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Abstract
Modulation of macrophage polarization with surface immobilized bioactive molecules
Alex C Chen
Chair of Supervisory Committee:
Professor Buddy D Ratner
Department of Bioengineering
Macrophages are widely recognized as a key cell type in modulating the foreign body response. The
manner in which they affect the foreign body response largely depends on their activation state, often
referred to as their polarization. The macrophage polarization state lies on a spectrum between two
extremes, known as the M1 (inflammatory) polarization and M2 (anti-inflammatory, healing) polarization. It
has been demonstrated throughout literature that the polarization state of macrophages depends on
many different factors in the cell environment, including the presence of other cells, extra cellular matrix,
and soluble factors such as cytokines. In this document, we demonstrate the ability of bioactive molecules
that have been immobilized onto a biomaterial surface to modulate the macrophage response. In
particular, we support the hypothesis that a-1 acid glycoprotein, as well as Collagen VI in conjunction with
a-1 acid glycoprotein, can affect macrophages towards the M2 polarization state, even after
immobilization onto a surface. This hypothesis is supported through in vitro analysis of cytokines released
in macrophage culture media and RT-PCR analysis of genes correlating with M2 polarization. An in vivo
pilot study of subcutaneous implants with immobilized bioactive molecules also supports our hypothesis
through analysis of the foreign body capsule and immunohistochemical staining of macrophages at the
implant surface. These data demonstrate that a-1 acid glycoprotein and Collagen VI could potentially be
used as a surface coating of medical devices to reduce and modulate the foreign body response, as well

as macrophage polarization.
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Chapter 1: Introduction and Background

1.1 Motivation

This project was originally started in collaboration with Dr. Karl Boéhringer’s lab in the UW electrical
engineering department. The Bohringer lab is pursuing the creation of microelectronic components that
will be used to create a “bionic” contact lens. Our role in this project was to create a contact lens that is
compatible with microelectronic devices and can be worn for an extended period of time. Since the
project’s inception, its goal has become more generalized, aiming to modulate macrophage polarization
for any medical application. We hope to surface immobilize bioactive molecules that will reduce
inflammation and improve comfort of extended contact lens wear. The bioactive molecules that we
investigate include a-1 acid glycoprotein (AGP) and collagen VI (Col6), which have been shown to reduce
the inflammatory phenotype of macrophages when they are introduced in solution. We will also
investigate the effect of other bioactive molecules such as lipopolysaccharide (LPS) and Interleukin-4 (IL-

4), which have been shown to affect macrophage polarization as well.

1.2 Soft contact lenses

1.2.1 Overview

Soft contact lenses were first created in 1970 by Otto Wichterle out of poly-2(hydroxyethyl methacrylate)
(PHEMA). pHEMA (Fig. 1-1), because it is a hydrogel, is a material that is highly hydrophilic and resistant
to protein adsorption. However, pHEMA does not provide for high oxygen permeability, which is a key
property of comfortable and safe contact lenses [1]. To address this problem, more advanced materials

have been developed for contact lenses that have much higher oxygen permeability.

O8O0

C H3 n
Figure 1-1 Chemical structure of pHEMA.
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1.2.2 Contact lens complications

Complications resulting from wear of contact lenses are experienced by approximately 6% of wearers in
the United States. These complications can be caused by a variety of factors, including improper care,
damaged lenses, predisposing conditions, and pathogens. Two properties that are imperative for
comfortable and safe soft contact lenses are oxygen permeability and a hydrophilic surface. If a contact
lens does not have high enough oxygen permeability, the cornea will undergo hypoxia, which can result in
chronic or acute edema. Low hydrophilicity will lead to the buildup of protein and lipid deposits, which can

lead to irritation or more severe complications [2].

1.2.3 Silicone hydrogel materials

To address the issues of hydrophilicity and oxygen permeability, many modern contact lenses are made
of silicone hydrogels. Silicone hydrogels have high oxygen diffusivity due to the bulkiness of the siloxane
group (—-Si(CH3)2—0-) and high chain mobility within the materials. Polydimethylsiloxane (PDMS) is a
commonly used siloxane-containing polymer used in silicone hydrogels. Perfluoropolyethers (PFPE) are
also often used in silicone hydrogels due to their high oxygen solubility properties. These two kinds of
materials together form a material with very high oxygen permeability. In order to increase the
hydrophilicity of the silicone hydrogels, co-monomers such as dimethyl acrylamide (DMA) are included in

the final polymerization formula.

1.2.4 Extended wear versus short term wear

Of the over 34 million contact lens wearers in the United States, more than 80% of these patients use a
daily wear schedule, meaning the contact lenses are applied and removed daily. The majority of these
patients would prefer to use an extended wear schedule, involving wearing the lenses overnight, allowing
them to reduce handling of the contact lens. However, patients are deterred from extended wear of
contact lenses due to discomfort and eye irritation [3]. Extended wear of contact lenses also increases the

likelihood of complications developing.
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1.3 Macrophages

1.3.1 Overview

Macrophages are phagocytic cells involved in adaptive immunity, pathogen removal, tissue regeneration,
and iron homeostasis [4]. In addition, they play an important role in the foreign body response, which
includes the response to contact lenses worn on the cornea. The function of macrophages depends on
the phenotypic polarization of the cells, which are generally classified as either classically(M1) or
alternatively (M2) activated macrophages. The polarization of the macrophages can be triggered by a

variety of factors, including cytokines and cell environment.

1.3.2 Origin of macrophages

Macrophages differentiate from circulating peripheral-blood mononuclear cells, and migrate into all
tissues in the steady state or in response to inflammation [4]. In the bone marrow, hematopoietic stem
cells are stimulated by macrophage colony stimulating factor to become mononuclear cells, which enter

the blood stream after maturation.

1.3.3 Classically activated macrophages

The term classically activated, or M1 polarized, has been used to describe macrophages that are present
during the cell-mediated immune response. These macrophages are characterized by enhanced
microbicidal and tumoricidal capacity, and secretion of pro-inflammatory cytokines, such as IL-1, IL-6, and
IL-23 [4,5]. They also phenotypically express nitric oxide synthase 2 (NOS2), interleukin-1 receptor 1 (IL-
1R1), and C-C chemokine receptor-7 (CCR-7) markers on their surfaces [6]. M1 polarization can be
triggered by bioactive molecules such as interferon-y(IFN-y), tumor necrosis factor (TNF),
lipopolysaccharides (LPS), and endotoxin. Classically activated macrophages are important to the host
defense against pathogens, but the pro-inflammatory cytokines released by them can also be detrimental

to the healing process.
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1.3.4 Alternatively activated macrophages

Alternatively activated, or M2 polarized, macrophages comprise of several different subpopulations of
macrophages that perform different functions from classically activated macrophages. They can be
activated by cytokines such as Interleukin-4 (IL-4) and Interleukin-10 (IL-10), as well as glucocorticoids
and toll-like receptor ligands, among other factors. They are involved in many functions, including tissue
remodeling, scavenging of debris, angiogenesis, and immunoregulation [4]. Alternatively activated
macrophages are commonly classified into the three subpopulations of M2a, M2b, and M2c. Each is
activated by different triggers, and each have shared and unique characteristics of each other. They
commonly secrete cytokines such as IL-10, interleukin-1 receptor A (IL-1RA), and arginase, and
phenotypically express macrophage mannose receptor (MMR), Arginase -1 (Argl), and scavenger

receptor-I/1l (SR-BI/Il) on their surfaces.

1.4 The foreign body reaction (FBR)

1.4.1 Overview

The FBR refers to how living tissue responds to implanted foreign materials, and is an important factor in
determining the long-term performance of medical devices. The FBR historically has been the cause of
many medical device failures and complications, such as the impaired functionality of glucose sensors
and stiffening and pain of breast implants. When a contact lens is worn on the eye, the response of the
human body is very similar to that of implanted medical devices. A greater understanding of the biological
mechanisms of the FBR will allow the design of improved medical devices and medical care, including a

more comfortable contact lens for extended wear.

1.4.2 Progression of FBR

The FBR begins as soon as a foreign material is implanted into the host tissue. Tissue damage triggers
native wound healing events, including platelet degranulation, which releases a variety of proteins that
attract neutrophils and macrophages to the implant site. The implant surface is quickly coated with

adsorbed proteins, which affect cell attachment and signaling. A provisional extracellular matrix forms
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around the implant, leading to acute inflammation followed by chronic inflammation, which lasts up to two
weeks. Granulation tissue then begins to form at the implant surface, as well as foreign body giant cells
(FBGCs), which are the result of multiple macrophages fusing into one multinucleated cell. Eventually, a

fibrous capsule composed largely of collagen, forms around the implanted material [7].

1.4.3 Negative effects of the FBR

The FBR is useful in protecting the native tissue from unwanted foreign objects. The fibrous capsule, also
referred to as the foreign body capsule (FBC), that forms will isolate the foreign material, effectively
creating a barrier between the native tissue and foreign object. However, when the FBC forms around
medical devices, they can cause a variety of problems. Monitoring devices, such as diabetes glucose
sensors, can be rendered useless because the FBC prevents bodily fluids from reaching the sensors,
making detection of analytes impossible [8]. Devices such as pacemakers may also undergo failure due
to the oxidizing environment caused by FBGCs, which can damage electronic components [9].
Mechanical moving parts of some implants, such as artificial heart valves, may also undergo hindrance of
their performance due to movement restrictions that occur when their components undergo calcification
that is the result of the FBR [10]. These are only a few examples of why it is important to better

understand the FBR to improve the performance of various medical devices.

1.4.4 Macrophages in the FBR

Macrophages are believed to play a major role in mediating the FBR. After they arrive at the surface of
the foreign object, they attempt to degrade and phagocytose the object, as well signal to other cells
involved in the FBR. Eventually, they fuse together to form FBGCs in an attempt to envelop the foreign
object. The cells recruited to the FBR site by macrophages and FBGCs include fibroblasts and
endothelial cells, which begin forming the FBC and blood vessels. The activity of the FBR is believed to
be determined by the type of activation of the macrophages involved [8]. With a better understanding of
how to control the classical or alternative polarization of macrophages at a foreign body, it may be

possible to have a greater control over the resulting FBR and FBC formation.
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1.5 Objectives

The goal of this project is to develop a technique to immobilize bioactive molecules that will reduce the
M1 inflammatory phenotype of macrophages. In particular, we hope to use cytokines that have been
shown to promote the M2 phenotype of macrophages, and to immobilize them onto biocompatible
surfaces in order to reduce inflammation for applications such as contact lenses and improve healing for

applications such as implanted medical devices.

Hypothesis: Immobilized bioactive molecules will reduce the inflammatory phenotype of macrophages in
contact with the modified surface, as well as increase their M2 polarization.
Contact lens substrate fabrication: Fabricate a silicone hydrogel contact lens that is
hydrophilic, biocompatible, and oxygen permeable.
Bioactive molecule immobilization: Develop a technique for immobilization of bioactive
molecules onto surfaces of medical devices
In vitro testing of surface immobilized bioactive molecules: Perform in vitro analysis of the
macrophage polarizing capabilities of immobilized bioactive molecules.
In vivo testing of surface immobilized bioactive molecules: Perform in vivo analysis of the

effect of immobilized M2 macrophage polarizing bioactive molecules on the FBR.
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Chapter 2: Create a contact lens material substrate material

2.1 Introduction

In order to create a contact lens that is compatible with microelectronic devices and suitable for extended
wear, we pursue the development of a silicone hydrogel based lens. The contact lens material we design
must have good mechanical properties to protect the electronic components, while still providing the
contact lens properties of being transparent, oxygen permeable, and having a high refractive index.
Silicone hydrogels provide us with all of these properties, which can be finely tuned with the addition of

different monomers.

2.2 Background

2.2.1 Oxygen permeability and silicone hydrogels as a contact lens material

In order to maintain a healthy cornea, contact lenses need to have high oxygen permeability. The oxygen
transport properties of a lens is commonly referred to as Dk/t, where DKk is the intrinsic properties of the
lens material, expressed in barrer, while t refers to the thickness of the particular lens [1]. A Dk/t value of
87 barrer/mm is required for healthy extended wear of a contact lens [10]. Because water has a Dk of 80,
regular hydrogels with high water content are deemed insufficient for extended contact lens wear.
Silicone hydrogels, with their incorporated PDMS and PFPE units, have Dk values varying from
approximately 100-190 Dk. Because they can be polymerized with hydrophilic monomers, as well as
monomers to increase mechanical properties, they are an appropriate material for contact lens

development.

