5) and individual cell morphologies (Figure B.6) o f 

BMMO cells grown without (Figures B.5 and B.6, panel A) or with exogenous cytokine 

addition (as indicated, Figures B.5 and B.6, B-G). Cell sizes were larger in cells treated 

with excess GM-CSF and IL-4 (Figure B.6, B-G). Although fusion is thought to be a 

density-dependent phenomenon, fusion was observed in both very dense and very 

moderately populated areas. This suggests that our seeding density (5000 cells/mm2) is 

adequate to achieve fusion. The size and morphology o f cells varies in each culture 

(Figure B.6) even on TCPS, likely related to both the culture age (10 days) and the cell 

density (virtually all cells exhibit a motile phenotype in the TCPS culture, Figure B.6, A). 

The majority o f  fused cells exhibit a compact, central, dense nuclear region, with a 

diffuse amorphous cytoplasm (Figure B.6, C-G). This can also be easily observed in live 

cells (data not shown), but the staining method dramatically improves the contrast 

making these cells easy to visualize even at lower magnifications (Figure B.5 C, D and 

F).

B.2 Inflammatory cytokine profiles obtained for BMMO, IC-21, RAW 264.7 and 

J774A.1 (multiplex polymerase chain reaction (MPCR) method)

Here the experimental objective was to perform a preliminary assessment o f 

inflammatory cytokine expression in the BMMO and the three cell lines to assess 

macrophage activation on TCPS surfaces; a “quick and dirty” M PCR evaluation was 

performed. This assessment was made using a multiplex format using commercially 

designed primers (MPCR, Maxim Biotech, Inc.) that employs a one pot PCR reaction to 

obtain information for numerous amplicons. (The “mouse inflammatory cytokine kit” is
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designed to amplify IL-1, IL-6, TN F-a, TGF-J3 and GM-CSF. GAPDF1 is employed as a 

control).

W
H
O
H

Amplicon Cell type
BMMO IC-21 RAW 264.1 J774A.1

GAPDH + + + +

IL-6 + - -

TNF-alpha + + + +
IL-1 beta - - -

TGF-beta + + + +
GM-CSF - - -

<0
CL

Ampiicon Cell type
BMMO IC-21 RAW284J J774A.1

GAPDH + + + +
IL-6 + + + +

TNF-alpha + + + +
IL-1 beta + + + +
TGF-beta + + + +
GM-CSF + + + +

<
s
CL

Amplicon Cell type
BMMO IC-21 RAW 264.1 J774A.1

GAPDH + + +
IL-6 + - -

TNF-alpha + + + +
IL-1 beta - - + -

TGF-beta + + + +
GM-CSF - - + -

Q.
55a.

Amplicon Cell type
BMMO 70-21 RAW 264.1 J774A.1

GAPDH + + + +
IL-6 + + +

TNF-alpha + + + +
IL-1 beta + + + .

TGF-beta + -F + +
GM-CSF + + + -

Table B.1 Summarized “inflammatory cytokine” 
MPCR data by treatment condition. All data shown 
are representative of >3 more trials.

The inflammatory triad includes 

IL-1, T N F-a and IL-6. IL-1 

induces T N F -a and IL-6 

production, activates the vascular 

endothelium and increases 

vascular permeability. IL -ip  is a 

pro-inflammatory and pro-wound 

healing cytokine that can activate 

monocytes, lymphocytes and 

fibroblasts. TN F-a also activates 

the vascular endothelium and 

increases vascular permeability. 

IL-6 is upregulated during sepsis.

It promotes terminal differentiation 

o f proliferating B cells into plasma 

cells, stimulates antibody secretion 

in plasm a cells, facilitates

differentiation in m yeloid stem cells and induces the synthesis o f  acute phase proteins in 

hepatocytes.
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LPS +
MWM NEG POS TCPS LPS PMA PMA

-GAPDH
-IL -6

-TN F-a.
-IL-1p

TGF-p
-GM -CSF

: igure B.7 Representative “inflammatory cytokine” multiplex 
PCR (MPCR, Maxim Biotech, Inc.) agarose gel electrophoresis 
results for murine monocyte/macrophages of primary (BMMO) 
or secondary-derived (IC-21, RAW 264.7, J774A.1) origin 
treated with chemical activators lipopolysaccharide (LPS) 
and/or phorboi 12-myristate 13-acetate (PMA), both at 1 pg/ml 
for 6 hours prior to RNA collection. MWM (100bp molecular 
weight marker, Bio-Rad); NEG (negative control, MPCR); POS 
(positive control, MPCR); TCPS (samples grown on TCPS 
without additional activators); LPS (cells treated with the 
activator LPS, 6 hours); PMA (cells treated with activator PMA, 
6 hours), LPS/PMA (cells treated with a combination of LPS 
and PMA). All data shown are representative of 2 or more trials 
Inset: Positive control with bands defined.

Results (Table B.l and 

Figure B.7) indicate that 

all TCPS “surface 

controls” were positive 

for TN F-a and TGF-(3. 

TGF-P plays a role in 

chemotaxis, growth 

factor release and 

macrophage deactivation 

and it is known to be pro- 

fibrogenic. Profiles for 

these two cytokines did 

not change regardless of 

activating treatment, i.e.

the addition o f  LPS, PM A or LPS and PMA. Among this test group, TCPS surfaces incite 

IL-6 production in primary-derived BMMO exclusively. All TCPS “surface controls” 

were negative for IL-1 p and GM-CSF transcripts. GM-CSF is implicated in granulocyte, 

eosinophil and macrophage colony stimulation and enhanced neutrophil and eosinophil 

function.

All LPS and LPS/PM A treated samples were positive for each cytokine tested except 

J774A.1 IL-1 p and GM-CS, which suggests that LPS is the critical activating factor in 

the combination treatment. Results for PMA treated samples are nearly identical to
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results obtained for TCPS surfaces, and differ only for RAW  264.7 (positive for TGF-p 

with PMA treatment. This suggests that TCPS surfaces (physical stimulus) and PMA 

(chemical stimulus) stimulation pathways stimulate the same pathways or pathways that 

converge on a common target. The most significant differences between cells o f primary 

and secondary derivation are the production o f IL-6 by BMMO in response to 1) the 

TCPS surface alone or 2) stimulation with PMA. In these instances the cell lines show no 

response.

B.3 Bone marrow macrophage growth to extended time points in vitro

The ability o f  Teflon® AF and pp-FC surfaces to support BMMO growth over extended 

culture times (36 days) in vitro was examined. Results for pp-FC surfaces were presented 

in Chapter 4, Figures 4.3 and 4.4. Photomicrographs o f BMMO growth on Teflon® AF 

surfaces are shown in Figure B.8. These substrates were cell supportive through Day 36 

when cultures were terminated. BMMO cells (Day 36, Figure B.8, panels B-C, E-F) were 

large by comparison to early time points (24 hours, Figure B.8, panels A, D). Cells 

exhibited unusual morphologies with large areas o f  membrane ruffling and lengthy 

filopodia (Figure B.8, panels E-F). Not all areas o f  the plates were densely populated. 

Figure B.9 shows one cell with an unusually lengthy filopodium.
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24 hours 12 davs 36 davs

Figure B.8 Photomicrographs of live bone marrow macrophage cells at various time points (as 
indicated) on Teflon® AF surfaces pre-treated with 10% serum for > 24 hours prior to cell seeding 
at a density of 6.2 x 106 cells per 15 x 100 mm plate. Cell density was very low at 24 hours (A, D), 
but cells were able to efficiently colonize these surfaces (B, E) and remained adherent through 
Day 36 (C, F) when the culture was terminated.

