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Abstract

Biomaterials are used in many different areas. Often, after implantation, severe
host reactions occur which cause the malfunction or failure of the device. In our study,
we wanted to investigate the mechanism of biomaterial-induced fibrosis. We focused on
three areas: i) the relationship between inflammation and fibrosis after implantation, ii)
the role that the SMAD?3 gene plays, and iii) how MRL mice react to biomaterials.

After implantation, acute inflammation occurs immediately. In pathological
fibrosis, it has traditionally been believed that the inflammation is linked to the
downstream fibrosis, though this theory has been challenged recently. In our project, we
did not observe a direct relationship between intentionally induced inflammation and
biomaterial-induced fibrosis. We did observe the dependency of the host reaction on the
type of implanted biomaterial. The SMAD3 gene is tightly linked to the pro-fibrotic
cytokine TGF-f. The SMAD?3 protein mediates the TGF- pathway intracellularly. It
was found in pulmonary fibrosis, SMAD3 knockout (KO) mice had lower production of
collagen. In our project, we did not observe a difference in cellular behaviour on the
surface of the implanted biomaterial between wild-type (WT) and SMAD3 KO mice. We
did observe a difference in the production of TGF-B1. This could be a clue that
biomaterial-induced fibrosis has more than one mechanism/pathway that is not dependent
on TGF-B. In our last project, we studied MRL mice that showed potential in scarless
wound healing. We observed a higher production of MMP-2, MMP-9 and TGF-81.
Histologically, however, we did not see a difference in cellular behaviour between MRL

and C57BL/6 mice. Our results open up the possibilities of different mechanisms and
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pathways in biomaterial-induced fibrosis. Future studies of cytokines and specific cells
could help us further understand the process of encapsulation of the implanted
biomaterials.

Acknowledgement

First and foremost, I would like to thank my supervisor Dr. K. Jones for making
this all possible. Without her guidance, I would not have been able to complete this task.
I would like to thank her for being patient with me, and her advices in, not only research,
but also different aspects of my life.

I would also like to thank all my colleagues from the biomaterial/tissue
engineering lab, for their support and encouragement inside and outside of the lab. The
memories of spending time them, from learning how to use a new equipment/technique to
how to play the game of softball, will always be cherished.

I would not be who 1 am today without the love from my family. The positive
work ethic influence from my father, the heart warming advice from my mother, the
relaxing laughter from my sister, and finally the love from my recently passed away Ah-
ma (grandmother) are all part of my motivation to finish this degree.

Finally, I would like to thank God for his Love.

iv



03 L0 T P PR i

Descriptive NOte. .ccvviiiiniiiiiiiiuiiiittiiiiecitteietccisttessstesestssssscsssscssnsssonsssonsance ii
ADSEIACE. ceveiiinnirressnsnssscersessttscseenstesssnasessesesssscssssssssssesssssssssssssssasssanacn iii
Acknowledgement.......cccoieeieiinniiniiiiiiiiiieiiietiirinterattersetasesncssssssntosacencsanas iv
1. INtrodUCtION.  .cvveiiiiieniiiiienroesiinsscssesescssesssssessasssssscssssosecsssssssssssscsssances 1
2. Literature ReVIEW....ccciciiiieiiiiiiiiiiiiinicieecietesnerscseessonstosnsssosssesssscsensns 4
2.1 Wound Healing. .......ccoviniiiiiiiiiiiiiiiiteee et e ee et eteeaeeeeean 4