2.3 Materials and Methods

2.3.1 Silicone hydrogel components

The silicone hydrogel macromer is composed of four main components: a polydimethylsiloxane (PDMS),
a perfluorpolyether (PFPE), isophorone diisocyanate (IPDI), and isocyanatoethyl methacrylate (IEM) (Fig.
2-1). The PDMS used is a dihydroxyl-terminated molecule with an average molecular weight of 600-850

daltons, DMS-C16 (Gelest, Morrisville, PA). DMS-C15, with a molecular weight of 1000 daltons, was also
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tested. The PFPE used is a Fomblin ZDOL, also dihydroxyl-terminated, with a molecular weight of 2000
daltons (Solvay Solexis, Orange, TX). IPDI is a cyclic aliphatic compound with two isocyanate groups,
and is used as a linker molecule between the PFPE and PDMS molecules. IEM is a molecule with one
isocynate group, and is used as an end capping molecule for the silicone hydrogel macromer. Its carbon-

carbon double bonds are used in the polymerization process.
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Figure 2-1. Chemical structures and abbreviations of A) Fomblin ZDOL B) di-hydroxypropyl terminated
polydimethylsiloxane C) isocyanato ethyl methacrylate and D) isophorone diisocyanate.

2.3.2 Urethane chemistry and silicone hydrogel formulation

The silicone hydrogel formulation is based on a patent by Lynn Winterton [11]. The macromer formation
involves reacting the hydroxyl groups on the PDMS and PFPE compounds with the isocynate groups on
the IPDI and IEM compounds (Fig. 2-2). The IPDI behaves as a linker molecule by being able to form
urethane bonds at both of its isocyanate groups, while IEM only has one isocyanate group available for
urethane bonding. The Winterton patent describes a silicone hydrogel macromer that has one molar ratio
of PFPE as the center of the macromer, which is reacted with two molar ratio of IPDI. This in turn is
reacted with two molar ratio of PDMS, which urethane bonds with the IPDI terminated PFPE. Finally, this
product is then reacted with 2 molar ratio of IEM, which end caps the macromer with carbon-carbon
double bonds. All urethane bond formations are catalyzed using dibutyltin dilaurate. After formation of the
macromer, the macromer was then polymerized with dimethyl acrylamide (DMA) and Tris trimethylsiloxy
silyl propyl methacrylate (referred to as Tris), with Darocur 1173 as the catalyst (Fig. 2-3). Polymerization
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was done under a UV lamp for 10 minutes. After polymerization, the silicone hydrogel was cleaned three
times in a soxhlet extractor, using hexane, methanol, and acetone as solvents. Triethylene glycol
dimethacrylate (TEGDMA) was added during the polymerization step to increase mechanical properties of

the polymerized silicone hydrogel.
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Figure 2-2 Urethane bond chemistry A) Urethane bond formation between isocyanate group and hydroxyl
group. B) Catalysis of urethane bond formation by dibutyltin dilaurate.
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Figure 2-3 Structures of silicone hydrogel co-monomers A) dimethyl acrylamide B) TRIS and C) TEGDMA
co-monomers. D) Structure of Darocur 1173 used for catalysis of UV polymerization

2.3.3 Tensile testing to measure silicone hydrogel mechanical properties

Tensile testing was performed on an Instron 5543 Advanced Materials Testing System (Instron, Norwood,
MA). Silicone hydrogel samples were cut into dog bone shapes of 5mm width and 2mm thickness.
Samples were immersed in a BioPuls water bath with deionized water at 37°C during testing to maintain

their water content. Tensile extension was performed at 10mm/min until sample failure.
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2.4 Results

2.4.1 Silicone hydrogel formulation

The Winterton formulation was based off of a PFPE with a molecular weight of 1000 amu, but we were
only able to obtain Fomblin ZDOL with a molecular weight of 2000 amu. This resulted in a macromer
formulation that was cloudy and opaque. It is believed that this lack of transparency was due to
microphase separation of the macromer segments, which causes anisotropic regions within the polymer
structure. The many micro-scale anisotropic regions cause the diffraction of light that passes through the

polymer, resulting in a non-transparent material [12].

To address this problem, we fabricated a modified composition that uses the PDMS molecule as the
center molecule of the macromer, resulting in a 1:2 ratio of PDMS to PFPE. One molar ratio of PDMS was
first reacted with 2 molar ratio of IPDI, which was in turn reacted with 2 molar ratio of PFPE and then 2
molar ratio of IEM (Fig. 2-4). This macromer was transparent in its liquid form, and also showed

transparency after polymerization.

PDMS IPDI PFPE IPDI PDMS IEM

A IEM

B IEM—— PFPE IPDI PDMS IPDI PFPE IEM

Figure 2-4 Silicone hydrogel macromer structures for A) original macromer formulation using Fomblin
ZDOL 1000 and B) modified formulation to incorporate Fomblin ZDOL 2000

2.4.2 Silicone hydrogel polymerization

Initial UV polymerization of the silicone hydrogel macromer was unsuccessful, resulting in no solidification
of the material. It was hypothesized that polymerization was being inhibited by butylated hydroxytoluene
(BHT) that was present in the macromer mix (Fig. 2-5). IEM is stored with BHT in order to prevent the IEM
from polymerizing. To remove the BHT from the macromer mix, the IEM was first purified by filtering
through a syringe filled with DHR-4 beads (Scientific Polymer, Ontario, NY). Silicone hydrogel macromer

formed with the purified IEM polymerized under UV light using the composition shown in Table 2-1.
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Figure 2-5 BHT inhibition of polymerization by scavenging of free radicals

Macromer | 4.09 g 41%
TRIS 1.64¢g 16%
DMA 2.46 g 25%
EtOH 176 ¢ 17%

Darocur 1drop | <0.5%

TEGDMA | 0.1g 1%
Table 2-1. Formulation for silicone hydrogel polymerization mix

2.4.3 Silicone hydrogel tensile tests

Tensile testing of polymerized silicone hydrogel samples showed that addition of TEGDMA increased the
Young’s elastic modulus of the polymer by approximately two fold. Silicone hydrogels synthesized from
the DMS-C16 showed a slightly higher elastic modulus than silicone hydrogels synthesized from DMS-

C15 (Table 2-2). Commercial contact lenses show an elastic modulus ranging from 0.3 to 1.8 MPa [13].

Elastic modulus
DMS-C15 0.27 MPa
DMS-C16 0.39 MPa

DMS-C16+1% TEGDMA 0.82 MPa
Table 2-2 Tensile testing results for silicone hydrogels formulated from both DMS-C15 and DMS-C16
PDMS variants.

2.5 Discussion

By modifying the silicone hydrogel macromer composition found in the Winterton patent, we were able to
synthesize a macromer that is transparent and polymerizable. This macromer was easily polymerized
with the addition of different co-monomers to improve its mechanical properties, which can be tuned to
the desired Young’s modulus by adding the co-monomers in different concentrations. The material is
hydrophilic and should provide adequate oxygen diffusion properties for contact lens applications due to

its incorporation of PDMS and PFPE.
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Chapter 3: Immobilization of bioactive molecules

3.1 Introduction

We believe that macrophage modulating bioactive molecules (particularly a-1 acid glycoprotein and
Collagen VI) can reduce the M1 inflammatory phenotype of macrophages, even after immobilization of
these molecules onto a surface. To immobilize these bioactive molecules, we developed a plasma
deposition process of pHEMA to provide a hydrophilic surface that has hydroxyl groups that are available
for covalent bonding of molecules to the surface. These hydroxyl groups can be activated using different

chemistries and incubated with our molecules of interest for covalent immobilization.

3.2 Background

3.2.1 Plasma deposition of pHEMA

Radiofrequency (RF) plasma deposition of pHEMA is a substrate coating technique that provides several
advantages. By changing the conditions of the RF plasma, the substrate can either be etched or coated
with a desired polymer. The etching condition provides a way of cleaning the substrate, which then can
be ionically activated to provide good adhesion to the polymer overlayer. The process is conformal and
repeatable, providing a uniform overlayer of the deposited polymer, and is independent of the substrate
surface chemistry. This means the process can be developed for one substrate material, and easily
applied to different substrate materials and applications. In addition, the plasma deposition process
crosslinks the HEMA monomer into a mechanically strong pHEMA overlayer without any further

polymerization techniques needed [14].

3.3 Materials and Methods

3.3.1 Plasma deposition of pHEMA

A polymer overlayer generated from HEMA was deposited onto the silicone hydrogel surface under
vacuum (~5-10 mTorr) in a tubular glass plasma chamber. Ophthalmological grade HEMA (Polysciences,
Warrington, PA) was degassed by freezing in liquid nitrogen, under vacuum, and then thawing until

minimal bubbles showed while thawing. Samples were first etched in argon plasma at 20 watts, under
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250mTorr of argon gas pressure for 5 minutes, to remove any surface contamination on the samples. The
chamber is then pumped down to remove argon and etching byproducts. A methane layer was first
deposited to improve polymer adhesion to the substrate. Methane was introduced into the chamber at
1.5sccm, at 150mTorr of pressure. Methane was then deposited at 80 watts for 5 minutes. Next, a
pHEMA layer was deposited onto the surface. The HEMA flask was kept at 65°C in a water bath. HEMA,
which vaporizes under low pressure and heating, is introduced into the plasma chamber and allowed to
equilibrate at 250mTorr. The HEMA plasma was first treated at 100 watts for 1 minute to ensure good
adhesion of the pHEMA layer to the substrate/methane surface, and then deposited and polymerized at 6
watts for 20 minutes. After plasma deposition, the plasma was turned off, and the pHEMA vapor was
allowed to quench the surface for 5 minutes at 250mTorr. After deposition, samples were soaked in
deionized water for 3 days, changing water each day, to observe any delamination of the pHEMA

overlayer from the soaking procedure.

3.3.2 Ellipsometry to measure the thickness of plasma deposited pHEMA layers

The plasma deposited pHEMA overlayer thickness was measured using a M-2000 Spectroscopic
Ellipsometer (Woollam, Lincoln, NE). Ellipsometry is an optical technique that uses the amplitude ratio
and phase difference of light that is reflected from the substrate surface. The overlayer thickness and
material determines the effect on amplitude and phase, which can be modeled in the computer software
to calculate the overlayer thickness. The ellipsometer was run at 55, 65, and 75° angles, from 200-1700
nm wavelengths [15]. Refractive index of the pHEMA layer was assumed to be 1.5. Modeling was done

using the Cauchy model, which assumes the pHEMA is transparent.

3.3.3 Trifluoroacetic anhydride derivatization to assess functionality of hydroxyl groups
Trifluoroacetic anhydride (TFAA) (Sigma-Aldrich, St. Louis, MO) was reacted with pHEMA coated
substrates in order to determine if the pHEMA overlayer had functional hydroxyl groups. During the
plasma deposition process, the plasma ionization will cause the ionization and possibly removal of

hydroxyl groups from the pHEMA. RF plasma power was lowered during the deposition step in order to
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minimize the loss of hydroxyl groups from the deposited pHEMA. TFAA was introduced into a large glass
tube in which the pHEMA coated substrates were placed. The tube was then heated to 37°C, allowing the
TFAA to vaporize and react with the pHEMA coatings, for 15 minutes. This process is referred to TFAA
derivatization. The samples were then rinsed in deionized water, dried, and analyzed using XPS for an

increase in fluorine content [16].

3.3.4 Synthesized Badylak peptides
Two peptide sequences obtained from the Badylak lab (McGowan Institute, Pittsburg) were custom
synthesized and purchased from GenScript (Piscataway, NJ). These peptide sequences have shown
chemoattractant effects for macrophages, and are derived from digested porcine extracellular matrix [56].
Peptide sequences were synthesized (>95% purity) with an acetic acid counterion and were aliquoted to
10mg vials. Peptides were solubilized in deionized water for ToF-SIMS studies or HEPES buffer for
immobilization studies. These peptides are used for testing of the covalent immobilization techniques, as
well as studied to see if they have effects on macrophage polarization.

Badylak peptide sequence 1 (pepl): IAGVGGEKSGGF

Badylak peptide sequence 2 (pep2): GPVGPSGPPGK
3.3.5 Carbonyl diimidazole (CDI) and divinyl sulfone (DVS) peptide immobilization
CDI and DVS chemistries were used to covalently bond peptide and protein sequences to the pHEMA
surfaces. Both of these compounds have two active groups that can form covalent bonds with hydroxyl
groups and/or primary amine groups, acting as a linker molecule between the pHEMA surface and

peptides.