Figure B.9 Photomicrograph of bone marrow macrophage cells at Day 36 on Teflon® AF 
(pre-treated with 10% serum for > 24 hours prior to cell seeding at a density of 6.2 x 106 cells 
per 15 x 100 mm plate). Arrow indicates cell body.
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B.4 Function-blocking integrin studies

These studies examined effects o f integrin-directed (um, Pi and P2) mAb on cell adhesion 

to Teflon® AF (Table B.2). All mAh employed were sterile-filtered, low-azide and 

endotoxin-free. (See section C.12.1 for experimental notes). mAb from eBioscience

performed better in function-blocking assays. 96- and 24- well plate formats were

Antibody Clone Source Control Cell type
Block/Sig

Block
Morph

Changes
Beta 1 Integrin Ha2/5 Pharmingen N IC-21 Y/N N
Beta 1 Integrin Ha2/5 Pharmingen N BMMO Y/N N

Hamster IgM G235-1 Pharmingen Y IC-21 Y/N N
Hamster IgM G235-1 Pharmingen Y BMMO Y/N N

Beta 2 Integrin M18/2 Pharmingen N IC-21 Y/Y Y
Beta 2 Integrin M18/2 Pharmingen N BMMO Y/Y Y

Rat lgG2a, k R35-95 Pharmingen Y IC-21 N/N N
Rat lgG2a, k R35-95 Pharmingen Y BMMO N/N N

Beta 2 Integrin M18/2 eB iosc ien ce N IC-21 Y/Y Y
Beta 2 Integrin M18/2 eB iosc ien ce N BMMO Y/Y Y

Rat lgG2a, k unknown eBioscience Y IC-21 N/N N
Rat lgG2a, k unknown eBioscience Y BMMO N/N N

Alpha M Integrin M1/70 eB iosc ien ce N IC-21 Y/N N
Alpha M Integrin M1/70 eB iosc ien ce N BMMO Y/N N

Rat lgG2b, k eB149/10H5 eBioscience Y IC-21 N/N N
Rat lgG2b, k eB149/10H5 eBioscience Y BMMO N/N N

Table B.2 Summary of integrin blocking studies performed. Function blocking mAb (bold) and 
their isotype controls are matched by row. “Significant blocking (Sig Block)” is defined as >80% 
removal of function-in this case the function is cell adhesion to FC substrates pre-conditioned with 
3 mg/ml BSA, 10% HI FBS or 10% FBS for 24 hours prior to cell-seeding.

employed for blocking assays. However, Teflon® AF delaminated readily from 96-well 

plates and this format was abandoned in favor o f the more-stable 24-well format. See 

optimized protocol in section C.12 for additional experimental details. Initial experiments 

included Teflon® AF preconditioning with 3 mg/ml BSA, 10 FBS and 10% HI FBS. 

However, due to various factors (expense, surface delamination and differences in mAb 

function based on supplier and/or batch to batch variation) a 10% FBS pre-treatment 

study was focused on exclusively.
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APPENDIX C: PROTOCOLS

C.l Cell culture information sources
Cell information is available online from the American Type Culture Collection (ATCC): 
www.atcc.org
Biosafety information is available online from the Centers for Disease Control (CDC): 
http://www.cdc.gov/od/ohs/biosfty/bmbl4/bmbl4toc.htm and in “Biosafety in 
M icrobiological and Biomedical Laboratories (BMBL) 4th Edition”.
Biohazard level definitions are available at http://bmbl.od.nih.gov/sect3bsl2.htm.

C.2 Cell line information (a copy o f  this information should be posted  on the incubator, 
and updated as new cells are added)

CELL TYPE:_________MEDIUM:_____________ SPLITTING METHOD:
RAW 264.7 (MC-MQ ) RPM I1640 w/10% FBS HBSS or PBS tCa2+ and Mg2+ free! 
ATCC TIB-70 Biosafety level: 1

Description: Mouse monocyte-macrophage.

Culture maintenance: RAW 264.7 cells are highly proliferative and require constant 
attention. They should be split at or below 90% confluence, and medium should be 
changed frequently as the cells progress towards confluence. Cells may be removed from 
culture surfaces with (up to 10%) trypsin, although it is best to avoid trypsin when 
profiling proteins. Medium may be supplemented with 1% penicillin-streptomycin (pen- 
strep) solution, although this is discouraged*. RAW  cells will proliferate under non­
adherent conditions, so avoid overgrowth. Changes in adhesive strength (increased 
adhesion/difficulty in removal cells using divalent cation-free solutions) are an indication 
o f advanced culture age. Discard cells when they fail to respond to removal by this 
method. Discard cultures if  cells grow on top o f one another.

J774A.1 (MC-MOl DMEM w/10% FBS_______ HBSS or PBS (Ca2+ and Mg2+ free!
ATCC TIB-67 Biosafety level: 1

Description: Mouse monocyte-macrophage.

Culture maintenance: J774A.1 are highly proliferative. Cells should be grown to no 
more than 90% confluence, and medium changes are as indicated for RAW 264.7. 
Generally, J774A.1 are easier to remove from culture surfaces than RAW  264.7, and 
typically “pop” o ff in HBSS without trypsin. M edium may be supplemented with 1% 
pen-strep, although this is discouraged*.
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IC-21 (MO) RPM I1640 w/10% FBS Scraping. DO NOT USE TRYPSIN
ATCC TIB-186 Biosafety level: 2

Handle as potentially biohazardous material under Biosafety Level 2 containment. 
Briefly: Never handle without gloves, always use secondary containment (e.g., 
transport cell flask/tubes/plates on a tray) always autoclave plastics that these cells 
contact. Never use trypsin, as it is toxic to IC-21 cells.

Description: Mouse macrophage. Derived from transformation o f normal C57BL/6 
mouse peritoneal macrophages with SV401. “This line shares many characteristics with 
normal peritoneal macrophages and is thus a valuable model in the study o f macrophage 
properties and activities2” . IC-21 cells are larger than either the RAW  264.7 or J774A.1 
cells.

Culture maintenance: IC-21 cells are slow growing acid producers. They will exhibit a 
medium color change due to acid production in contrast to the RAW  264.7 and J774A.1 
cells, where a medium color change is often an indicator o f metabolism based on rapid 
growth. IC-21 medium m ust be changed religiously. Split IC-21 at 80-90% confluence 
and sub-culture in the sam e flask . Leave some o f the old medium in the flask, which 
contains growth factors that facilitate proliferation. When expanding these cultures using 
medium that contains 20% FBS is helpful. Freeze ample numbers o f back-ups at 2 x 106 
cells per cryotubes; these cells are slow to rebound to usable culture size if  contaminated. 
Generally, IC-21 cultures will not passage as many times as RAW  264.7 and J774A.1, so 
make plenty o f  low passage number frozen stocks. If the cells die unexpectedly and cells 
are needed expeditiously it is best to order a flask of cells from ATCC, which will still 
take weeks to expand to sufficient quantity for experimental use.

BMMO____________ BMMO MEDIUM HBSS or PBS tCa2+ and Mg2+ free!

Description: C57BL/6 primary-derived mouse monocyte-macrophage.

Culture maintenance: Change medium every three days. Allow cells 7-10 days to 
mature on TCPS in complete BMMO medium for macrophage phenotype. Cells have a 
limited lifetime in vitro.

NIH/3T3____________DMEM w/10% FBS_________ HBSS or PBS (Ca2+ and Mg2+ free!
ATCC CRL-1658 Biosafety level: 1

Description: NIH Swiss mouse embryo, contact-inhibited.

Culture maintenance: NIH 3T3 are easy to grow and sub-culture. The most significant 
problem with these cells is clumping. For experimental use, employ a trypsin-containing 
solution (0.5-1% in HBSS) to aid the removal o f cells from the surface/avoid clumping, 
which prevents accurate cell counts and can affect certain assays. The other potential
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problem is cross-contamination o f macrophage cells-never work with more than one cell 
type in the biosafety cabinet (BSC) at once.

* Whereas some groups grow their cell lines in antibiotics we avoid their use. This 
ensures that the lines we use are “clean”. I.e., cells grown in antibiotics may be 
supporting low levels o f  microbial contamination-this has important consequences for 
macrophage cells and is an experimentally unsound system. If  contamination becomes 
problematic almost all cell lines will tolerate 1% penicillin-streptomycin. However, the 
best fix is a thorough cleaning/autoclaving (where possible) o f all cell culture areas, 
replacement o f  supplies/filters and starting fresh cultures.

** Flasks should have the same amount o f medium added every time. For large flasks 
(185 cm2/600 ml) use 50 ml o f medium. For the medium flasks (75 cm2/200 ml) use 25 
ml o f medium. For the small flasks (25 cm2/40 ml) use 10 ml o f medium. (All VT). 
Macrophages respond to altered oxygen content (e.g., hypoxia), affected by medium 
depth with phenotypic (and presumably genotypic changes).