2.2 TisSue ENgineering. ......couevueeniiiuiiiiiii it 9

2.3 Implanted Biomaterials and Host Reactions ............ccocevviiiiiiiiiinnn 12

2.3.1 Protein Adhesion and Complement Activation........................ 15

2.3.2 Adhesion and Fusion of Macrophages in Fibrous Encapsulati...... 16

2.3.3 The NEW Biomaterials.........c.ccooeiiiiiiiiiiiiiiiiiiiiiiinin .. 18

2.4 Inflammation and Fibrosis............cooviiiiiiiiiiiiiiiiiiiiiiiiiaes 20

2.5 S A DD .. et 20

2.6 The Scarless Wonder- MRL MiCE.......vvviuinineieiiiiniiiiie i, 22

3. Acute Inflammation and Fibrosis Induced by Biomaterials........c.c............. 36
70 B 115 (o To 11 et T + D PPN 36

3.2 Experimental Methods.........cccooiiiiiiiiiiiiiiiiiiiii 37

3.2.1 Experimental Outline............ooeiieiiiiiiiiiiiiiiiiiiiiinnn, 37

3.2.2 Material Preparation...........cccoviiiiiiiniiiiiiiiiiiiiiii, 38

3.2.3 IL-1P and TGF-B concentrations............c.ceeeveiiiinieniineennnnn. 39

3.2.4 H&E Staining and Cell Layer Thickness on Material Surface...... 40

3.2.5 Collagen. .. . ouiniiiiit i 40

3.2.6 Flow Cytometry.....cuuiniiiitiiii i 41

3.2.7 ANIMALS. ..ottt e e eees 42

3.2.8 Statistical ANalysiS.....c.ioiiiuiiirirriiniiieiiriiai i 42

3.3 RESUIS. .ottt 42

3.3.1 Concentration of IL-1 and TGF-f in different treatments.............43

3.3.2 Material Surface Cellular Behaviour..............ccoeviiiiininn. 45

3.3.3 Cell Type Distribution........cccoveiiiiiieiiiiiiiiiiiiiiiiiiinnnn. 46

KT I D T CE) () « N 47

4. Fibrosis Induced by Silicone in SMAD3 KO Mice......ccccevutinnriinrinncnncnnnn 71
4.1 INtrodUCHON. .....oniiie e e 71

4.2 Experimental Methods...........cooiiiiiiiiiiiiiiiiiiiiiiii 72

4.2.1 Experimental Outline.............ccoiiiiiiiiiiiiiiiiiiiiiiiiinnenn. 72

4.2.2 Material Preparation...........coceveiieeiininiiieiiiiieenn 73

4.2.3 TGF-B1 conCentrations. ........co.vueeeiieiniiiinineieeieiniiiniiennenens 73

4.2.4 H&E Staining and Cell Layer Thickness on Material Surface...... 74

4.2.5 FIOW CYlOMEIIY....ititiite ittt iiienie e ceiieee e e e eaneeaneanaeanees 75

A\



4.3 RESUIS. ..ottt e e 76

T3 B T EL T « D P 80

5. Fibrosis Induced by Silicone in MRL Mice.....cc.cocvieiiiiiiineieeineiecncienenne 96
5.1 INtroduCtion. .....o.eieentiiiri e 96

5.2 Experimental Methods.........cooeviiiiiiiiiiiiiiiiiiiiiiiiic e e 97

4.2.1 Experimental Outline.................coociiiiiiiiiiiiniiienn, 97

4.2.2 Material Preparation.............ccooeiiiiiiiiiiiiiiiiiiiii e, 98

4.2.3 TGF-B1l concentrations. ...........ocvveveinvneeneniienneneeenerneneenenn. 98

4.2.4 MMP-2 and MMP-9 concentrations. ...........coceveeriieirneneanennnns 99

4.2.5 H&E Staining and Cell Layer Thickness on Material Surface...... 99

4.2.6 FIow Cylometry...ootiitiiitiirtiiieiie et ieieeieieeeineaanaanns 100

4.2.7 ANIMAlS. . ..ottt e e e e 101

4.2.8 Statistical AnalysiS.......ooevuieuiriniiiiiiiiiiiiiiiiieeieaaas 101

0 T 2= 1 101

5.4 DISCUSSIOM .ttt ettt ettt e et e e e et e e e as 105

6. Conclusion and Future Recommendations.........cocecveiirveinieiinnriisicnscncass 123
Appendix A: ELISA (TL-1P)cccccccuieucieriuiincieecaciniiecrcessarsescssessoncescsscossnses 127
Appendix B: ELISA (TGF-P1).ccccciueiiiiiiiiiiiiiiirieiiiriinciesiiicissiesccaccascnsses 129

vi



MASc Thesis- A. C. Chang McMaster University- Chemical Engineering

1. Introduction

Imagine one day that a kidney failure patient does not need a transplant anymore,
and a knee anterior-cruciate-ligament torn athlete can have the ligament replaced without
cutting a piece of the tendon off their hamstring. With the idea of tissue engineering, the
dreams mentioned above are all possible. Damaged tissues/organs in the body are
sometimes irreparable without intervention. With the combination of research and
application, scientists and engineers created the idea of tissue engineering: to replace a
damaged tissue/organ by using a scaffold to mimic its mechanical and biological
properties and induce self repair and regeneration. Polymeric biomaterials are usually
used as the scaffold (an artificial extracellular matrix) to deliver the essential cells and
biological molecules to induce the growth. Ideally, the growth of the tissue/organ occurs
as the biomaterial degrades, as when it is fully repaired the biomaterial is completely
degraded. During the implantation, the biomaterial makes the initial contact with the
body and usually induces a severe host response. A damaging fibrotic response usually
results, in which the biomaterial is treated as a foreign object and induces encapsulation.
The deposition of collagen on the surface of the biomaterial blocks the communication
between the introduced cells and molecules, and the surrounding environment, which
defeats the purpose of tissue replacement for regeneration. Therefore, to achieve the goal
of repair and regeneration, we must understand the mechanism of the fibrotic response
toward the biomaterials in order to control its severity.