For CDI immobilization (Fig. 3-1), samples were first dried by rinsing in 1,4-dioxane three times. Samples
were then incubated with 100mM CDI (Sigma-Aldrich, St. Louis, MO) in dioxane solution at 40°C for 2.5
hours. CDI activated samples were then rinsed three times in dioxane to remove any excess CDI, and
then incubated in 100uM peptide solutions in sodium bicarbonate/sodium carbonate buffer at pH 10.2 for

24 hours at 40°C [17].
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DVS (Sigma) immobilization (Fig. 3-2) was performed on pHEMA samples that were first lyophilized
overnight and then soaked in tetrahydrofuran (THF) for 30 minutes. The samples were then activated in
DVS by incubation in a solution of 1.1mM potassium tert-butoxide (Sigma) and 1.6mM DVS in 10mL of
THF for 3 hours on a shaker at room temperature. After activation, the samples were rinsed five times in
fresh THF to remove excess DVS, and then dried in low vacuum to remove the THF solution. Samples
were then incubated in 2.5mM peptide solutions made with HEPES buffer (Sigma), adjusted to pH of 8.0

using tris(hydroxymethyl) aminomethane (Fisher Scientific, Fair Lawn, NJ) [18].

Peptide immobilized samples were rinsed three times in 1% sodium dodecyl sulfate (SDS) solution to
remove any nonspecifically adsorbed peptides, and then rinsed five times in deionized water to remove

residual SDS [19]. Samples were then analyzed in XPS and ToF-SIMS to confirm peptide immaobilization.

Trifluorobutylamine (TFBA, Oakwood Chemical, West Columbia, SC) and porcine angiotensinogen
(Sigma) were used to test the peptide immobilization techniques. TFBA is a small molecule with an amine
group available for our immobilization technigues, and has three fluorine atoms that are easily detected
by XPS. Angiotensinogen is a 14 amino acid peptide sequence produced by the liver that is similar in size

to the peptide sequences from the Badylak lab.

=g

N

4+ ol $HN—FR
Figure 3-1. Carbonyl diimidazole immobilization reaction
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Figure 3-2. Divinyl sulfone immobilization reaction
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3.3.6 EDC-NHS immobilization

A carbodiimide coupling technique was also implemented to immobilize peptide sequences.
Ethyl(dimethylaminopropyl carbodiimide (EDC) is used in conjunction with N-hydroxysuccinimide (NHS)
to covalently bond amine groups (Fig. 3-3). EDC-NHS is often used to immobilize organic molecules such
as heparin and collagen [20]. This technique was used in conjunction with CDI immobilization and

ethylene diamine (EDA) to provide functional amine groups on the pHEMA surface.
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Figure 3-3. Structure of A) EDC and B) NHS. C) The EDC-NHS immaobilization reaction.

3.3.7 X-ray photoelectron spectroscopy (XPS) for surface analysis

XPS, also referred to as electron spectroscopy for chemical analysis (ESCA), is a surface analysis
technique that allows quantitative measurement of elemental composition at the sample surface.
Typically, the probing depth of XPS is about 8nm, and can be accurate up to the parts per thousand
range. Briefly, XPS uses an X-ray source to irradiate the sample surface, giving electrons enough kinetic
energy to escape the sample surface. Escaped electrons are collected into an electron energy analyzer
and electron detector, allowing a plot to be made of the number of electrons collected (y-axis) against the

binding energy of the electrons collected (x-axis). The energy of the electrons collected corresponds to
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the electron configuration of the electrons within the atoms. XPS must be performed under ultra-high
vacuum to ensure electrons are able to travel from the surface to the collector [21]. XPS analysis was
done using an S-Probe (Surface Sciences Instruments), while data analysis was performed with ESCA

Hawk analysis software.

3.3.8 Time of Flight-Secondary lon Mass Spectroscopy (ToF-SIMS) analysis

ToF-SIMS is considered to be the most sensitive surface analysis technique that allows for the detection
of ions sputtered off of the sample surface. Briefly, a primary ion beam is accelerated and focused onto
the sample surface. This ion beam can be generated from a variety of sources, including noble gases or
even ionized molecules (Ceo*). This ion beam causes fragmentation and ionization of the sample surface,
creating secondary ions, which are accelerated by an electric field before being collected by the time of
flight mass analyzer. The electric field accelerates secondary ions sputtered by the ion beam so they
have the same kinetic energy and travel at different speeds according to their mass. The time of flight
mass analyzer is thus able to determine the mass of secondary ions that are collected relative to their
travel time to the analyzer, represented by peaks indicating the intensity of each particular secondary ion.
This technique, although not easily used for quantitative analysis, provides a profile of ionic fragments
from the surface, allowing for a more detailed profile of the molecular structures at the sample surface
[22]. This information allows us to detect the presence of amino acids, and thus peptide sequences, on
our sample surfaces. ToF-SIMS analysis of our samples was performed using the TOF.SIMS® (ION-TOF,

Minster, Germany). lon sources used include Bismuth 3 and Bismuth 1.

3.4 Results

3.4.1 Plasma deposited pHEMA overlayer analysis

The presence of a pHEMA overlayer after plasma deposition was confirmed using XPS. Silicon chips
were used to optimize the pHEMA deposition process. RF power and sample position were changed until
we were able to determine the optimal settings for pHEMA adhesion to the substrate, while depositing an

overlayer with functional hydroxyl groups. XPS analysis of pHEMA coated silicon chips under optimal
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settings showed a surface composition of 52% carbon, 30% oxygen, and 18% silicon. The appearance of
silicon in the XPS scans implies that the thickness of the pHEMA layer is less than 8 nm. The ratio of
52:30 for carbon to oxygen is near the pHEMA carbon to oxygen ratio of 2:1, indicating that the deposited

layer has intact pHEMA molecules.

Ellipsometric analysis (Fig. 3-4) showed that the plasma deposited pHEMA overlayer on silicon chips was
3.03 + 0.01 nm in thickness. With a low mean square error (MSE) of 5.66, we can be confident that this

measurement is accurate within the defined deviation.
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Figure 3-4. Ellipsometry plots of plasma deposited pHEMA on silicon chips using the Cauchy model.

XPS analysis of TFAA derivatized pHEMA surfaces showed 18.3% fluorine content, indicating that there
were functional hydroxyl groups on the pHEMA overlayer surface. Pure pHEMA is expected to show
~23% fluorine content after derivatization [23], which is close to the 18.3% analyzed on our plasma
deposited surfaces. A high-resolution carbon scan also showed the expected peak corresponding to a

carbon bonded to three fluorine atoms (Fig. 3-5).
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Figure 3-5. High resolution ESCA carbon scan of TFAA derivatized pHEMA coated silicone chip.

Plasma deposition of pHEMA onto the silicone hydrogel substrate was confirmed via XPS (Table 3-1).
This was determined by looking at the surface composition of the substrate. Without the pHEMA
overlayer, we see the carbon to oxygen ratio of the silicone hydrogel material is approximately 2.8. After
plasma deposition, the carbon to oxygen ratio changes to 2.4. This is because pHEMA has a carbon to
oxygen ratio of about 2:1, while the silicone hydrogel material has a much higher carbon to oxygen ratio.
In addition, we see that the fluorine content of the pHEMA coated substrate is much lower. This is
because there is no fluorine present in pHEMA. Fluorine signal is still detected however, since the

probing depth of XPS is greater than the pHEMA overlayer thickness.

Silicone Hydrogel Only | Silicone Hydrogel with pHEMA
Si2s 5.4+2.1 5.6+0.8
Cils 50.6+2.3 56.4+0.4
N1s 5.0+0.5 4.7+0.8
Ols 18.0+0.5 23.8+0.9
Fls 21.1+0.6 9.5+0.8

Table 3-1. Percentage of surface composition comparing silicone hydrogel and silicone hydrogel with
plasma deposited pHEMA.

High resolution carbon scans of the silicone hydrogel surface compared to silicone hydrogel plasma
coated with pHEMA was also indicative of the presence of pHEMA (Fig. 3-6). pHEMA coated silicone
hydrogel showed much smaller peaks corresponding to carbon atoms bonded to fluorine atoms, which
are only present in the silicone hydrogel substrate. This indicates that the pHEMA layer is attenuating the
signal from these particular carbon atoms. We expected the nitrogen content of the pHEMA coated
silicone hydrogel to be reduced, but it remained around 5%. We believe this may be due to contamination
from residual atmospheric nitrogen in the plasma chamber during the deposition process.
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Figure 3-6. High resolution carbon scans show different profiles for carbon atoms present in A) uncoated
silicone hydrogel and B) plasma pHEMA coated silicone hydrogels. Peaks are number from right to left.

3.4.2 CDI Immobilization testing

CDI immobilization was tested with TFBA, angiotensinogen, and bovine serum albumin (Sigma). 24-hour
incubation of CDI activated samples in these test compounds at 100uM in sodium carbonate/sodium
bicarbonate buffer at pH 10.2 showed successful immobilization. Immobilization was confirmed using
XPS (Table 3-2); nitrogen content of CDI activated samples incubated with test peptides was higher than
the nitrogen content of CDI activated samples incubated in pure buffer solution. High resolution nitrogen
scans also showed a difference in nitrogen profiles (Fig. 3-7); CDI activated samples without immobilized
peptides showed a two-peak nitrogen profile, while samples with immobilized peptides show a one peak

nitrogen profile. In addition, samples incubated with TFBA showed an increase of fluorine content at the

surface.
CDI CDI with CDI with
only angiotensinogen TFBA
Si 1.9 1.9 0.8
C 62.3 64.9 61.2
N 5.2 11.4 57
0 25.5 20.2 20.7
F 3.0 1.8 11.4

Table 3-2. Percentage ESCA composition pHEMA coated silicone hydrogel slabs after treatment with CDI
only, CDI + angiotensinogen, or CDI + TFBA.
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Figure 3-7. ESCA High resolution nitrogen scans of pHEMA coated silicone hydrogel slabs after
treatment with A) CDI only B) CDI + angiotensinogen or C) CDI + TFBA. D) Structure of CDI activated
hydroxyl group and E) structure of hydroxyl group activated with CDI and then covalently bound to a
peptide.

3.4.3 CDI immobilization of Badylak peptides

Badylak peptides, from here on referred to as pepl and pep2, were incubated with CDI activated pHEMA
coated slabs under the same conditions as TFBA and angiotensinogen. XPS analysis showed
insignificant increase in nitrogen content at the sample surfaces, as well as no change in high resolution
nitrogen profiles. Many attempts were made to optimize the incubation conditions. The buffer pH was
varied from pH 7 to pH 11, as well as incubation temperature increased and the use of a hybridizer for
thorough mixing during the incubation step. Incubation buffer was also changed; organic solvents
dimethylsulfoxide, dioxane and tetrahydrofuran were tested. None of these changes enhanced the

immobilization of pepl and pep2.

3.4.4 EDC-NHS immobilization of peptides

A carbodiimide coupling technique was implemented to test the immobilization of peptide sequences.
Ethyl(dimethylaminopropyl carbodiimide (EDC) was used in conjunction with N-hydroxysuccinimide
(NHS), ethylene diamine (EDA) and CDI (Fig. 3-8). CDI was first used to activate the pHEMA surfaces for
immobilization of EDA, which was performed under the same conditions as the CDI processes as

mentioned above. The immobilized EDA provides primary amine groups that will be used in the EDC-
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NHS reaction. Peptides were added at 100uM into 0.1M MES buffer with 0.1M EDC and 0.2M NHS. EDA

coated samples were then incubated into this reaction solution for 4 hours at room temperature.
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Figure 3-8. CDI immobilization of ethylene diamine to a hydroxyl coated surface.

EDC-NHS immobilization of angiotensinogen as the test peptide showed a slight increase of nitrogen
content over EDA coated samples. ToF-SIMS was performed on EDA coated samples and compared to
angiotensinogen immobilized samples. Peak analysis showed the presence of amino acid fragments

present due to angiotensinogen, while these peaks were not present on EDA coated samples (Fig. 3-9).
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Figure 3-9. Example of a ToF-SIMS peak present in angiotensinogen immobilized samples but not in
EDA coated samples, peak of leucine fragment CsHi2N at 86.10

Subsequent EDC-NHS immobilization of Badylak peptides 1 and 2 did not show presence of immobilized

peptides.