Labeling Cell Culture containers: Each flask should have the following information: 
CELL LJNE-SUB-CULTURE #
DATE OPERATOR

Example: RAW  264.7-77 
12/31/02 MLG

C.3 Cell culture procedures

C.3.1 Thawing cells 
Rule: THA W  QUICKL Y

1) Cells should be brought up in medium that contains 20% FBS. To make medium you 
will need:

-DM EM  or RPMI* stored at 4°C (refrigerated) in 500 ml bottles 
-FBS stored at -20°C (frozen) in 50 ml aliquots

To make m edium : Thaw only enough FBS in a 37°C water bath for the volume of 
medium you wish to prepare, (e.g., 100 ml total FBS in 500 ml Vt or 200 ml for 1000 ml 
VT). Add DMEM  (or RPM I) and pen-strep (if used) to a sterile filter cup (0.22-micron 
cellulose acetate filter) that is already attached to the vacuum  pump and pulling a 
vacuum. Add FBS last. Label as “20% FBS in DMEM (or RPMI) (with Pen-Strep)”, the 
date and your initials. W arm medium to 37°C prior to use. Treat as sterile. Do not leave 
medium out for extended periods o f time.

*DM EM for J774A.1 an dN IH 3T 3, R PM I fo r  IC-21 and R A W 264.7 cells.
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2) Prepare T25 TCPS culture flask(s) or 15 x 100 mm TCPS plate(s). Add 9 ml of 
medium, and place in the incubator to allow medium to adjust to its proper pH (c 30 
minutes). Remove cells from liquid nitrogen storage (or from the -70°C freezer) and 
immediately place in 37°C water bath, taking care to avoid direct contact o f the cap area 
with the water. A llow  the sample to thaw. Spray with 70% ethanol (EtOH), transfer to the 
BSC and immediately transfer (using a 5 or 10 ml pipet and sterile technique) to the 
flask. Alternatively, you may spin down the cells at (no more than) 1,000 x g for 5 
minutes to remove dimethyl sulfoxide (DMSO) and resuspend in medium before adding 
cells to the flask/plate. Place in the incubator (37°C, 5% CO2 , 98% humidity). Cells 
should be 90% confluent in 2-5 days. Change the medium after 12-24 hours if  you did 
not spin out the DMSO.

3) Record your activities on the cell culture calendar and be sure to update the freezer or 
liquid nitrogen storage sheets to allow tracking o f the remaining number o f frozen 
aliquots for each cell type.

C.3.2 Sub-culturing cells
-NEVER work with more than one cell type in the BSC at the same time-this invites cross­
contamination
-Use sterile technique at all tim es-if you are unsure about whether you might have 
contaminated something, assume you did and treat appropriately

1) Determine “% confluence” o f the culture by examining the flask/plate using an 
inverted microscope and a lOx objective. Cells should not be allowed to progress beyond 
90% confluence.

2) Set medium out to warm in a water bath (37°C).

3) Disinfect the work area (pay special attention to the aspirator tube) and any reagent 
bottles to be opened using 70% ethanol (EtOH). Wipe bottles from the top down and 
reapply EtOH before transferring to the BSC.

4) Work with the BSC blower on, use sterile techniques at all times. Wear gloves and 
spray your hands regularly with ethanol to protect the cells from contamination. Do not 
wipe your hands with a towel. If  you leave the BSC to do other work, change gloves 
before returning to cell culture work.

5) Prepare (label) new flasks for RAW 264.7 or J774A.1 cells. Be sure to label the flasks 
with the complete cell line name (as written above), plus the sub-culture number, the date 
and your initials. Note: IC-21 cells are sub-cultured in the same flask they are growing in 
presently. W rite small on IC-21 flasks. IC-21 flasks should be changed after 
approximately 10 passages.
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FO LLO W  DIRECTIONS FOR THE APPROPRIATE CELL LINE:
IC-21:
6) Remove all but c 10 ml o f medium and carefully/gently remove the cells from the flask 
using a rubber policeman (scraper). There is no need to apply any pressure to the scraper- 
this results in lower cell viability. Generally the scraping process, even when carefully 
performed, reduces viability by 40-50%.

Do not aspirate the medium and rinse the cells before scraping unless they are 
overgrown.

Remove the supernatant and reserve or discard as necessary (the supernatant will contain 
most o f the cells). Replenish the medium in the flask (VT 50 ml for large flasks) and 
return to the incubator. IC-21 cells require medium changes every 2-3 days. IC-21 waste 
should be treated as a biohazard level 2, which means all solids must be autoclaved (e.g., 
flasks, pipets, tips, etc) and all liquids must be bleached, and preferably autoclaved, 
before disposal).

OR:
RAW 264.7 and J774A.1:
6) Remove cells from the incubator, transfer to the BSC and aspirate old medium from 
the flask using sterile technique. (Preferably using a Pasteur pipet w ith vacuum). Use one 
sterile Pasteur pipet per flask or plate.

7) Add enough lx  (sterile) HBSS or PBS without divalent cations (Ca2+ and Mg2+ free) to 
cover the bottom o f the flask (14 ml for a large flask). If  the cells are very close to 90% 
confluence, rock the flask and aspirate this HBSS/PBS as a rinse. Then add a second 
volume o f HBSS/PBS. Place the cells back in the incubator. Allow them to sit 10 minutes 
before checking for cell lifting (never longer than 30 minutes). For stubborn cells, 
successive treatments o f HBSS/PBS can be employed.

8) Check the progress o f cell lifting by examining the flask with an inverted microscope. 
Tap the flask hard against the back o f your hand and check for loosening. Smacking the 
flask too lightly will result in liberation o f  too few cells. Smacking the flask too hard will 
result in damaging the flask and leaking. M ost o f the cells should be free from the surface 
after 10 minutes. If  cells are not coming off return them to the incubator and check again 
in five minutes. As the cells age (usually upwards o f 50 passages) they will become more 
resistant to removal.

9) Remove a small aliquot o f cells (10-100 pi) to count using Trypan blue if  so desired.

10) Remove a small amount o f cells and transfer to a new flask containing fresh medium. 
Plate cells at the desired density (usually 5 x 105 cells for experimental 15 x 100 mm 
plates, 1-2 x 106 for cryo vials, and 1 x 105 cells for passage flasks). Return flasks to the 
incubator.
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Sources of contamination:
-Avoid double dipping into any reagents or medium containers. Use 1 pipet for each 
“dip” into the container.

-Avoid adding bubbles to the fresh medium you are aliquoting. Keep the tip o f the pipet 
away from the lip o f the flask, and try not to let any medium get on the lip or neck o f the 
flask.

-Avoid tilting the flasks so that medium approaches the cap. Try to keep the flask tilted 
so that the medium goes to the opposite end o f the container. Be especially careful when 
laying the flasks in the incubator and lifting them out.

-Avoid splashes or medium on the outside o f the container. I f  you get medium on the 
outside o f dishes or flasks clean it o ff with ethanol and a Kim™ wipe.

-Don’t leave medium or cells out at room temperature for longer than is absolutely 
necessary.

-If cells are suspect or appear contaminated remove them from the incubator immediately 
and bleach them before disposal. Remove incubator shelves/water pan and autoclave 
them. Remove all reagents from the BSC and re-filter or toss suspect medium. Change 
out the aspirator hose-this is often a contamination source. Replace Pasteur pipets and all 
other opened autoclavables. Typically, contamination from sub-culturing arises within 24 
hours.

C.3.3. Freezing cells 
Rule: FREEZE SLO W LY

1) Thaw an aliquot o f FBS/DMSO (90% FBS should be aliquoted with 10% cell culture 
grade DMSO and stored frozen in sterile 15 ml Falcon tubes).

2) Remove cells using the procedure outlined in the sub-culturing section. Remove a 
small amount (10-100 pi) o f the cells and count using Trypan blue dye and a 
hemacytometer3.

3) Transfer the cell suspension into centrifuge tubes and spin for 5 minutes at 1,000 x g or 
less.

4) Decant the supernatant and resuspend the cell pellet in the desired amount o f 10% 
DMSO/FBS solution. (Calculate from desired amount o f cells per vial as noted above, 
typically 1-2 x 106 cells/ml).

5) Aliquot 1 ml o f cell suspension per cryo tube using a 10 ml pipet. Place into a cell 
freezer container containing EtOH (or Styrofoam container) to provide some insulation.
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6) Freeze at -20°C for several hours. Move to -70°C for 24 hours. (Viable for 6 months if 
left here).

7) Transfer cryotubes to liquid nitrogen storage. They should be viable for 12 months. 
Update the frozen cell storage records.