Fibrosis in different tissues and organs (eg. lung, renal) is well studied, though not
when it is induced by an implanted biomaterial. We hypothesized that pathological
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fibrosis and biomaterial-induced fibrosis share similar pathways, though there are factors
to biomaterial-induced fibrosis that are yet to be discovered.

Rather than randomly testing different types of biomaterials and hopefully
finding a biocompatible one, we focused our study on understanding the mechanism of
biomaterial-induced fibrosis in order to control it. We investigated, with the implanted
biomaterial:

i) how is inflammation involved and related to biomaterial-induced fibrosis?

i1) how important is the SMAD3 pathway in biomaterial-induced fibrosis?

iii)  does a “scarless-healing” mouse strain have as severe a fibrotic response

when it is induced by a implanted biomaterial?

In our first project we focused on the relationship between inflammation and
biomaterial-induced fibrosis. We measured the concentrations of pro-fibrotic and pro-
inflammatory cytokines and studied how they correlate to the cellular population at the
implantation site and the cellular behaviour on the surface of the biomaterial. In our
second project, we switched our focus to the potential influence of the SMAD3 gene on
biomaterial-induced fibrosis. We studied how SMAD3 knockout (KO) mice behave
differently to wild-type (WT) mice in TGF-B1 production, cellular population and the
biomaterial surface interaction. In our third project, we studied how a “scarless-healing”
mouse strain behaves when the “scar” is induced by a implanted biomaterial, and whether
this strain of mice can perform “scarlessly” when responding to an implanted biomaterial.
If they did, we wanted to determine the difference in the mechanism between the

normally fibrotic and the non-fibrotic responses to implanted biomaterials.
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In the Literature Review, we will give an explanation of tissue engineering. We
will also talk about in what areas biomaterials are used other than tissue engineering.
Finally, we will give background information on each of the projects that we studied and

how they are related to each other.
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2. Literature Review

2.1 Wound Healing

The understanding of wound healing is the base of understanding how the body
reacts to an implanted biomaterial. The process of wound healing is broken down into
three phases: inflammation, proliferation, and maturation [1]. In wound healing, the body
must first control the bleeding. The process involved is called hemostasis. The blood
vessels constrict and the surrounding epithelium and platelets start the coagulation
cascade immediately. The clot formed from coagulation is composed of collagen,
fibronectin, thrombin, and platelets. Cytokines and growth factors are then released by
these factors to induce acute inflammation [2]. The clot also acts as the three
dimensional scaffold for the migrated cells like neutrophils, monocytes and fibroblasts,
and to cytokines and growth factors [3,4]. Inflammation is characterized by the
immediate response by neutrophils. The inflammatory mediators such as IL-1
(interleukin-1) and TNF-a (tumour necrosis factor-alpha) induce the dilation of the vessel
and draw the neutrophils to the site of injury [5,6]. The main role of neutrophils in the
injury site is to eliminate the invading bacteria and cellular debris by releasing proteolytic
enzymes. One would wonder, how does the protease know not to harm the healthy tissue?
They are in fact protected by the protease inhibitors [7]. Though if the inﬂammatio;l is
overwhelmingly strong, the protection could be invaded and penetrated. Nearby
monocytes also migrate to the area and differentiate into macrophages 48-96 hours after
injury. It is crucial that the macrophages are activated to allow the smooth transition
from inflammation to proliferation [1]. Macrophages phagocytosize the dead neutrophils

4
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that enter apoptosis, and continue neutrophils’ unfinished job. Macrophages kill the
pathogens by producing NO (nitric oxide). The presence of IL-1 and TNF-a also helps
the production of NO [8]. MMPs (matrix metalloproteinase) which are secreted by
fibroblasts, monocytes, and macrophages (with the help of TNF-a) clean up the injured
ECM (extracellular matrix). MMPs also help guide the wound cells to migrate through
the ECM [9]. Eventually inflammation reaches its checkout points by a series of signals
[10,11].