3.4.5 DVS immobilization of peptides
DVS immobilization proved to be most effective when performed in a hybridizer, typically used for
molecular pathology, which provided consistent heating and mixing via a vertically rotating carousel

mounted in a small oven. IL-4 was also immobilized onto the DVS surfaces, at an incubation
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concentration of only 18.5nM due to its high cost. Because DVS contains no nitrogen, the DVS activated
surfaces showed no nitrogen content before incubation with peptides, implying that all nitrogen present

during XPS was a result of immobilized peptides (Fig. 3-10).
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Figure 3-10. Nitrogen content of pHEMA surfaces activated with DVS and incubated with different
peptides. DVS activated surfaces with no peptide incubation showed zero nitrogen content.

3.4.6 Relative intensity of nitrogen signal of peptide overlayer on pHEMA substrate
For a uniform overlayer B on a substrate A, the relative intensity | for element X in layer B in proportion to

element Y in layer A can be represented by the equation:

tB
12— /Ay (% — 1) [24)
A

where 1 is the mean free path of electrons from the element of interest within the layer, t is the thickness
of the overlayer B, and 6 is the incidental angle of the photoelectron source. A can be calculated using the

equation

1400

A= ;W—nEk/(13.6ln(Ek) —17.6 =) [24]

where M is the molecular weight of the repeat unit of the layer, n is the number of valence electrons in the
repeat unit, p is the density of the layer, and Ex is the kinetic energy of the element. For nitrogen in a layer
of pepl, we calculate A to be 3.13 nm, and for carbon in a layer of pHEMA we calculate A to be 3.35 nm.
Assuming that the immobilized pepl forms a uniform monolayer at the pHEMA surface, we can
approximate the thickness of this layer as the diameter of pepl. This diameter can be estimated using the
average density of globular proteins, approximately 0.73cm?3/g [25], which results in a spherical diameter

of 1.36 nm. We believe there is no fixed tertiary structure of these peptide sequences, due to their short
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length, and believe random bond angles of the sequence resulting in a relatively spherical approximation
is appropriate. With an incident angle of 55°, we calculate Is/la = 0.584, meaning that the signal intensity
of nitrogen in the peptide overlayer will only be 58.4% as intense as the carbon signal intensity in the
substrate. With a nitrogen content of approximately 4.2% seen in XPS, we can calculate the actual

surface composition of the samples to be 7.2% nitrogen. (Detailed calculations in the Appendix)

3.5 Discussion

Plasma deposition was used to coat the substrate materials with a uniform layer of pHEMA that had
hydroxyl groups that were viable for peptide immobilization. Using optimized conditions of the plasma
deposition process produced a pHEMA layer that did not delaminate from the substrate surfaces after

soaking in deionized water.

CDI and DVS proved able to immobilize TFBA, angiotensinogen, IL-4 and albumin with great consistency.
However, immobilization of the Badylak peptides proved to be very inconsistent. Many immobilization
conditions were tested, but only DVS immobilization using HEPES pH8 buffer at 45°C in a hybridizer
provided consistent immobilization of the Badylak peptides. Even these optimized conditions only showed

4-5% nitrogen content at the substrate surfaces.

The relative intensity of the nitrogen signal from the Badylak peptide overlayer on a pHEMA substrate
was calculated to be 58.4% of the relative intensity of the carbon signal from the pHEMA substrate. This
is due to the probing depth and angle of the XPS technique, and can explain why we are getting a much
lower nitrogen content than we would expect to get from a uniform layer of immobilized peptide (14%
nitrogen). However, seeing 7% nitrogen at the surface indicates there is a significant amount of peptide
being immobilized, compared to 0% nitrogen with the DVS activated surfaces that were not incubated

with peptides.
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Chapter 4: In vitro analysis of immobilized bioactive molecules on macrophage polarization

4.1 Introduction

M1 and M2 polarized macrophages express different markers on their cell surfaces, as well as secrete
different bioactive molecules [26]. Using these markers and molecules, we can assess the polarization of
macrophages using a variety of techniques, including fluorescence assisted cell sorting (FACS), real-time
polymerase chain reaction (RT-PCR), and enzyme-linked immunosorbent assay (ELISA). Primary bone
marrow derived macrophages (BMDMs) isolated from mouse femurs are used for in vitro experimentation
to see the effect of bioactive molecules on their polarization. In addition, we hope to assess the effect of

immobilization on the ability of these molecules to polarize BMDMs.

4.2 Background

4.2.1 Interleukin-4 (IL-4) in macrophage polarity

IL-4 is a cytokine that induces the differentiation of T-cells into Th2 cells [27]. It is also involved in several
adaptive immunity roles, while overproduction of IL-4 is associated with the development of allergies.
Production of peroxisome proliferator-activated receptor-y (PPARYy), which is important in reducing
inflammation of endothelial cells, is also dependent on the presence IL-4 [28]. IL-4 has been shown to
alternatively activate macrophages, which is marked by increased expression of the mannose receptor
[29, 8, 46]. IL-4, like many cytokines, signals cells through the JAK-STAT pathway (Fig. 4-1) [30].
Although the IL-4 ligand-receptor complex is readily internalized by cells [31], it is believed the
internalization process is not necessary for signaling caused by IL-4. This internalization process of

cytokine-receptor complexes is a method of downregulation of the cytokine signal.

Intracellular Space Cytosol
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Figure 4-1. The IL-4 transduction pathway.
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4.2.2 The NOS2 protein

NOS2 (inducible nitric oxide synthase) is a surface enzyme that produces nitric oxide, which is important
in cell signaling. NOS2 also plays a large role in wound healing, affecting angiogenesis, inflammation,
and various immune responses [32]. Regulation of NOS2 has been shown to depend on the NF-kB and
JAK-STAT pathways [33]. Staining for NOS2 has been shown to be prevalent in macrophages involved in
the FBR, where the majority of macrophages stained positive for NOS2 at the site of foreign body
inflammation [34]. NOS2 has been shown to be highly expressed in M1 polarized macrophages, and thus

was used as one of the markers for M1 polarization of BMDMs [35].

4.2.3 Macrophage Mannose Receptor

Macrophage mannose receptor (MMR) is a transmembrane glycoprotein that is primarily found on
macrophages and dendritic cells [36]. It is involved in mediating phagocytosis and endocytosis during the
immune response by recognizing complex carbohydrates on glycoproteins [37]. MMR has been shown to
be downregulated when macrophages are stimulated with INF-y, and upregulated when stimulated with

IL-4 [40]. Thus, MMR can be considered a marker for M2 macrophage polarization.

4.2.4 Arginase 1

Arginase 1 (Argl) is an enzyme located primarily in the cytoplasm of hepatic cells that disposes of
ammonia. It has a trimeric structure, and is found in nearly all forms of life. It is also expressed in
macrophages [38], and is associated with the immune response. It is often used as a marker for M2

polarization, which we will be utilizing in RT-PCR [39, 40].

4.2.5 Interleukin-10
Interleukin-10 (IL-10) is a cytokine involved in the anti-inflammatory response. It is involved in regulation
of the JAK-STAT pathway [41], and can block the NF-kB pathway [42]. IL-10 is primarily produced by

monocytes [43] and, to a lesser extent, lymphocytes [44]. Expression of IL-10 is typically very low in
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unstimulated tissues [45]. However, expression of IL-10 is greatly upregulated in M2 polarized
macrophages [46]. IL-10 has also been shown to increase the M2 polarization of macrophages in vitro
[46]. IL-10 activates the JAK-STAT pathway through the IL-10R1 surface receptor (Fig. 4-2). The IL-10
receptor ligand complex has been shown to be internalized to downregulate the signaling of IL-10.
However, when IL-10R1 cannot be internalized, there is prolonged signaling of the JAK-STAT pathway
[47, 48]. This is indicative of IL-10 behaving as a signaling molecule solely through its binding with the

surface receptor, and does not have to be internalized to have signaling effects.
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Figure 4-2. The IL-10 transduction pathway.

4.2.6 Tumor Necrosis Factor-a
TNF-a is an adipokine involved in regulating immune cells and inflammation. It also upregulates NF-kB
and apoptotic pathways [49]. TNF-a is produced by a variety of cells, including lymphoid cells, mast cells,

and endothelial cells. Its production is highly upregulated in M1 polarized macrophages [50].

4.2.7 The JAK-STAT pathway
The JAK-STAT pathway consists of a cell surface receptor, Janus kinase (JAK), and Signal Transducer
and Activator of Transcription (STAT) (Fig. 4-3). There are many JAK-STAT pathways present in

macrophages, many of which are used by cytokines such as IL-4 and IL-10. JAKs bind to cell surface
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receptors, which activate the JAKs when their ligands bind to them. The JAKs phosphorylate tyrosine
residues on the receptors to which they are bound, allowing STATs possessing SH2 domains to bind to
these phosphotyrosine residues. These STATs form dimers, which then accumulate in the cell nucleus
and activate transcription of their target gene. The pathway generally does not require the internalization

of the receptor ligand to induce signaling in the cell nucleus.
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Figure 4-3. The JAK-STAT pathway
(Public domain image from http://en.wikipedia.org/wiki/JAK-STAT _signaling_pathway)

4.2.8 a-1 acid glycoprotein

a-1 acid glycoprotein (AGP), also known as orosomucoid, is a glycoprotein that is present in mammalian
serum. The exact function of AGP remains unclear, but it has been shown to be associated with various
processes, such as binding to lipophilic charged compounds and immunomodulatory effects. AGP is
approximately 42 kDa in size, and consists of 45% carbohydrate, with the majority of the amino acid
sequence homologous between human, mouse, and rat. It is primarily produced in hepatic cells, but has
also been shown to be produced locally by various cells and tissues, including leukocytes, epithelial cells,
lungs, and kidneys in response to an acute inflammatory reaction [51]. In vitro experiments have shown
AGP to upregulate CD163 (an M2 macrophage marker) when introduced to human monocytes in solution
[52]. We hope to show that immobilized AGP will also upregulate BMDMs after immobilization to our

plasma deposited pHEMA surfaces.

4.2.9 Collagen VI
Collagen VI (Col6) is a protein that is a major component of microfibrils in skeletal muscle. It is typically

produced by fibroblasts and muscle cells. Col6 molecules interact to form tetramers, which linearly
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aggregate into triple helical structures. These triple helical structures of Col6 are the basis from which
microfibrils are formed. [53]. Col6 is involved in modulating macrophage polarization and regeneration in
peripheral nerve cells in vivo, where mice with no Col6 gene expression had fewer M2 macrophages at
the site of nerve injury. Col6 has also been shown to have M2 polarizing effects and chemotactic effects
of macrophages in vitro. [54]. We hope to observe these M2 polarizing effects of Col6 after it has been

immobilized to a biomaterial surface.

4.2.10 Lipopolysaccharides as an M1 agonist

Lipopolysaccharides(LPS), also known as endotoxins, are well documented to be strong M1 polarizing
compounds [5, 43]. They are found on the outer membrane of gram-negative bacteria, and consist of an
“O antigen” polysaccharide chain bound to an oligosaccharide “core”, which is in turn connected to “Lipid
A", a disaccharide with multiple fatty acid chains (Fig. 4-4). LPS protects the bacterial membrane from
certain chemical attacks, and elicits a strong inflammatory response from animal immune systems [55].

We use LPS as an M1 agonist for controls as well as testing of our experimental techniques.

O antigen

Inner Core
Outer Core

Figure 4-4. The structure of a typical lipopolysaccharide
(Public domain image from https://en.wikipedia.org/wiki/Lipopolysaccharide).

4.2.11 The extracellular matrix and its degradation peptides

The extracellular matrix (ECM) consists of a variety of organic materials, including polysaccharides,
proteoglycans, and fibrous proteins. It is defined as being the extracellular part of multicellular tissue
structure. It provides support for the tissue structure, and is involved in cell signaling and many other
biological processes. [56] The Badylak lab in the University of Pittsburgh, as mentioned previously, has
shown that short peptide sequences that are degradation products of the ECM have chemoattractant
properties, and are likely involved in regulating the healing process [57]. Some of these peptides are

hypothesized to also influence the polarization of macrophages. We will also be testing the degradation
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products of porcine urinary bladder matrix (UBM) to see if they will affect the polarization of macrophages

in solution and immobilized.