C.4 Teflon® AF plate preparation 

C.4.1 Materials
-1% Teflon® AF Grade 400S-100-1 (DuPont Fluoroproducts) 
-Fluorinert™  Electronic Liquid FC-40 (3M #98-0211-3972-4)
-70% tissue culture grade ethanol 
-Plates:

Suspension culture (PS) plate (Coming #430591)
M ulti well™ 6 well TCPS flat bottom plate with low evaporation 
lid (Falcon #351146)
Multiwell™  12 well TCPS flat bottom plate with low evaporation 
lid (Falcon #353225)
Multiwell™  24 well TCPS flat bottom plate with low evaporation 
lid (Falcon #353935)
96-well, TCPS flat bottom strip plate with lid (Coming #9102)

C.4.2 Plate preparation
1) Preheat a vacuum oven to 65°C.

2) In a sterile glass bottle make a 10:1 dilution o f the 1% Teflon® AF (as supplied) in 
FC-40 solvent to make a 0.1% Teflon® AF solution.

3) Arrange plates to be coated on a clean autoclavable tray.

4) Using the table below, determine the amount o f 0.1% Teflon® AF needed to coat the 
surface used:

Type of plate Area (cm2) Vol. 0.1% Teflon® AF
BPS plate 56 3 ml

6-well plate 9.6 0.5 ml
12-well plate 3.8 200 pi
24-well plate 2 100 pi
96-well plate 0.32 17 pi

*Note: For the 96-well plate, the 0.1% Teflon® AF solution can be diluted 1:1. The 
multichannel pipet and reagent reservoir can then be used to dispense 34 pi onto the 
bottom of each well to obtain a 0.1% Teflon® AF coating.
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5) Dispense the appropriate amount o f 0.1% Teflon® AF into each dish or well. Gently 
swirl the plate to ensure even distribution o f the solution.

6) Remove the lid from each Teflon® AF coated plate and place in the vacuum oven (65° 
C). Plates should be left in the oven for 3-6 hours, or until all liquid has evaporated from 
the bottom surface o f the plates (wells).

*Note: Check the pressure and the temperature often to ensure that the pressure stays 
between 20 and 25 mm Hg and the temperature stays at 65°C. When plates are dry, 
remove plates, place on clean/sterile autoclave tray and replace lids.

7) Transfer plates and lids (facing up) to the BSC, mist with 70% tissue culture grade 
ethanol and expose to UV light for 20 minutes. A llow plates to dry thoroughly before 
replacing lids and storing.

C.5 Poly-L-lactide (PLA) plate preparation 

C.5.1 Materials
-Poly-L-lactide, Mol. Wt. 50,000, 100,000 or 200,000 (reconstituted, 
desiccated at 4°C, source: Polysciences, Inc)
-Glass pipettes and plates (plates should be base treated first, vida infra) 
-Methylene chloride

C.5.2 Preparation of surfaces
1) Base treat plate bottoms in a KOH/EtOH base bath overnight.

2) Rinse each plate with copious amounts o f 18 MQ “Nanopure” grade water.

3) Prepare a treatment solution o f poly-L-lactide as follow: Use the 0.2% 50,000 Mol.
Wt. poly-L-lactide recipe for cell culture experiments (preferred for microscopic 
evaluation). Use glass pipets and surfaces for this protocol (methylene chloride will 
dissolve plastics).

For 50,000 Mol.Wt. poly-L-lactide:
Prepare a 0.2% solution o f poly-L-lactide in methylene chloride.
0.2% (w/v) = (g/lOOml) = (0.2 g/1 0 0  ml) = 200 mg per 100 ml o f MeCb.
Note: The smaller molecular weight polymer will yield a clear film.

For 100,000-200,000 Mol.Wt. poly-L-lactide:
Prepare either a 0.1 or a 0.5% (w/v) solution o f poly-L-lactide in methylene 
chloride.
0.1% (w/v) = (g/lOOml) = (0.1 g / 100 ml) = 100 mg per 100 ml o f MeCb- 
0.5% (w/v) = (g/lOOml) = (0.5 g/ 100 ml) = 500 mg per 100 ml o f MeCb.
This molecular weight range polymer will yield a medium opacity film.
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4) Each (20 x 100 mm) glass plate requires 10-15 ml o f PLA solution to cover the 
surface.

5) Allow plates to dry while covered at room temperature. Do not place directly in the 
oven as M eCk will boil o ff and leave an uneven surface.

6) Place dry plates in the vacuum oven at 65°C for 6 hours. This step is essential to 
remove residual solvent and prevents surface lifting when exposed to liquids.

7) To sterilize mist with cell culture grade 70% EtOH and expose to UV light for 20 
minutes. (Perform in the BSC).

N ote: Biodegradable polymers such as poly-L-lactide should be stored desiccated at 4°C. 
Long-term storage conditions consist o f freezing at -70°C with nitrogen or argon (i.e., 
evacuate a storage bag with nitrogen gas).

C.6 Seeding polymer surfaces

24 hours prior to cell seeding:
Condition plates (6 hours to overnight) with medium containing 10% FBS. Use cell- 
specific medium except for BMMO cells, instead use 10% FBS in DMEM (to conserve 
expensive BMM O medium) unless you plan to seed into the medium directly. 
Conditioning ensures ample time for protein adsorption at the surface to reach 
equilibrium. Use 10 ml for all plates except Teflon® AF, which will require 15 ml for 
complete and sustained coverage. Use care when handling plates-especially glass, as they 
contaminate easily.

Cell seeding:
1) Warm cell-specific medium to 37° C. Spray medium container with 70% ETOH from 
the top down, and wipe (also from the top down) before transferring to the hood.

2) Transfer cells to the BSC and harvest as appropriate based on cell type. Remove a 
small volume o f  cells to count, centrifuge remaining cells at 1000 x g.

3) Count cells using Trypan blue. Determine the seeding concentration and resuspend 
cells as desired. (E.g., IC-21-500,000 cells per 15 x 100 mm plate).

4) Seed plates by adding an appropriate volume (based on cell count and resuspension 
volume) to each plate. Swirl each plate clockwise, counter-clockwise, and then cross, 
being careful not to splash the medium. Return plates to the incubator.

-Check cells daily for contamination-including obvious fungal growth, sudden changes in 
medium color, flocculation/sediment presence.
-Medium must be refreshed regularly. Do not allow cell overgrowth or medium to turn 
yellow (overly acidic).
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-Record cell growth/proliferative behavior in terms o f “% confluence” each day. Note 
growth trends, abnormal cell behavior, morphological variants, etc.
-Take photos using both lOx (for confluence confirmation and comparison) and 40x 
(normal and abnormal morphologies) objectives. Be sure to record both the magnification 
from the objectives (40x, lOOx, 400x) and the camera zoom (50, 65, 88,or 100 mm) and 
include this info in the file name. Save photos as .jpg files. Be as descriptive as possible 
with file names. Start with the date, then cell line, then experimental surface, 
magnifications, experimental day, etc.
-Compile photos in power point slide format with labels and descriptive text. Be sure to 
include date, cell type, surface type, medium, experimental time, treatment conditions, 
magnification, and “ % confluence”. Organize slides into folders by cell type and surface 
type.

C.7 Treatment of cells with chemical stimulants: LPS and PMA4'7 

C.7.1 Materials
-Lipopolysaccharide (LPS) from E. coli 0127:B8, chromatographically 
purified by gel filtration (Sigma Aldrich # L 3 137)
-Phorbol 12-myristate 13-acetate (PMA), molecular biology grade (Sigma 
A ldrich#  PI 585)
-Cell culture medium, plates, cells, etc.
-RNA or protein extraction reagents

C.7.2 Preparation of LPS stock solution
1) Resuspend 1 mg o f LPS in 1 ml o f phosphate buffered saline (PBS). (Add liquid 
directly to LPS powder without weighing, i.e. minimize contact with irritants like LPS).

2) Dilute this solution with an additional 3 ml o f PBS to yield a final concentration o f 250 
Hg/ml.

3) Aliquot 250 pi into 1.5 ml Eppendorf tubes. Label with chemical, concentration, date 
and your initials.

4) Store at -20° C for up to 2 years.

C.7.3 Preparation of PMA stock solution
1) Reconstitute 1 mg o f PMA in 1 ml o f cell culture grade dimethyl sulfoxide (DMSO).