After inflammation, wound healing enters the proliferation stage. Epithelial cells
on the skin edge of the injury start to proliferate and build a protective layer to prevent
fluid loss from the body and bacterial invasion from the outer environment, and the
epithelial cells close to inner venules start to form capillaries. TGF-p and EGF (epithelial
growth factor) secreted by macrophages and activated platelets play an important role as
chemoattractants in inducing the proliferation of epithelial cells [12,13]. Another type of
cell that proliferates rapidly in this stage is the fibroblast. These cells migrate to the
injury site, after activation (signaled by PDGF (platelet derived growth factor) and EGF
derived from platelets and macrophages), start to produce collagen and continue to
proliferate. Autocrine and paracrine signaling also increase the magnitude of PDGF
expression by fibroblasts. Fibroblasts continue to produce collagen and prepare for
wound contraction by transforming into myofibroblasts, induced by TGF- . At this point,
the proliferation rate has dropped from its elevated level at the beginning of the stage [14-
16]. Provisional matrix is also synthesized at this point. Through the interaction with

integrins, cells are guided to the matrix and upregulated by TNF-a [17]. The
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concentration of TGF-3 peaks at the same time as rapid production of collagen I to build
the ECM, and decreases with maturation/remodeling/degradation. This multi-functional
cytokine also decreases the production of MMP, increases the production of TIMP (tissue
inhibitor of metalloproteinase), and increases the production of cell adhesion proteins [8].

After inflammation and proliferation, wound healing enters the stage of
maturation and remodeling. The wound matrix built from the first two stages is made of
mainly fibrin and fibronectin. The area is thin, which allows cells like neutrophils and
macrophages to migrate through. This unorganized matrix is later replaced by collagen
produced by fibroblasts, and becomes denser, thicker and therefore stronger. Collagen in
healthy skin is 80 to 90 percent type I, and 10 to 20 percent type III. In granulation tissue,
type II collagen increases to 30 percent and is back down to 10 percent in a mature scar
[15]. There is more than one set of MMPs, each with a different function, that, with the
influence of cytokines, induces different types of collagens. As mentioned earlier, the
cytokines that affect MMPs’ activity are TGF-B, PDGF, IL-1 and EGF. TIMP also
inhibits the activation of MMPs in order to upregulate TGF-f and IL-6; the production of
IL-6 by fibroblasts is also influenced by TNF-a [18]. It is obvious all these cytokines,
growth factors, and cells have very complicated yet elegant and precise relationships in
order to complete the process of wound healing.

As mentioned earlier, fibroblasts transform into myofibroblasts with the aid of
TGF-B. The transformation is to increase the contractibility of the cells [19]. The
production of collagen continues for 4 to 5 weeks. The number of fibroblasts and

collagen production per fibroblast increases as well during this period [20,21]. Over time,
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the strength of collagen increases, though it will never be as strong as the uninjured skin.
Figure 2.1 gives an outline of factor production with time, and Figure 2.2 gives an outline

of time-cell population relationship post injury [2].

Maturation

Proliferation

Inflammation
Amount of
Protein Fibronectin
Synthesized Wound Breaking Strength

12 14 16

Days After Wounding

Figure 2.1. The relationship between time and matrix components. Fibronectin is the
main component of early matrix structure. As the concentration of collagen I increases,
the strength of the scar increases as well [2]. Adapted from Witte, M., and Barbul, A.

General principles of wound healing. Surg. Clin. North Am. 77: 509, 1997

We will focus on the cells that play important roles in wound healing at the end of

this section. Neutrophils are the first cellular defense line of the body. They enter the
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injury site minutes after injury and peak within the first 24 hours. Factors that that help
the migration of neutrophils to the site include: vascular permeability due to
inflammation, and chemoattractants released by platelets like IL-1, TNF-o [2,6].
Neutrophils move to the initial provisional matrix made of fibrin and thrombus, and
adhere to the epithelium. These cells then move through the vessel wall and to the wound
site. The integrins on the surface of the cells help the adhesion of the cells to ECM [2].
The main role of neutrophils is to destroy the invading organisms and cells by
phagocytosing them and releasing proteolytic enzymes. Protease inhibitor protects the
matrix. To complete the job, neutrophils also produce free oxygen radicals to bind with
chloride to aid the killing of bacteria [7]. Note that neutrophils are not needed for
collagen synthesis [22].