4.3 Materials and Methods

4.3.1 Isolation and expansion of BMDMs

Primary macrophages were collected from mice. Femurs from recently sacrificed mice were harvested
and sterilized by soaking in 70% EtOH for 60 seconds. Femurs were then rinsed in RPMI 1640 media,
and then the ends of the bones were cut off with surgical scissors. The bones were then flushed with
RPMI using a syringe and 25-gauge needle. Marrow cells flushed from the bones were then cultured on
non-tissue culture polystyrene plates in RPMI (Gibco, Grand Island, NY), with added fetal bovine serum
(RM Bio, Missoula, MO) and penicillin-streptomycin (Gibco) at a density of 5x108 cells per 200mm plate.
Macrophage colony stimulating factor (Peprotech, Rocky Hill, NJ) (MCSF) was added at 10ng/mL to
stimulate the differentiation of myeloid progenitor cells into macrophages. Non-macrophage cells are
unable to adhere to the non-tissue culture treated plates, and were removed during the media change
and washing with phosphate buffered saline (PBS) at day 7. Media was added at day 4 of culture (without

replacing the old media), and mature BMDMSs (Fig. 4-5) were ready for experiments on day 7 [58].

%)

G
Figure 4-5. BMDMs on day 7, cultured on non-tissue-culture polystyrene
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4.3.2 Macrophage polarization by soluble bioactive molecules

LPS and IL-4 were tested in solution to see their effect on macrophage polarization. BMDMs isolated and
expanded from mice as described above were cultured in non-tissue culture treated petri dishes. On day
7 of culture, cell media was replaced with fresh media, and bioactive molecules were added to the media.
LPS was added at 200 ng/mL, IL-4 was added at 120 ng/mL, and pepl and pep2 were added at 200mM.
Assays were performed at 48 hours after addition of bioactive molecules to assess macrophage

polarization.

4.3.3 Immobilization onto glass slides

In order to culture cells on a surface with immobilized bioactive molecules, 10mm glass slides(Ted Pella,
Redding, CA) were used due to the fact that CDI and DVS immobilization techniques are incompatible
with polystyrene tissue culture plates. 10mm glass slides were first coated with pHEMA via plasma
deposition as described above. The surfaces were then activated with CDI solution (as described above),
and incubated with LPS (0.05mg in 3mL incubation buffer) or IL-4 (1ug in 3mL incubation buffer) to
immobilize them onto the surface. AGP and Col6 were immobilized in the same method, with AGP at
0.3mg/mL and Col6 at 0.125mg/mL. Slides with both Col6+AGP had Col6 and AGP immobilized onto

them simultaneously, at 0.0625mg/mL and 0.25mg/mL, respectively.

4.3.4 Fluorescence activated cell sorting (FACS) to determine expression of surface markers

FACS is a method of flow cytometry that utilizes antibodies attached with fluorescent dyes to sort cells
that are expressing different surface markers [59]. In this method, primary antibodies for cell surface
markers of interest are incubated with the sample cells. These primary (1°) antibodies can have
fluorescent dyes such as peridinin chlorophyll (PerCP) or phycoerythrin (PE) attached to them. If
1°antibodies with no dyes are used, the cell samples can be incubated again with a secondary (2°)
antibody that has an affinity for the primary antibodies (referred to as indirect staining). These 2°

antibodies would have a fluorescent dye attached.
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For indirect staining of cells for FACS, 0.5x10° cells are first incubated in 100uL of 1° antibodies diluted in
FACS staining buffer (1x PBS, 1% fetal bovine serum, 0.09% sodium azide) for 30 minutes on ice. After
washing two times with FACS staining buffer, cells are then incubated in 100uL of 2° antibodies diluted in
staining buffer on ice for 30 minutes. Cells are washed again with staining buffer, and then fixed for 20
minutes on ice using 4% paraformaldehyde. Cells are washed one final time and resuspended in 300puL
of FACS staining buffer and stored at 4°C until analysis. 1° antibodies for NOS2 (Rabbit IgG, SantaCruz)
and MMR (Goat IgG, R&D) were diluted at 1:100, while 2° antibodies (PerCP donkey anti-rabbit IgG,

Jackson Immunoresearch and PE donkey anti-goat IgG, Jackson Immunoresearch) were diluted at 1:200.

During FACS, the cells are suspended in liquid and flowed through a laser and detector, which can then
detect the fluorescent dye of the antibodies. Cells are then separated into individual droplets, which can
be charged positively or negatively, and then are run through an electric field, causing positively,
negatively, and neutrally charged cells to be separated (Fig.4-6). The number and intensity of cells
presenting fluorescent markers is also counted. Data from FACS can be interpreted either as dot plots,
which plot each cell as one point with the axes being fluorescent intensities of different wavelengths, or
histograms, which plot the number of cells at any given intensity for one wavelength. Expression of the
cell markers of interest will result in a higher intensity at the dye’s wavelength. FACS is performed on the

NOS2 and MMR surface proteins to detect M1 and M2 polarization, respectively.

FACS stained cells were analyzed using the FACSCanto Il (BD Biosciences, San Jose, CA), and data
analysis was done using both dot plots and histogram plots. Cells cultured without bioactive molecules
were used as a negative control. Gating was set so control cells stained positive for approximately 5% of

cells for the markers of interest.
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Figure 4-6. Schematic of the FACS procedure (Image from [60], creative commons license).

4.3.5 Enzyme-linked immunosorbent assay (ELISA)

ELISA is a method that is commonly used to detect the presence of antigens [61]. Typically, an antigen is
attached to a surface. Then, an antibody specific to the antigen of interest is incubated to the surface,
attaching to the antigens. The antibody will have an enzyme attached to it, which can then be detected by
optical methods. “Sandwich” ELISA is a method that will have antibodies on the surface attached that are
specific to the antigen, allowing other materials that are not of interest to be washed off after the initial
incubation. The surface is then incubated again with the antigen specific antibodies that have attached
enzymes that can be detected optically (Fig. 4-7). Typically, the optical detection is done in a plate reader,
and a standard curve can be created for quantification of the antigen. For our applications, sandwich
ELISA will be performed on TNF-a and IL-10 to detect M1 and M2 polarization of macrophages,

respectively.

ELISA was performed using Read-Set-Go! ELISA kits (eBioscience, San Diego, CA). High bind 96-well
plates (#9018 Costar, Corning Inc., Corning, NY) were first coated with 100uL/well of capture antibody in

coating buffer at 4°C overnight. Wells were then washed for 1 minute, three times, with 250uL wash
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buffer (1x PBS, 0.05% Tween-20). Wells were then blocked with 200uL of 1x ELISPOT diluent
(eBioscience) at room temperature for 1 hour. After washing one time with wash buffer, 100uL of samples
were incubated in the wells for 2 hours at room temperature. Standard curve samples were incubated as
well, starting at 1000pg/mL, with a 1:2 serial dilution to create an 8-point standard curve. Samples were
washed for 1 minute, five times, with wash buffer, after which 100uL of detection antibody was incubated
at room temperature for 1 hour. Detection antibody was washed for 1 minute, five times, with wash buffer,
and 100pL of Avidin-HRP was incubated in the wells for 30 minutes at room temperature. Wells were
then washed for 2 minutes, seven times, before the addition of 100uL of TMB Substrate Solution
(eBioscience) for 15 minutes. Finally, 50uL of 1M H3zPO4 was added as a stop solution. The plate was
read immediately at 450nm and 570nm wavelengths in a plate reader. 570nm wavelength values served
as a background noise control, and were subtracted from the 450nm wavelength values. Experimental

samples were quantified by comparing them to the standard curve samples.

Substrate Solution

Horseradish Peroxid,

N \ &

Capture IgG

Figure 4-7. Schematic of the sandwich ELISA procedure.

4.3.6 Quantitative real-time polymerase chain reaction (QRT-PCR, or gPCR)

gPCR is a method that allows for the quantitative measurement of DNA levels in a biological sample. For
the purposes of our investigation, we are interested in using reverse transcription PCR, which allows for
the measurement of RNA levels in a biological sample, which lets us measure the expression of different
proteins that we are interested in monitoring.
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gPCR uses reporter-quencher marked probes, which fluoresce when the probes hybridize to DNA strands
that have their target sequence. The fluorescent signal increases as there are more DNA strands with the

target sequence, allowing real time relative quantification of the target sequence (Fig.4-8).
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Figure 4-84. Schematic of the PCR process. Tagman PCR utilizes reporter-quencher marked probes,
which do not fluoresce when unbound to their target DNA sequences. After binding to their target DNA
sequence, the reporter is physically distant from the quencher, allowing it to fluoresce when stimulated by
light.

Tagman gqPCR was performed on the samples using the ABI Prism 7000. Probes specific to IL-6 and
Argl (Life Technologies, Carlsbad, CA) were used to detect M1 and M2 polarization, respectively.
BMDMs samples were prepared using the Cells-to-Ct 1-Step Tagman kit (Ambion). Culture medium was
aspirated and wells were washed with 100uL cold PBS. 49pL of Lysis Solution with 1uL DNase (Ambion)
was pipetted up and down 5 times in the wells and incubated at room temperature for 5 minutes. 5L of
Stop Solution (Ambion) was then pipetted up and down 5 times into the lysate and incubated at room
temperature for 2 minutes. PCR reaction volume was 10pL, with 2.5uL of Tagman 1-Step gRT-PCR mix,
0.5uL primer-probe, 6uL RNAse free water, and 1L lysate. Samples were transferred to Semi-skirted
PCR plates (T-3085-1, Sorensen Bioscience, Murray, UT) and sealed with a plate sealer. Plates were run
in the ABI Prism 7000 by 5 minutes of 50°C for reverse transcription, 20 seconds of 95°C for

denaturation, and cycling through 95°C for 15 minutes and 60°C for 1 minute, 40 times, for gene

amplification.
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4.3.7 Digestion of UBM ECM

Dry sheets of UBM samples were first cut manually with a scalpel or razor blade into small (<1mm
square) pieces for pepsin digestion. UBM samples were then digested in a solution of 1mg/mL pepsin in
1% HCI solution, as per the Badylak lab’s protocols. [62, 63, 64] Unfortunately, a Waring blender or rotary
knife mill was not available for use, so the UBM powder we produced was not uniform in size. UBM
digestion proceeded for 48 hours with mixing at room temperature. Pepsin was then inactivated by

addition of 1M NaOH until a pH of 7.4 was reached.

4.4 Results

4.4.1 LPS and IL-4 in culture media showed an effect on M1 and M2 polarization via FACS

LPS and IL-4 solubilized in the cell culture media (sLPS and slL-4, respectively) showed the expected
effects on BMDM polarization. sLPS induced M1 polarization of BMDMs, indicated by increased NOS2

expression, while sIL-4 induced M2 polarization, indicated by increased MMR expression (Fig. 4-9).
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Figure 4-95. Surface marker expression for BMDMs cultured with LPS and IL-4 in solution. A) NOS2 and
MMR expression of BMDMs cultured with LPS added to cell culture media. B) NOS2 and MMR
expression of BMDMs cultured with IL-4 added to cell culture media. C) and E) FACS plot of control
BMDMs cultured without bioactive molecules. D) FACS plot of BMDMs cultured with IL-4 in media F)
FACS plot of BMDMs cultured with LPS in media.

4.4.2 FACS analysis of immobilized bioactive molecules

FACS analysis of cells cultured on immobilized IL-4 and immobilized LPS (ilL-4 and iLPS, respectively)
was inconclusive. When cells were harvested by gentle scraping during the staining process, much of the
plasma deposited pHEMA coating on the glass petri dishes was also scraped off into the cell media. This

resulted in a large amount of debris in the FACS readings, which made the data unreliable (Fig. 4-10).
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Figure 4-10. Example of unreliable FACS data due to pHEMA debris.

5.4.3 Badylak pepl and pep2 showed no significant changes in surface marker expression

FACS staining of macrophages cultured with pepl and pep2 in solution showed these peptides had no
effect on macrophage polarization. Because pepl and pep2 were shown to have chemoattractant effects
on macrophages, we expected them to have some influence on the polarization of BMDMs. However,
there was no statistically significant difference between the Nos2 and MMR surface expression of BMDMs

cultured in regular media compared to BMDMs cultured with pepl or pep2 (Fig. 4-11).
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Figure 4-6. BMDMs treated with Badylak peptides in culture medium showed no discernible difference in
NOS2 and MMR surface marker expression via FACS analysis, compared to controls.

4.4.4 Cytokine measurements from ELISA of BMDMs cultured with LPS and IL-4 media
We expect to see TNF-a expression and IL-10 expression of BMDMS to be in the picogram to nanogram

per mL range [65, 66], and the difference between non-activated and activated BMDM expression to vary
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by 10-fold or more. Pilot experiments in ELISA showed significant increases in TNF-a and IL-10 levels for
BMDMs cultured with LPS in solution or LPS immobilized on culture surfaces (Fig. 4-12). However, IL-4,

both in solution and immobilized, did not show differences of TNF- a or IL-10 levels in the culture media.
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Figure 4-12. A) LPS solubilized in cell culture media resulted in an increase in both TNF-a and IL-10
expression. B) LPS immobilized on the pHEMA coated cell culture surfaces also resulted in an increase
in TNF-a and IL-10 expression, although not as greatly as the LPS solubilized in media.