2) Dilute this solution with an additional 9 ml o f DMSO to achieve a final concentration 
o f 100 pg/ml.

3) Aliquot into 1.5 ml Eppendorf tubes. Be sure to label with chemical, concentration, 
date and your initials.

4) Store in the dark at -20°C for up to 6 months.
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C.7.4 Preparation of LPS-containing medium
Prepare the day before treatment. Use 10 ml o f the appropriate medium per 15 x 100 mm 
plate. Adjust volume as necessary for smaller plates/wells. To achieve a final treatment 
concentration of 1 pg/ml LPS add 4 pi o f 250pg/ml LPS stock to 10 ml o f medium. 
Label the container with the final concentration and store at 4°C until use.

C.7.5 Preparation of PMA-containing medium
Prepare the day before treatment. Use 10 ml o f the appropriate medium per 15 x 100 mm 
plate. Adjust volume as necessary for smaller plates/wells. To achieve a final 
concentration of 100 nM PMA add 6.18 pi o f lOOpg/ml PM A stock to 10 ml of 
medium. Label the container w ith the final concentration and store at 4°C until use.

C.7.6 Preparation of LPS/PMA-containing medium
Prepare the day before treatment. Use equal volumes o f each o f  the final mixtures and 
store as noted above.

C.7.7 Plate preparation and cell seeding
1) Label 15 x 100 mm TCPS plates. (E.g. 16- LPS, 16- PMA, 16- LPS+PMA, 16- No 
RXN= total o f  64 plates if  you are using 4 cell lines with n = 4 replicates).

2) Harvest cells using appropriate methods and place into sterile Falcon tubes. For 
multiple replicates keep cells from different flasks separate and labeled. Record which 
passage number is used for each replicate. Remove an aliquot o f  cells for counting.

3) Centrifuge cells at 1,000 x g for 5 minutes. Resuspend and divide cells (based on cell 
count and desired number o f cells for each treatment condition) and centrifuge again. 
Aspirate, resuspend cells in the appropriate (LPS/PMA) medium for each test condition 
and plate. Incubate fo r  6 hours. Harvest nucleic acids or proteins as desired.

C.8 Cell fixing and staining with the Hema 3® staining system 

C.8.1 Materials
-Hema 3® Staining System (Fisher #122-911)
-Four plastic containers, each slightly larger than the plate to be stained 

C.8.2 Staining procedure
1) Transfer plates to be fixed and stained from the incubator to the BSC.

2) Remove medium by aspiration-be careful to avoid touching the bottom o f the wells. 
Exercise great caution when working with Teflon® AF surfaces, as they tend to 
delaminate easily from multi-well plates. For these surfaces it’s best to tilt the plate, 
remove as much media as possible, rinse and then get as close as possible to the bottom 
of the well on the last aspiration step only.
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3) Rinse one time with PBS (with divalent cations). Invert the plate and blot on a paper 
towel.

4) Add enough fixative (supplied with kit) to cover the bottom o f each well. Use a 10 ml 
pipet and gently add the solution by pipetting down the side o f each well. Let the solution 
sit briefly, 5-10 seconds.

5) Remove the fixative by gently inverting the plate over a plastic container and then blot 
on a paper towel. Save the fix and dye solutions for reuse.

6) Add approximately 300 pi o f solution I (orange, supplied with kit) to each well (12- 
well plate), using a 10 ml pipet as described above. Let sit 20 seconds. Remove solution I 
by gently inverting the plate over a different plastic container, blot the plate on a paper 
towel. *DO NOT LEAVE DYE ON FOR ANY LONGER THAN A MINUTE-results in 
delamination o f  Teflon® AF films.

7) Add approximately 300 pi o f solution II (purple, supplied with kit) to each well (12- 
well plate), as described above. Let sit 20 seconds. Remove solution II by gently 
inverting the plate over a different plastic container and then blot the plate on a paper 
towel. *DO NOT LEAVE DYE ON FOR ANY LONGER THAN A MINUTE-results in 
delamination o f Teflon® AF films.

8) Wash each well gently two times by running nanopure water down the side o f each 
well and rocking the plate when all wells contain water. Be sure not to spray the water 
directly on the bottom o f the wells. Teflon AF delaminates easily, especially during these 
rinses-use great care!

9) Blot on a paper towel and allow the plate to air dry upside down overnight.

10) Assess plates microscopically, photograph. Label plates and save for future reference.

C.9 Protein harvest for the GTPase activity assays 

C.9.1 Materials
Cell Lvsis/binding/wash buffer

100 ml
MgCl2 0.1 g
NP-40 1 ml
Glycerol 5 ml
DTT 0.015 g
Tris-HCl 0.3 g
NaCl 0.88 g
NPH20 QS to 100 ml

Store cell lysis/binding/wash buffer at 4°C.
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C.9.2 Procedure
Preparation:
1) Label three sets o f microcentrifuge tubes for samples: one set simply the other two 
with the date, sample name and number, cell line and your initials.

2) Get ice and place in the BSC.

3) Turn microcentrifuge refrigeration unit on to 4°C.

4) Pull out cold PBS (immediately before starting), cell scrapers, 1ml tips and a P I000 
pipet. Spray each item with 70% EtOH, wipe and transfer to the BSC.

Procedure:
1) Determine the total volume o f lysis buffer needed to harvest plates. For each TCPS or 
PS plate use 0.5 ml. For each PLA or Teflon® AF plate, use 1 ml.

2) Prepare lysis buffer immediately before use by adding an appropriate amount o f 
protease inhibitors:

For example, i f  using 12 ml o f lysis buffer prepare your final working solution from stock 
as follows:

Aprotinin stock: 1.5 ms/ml. Desired final [ ]= 1 pg/ml. Thus, use 8 pi o f aprotinin stock. 

Leupeptin stock: 1 ms/ml. Desired final [ ]= 1 pg/ml. Thus, use 12 pi o f leupeptin stock. 

PM SF stock: 100 mM. Desired final [ ]= 1 mM. Thus, use 120 pi o f PMSF stock.

3) Pull 2-3 plates to be harvested at one time. Aspirate media. Use ice cold Tris-buffered 
saline (TBS) or PBS to wash plates once (use approximately 5 ml per plate). Aspirate. 
Add 0.5 -1 ml o f  lysis buffer prepared as described above. (Invert tube before each 
addition). Immediately scrape (very gently on PLA and Teflon® AF surfaces) cells and 
transfer 20 pi o f supernatant into a microcentrifuge tube for protein quantification. 
Transfer the remaining supernatant to another microcentrifuge tube (one per plate). 
Vortex briefly. Immediately place tube on ice for 5 minutes.

4) When all samples have been collected centrifuge at 16,000 x g at 4°C for 15 minutes.

5) Immediately proceed to GTP-pulldown procedures (to avoid GTP hydrolysis), per 
manufacturer’s instructions (see Pierce EZ™-detect Rho, Rac and Cdc activation kit 
instructions). Do not allow samples to warm to room temperature until after the 
pulldown has been completed. After the pull down samples may be stored at -20°C until 
analysis by gel electrophoresis.

Aprotinin
Leupeptin (in DI water) 
PMSF (in EtOH)

1 pg/ml.
1 pg/ml. 
Im M  final.
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C.10 Denaturing gel electrophoresis-discontinuous gels
Note: The gel % should be carefully selected based on the protein separation desired. The 
protocol described here is useful for separating proteins ranging from c 10 to several 
hundred kD. Many factors affect protein separation, including the gel composition (buffer 
choice, inclusion o f  glycine and SDS, ratio o f bis/acrylamide, final % acrylamide, etc), 
the gel temperature during electrophoresis, the separation time and applied voltage.

C.10.1 Solution preparation
5x Tris-Glycine electrophoresis buffer:
7.5 g Tris* (Bio-Rad # 161-0716) Mol. Wt. 121.14
36.0 g Glycine (Bio-Rad # 161-0718) Mol. Wt. 75.07
2.5 g SDS (sodium dodecyl sulfate) Mol. Wt. 288.38

QS to 500 ml with nanopure water. Dilute to lx  before using. May be re-used several 
times. Store at 4°C. ( Tris = THAM: Tris (hydroxymethyl)-aminomethane).
Make sure you use Tris (base), which has a pH c 11. These directions are not appropriate 
for Tris acid (Tris-HCl).