Macrophages have a role in both inflammation and proliferation stages of wound
healing. These cells have vast involvements in wound healing. Other than phagocytosis,
the secretion of NO by macrophages makes sure there is no replication of DNA from
viruses within cells. Cytokines and growth factors secreted by macrophages regulate the
recruitment of cells like fibroblasts and their proliferation, even the repair cells like
epithelial cells [23,24]. Monocytes are the precursor of macrophages, and their

differentiation is induced by cytokines like IL-2, TNF-a and PDGF [18].
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Maturation

Proliferation

Inflammation

Meutrophils

Cell
Population

Days After Wounding

Figure 2.2. The relationship between time and cell populations. Neutrophils peak
earliest as they are the first cell line of defense. The population of fibroblasts proliferates
to increase the production of collagen I [2]. Adapted from Witte, M., and Barbul, A.

General principles of wound healing. Surg. Clin. North Am. 77: 509, 1997

2.2 Tissue Engineering

The purpose of tissue engineering is to use biomaterials as a scaffold to carry
necessary cells and bioactive molecules to interact with the environment in vivo to induce
the regeneration (wound healing) of the damaged tissues/organs without causing

excessive host reactions which could eventually cause more harm than good [25,26].
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Tissue engineering, by approach, can be categorized in (at least) two: acellular
matrices, and matrices with cells. Acellular matrices are tissues with the removal of cells
by mechanical or chemical manipulation to produce collagen-rich matrices. After
implantation, the matrices are desired to be degraded with the ingrowth of cells from the
environment in vivo [25,27]. In cell based tissue engineering, the cells are seeded into a
scaffold made of biomaterials. The biomaterials are desired to have similar biological,
chemical and mechanical properties of the injured tissue or native ECM (extracellular
matrix) in order to serve as a temporary replacement until the tissue is fully regenerated
[25]. The scaffolds are usually designed as a three dimensional structure in order to carry
the cells and bioactive factors efficiently. In early stages of regeneration, the scaffold
should be able to allow the cells to expand within, and interact with the cells and
bioactive factors, such as cytokines and growth factors, at the site of implantation [28].
The characteristics of the surface should allow the surrounding proteins and cells to
adhere in order to have interactions and desired subsequent influences on wound healing
[29].

The biomaterial is desired to: 1) mimic the properties of the tissue it replaces; ii)
not cause chronic inflammation, and iii) be biodegradable with time. An incompatible
biomaterial will eventually lead to rejection and foreign body reactions by the host, and
cause necrosis of the surrounding tissue. This process is discussed in the section of
Implanted Biomaterials and Host Reactions in detail. The degradability of the
biomaterial is also very important. The rate of degradation should be at the level that is

tolerable to the host. By tolerable we mean that the degraded particles should be non-
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toxic and able to be metabolized by the body [30]. At later stages of regeneration, the
biomaterial should not hinder the regeneration and the growing of the cells and tissue
[28].

Typically, biomaterials are divided into two classes: naturally derived and
synthetic. Naturally derived biomaterials (e.g., alginates, gelatin, collagen) are composed
of polypeptides, polysaccharides, proteins and nucleic acids [31-33]. Collagen has been
used in the areas of nerve repair [34] and bladder engineering [35]; matrigel has
contributed in the repairing of spinal cord [36]. Natural biomaterials have several
advantages over synthetic biomaterials, including: adhesion selectivity (recognizable to
the host cells), similarity of mechanical properties to tissues, and ability to be degraded
without toxic byproducts. The main disadvantages of natural biomaterials include: 1) risk
of bacterial or viral infection if not sterilized properly; ii) unstable supplying source, iii)
change of properties after sterilization, and iv) inability to be manipulated due to the
possibility of denaturing the material [26,37,38]. Synthetic biomaterials have much
wider ranges in terms of structures, and chemical and mechanical properties, but they
often cause strong host reactions. Synthetic biomaterials can also be divided into
biodegradable and non-biodegradable classes [39]. Non-biodegradable materials like
Teflon has been used in vascular grafts [40], and high density polyethylene for hip
implants [41]. For the purpose of tissue engineering, the materials that make the scaffold

are typically biodegradable.
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2.3 Implanted Biomaterials and Host Reactions

Biomaterials are used in many different ways in our life as shown in Table 2.1
[42]. This area of study consists of many different fields including surface science,
bioengineering, biology, medicine, and chemical engineering. Over the past fifty years,
this has cost over one hundred billion dollars [42].