The data presented show that the IL-10 expression levels appeared to be greater than TNF-a levels. This
may have been due to the TNF-a optical absorbance in the ELISA readings to be higher than the values
in the linear region of the standard curve. This was a result of not knowing the concentrations of cytokines
present in the media prior to performing the ELISA; in other assays the samples were diluted to prevent
oversaturation of the absorbance readings. We also see that samples with LPS added in solution had
much higher TNF-a expression than samples with immobilized LPS. This is expected, as the activity of
LPS is expected to be lowered due to the immobilization process. Exact amounts of immobilized LPS

were not measured, but is assumed to be lower than that of LPS in solution.

4.4.3 Assessment of M1 response of BMDMs to LPS via a dose response curve

To determine the optimal concentration of LPS to use for further experimentation, a dose response curve
of macrophage response was experimentally created (Fig. 4-13). BMDMs cultured on pHEMA coated
glass slides were treated with concentrations of LPS varying from 0.01ng/mL to 1000ng/mL. M1 response

was measured using ELISA measurements of TNF-a as described above.
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Figure 4-13. LPS dose response curve of BMDMs. TNF-a concentrations measured in culture media of
BMDMs 48 hours after addition of LPS. Only 2 samples were used per concentration, so error bars are
not shown.

The data in Figure 4-13. suggests that the use of 1ng/mL of LPS for our experiments would be optimal.
This concentration provides an easily detectable concentration of TNF-a, which corresponds with M1
polarization. Higher concentrations of LPS were not used, since the effect of soluble or immobilized
bioactive molecules may show a small effect in reduction of M1 polarization. High concentrations of LPS

may overshadow the effect of M2 promoting conditions, which could possibly result in false negative data.

4.4.4 Cytokine measurements from ELISA of BMDMs cultured with AGP and Col6

ELISA measurements of TNF-a were also performed on BMDMs treated with AGP and Col6 in the
solution of culture media (SAGP and sCol6) (Fig. 4-14). These experiments involved the culture of
BMDMs with LPS added in solution (1ng/mL) to induce an M1 polarization state. A reduction in TNF-a
expression would demonstrate the ability of AGP and Col6 to reduce the M1 state of BMDMs. AGP
(112.5 pg/mL) and Col6 (2.5ug/mL) were first introduced in solution to confirm the M1 reducing effect of
these bioactive molecules. Immobilized AGP (iIAGP) and immobilized Col6 (iCol6) surfaces were also
created on 10mm glass discs using plasma deposition and CDI immobilization techniques (as described

above). BMDMs were transferred onto modified glass discs, with LPS added to cell culture media after 24
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hours. At 48 hours, the culture media was harvested and TNF-a concentrations were measured via

ELISA.
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Figure 4-14. Normalized expression of TNF-a measured by ELISA for BMDMs cultured on pHEMA coated
glass slides. A) Soluble AGP and Col6 introduced into cell culture media show a large decrease, although
highly variable, in TNF-a expression of BMDMs that have been M1 polarized with LPS. B) AGP
immobilized onto pHEMA coated glass slides via CDI showed a significant (p<0.05) decrease in TNF-a
expression of BMDMs that have been M1 polarized with LPS. iCol6 samples showed inconsistent
reduction of TNF-a.

TNF-a expression was normalized to that of the control surface (CDI activated pHEMA quenched with
deionized water). SAGP and sCol6 showed a large decrease in TNF-a expression, although the
measurements were highly variable. iIAGP showed a significant (p<0.05) decrease in TNF-a expression.
iCol6 measurements were highly variable over 4 experiments, ranging between 0.47 and 1.17 expression

relative to the control, so these data were not included in the figures.

4.4.5 RT-PCR analysis of the effect of IAGP and iCol6 on Argl expression

To assess the effect of immobilized AGP and Col6 on M2 polarization of macrophages, RT-PCR was
used to measure the expression of Argl. BMDMs cultured on iAGP and iCol6 was performed as per the
ELISA experiments, except LPS was not added to the culture media at 24 hours. An extra experimental

group with AGP and Col6 immobilized onto the same surface was included in these experiments as well.
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All experiments were performed with at least n=3. Argl expression of experimental groups were
calibrated to control BMDMs (cultured on CDI activated pHEMA quenched with deionized water), with

GAPDH as an endogenous control (Fig. 4-15).
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Figure 4-75. RT-PCR measurements of Argl expression in BMDMs relative to control. A) iAGP and
iCol6+iAGP both showed a statistically significant(p<0.05) increase in Argl expression relative to
controls. iCol6 showed highly variable effects on Argl expression, varying from a decreased expression
to increased expression of Argl relative to controls.

BMDMs cultured on iAGP showed a small but significant increase in Arg1l expression, while BMDMs
cultured on iCol6 showed a highly variable change in Argl expression; some experiments showed a large
increase in Argl expression, while others showed a decrease in Argl expression. These results are what
encouraged the use of surfaces with the combination of immobilized Col6 and AGP. BMDMs cultured on

iCol6+iAGP showed a larger increase in Argl expression than all other experimental groups.

4.4.6 BMDM morphology in relation to polarization

Although M2 polarization is typically assessed using macrophage surface markers or the biological
compounds released by macrophages, there is some evidence that a macrophage’s morphology also
correlates to its polarization. While M1 or resting macrophages typically appear as fibroblast-like cells with
more extended processes rather than being elongated, M2 macrophages may appear to be lyphoblast-
like with very short processes [67]. A few images were obtained of macrophages cultured on modified

surfaces.
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iCol6 control
Figure 4-86. M2 macrophages show a different morphology from resting macrophages. A) BMDMs
cultured on iCol6 show a morphology similar morphology found in literature, which contrasts with B)
BMDMs cultured on pHEMA surfaces activated with CDI.

The morphology of BMDMs cultured on iCol6 showed lymphocyte-like morphology consistent with what is
found in literature for M2 macrophages. BMDMs cultured on control surfaces of CDI treated pHEMA, as
well as immobilized bovine albumin, showed the same morphology as would be expected from resting
macrophages (Fig. 4-16). BMDMs cultured on iAGP did not show the lymphocyte-like morphology that

was expected.

4.4.7 RT-PCR analysis of the effect of UBM degradation products on Argl expression
Pepsin-digested UBM was also tested in solution or immobilized on BMDMs as described above. Soluble
UBM (sUBM) was introduced into the BMDM culture media at 1mg/mL, and immobilized UBM (iUBM) was

immobilized with CDI chemistry at Img/mL in pH 10.2 buffer.

Trial# | sUBM iUBM
1 75.58 0.97
2 8.11 0.77
3 2.01 1.08

Table 4-1. Expression of Argl in BMDMs treated with UBM relative to control over three experiments.

sUBM degradation products showed large, but inconsistent, increase of Argl expression in BMDMs.

iUBM showed effectively no effect on Argl expression (Table 4-1).

4.5 Discussion
BMDMs were successfully harvested from mice femurs, and grew to maturity in 7 days. These cells were

subsequently used to test the M1 and M2 polarizing capabilities of different bioactive molecules. BMDM
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cell culture experiments confirmed that LPS and IL-4 in culture media caused M1 and M2 polarization,
respectively. This was analyzed using FACS, which showed an increase in NOS2 expression for M1

polarized cells and increased MMR expression for M2 polarized cells.

FACS analysis of BMDMs cultured with Badylak peptides in culture media did not show any increase in
NOS2 or MMR surface marker expression. We believe that although these peptides show macrophages

chemoattractant properties, they will not activate macrophages into either an M1 or M2 state.

Analysis of cell samples collected from glass slides with plasma deposited pHEMA showed that FACS
analysis would not be appropriate for analyzing cells grown on these surfaces. pHEMA coatings resulted
in a significant amount of debris after cells were scraped and stained for FACS analysis. BMDMs
harvesting using trypsin could not be used for FACS, since trypsin was not able to remove BMDMs from
the pHEMA surface even after 10 minutes of incubation at 37°C. Trypsin has also been shown to damage

M2 cell surface markers [68], so this method was not pursued further.

ELISA measurements of TNF-a showed a significant increase in cytokine expression due to both
immobilized and solubilized LPS. However, IL-4 showed no effect on cytokine expression, in both the
solubilized and immobilized state. This leads us to believe that the IL-4 used may have lost bioactivity. IL-
4 studies were not pursued due to its high cost and the extensive literature that already exists
surrounding it. Experiments with AGP and Col6 introduced into culture media also showed a significant
decrease of TNF-a, confirming the ability of these compounds to reduce M1 polarization. Immobilized
AGP and Col6 with AGP were also able to decrease TNF-a expression, supporting the hypothesis that
AGP and Col6 are able to affect the polarization of macrophage even after immobilization. Immobilized

Col6 without AGP showed highly variable results, and was considered unreliable for M2 polarization.

RT-PCR measurements showed a 2.6-fold increase of Argl expression in BMDMs cultured on

immobilized AGP, and a 5.9-fold increase of Argl expression in BMDMs cultured on immobilized
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Col6+AGP. BMDMs cultured on immobilized Col6 showed a very inconsistent change in Argl expression.
These results support the hypothesis that surfaces with immobilized AGP or immobilized Col6+AGP can
increase the M2 polarization of macrophages that come into contact with these surfaces. The reason for

the inconsistency of immobilized Col6 alone on Argl expression is unknown.

BMDM morphology was lymphocyte-like when cultured on iCol6, but remained fibroblast-like when
cultured on iIAGP, immobilized albumin, or pHEMA controls. This data remains inconclusive, and is not
used to confirm M2 polarization since morphology is not a standard technique to assess macrophage

polarization. However, we still consider this a significant result worth noting.

Pepsin-digested urinary bladder matrix showed a large effect on Argl expression when introduced in
solution. This effect, however, was very inconsistent. This may be due to the process in which the UBM
was digested; the equipment to create a uniform UBM powder was not available in our lab, resulting in
digestion particles that varied greatly in size. Some of the UBM digestion processes may have resulted in
the creation of the appropriate peptide sequences for influencing macrophage polarization, while others
may have been either cleaved to too small a sequence or were not sufficiently digested to the proper
length. Immobilized UBM digestion products did not show any effect on macrophage polarization, which is

believed to be because the digestion products need to be internalized by BMDMs to take effect.
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Chapter 5: In vivo analysis of immobilized bioactive molecules on the foreign body response

5.1 Introduction

Although in vitro assays are a powerful tool in determining if immobilized bioactive molecules influence
macrophage polarization, in vivo experiments need to be performed to see the full effect of immobilized
molecules on the FBR. In these experiments, we are interested in seeing the effect of immobilizing M2
promoting molecules onto pHEMA slabs implanted subcutaneously. The foreign body capsule that forms
around the implant will be characterized by thickness, density, and vascularity. In addition, staining the
implant and surrounding tissue with immunohistochemistry methods to determine the presence of M2
surface markers on macrophages at the implant site will be performed. This data gives insight into the

efficacy of immobilized bioactive molecules in affecting the FBR.

5.2 Background

5.2.1 Foreign Body Giant Cells(FBGCs) in the FBR

As mentioned before, FBGCs are believed to play a large role in the FBR. FBGCs begin develop around
an implanted material by day 3, and usually become fully formed by day 14. They release many different
cytokines that mediate the FBR, including pro-fibrogenic factors, which increase the development of the
fibrous capsule. However, some contradicting evidence has shown that reduction of FBGCs number and
size present at the FBR site does not reduce the formation of the FBC [69, 70]. This phenomenon implies
that the upregulation of FBGC presence at the implant site may not necessarily result in increased FBR
and thicker FBC. We believe the analysis of FBGCs at the implant surface may still provide some insight

in how our modified surfaces may affect the progression of the FBR.

5.2.2 BALB/c mice

In vivo studies were performed with BALB/c mice to assess the polarization of macrophages at the
implant surface. BALB/c mice have been shown to support fully developed M2 activated macrophages
[71]. C57/BI6 mice have shown M2 activated macrophages in adipose tissue [72], which is highly present

in the subcutaneous region of mice, so they were not used in these studies. Although previously
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performed in vivo studies done in our lab, as well as others [73], have shown great variability in FBC
thickness when implants are placed subcutaneously, subcutaneous implantation is much less intrusive
and harmful to mice. With the proper staining methods, we are able to appropriately analyze the

subcutaneous FBR.