Acrylamide/bisacrylamide preparation:
Use a pre-mixed (commercially available) solution o f 29:1 acrylamide to bisacrylamide, 
e.g., 40% acrylamide (29:1) (Bio-Rad catalog # 161-0147). The bis/acrylamide ratio 
affects cross-linking and final porosity.

1.5 M Tris. pH 8.8
(1.5 M = 181.71 g per liter).
Dissolve 18.17 g o f Tris in 100 ml, pH to 8.8 with 7 M HC1 (allow -25%  o f volume to 
adjust pH; dissolves readily without pH adjustment).

1 M Tris. pH 6.8
(1 M = 121.14 g per liter).
12.11 g in 100 ml, pH to 6.8 with 7 M HC1 (allow -30%  o f volume to adjust pH)

10% SDS (w/v)
% weight per volume (w/v) calculations are g/100 ml. Thus, for a 10% solution o f SDS 
weigh out 10 g for every 100 ml. Use care when weighing out SDS-use a mask to avoid 
breathing this very fine powder in.

10% (w/v) Ammonium persulfate (APS) solution 
Weigh out lg  o f APS and QS to 10 ml with nanopure H2O.
Freeze small aliquots (e.g., 50-100 pi). Dry APS can be stored desiccated, but it is very 
hygroscopic. It’s preferable to reconstitute the entire bottle, aliquot and freeze. Frozen 
aliquots may be used for up to 2 years. W hen gels fail to polymerize, aged APS stocks 
are often the culprit.
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C.10.2 Pouring gels
1) Prepare glass plates for electrophoresis. Plates should be washed thoroughly with 
warm water and Alconox soap, rinsed copiously with “nanopure grade” water and dried. 
Plates should be wiped clean with 70% ethanol, and dried with Kim™ wipes (not paper 
to welsh D on’t worry about the outsides (non-gel interfacing sides) o f  the plates.

Plates should not be handled with bare hands or dirty gloves, and always by the edges. 
Select appropriate combs (based on sample volumes to be loaded) and make sure comb 
size matches plate size (both are labeled, e.g., 0.75 mm, 1.5 mm). The well volumes 
associated w ith each comb can be found in the Bio-Rad catalog, electrophoresis section. 
Follow Bio-Rad instructions for plate assembly. Handle plates gently, they break easily.

2) Prepare 2 Falcon tubes. Label one “stacker” and the other “separator” . The stacking 
gel volume will be much smaller than the separator gel volume.

2) Take out all solutions required to prepare the gels. Thaw APS. Place TEMED 
(N,N,N',N'-di-(dimethylamino)ethane) in a vented chemical fume hood (i.e., never in the 
BSC). Line up the reagents for each gel component (separator, stacker) on your bench 
top. E.g., for “separator” you will have sterile DI H2O, acrylamide, 1.5 M Tris pH 8.8, 
and 10% SDS. N ote: Use d ifferent Tris solutions fo r  the separator and  stacker! Use the 
tables below to determine amounts o f each solution to add. The final volume will depend 
on how many gels you are pouring, and the size o f the gels (e.g., 0.75 mm or 1.5 mm). To 
provide a gauge, 10 ml o f  separator is typically enough for 2-0.75 mm spaced gels.

3) Mix all components E X C E PT  TEM ED.

4) Place clean tips on P I000 and P200 pipets. Set aside. Have DI water open/available.

5) Take the “separator” gel mixture (only) to the hood. Add TEMED-watch the addition- 
even though the volume is very small it’s easy to see the TEMED as it has a very 
different viscosity than the separator gel solution. Immediately invert the tube gently 2-3 
times, avoid shaking which will result in bubbles. Immediately begin pouring the gel-use 
the P I000 pipet and pipet deliberately/slowly to avoid introducing bubbles into the 
solution. Fill plates approximately 65-70%. Rock to remove bubbles. Add a thin layer of 
DI water to the top and rock again. Allow the gel to set up. Follow the polymerization by 
checking the solution leftover in the Falcon tube-don’t rock plates! Typically, gels will 
take 45 minutes to set up.
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Separating Gel: 12% Acrylamide Gel

5 ml 10 ml 15 ml
d i h 2o 2.15 ml 4 .3  ml 6.4 ml
40% Acrylamide 1.5 ml 3 ml 4.5 ml
1 .5M T R IS , p H  8.8 1.25 ml 2.5  ml 3.8 ml
10% SDS 50 pi 100 pi 150 pi
10% APS 50 pi 100 pi 150 pi
TEMED 2 pi 4 pi 6 pi

Stacking Gel: 5% Acrvlamide

5 ml
d i h 2o 3.6 ml
40% Acrylamide 625 pi
1.0 M TRIS, p H  6.8 630 pi
10% SDS 50 pi
10% APS 50 pi
TEMED 5 pi

6) After polymerization occurs, wick off water. To do this take a Kim™ wipe and place it 
at the comer o f  the plates, then tilt the gel rig and allow the Kim™ wipe to wick up the 
water.

7) Add TEMED to the stacking gel, pour the stacking gel all the way to the top of the 
plates (eliminates air bubbles) and insert comb. The stacking gel will polymerize much 
faster  than the separator gel. (The polymerization rate is controlled by the amount of 
TEMED added). Be careful to avoid acrylamide splashes when placing the comb(s)-wear 
safety glasses.

8) Gels may be used immediately, or wrapped in Kim™ wipes soaked in lx  Tris-glycine 
running buffer and stored in plastic bags at 4°C for up to 10 days. Leave combs in. Be 
sure to rinse wells o f  stored gels prior to loading samples.

*DON’T USE PRE-POURED GELS UNLESS YOU NEED A  GRADIENT. 
Commercially prepared gels are VASTLY INFERIOR to fresh gels.

C .ll Western blot 

C .ll.l  Reagents
Protein sample buffer-denaturing
2 ml Glycerol
2 ml 10% SDS
0.25 mg Bromophenol blue
2.5 ml Tris-glycine running buffer (2x)
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Add P-Mercaptoethanol (P-ME or 2-ME) immediately before each use. Store at 4° C in a 
tube wrapped in aluminum foil or a light sensitive container. I f  color dissipates add more 
bromophenol blue (final solution color should be blue, not brown). Note: You may 
prepare your own sample buffer, or purchase a commercially produced Laemmli sample 
buffer (e.g., Bio-Rad Catalog # 161-0737). The strength o f the buffer you use to make up 
the dye determines the sample buffer strength. I.e. if  you use 5x Tris buffer in your recipe 
you have 5x sample buffer. Remember that the final concentration o f the solution you 
load into the wells should be lx).

W estern blot blocking buffer
3% Bovine serum albumin (BSA) in Tris-buffered saline (TBS). Weigh out 15 g o f BSA, 
QS to 500 ml with lx  TBS.

W estern 1 ° antibody buffer
(3% BSA, 0.05% Tween-20™ in TBS) Weigh out 15 g o f  BSA, add 450 ml o f TBS, add 
250 pi o f Tween-20™  (polyoxyethylene (20) sorbitan monolaurate), QS to 500 ml with 
TBS.

W estern 2° antibody buffer
(2.5% Milk, 0.2% Tween-20™ in TBS). Weigh out 12.5 g dry milk add 450 ml o f TBS, 
add 1 ml o f Tween-20™, QS to 500 ml with TBS.

TBST (Tris-buffered saline with Tween™)
(0.05% Tween-20 in TBS) Add 1 ml Tween-20™ to 2 L o f  TBS.

Western blot transfer buffer (pEl 8.31
12.12 g Tris (base)
57.6 g Glycine
800 ml M ethanol
QS to 4 L with nanopure grade H2O

C.11.2 Procedure
Notes: Save the buffers used in all o f the steps except the W estern blot transfer buffer. 
Milk or BSA-containing buffers should be prepared once a week. Sodium azide (NaNa) 
should NEVER be used in the Western wash buffer as it interferes with some forms of 
detection.

(Day 1)
1) Prepare a denaturing polyacrylamide gel (SDS-PAGE) as described above.

2) Prepare samples, molecular weight markers, and appropriate positive control(s). 
Positive controls should always be included in Western blotting experiments, to verify 
experimental procedure and antibody- detection fidelity.

In detail:
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i) Protein samples should be quantified using the Bradford Protein Assay (Bio-Rad). 
Calculate the amount o f protein necessary to load 25 pg o f each protein sample per 
well. Protein quantification should be done as close as possible to the day samples are 
analyzed by W estern blot, as some degradation is likely to occur over time/ due to 
multiple freeze-thaw cycles.

ii) Use the recommended amount o f an appropriate positive control. (Either a nuclear 
extract or a cell lysate from a cell line we do not routinely employ. These are 
commercially available and the recommendations for positive controls are typically 
listed on the information sheet o f each antibody). I f  you are quantifying you must use 
the same amount o f sample protein and control protein.

iii) Prepare molecular weight markers (MWM), Kaleidoscope (Bio-Rad preferred). 
Use 10 pi per well. Multi-colored pre-stained markers are best for Westerns. *Do not 
heat denature pre-stained MWM. They will still work but it can reduce the amount o f 
dye bound. Note the slight difference in molecular weights o f dye-labeled markers.

Individual sample prep:
i) To each sample add:

1) 1-2 pi o f p-ME. Store P-ME at 4°C, dispense in a chemical fume hood.
2) 2 volumes o f (2x) sample buffer. (You can purchase this or make your own, 
vida supra).

ii) Vortex each sample briefly, quick spin or tap contents to the bottom o f the tube.

iii) Heat samples (except MWM) at 90°C for 2-5 minutes, monitoring carefully to 
avoid caps popping open.

iv) Quick spin samples again, then load.

Gel prep:
Every 8 samples will require one 10 well SDS-PAGE gel (2 lanes for MWM and 
positive control samples). Larger gel set-ups also exist-an example is the Criterion 
set-up from Bio-Rad. (Gel % will vary with the molecular weight o f the protein o f 
interest).

Use a buffer dam if  running a single gel.

Pre-rinse wells thoroughly with buffer ( lx  Tris-glycine running buffer). Be careful 
not to pierce the wells. The best way to remove residual acrylamide from the wells is 
to get air into the syringe and use it to “rinse” the acrylamide out o f the well.

Load samples into each well using a Hamilton Microliter™ syringe. Rinse the syringe
2-3 times with buffer between loadings. The 10 well gels, (0.75mm spacer) should 
hold 25-30 pi. Top o ff inner rig chamber and fill outer electrophoresis unit chamber
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w ith buffer, at least to the level where the platinum wire is covered. If running for 
extended time periods (2+ hours) fill up the outer chamber to keep the gel cool.

Run at 60-100V for approximately 30 minutes-2 hours, depending on desired 
separation. Increasing the voltage leads to reduced resolution.

Blot Prep: (Note: Protocol is slightly different if  you are blotting onto PVDF)
Select an appropriate blotting membrane. PVDF can be charged, so make sure you 
have PVDF for W estern blot applications. NC pore size varies. Use 25pm  for the 
small Rho proteins (or anything 20-30 kD), and 45pm  for the N Fk-B proteins (50, 65 
and lOOkD). If  running a blot for the first time you can double up the blotting 
membrane to make sure that most o f  the protein hits and remains in the first 
membrane.

•  Pre-soak the filter papers (2 per transfer), nitrocellulose (NC) (1 per transfer), 
and sponges (2 per transfer) in Western blot transfer buffer.

•  W hen the gels are finished remove them from the chambers and place them in 
the transfer buffer. Soak briefly, 5 minutes.

•  Pour the lx  running buffer back into the storage containers and put back in the 
refrigerator. (It can be reused several times)

•  Rinse the electrophoresis chamber out well.
• Set up the blot as follows:

Run to red— set up your blot as follows from black to red:
(BLACK -Sponge-filter paper-gel-NC membrane-filter paper-sponge-RED). 
Double check that your NC is closer to the red side.
Tips: Be careful not to rip your gel when removing it from the plate. Apply a 
thin layer o f buffer to the gel after placing it on the filter paper and before 
placing the NC membrane on top o f it for proper alignment. **Run your 
fingers over the top (or use a rolling pin) o f the membrane after placing it on 
top o f the gel to remove air bubbles (they will prevent protein transfer).**

• Place holders into blotting chamber, add the ice block and fill inner chamber 
to the top with Western transfer buffer.

•  In the Criterion Blotter™ (Bio-Rad) run the transfer at 100V for 30-40 
minutes.

• Mini-Protean™ systems (Bio-Rad) require 100V for three hours, and an ice 
block change. Place the entire chamber in an ice bucket.

Block:
Remove the NC membrane from the blotting set up (after checking for complete transfer- 
use the transfer o f the MWM nearest to the size o f  your protein o f interest as an 
indicator). Place in blocking solution for a minimum of one hour at room temperature 
with agitation (or overnight at 4°C).

Rinse:
3-5 rinses with PBS or TBS solutions. 15-20 ml is sufficient.
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Primary Antibody Addition:
Prepare primary antibody solution by diluting the primary antibodies with primary 
antibody buffer (or W estern wash buffer). Each NC membrane should be incubated 
separately with 10-12 ml (Criterion™ size membrane) or 5 ml (Mini-Protean™ size 
membrane) o f  primary antibody solution 3 hours-ovemight with agitation at 4°C. Most 
suppliers indicate a range to try when using an antibody for the first time. Typically 1:500 
is sufficient.

(Day 2)
Rinse:
Remove primary antibody solution and save for future use. Store at 4°C. Wash each 
membrane three times for 5 minutes with c 5-10 ml o f (non-sterile) PBS.

Secondary antibody addition:
Prepare secondary antibody solution that is appropriate for use w ith the primary antibody 
of interest. (I.e. anti-rabbit if  primary was a rabbit, anti-goat if  primary was anti-goat, 
etc). Note: Secondary antibodies will typically be HRP-conjugated. For 1:1000 dilution 
use 10 pi per 10 ml o f  W estern wash buffer. Incubate while shaking at room temperature 
for one hour (or longer at 4°C).

Rinse:
Remove and discard secondary antibody solution. W ash each membrane five times for 5 
minutes at room temperature with 15-20 ml o f PBS.

Develop:
Mix 12 ml o f developer per NC (Criterion™ size) membrane OR 5 ml for each Mini- 
Protean™ size membrane. Use an equal amount o f the two solutions found in the Pierce 
Supersignal® W est Pico Kit (Product #s 1856135/6).

** DO NOT ADD DEVELOPER UNTIL YOU ARE AT THE DETECTION 
INSTRUMENT. Develop for 30 seconds-3 minutes at room temperature. The developing 
solution is good for up to eight hours. I f  you can visualize the bands on the NC 
membrane with your naked eye they are overdeveloped and cannot be quantified.

After scanning save NC membranes in plastic sheets. Do not tape in, as it is difficult to 
remove them for re-staining if  necessary.

C.12 Functional blocking assays with monoclonal antibodies 

C.12.1 Notes
Antibody Sourcing: antibody source and preparation has critical implications for blocking 
experiments, depending on cell type. Antibody production is generally from a B-cell that 
produces the clone o f  interest, fused with a tumor cell (thus, a hybridoma). These 
hybridomas may be grown in flasks, where they secrete antibodies into the media. The 
media is then collected and affinity purified, which typically leads to a 10-15 x more
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concentrated product than the supernatant. Antibodies purified with this method are 
typically marked as “affinity purified” .

Hybridoma cells can also be placed in vivo (ascites), where they become hyperactivated 
and churn out many antibodies. The problem with antibodies from ascites is that they 
may also contain growth factors and inflammatory cytokines, which is potentially 
problematic (i.e., activating) for certain cell systems (e.g., monocytes/macrophages).

Isotype control: Ensures that the effect is specific for the antibody employed. When 
running integrin blocking studies a non-integrin directed antibody should be selected as 
an isotype control. Using ascites sourced antibodies requires an additional control (to 
ensure that the effects seen can be attributed to the antibody, rather than to the cocktail 
the antibody is supplied in).

Control Set Up:
1) Negative control (no antibodies).
2) Isotype control (antibody is not specific for the target o f interest).
3) Positive control—test the antibody o f interest in a known system.

C.12.2 Reagents
-Function-blocking monoclonal antibodies (MAb) o f  interest-preferably affinity 
purified. M ust be low endotoxin and azide-free for function blocking assays. 
-Matched (to M Ab o f interest) isotype control antibody. M ust be low endotoxin 
and azide-free for function blocking assays.
-24 and 96 well plates 
-Hema 3® staining kit

C.12.3 Procedure
The day before the blocking experiment:
1) Prepare plates to be used in the assay, e.g. Teflon® AF and TCPS. Label plates with 
cell type, passage number (or age) and blocking information. Pre-treat plates with cell- 
appropriate medium (or protein solution) overnight. (Do not pre-treat Teflon® AF plates 
for more than 24 hours, as this facilitates delamination upon staining).