5.2.3 Time point for FBR

For our initial experiments, we plan on using the 3 week timepoint for analysis of macrophage polarization
and the FBR. Because FBC formation is visible in explants by week 2 [74], we hope to see FBCs by week
3 of implantation. This relatively short time point (compared to many FBR studies done at 7-10 weeks) is
preferred to reduce experiment cost and time. The FBC development may also overshadow the effects of
our immobilized molecules at later time points, since the length of efficacy of our modified surfaces is

unknown.

5.3 Materials and methods

5.3.1 Implant toxicity testing

Cytotoxicity of implants were evaluated by incubating them in Dulbecco’s Modified Eagle Medium
(DMEM) for 24 hours. The conditioned DMEM was then exposed to NIH-3T3 fibroblast cells for 72 hours.
At 24, 48, and 72 hour timepoints, the viability of the fibroblast cells were evaluated by light microscopy
and compared to the viability of cells with unconditioned DMEM as well as cells with latex conditioned
DMEM. Endotoxicity of implants was evaluated using a standard limulus amebocyte lysate (LAL) assay
(Lonza, Basel, Switzerland). Endotoxin levels of below 0.06EU/mL were required for samples to be

considered endotoxin free.

5.3.2 Subcutaneous implantation in mice
pHEMA discs of 3 mm diameter and 1 mm thickness were implanted subcutaneously in BALB/c mice.
These pHEMA discs had either AGP or Col6+AGP immobilized onto their surfaces as described above.

Mice were anesthetized with ketamine-xylazene(130mg/kg-8.8mg/kg) before any surgical procedures.
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Bilateral implants (2 impants per mouse) were placed into backside of mice (Fig. 5-1). An incision was
made through shaved skin along the spine of the mice. A scalpel blade was used to create a small pocket
below the skin for the implant. The skin wound was then closed with surgical clips. Mice were given
0.05mg/kg burprenorphine post-surgery and 8 hours after surgery. The study presented in this document
was performed with 8 mice over two trials, with implants identified in Table 5-1. Because of the small
sample size, this is considered a pilot study, and the data can only be used to support future experiments

rather than draw strong conclusions about the in vivo efficacy of the immobilized molecules of interest.

Figure 5-1. Implant locations in mice for subcutaneous implants.

Mouse ID Left side Right side

Trial 1 A0 1 AGP 2 CDI

Al 3 AGP 4 CDI

A2 5 Col6+AGP 6 CDI

A3 7 Col6+AGP 8 CDI

BO 9 AGP 10 Col6+AGP
Trial 2 A-1 2L AGP 1R AGP

A-2 4L CDI 3R CDI

C-2 6L Col6+AGP 5R Col6+AGP

Table 5-1. Sample assignments for implantation into mice

5.3.3 Histological sectioning

At the 3 week timepoint, pHEMA samples and the surrounding tissue were explanted and processed for
histological analysis. Explants were fixed in zinc fixative (2.84mM calcium acetate, 22.8mM zinc acetate,
and 36.7mM zinc chloride in 0.1M Tris base) overnight at 4°C. After fixing, explants were dehydrated in
ethanol and cleared using xylenes before embedding in paraffin. Embedded implants were then be

sectioned using a Leica microtome, deparaffinized, and then rehydrated using a graded ethanol series.
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5.3.4 Immunohistochemical staining

For immunohistochemical staining, sections were washed in tris buffered saline(TBS), and 3% hydrogen
peroxide in TBS will be used to block endogenous peroxidases. To retrieve antigens, sections were
incubated in heated(~100°C) 0.1 M pH 6 citrate buffer, and then blocked overnight at 4 °C in TBS
containing 0.5% tween-20, 4% normal serum (Vector Labs, Burlingame, CA) from the animal in which the
secondary antibody was raised, and 0.25% immunohistochemical grade bovine serum albumin (BSA)
(Vector). Sections were then incubated with diluted primary antibodies for the antigen of interest for 1
hour, and then incubated with a secondary antibody that is selective to the primary antibody for 30
minutes. A Vectastain ABC kit (Vector) was used in conjunction with a diaminobenzidine kit (Vector) to
generate a positive brown stain. Counterstaining was not performed, and slides were mounted in

Permount.

5.3.5 MECA staining to determine capsule vascularity

The polarization of macrophages in the FBC is believed to determine the tissue remodeling during the
FBR, including the vascularization of the FBC and surrounding tissue [75, 76]. Mouse endothelial cell
antigen (MECA) was stained using the technique described above. MECA primary antibodies (BD
Biosciences) was diluted in a 1:66 ratio, while secondary rabbit anti-rat antibodies (Vector) was diluted in
a 1:200 ratio. Staining of MECA can be used to determine the presence of capillaries present in the tissue
sections [77]. We analyze the region within 50um of the implant surface, since we are only interested in
capillaries that are part of the FBC [60]. Capillary density was determined using the Weidner method [78];
any stained endothelial cell or endothelial cell cluster that is clearly separate from adjacent vasculature
and connective tissue is considered an individual microvessel. This includes vessels that may be

“snaking” in and out of the section, appearing as multiple microvessels.

5.3.6 Immunohistochemistry for M1 M2 macrophage markers
Rat anti-F4/80 primary antibodies (BMA Biomedicals, Aust, Switzerland) diluted 1:100 were used as a

primary antibody to detect mouse macrophages. Goat anti-macrophage mannose receptor (MMR) (R&D
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systems, Minneapolis, MN) diluted 1:100 were used as an M2 marker. MMR is a surface marker highly
expressed in macrophages that have undergone M2 polarization, but can also be found in skin cells such
as dermal fibroblasts and keratinocytes. MMR+ staining of cells that are believed to be fibroblasts and
keratinocytes were ignored for the purposes of this study. Negative controls are rat and goat isotype IgG,
respectively. After incubation of sections with primary antibodies, secondary antibodies of biotinylated
rabbit anti-goat (1:200, Invitrogen) and biotinylated rabbit anti-rat (1:200, Invitrogen) were used to detect
the primary antibodies. Imaging was done under brightfield microscopy to visualize the different markers,
and sections were analyzed in the same fashion as MECA stained slides. Instead of counting capillaries,
we will count the number of cells staining positive for each marker. No counterstain was used, since other

cells and tissues were visible under brightfield microscopy without it.

6.3.7 Trichrome staining for FBC analysis

Trichrome staining was used to assess the FBC. A standard trichrome stain was performed on 6um thick
sections of explants. This stain colors the nuclei of cells black, collagen blue, and cells red. These slides
are useful in evaluating the thickness and density of collagen in the FBC, as well as the presence of cells

within the FBC.

5.5 Results

5.5.1 Analysis of FBC by trichrome staining

Microtome sectioning of explanted samples and tissue proved to be difficult due to the nature of
dehydrated hydrogels such as pHEMA becoming very hard and brittle during the embedding process.
Tissues around the implant were often damaged, and due to these difficulties, most stained sections did
not provide an intact foreign body capsule for analysis. We were able to produce 2 CDI, 2 AGP, and 2

Col6+AGP stained samples that had minimal damage and were suitable for analysis.
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Figure 5-2. Representative trichrome image of the FBC around a CDI control i'mplant (200um scale bar).
Red arrows indicate regions with clusters of red stained cells. Blue arrows indicate regions of densely
stained collagen.

Figure 5-3. Representative images of the FBC around iAGP implants (200um scale bar).
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Figure 5-4. Representatlve images of the FBC around iCol6+AGP implants (200pm scale bar) Red
arrows indicate regions with clusters red stained cells.

A notable difference between the control samples and the samples with immobilized molecules is the
presence of large clusters of cells between the FBC and the implant surface (indicated by the red arrows,
Fig. 5-2). Although these cell clusters are still present in the iCol6+iAGP samples (Fig. 5-4), they are
much thinner. The IAGP samples showed very few of these clusters (Fig. 5-3), and the ones present were
very small. We originally believed that these cell clusters may be foreign body giant cells that had formed

around the implant. We used the F4/80 stains to test this theory.

Because the FBC has been damaged in processing the samples, thickness measurements would be
unreliable. Qualitatively speaking, it appears that the FBC around iAGP samples is thinner and have less
dense collagen. We can see regions with darker blue staining (Fig. 5-2, indicated by blue arrows) in the
control samples that are not present in the samples. The darker blue stains indicate a higher density of
collagen in the region. The iCol6+iAGP samples also appear to have less dense collagen in the FBC, but

the thickness does not seem dramatically affected.
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5.5.2 Analysis of macrophage presence in the FBC by F4/80 staining

F4/80 stained slides showed numerous macrophages around all implants. A quantitative analysis was
done by selecting four 50um wide x 200pm long regions of the FBC along the implant (Fig. 5-8). Some
slides showed severe delamination of the sections from the slide surface, most likely a result of poor
adhesion and washing steps during the staining process. This resulted in some samples only being
analyzed in 2 or 3 regions, since some delaminated regions were impossible to image properly. To

compensate for this, we calculated the average count of macrophages per selected region to do

guantitative comparisons.

.
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Figure 5-5. Representative image of F4/80 staining of macrophages around a CDI control implant (200um
scale bar).
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Figure 5-6. Representative images of F4/80 staining of macrophages around iAGP implants (200um scale
bar).

Figure 5-7. Representative images of F4/80 staining of macrophages around iCol6+AGP implants
(200um scale bar).
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The locations of the clusters of red cells in the trichrome stained samples do not appear to correspond to

the F4/80 stains of macrophages (Figs. 5-5, 5-6, 5-7). This contradicts the hypothesis that these areas

are FBGCs, meaning they may be either fibroblasts or possibly other cells of the immune system.

e pIten Y ) 3 ' <
Figure 5-8. Example of FBC regions counted for the presence of F4/80 stained cells. Analyzed regions
are shown in the blue rectangles (100pm scale bar).

Average F4/80+ cells
per 0.01mm? region
4L iCDI 19.5+5.7
6A2 iCDI 54+14.9
1R iIAGP 39.5
2L iIAGP 25.5
6L iCol6+iIAGP 25+1
7A3 iCol6+IAGP 22.545.1

Table 5-2.Average numbers of F4/80 stained cells per section (standard deviation could not be calculated
for some samples due to the number of viable regions for counting).

The counts of F4/80 stained cells in each sample did not seem to have any correlation to the sample type
(Table 5-2). This leads us to believe that the modified surfaces do not have a measurable

chemoattractant effect on macrophages in vivo.

5.5.3 Analysis of macrophage polarization in the FBC by MMR staining

The presence of MMR stained macrophages was quantitatively analyzed in the same method as the
counting of F4/80 stained cells (Figs. 5-9, 5-10, 5-11). The percentage of macrophages stained MMR+
was then compared across samples by dividing the average number of MMR+ cells per region by the

average number of F4/80+ cells per region.
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scale bar).

Figure 5-1. Representative images of MMR staining of M2 markers around iAGP implants (20
bar).
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Figure 5-2. Representative images of MMR staining of M2 markers around iCol6+iAGP implants (200um

scale bar).
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Figure 5-3. Percentage of macrophages in the FBC that showed positive staining of the MMR and F4/80
markers (divided by macrophages only showing F4/80 staining). Some samples showed over 100%
expression of MMR in stained cells, potentially due to off target staining or variability in cell numbers
between sections.

Table 5-3. Average numbers of MMR+ cells per analyzed region.

Comparing the percentage of MMR+ cells suggests that the immobilized molecules influenced the

polarization of macrophages at the implant surface. We see a very high percentage of MMR+
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macrophages in the iCol6+iAGP samples, and a slightly increased percentage of MMR+ macrophages in
the IAGP samples, compared to the CDI controls (Fig 5-12, Table 5-3). Because of our small sample size,
we cannot draw any conclusions on statistical significance. However, these pilot data support our

hypothesis.

5.5.4 Analysis of capillary formation in the FBC by MECA staining
MECA staining for epithelial cells was also performed on sample sections. Unfortunately, there were too
few cells that stained positive for capillary analysis for any quantitative analysis (Fig. 5-13). We can

assume that all samples had minimal angiogenesis.
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Figure 5-4. Representative image of MECA staining around an iCol6+iAGP implant. All samples had a
similar appearance, with very few MECA+ stained cells.