2) Label sterile flip-top 15 ml Falcon tubes for each (cell) replicate as follows: negative 
control, blocks (e.g., cxm, P2, 0CMP2) and isotype controls (as m any isotype controls as the 
number o f different antibodies employed to block with, e.g., cxm isotype control, P2 

isotype control).

The day o f the blocking experiment:
3) Place PBS (with divalent cations) in a 37° C water bath. Harvest and count cells, as 
previously described (vida supra). Make sure cells are harvested in medium. Separate the 
cells into the labeled Falcon tubes as appropriate based on the number o f  cells needed for 
each assay.
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For example, each 24 well plate requires 84,000 cells per well to achieve a seeding 
density o f 500 cells/mm2. For two replicates, this would require 168,000 cells per Falcon 
tube. Pay careful attention to volumes, as the final volume per well varies based on the 
type o f surface and the well size and the blocking antibody or isotype control antibody 
solutions will account for some volume. See the table below for seeding number and 
volume references.

Surface Plate/well
diameter Plate/well area

# Cells 
required to 
seed at a 

density of 500 
cells/mm2

Minimum 
volume 

required for 
coverage

TCPS-96 well 
plate, single well 0.3 cm 30 mm2 15,000 cells/well 60 plY

Teflon® AF-96 
well plate, single 
well

0.3 cm 30 mm2 15,000 cells/well 60 plT

TCPS-24 well 
plate, single well 1.5 cm 200 mm2 84,000 cells/well 200 p f

Teflon AF®-24 
well plate, single 
well

1.5 cm 200 mm2 84,000 cells/well 650 p f

TCPS standard 
plate

10 cm 78.5 cm2 3,925,000
cells/well 10 mla

Teflon AF® 
standard plate

10 cm 78.5 cm2 3,925,000
cells/well 15 mla

YPre-cell-seeding incubation volumes were 100 ql. ?Pre-cell-seeding incubation volumes 
were 1000 q l.a Pre-cell-seeding incubation volumes were equivalent to the volume of 
media used for the experiment.

4) Prepare negative controls first, isotype controls second and blocking assays last. Add 
an appropriate amount o f antibody solution (typically supplied as a 1 mg/ml solution, 
must be a low endotoxin and azide-free formulation). Function-blocking assays may 
require up to 100 qg/m l o f  blocking antibody (or as little as 10 qg/ml) to achieve 
“significant” effects. (For blocking experiments “significant” is > 80%).

5) Incubate the cells at 4° C for 30 minutes, rocking.

6) Aspirate medium or protein solution(s) from the plate(s) to be seeded. Carefully add 
cell suspensions to each well. Gently rock the plate(s) to ensure that cells are evenly 
dispersed over the entire surface. Incubate for one hour at 37° C, 98% humidity.
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7) Remove plates, aspirate medium and rinse twice with 1 ml o f warm PBS (with divalent 
cations). (Add washes to the side o f the well rather than pipetting directly onto the 
surface).

8) Fix and stain cells using the Hema 3® kit. Dry inverted plates overnight.

9) Evaluate assays by microscopic examination. Photograph a minimum of 3 low 
magnification (lOx objective) fields per well. Examine and record cell morphology using 
the 40x objective.

10) Count and average fields for each replicate. A minimum of four independent trials 
should be performed for each test. The blocking assay should be compared to the 
negative controls. The isotype control and negative control should be highly similar in 
terms o f  both cell adhesion numbers and cell morphology. The average of 4 trials should 
result in 80% blocking or better to be considered a significant positive result.
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List of Abbreviations

AA

A g

AlAm

AP-1

APS

ATCC

BD

P-ME

BMMO

BSA

C3

CCR

CD

C/EBP

CSF

DAG

DC

DC-STAMP

DI

DMEM

DPBS

DTT

ECM

Ets

EU

FBGC

acrylic acid

antigen

allylamine

activating p ro te in -1

ammonium persulfate

American type culture collection

binding domain

P-mercaptoethanol

bone marrow macrophage

bovine serum albumin

complement protein 3

“CC” chemokine receptor

cellular determinant

CCAAT enhancer binding protein

colony stimulating factor

diacylglycerol

dendritic cells

dendritic cell-specific transmembrane protein 

deionized

Dulbecco’s modification of Eagle’s medium

Dulbecco’s phosphate buffered saline

dithiothreitol

extracellular matrix

e26 transformation-specific sequence

endotoxin units

foreign body giant cell
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FBR foreign body reaction/response

FBS fetal bovine serum

Fc fragment constant

FC fluorocarbon

FcR IgG Fc receptor

FcRN M HC-related Fc receptor for IgG

Fg fibrinogen

FGF fibroblast growth factor

Fn fibronectin

GAP guanine activating protein

GAPDH glyceraldehyde-3 -phosphate dehydrogenase

GDI GDP-dissociation inhibitors

GDP guanosine diphosphate

GEF guanine nucleotide exchange factor

GM-CSF granulocyte macrophage-colony stimulating factor

GST glutathione S-transferase

GTP guanosine triphosphate

HBSS Hank’s balanced salt solution

HEP PDGF-like growth factor

HI heat inactivated

HRP horse radish peroxidase

HxAm hexylamine

ICAM intracellular adhesion molecule

IFN-y interferon gamma

Ig immunoglobin

IL interleukin

kD kilodalton

LFA-1 lymphocyte function associated antigen-1, <xlP2, CD1 la/CD18

LPS lipopolysaccharide

MAb monoclonal antibody

Mac-1 C R 3 ,a Mp2, CD 1 lb/CD 18
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MC monocyte

(MC-) M O (monocyte-) macrophage

MCP-1 monocyte chemoattractant protein-1

M-CSF macrophage-colony stimulating factor

MDC macrophage-derived chemokine

MHC major histocompatibility complex

MFR macrophage fusion receptor

MIP macrophage inflammatory protein

MMP matrix metalloproteinase

MMR macrophage mannose receptor

MnGC multinucleated giant cell

MO macrophage

MQ megaohm

MPCR multiplex polymerase chain reaction

MWM molecular weight marker

NC nitrocellulose

NF-kB nuclear factor-KB

NK natural killer

NVFA N-vinylformamide

NVP N-vinyl-2-pyrrolidinone

p i 50,95 a xp2, CD 11 c/CD 18

PA plasminogen activator

PAF platelet activating factor

PAGE polyacrylamide gel electrophoresis

PBS phosphate buffered saline

PCA principle component analysis

PCR polymerase chain reaction

PDGF platelet-derived growth factor

PE polyethylene

PET poly (ethylene terephthalate)

PGA poly (glycolic acid)
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p g d 2 prostaglandin D2

p g e 2 prostaglandin E2

PKC protein kinase C

PLA poly-l-lactide

PLGA copoly (lactic-glycolic acid)

PM A phorbol 12-myristate 13-acetate

PMSF phenylmethylsulfonyl fluoride

PP plasma polymerization

PP polypropylene

PS polystyrene

PTFE polytetrafluoroethylene

NO nitric oxide

RA receptor antagonist

ROCK Rho activated kinase

RT-PCR reverse transcriptase polymerase chain reaction

SAM scanning Auger microscopy

SIMS secondary ion mass spectroscopy

SDS sodium dodecyl sulfate

SE spectroscopic ellipsometry

SEM scanning electron microscopy

STM scanning tunneling microscopy

TBS Tris-buffered saline

TBST Tris-buffered saline plus Tween®-20

TCPS tissue culture polystyrene

TEM transmission electron microscopy

TEMED N, N, N', N '-di-(dimethylamino)ethane

TG F-a transforming growth factor-a

T h T helper

TN F-a tumor necrosis factor alpha

Tof-SIMS time-of-flight secondary ion mass spectroscopy

TPA 12-O-tetradecanoylphorbol-13-acetate
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uPA urokinase plasminogen activator

UV ultraviolet

VEGF vascular endothelial growth factor

VLA-4 very late antigen-4, (X4P 1, CD49d/CD29

Vn vitronectin

WCL whole cell lysate

XPS X-ray photoelectron spectroscopy
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