5.5.5 Foreign body giant cells in the FBC around implants

Ideally, the presence of FBGCs in the FBC would be analyzed via scanning electron microscopy, which
can confirm their presence via high resolution visualization of cell morphology. However, due to time and
money constraints, SEM analysis was not performed. F4/80 stained samples can provide us with an idea
of FBGC presence in these samples. We can see that there are many large, elongated F4/80+ cells along
the FBC surfaces on all implant types. There do not seem to be any significant differences in size, shape,

or number of these large, elongated cells across experimental groups.

5.5.6 Power analysis of pilot study data for future experiments
To determine the number of mice we would need to achieve statistical significance in a future study, we

performed power analysis of the MMR+ cell percentages (equations used can be found in the appendix).
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The effect size of this statistic in IAGP compared to controls is 1.48, while the effect size iCol6+iAGP is
2.79. This indicates that we will need ~11 mice for the iIAGP experimental implant group, and ~6 mice for
the iCol6+iAGP group. We would also need 11 mice for the control group, to match that of the IAGP

group, for statistical significance.

5.6 Discussion

This pilot study of how immobilized AGP and Col6+AGP affect the foreign body response shows some
promising results. The appearance of the foreign body capsule under trichrome stain seems to differ
between the control and experimental groups. Control samples showed the presence of large clusters of
red cells at the implant surface, and a relatively dark collagen stain. These clusters of cells were not
macrophages, confirmed by negative F4/80 staining, and could be fibroblasts or other immune response
cells. Fibroblasts could contribute to a denser, less permeable FBC. The lack of these large cell clusters
in the experimental groups shows promise in this respect. The lower density of collagen in the FBC of
experimental groups also indicates a more permeable capsule, which would be advantageous for several

medical applications.

Analysis of MMR stained cells showed trends that support the hypothesis that immobilized AGP or
immobilized Col6 in conjunction with AGP can modulate the macrophage response in vivo. Although not
statistically significant with our small sample size, we saw a slight increase in the percentage of
macrophages that stained positive for MMR in iIAGP samples, and a large increase in iCol6+iIAGP
samples. A power analysis of our data indicates that a study with 11 mice for the iIAGP group and control

group will be needed, while the iCol6+iAGP group will only need 6 mice to confirm our findings.
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Chapter 6: Final conclusions and future directions

The immobilization of macrophage polarizing molecules shows promise in reducing the foreign body
response. The foreign body response is a major cause of medical device complications, and by reducing
it, we believe medical device performance and lifetime can be greatly improved. Molecules such as a-1
acid glycoprotein are inexpensive, and could potentially be used for coatings on medical devices such as
contact lenses and glucose sensors to reduce the inflammatory response of the immune system.
Collagen VI, while not as inexpensive, has shown great promise in affecting the foreign body response
when used in conjunction with a-1 acid glycoprotein as an immobilized surface coating. In contrast with
expensive cytokines such as IL-4 and IL-10, which are commonly used to modulate macrophages
towards the M2 polarization [79,80,81], these compounds could provide an affordable and long lasting
modification of biomaterial surfaces to improve healing and increase the lifetime of implanted medical

devices.

Currently, the Ratner lab is also pursuing the computational design of cytokines to increase their stability
and their ability to induce the M2 macrophage response. These engineered cytokines could also be
immobilized onto biomaterial surfaces to reduce the foreign body response. It is possible that these
computational methods could also be used to increase the efficacy and stability of compounds such as a-
1 acid glycoprotein and Collagen VI for these purposes. Because our immobilization techniques are
nonspecific for the orientation of immobilized bioactive molecules, we could also potentially use
computational design to ensure the proper orientation of immobilized of a-1 acid glycoprotein and

Collagen VI for maximal effect.

We believe the methods we have developed and tested could have a tremendous impact on the world of
implanted medical devices. If used in conjunction with other technologies, such as porous templated
scaffolds [82, 83], we could potentially see a dramatic reduction in the foreign body capsule around

implanted devices.
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Appendix

Peptide sequences:

Badylak Peptide 1

Badylak Peptide 2

Angiotensinogen

IAGVGGEKSGGF | GPVGPSGPPGK | DRVYIHPFHLLVYS
All Amino Acid peaks:
exact
mass species aminoacid Abbreviation
44.0500 | C2H6N ALANINE Ala, A
43.0296 | CH3N2 ARGININE Arg, R
59.0483 | CH5N3 ARGININE Arg, R
70.0657 | C4H8N ARGININE Arg, R
73.0640 | C2H7N3 ARGININE Arg, R
100.0875 | C4H10N3 | ARGININE Arg, R
101.0953 | C4H11N3 | ARGININE Arg, R
110.0718 | C5H8N3 ARGININE Arg, R
127.0984 | C5H11N4 | ARGININE Arg, R
70.0293 | C3H4NO ASPARAGINE Asn, N
87.0558 | C3H7N20 | ASPARAGINE Asn, N
88.0399 | C3H6NO2 | ASPARAGINE Asn, N
98.0242 | C4H4NO2 | ASPARAGINE Asn, N
88.0399 | C3H6NO2 | ASPARTIC ACID | Asp,D
44,0500 | C2H6N CYSTEINE Cys, C
76.0220 | C2H6NS CYSTEINE Cys, C
84.0449 | C4AH6NO GLUTAMINE Glu, Q
28.0187 | CH2N GLYCINE Gly, G
30.0343 | CH4N GLYCINE Gly, G
58.0293 | C2H4NO GLYCINE Gly, G
72.0440 | C3H6NO GLYCINE Gly, G
85.0402 | C3H5N20 | GLYCINE Gly, G
87.0558 | C3H7N20 | GLYCINE Gly, G
113.0351 | C4H5N202 | GLYCINE Gly, G
115.0507 | C4H7N202 | GLYCINE Gly, G
58.0657 | C3H8N GLUTAMIC ACID | Glu, E
81.0453 | C4H5N2 HISTIDINE His, H
82.0531 | C4H6N2 HISTIDINE His, H
95.0609 | C5H7N2 HISTIDINE His, H
110.0718 | C5H8N3 HISTIDINE His, H
121.0402 | C6H5N20 HISTIDINE His, H
86.0970 | C5H12N ISOLEUCINE lle, |
70.0657 | CAH8N LEUCINE Leu, L
86.0970 | C5H12N LEUCINE Leu, L
60.0449 | C2H6NO L-SERINE Ser, S
71.0133 | C3H302 L-SERINE Ser, S
57.0578 | C3H7N LYSINE Lys, K
84.0813 | C5H10N LYSINE Lys, K
61.0110 | C2H5S METHIONINE Met, M
104.0534 | C4H10NS METHIONINE Met, M
117.0370 | C5H90S METHIONINE Met, M
120.0813 | CBH10N PHENYLALANINE | Phe, F
132.0575 | C9H80 PHENYLALANINE | Phe, F
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68.0500 | C4H6N PROLINE Pro, P
70.0657 | C4H8N PROLINE Pro, P
69.0340 | C4H50 THREONINE Thr, T
74.0610 | C3H8NO THREONINE Thr, T
130.0657 | C9H8N TRYPTOPHAN Trp, W
159.0922 | C10H11N2 | TRYPTOPHAN Trp, W
170.0606 | C11H8NO | TRYPTOPHAN Trp, W
55.0184 | C3H30 TYROSINE Tyr, Y
107.0497 | C7H70O TYROSINE Tyr, Y
136.0760 | CBHIONO | TYROSINE Tyr, Y
72.0813 | CAH10N VALINE Val, V
83.0469 | C5H70 VALINE Val, V

IL-4 Sequence:
MGLTSQLLPPLFFLLACAGNFVHGHKCDITLQEIIKTLNSLTEQKTLCTELTVTDIFAASKNTTEKETFCRAA
TVLRQFYSHHEKDTRCLGATAQQFHRHKQLIRFLKRLDRNLWGLAGLNSCPVKEANQSTLENFLERLKTI
MREKYSKCSS

IL-10 mouse sequence:

QYSREDN NCTHFPVGQS HMLLELRTAF SQVKTFFQTK DQLDNILLTD SLMQDFKGYL GCQALSEMIQ
FYLVEVMPQA EKHGPEIKEH LNSLGEKLKT LRMRLRRCHR FLKCENKSKA VEQVKSDFNK
LEDQGVYKAM NEFDIFINCI EAYMMIKMKS

Human Collagen VI sequence:
MRAARALLPLLLQACWTAAQDEPETPRAVAFQDCPVDLFFVLDTSESVALRLKPYGALVDKVKSFTKRFI
DNLRDRYYRCDRNLVWNAGALHYSDEVEIQGLTRMPGGRDALKSSVDAVKYFGKGTYTDCAIKKGLEQ
LLVGGSHLKENKYLIVVTDGHPLEGYKEPCGGLEDAVNEAKHLGVKVFSVAITPDHLEPRLSIIATDHTYRR
NFTAADWGQSRDAEEAISQTIDTIVDMIKNNVEQVCCSFECQPARGPPGLRGDPGFEGERGKPGLPGEK
GEAGDPGRPGDLGPVGYQGMKGEKGSRGEKGSRGPKGYKGEKGKRGIDGVDGVKGEMGYPGLPGCK
GSPGFDGIQGPPGPKGDPGAFGLKGEKGEPGADGEAGRPGSSGPSGDEGQPGEPGPPGEKGEAGDE
GNPGPDGAPGERGGPGERGPRGTPGTRGPRGDPGEAGPQGDQGREGPVGVPGDPGEAGPIGPKGY
RGDEGPPGSEGARGAPGPAGPPGDPGLMGERGEDGPAGNGTEGFPGFPGYPGNRGAPGINGTKGYP
GLKGDEGEAGDPGDDNNDIAPRGVKGAKGYRGPEGPQGPPGHQGPPGPDECEILDIIMKMCSCCECKC
GPIDLLFVLDSSESIGLQNFEIAKDFVVKVIDRLSRDELVKFEPGQSYAGVVQYSHSQMQEHVSLRSPSIR
NVQELKEAIKSLQWMAGGTFTGEALQYTRDQLLPPSPNNRIALVITDGRSDTQRDTTPLNVLCSPGIQVV
SVGIKDVFDFIPGSDQLNVISCQGLAPSQGRPGLSLVKENYAELLEDAFLKNVTAQICIDKKCPDYTCPITF
SSPADITILLDGSASVGSHNFDTTKRFAKRLAERFLTAGRTDPAHDVRVAVVQYSGTGQQRPERASLQFL
QNYTALASAVDAMDFINDATDVNDALGYVTRFYREASSGAAKKRLLLFSDGNSQGATPAAIEKAVQEAQR
AGIEIFVVVVGRQVNEPHIRVLVTGKTAEYDVAYGESHLFRVPSYQALLRGVFHQTVSRKVALG

Calculations for mean free path A of electrons in polymers
/I—ME 13.6In(E;) — 17.6 1400
= on 1/ (13.6 In(Ey . Ey )

For nitrogen in pepl:

M = 1060

Ex= 1083

p =1.14g/mL

n=423 valence electrons (188 electrons from carbons, 65 from nitrogen, 96 from oxygen, 74 from
hydrogen

A=3.13 nm

Assuming pepl exists as a sphere with density 1.14g/mL, r of pepl = 0.678nm, thickness of pepl
monolayer is 1.36nm.
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For carbon in pHEMA:

M =130.14

Ex=1198

p=115g/mL

n = 52 valence electrons (24 from carbon, 18 from oxygen, 10 from hydrogen)
A =3.36 nm

I B __
B _ AX/AY <elxsm6 — 1)
Iy

Ax is for nitrogen in pep1, and Ay is for carbon in pHEMA. The S-probe ESCA angle is 55°.
Is/1a=(3.13/3.36)*e"(1.36/(3.13*sin(55))-1) = 0.584

Statistical t-test:
The t statistic of the experimental data is then calculated using the formula:

XT—Xc

varr  varg

nr nc
where X is the sample mean, var is the sample variance, and n is the sample size. T denotes the test or
treatment population, and C denotes the control population. The t statistic is looked up in a table of
significance, which lists the critical values of t for the sample size and chosen alpha level. If the calculated
t statistic is higher than the critical value(p), it can be concluded that there is statistical significance in the
results, and the null hypothesis can be rejected. Typically, a p of 0.05 is used.

Power analysis calculations:
The effect size of a characteristic is calculated by:
A= lur—ucl

where A is the effect size, p is the mean of the characteristic for the test(T) and control(C) groups, and o
is the standard deviation for the characteristic. To calculate the number of animals per group (m) in the
full study, we use the equation[3]:

2
2
(rignos) g
m=———=——-> 4 —=

A 4
where z, _qa is the standard score for a two tailed t-test of alpha level a, and z,_g is the standard score for
2

a power level of (.
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