Implants have been used for at least 2000 years, though most cases in early stages
ended with failure due to host reactions to the biomaterials. Even though the mechanisms
of host reactions were not defined, different materials were chosen through trial and error.
Implanted biomaterials usually cause initial inflammation, then fibrosis and the
encapsulation of the biomaterial. The host reaction toward an implanted biomaterial
could be broken down to several steps: surgical injury, blood-material contact,
provisional matrix formation, acute and chronic inflammation, development of
granulation tissue, foreign body reaction, and finally fibrosis and fibrous encapsulation
with thickness ranges from 50-200um [42-45]. A chronological outline is shown in

Figure 2.3 [42].

12



MASc Thesis- A. C. Chang McMaster University- Chemical Engineering

Table 2.1. Different applications of biomaterials. Adapted from Ratner, B., and Bryant,
S., Biomaterials: Where We Have Been and Where We Are Going. Annu. Rev. Biomed.

Eng. 6:41-75, 2004

Applications of Biomaterials
Artery graft

Breast implant

Cochlear implant

Ear drainage tube

Dental implant

Feeding tube

Glaucoma drainage tube
Hydrocephalous shunt
Intraocular lens

Joints (hip, knee, shoulder)
Keratorprothesis

Left ventricular assit device
Mechanical heart valve
Nerve guidance tube
Ophthalmic drug delivery device
Pacemaker

Renal dialyzer

Stent

Tissue adhesive

Urinary catheter

Heart Valve

Wound dressing

X-ray guide

Zirconium knee joint

13
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Post Implantation

Immediate to hours Bisuaterad

<> -

Protein adsorption to the
surface of the biomaterial

linutes fo 2 days

- Biomaterial < e

Heutrophils, then
macrophages attack!

1 ;
— T, /
= 2-10+ davs “"“* -
- -"{
Formation of giant cells & the
synthesis and release of cytokines
3+ wesks
—
\

Biomaterial-induced-fibrosis &
encapsulation

Figure 2.3. An outline of foreign body reaction to an implanted biomaterial. Adapted

from Ratner, B., and Bryant, S., Biomaterials: Where We Have Been and Where We Are

Going. Annu. Rev. Biomed. Eng. 6:41-75, 2004
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2.3.1 Protein Adsorption and Complement Activation

After implantation, there is unavoidable immediate blood contact with the
implanted biomaterial due to surgery. Proteins are adsorbed to the surface of the
biomaterial and a blood-based transient provisional matrix (mostly fibrin) forms around
the biomaterial. Acute and chronic inflammation then occurs and the severity of the
response is influenced by the type of biomaterial, the location of the implantation and the
degree of surgery [46]. We will discuss inflammation induced by biomaterials in more
detail in the Inflammation and Fibrosis section.

Protein adsorption is the first interaction that the implanted biomaterial has with
the host. A layer of protein is immediately adsorbed to the surface of the biomaterial.
The types of protein that are attached to the surface of the biomaterial is influenced by the
Vroman Effect [47]. The concentrations, types and conformations of adsorbed and
desorbed proteins to the surface of the biomaterial further influence the sequence of
reaction from the host toward the implant [48], including the adhesion and activities of
cells like monocytes, macrophages and FBGCs (foreign body giant cells). The
interaction between the adsorbed proteins like albumin, y globulin, complement,
fibronectin, and fibrinogen, and the receptors on the surface of the inflammatory cells
consequently affect the recognition of cells toward the implanted biomaterial [49-51].

The complement system is a major host defense toward infection and foreign
substances. Implantation of biomaterials such as catheters, hemodialyzers, oxygenators
and stents that have strong blood/material interactions often induce strong complement

activation, and cause adverse side-effects such as leukocyte adhesion, clotting and
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inflammation [52-54].

2.3.2 Adhesion and Fusion of Macrophages in Fibrous Encapsulation

Monocytes and macrophages are guided to the surface of the biomaterial on the
first two to three days of implantation by chemokines and chemoattractants [46,55].
Chemokines are cytokines that are active in cell activation, differentiation and trafficking.
They are divided into four major families: CC, CXC, C and CX3C [56]. The platelets
and clot on the surface of the biomaterial release chemoattractants such as TGF-f
(transforming growth factor beta) to guide macrophages to the implant site [1].
Macrophages themselves also produce more factors, such as PDGF (platelet-derived
growth factor) and TNF-a (tumour necrosis factor-alpha), that attract more macrophages
to the site [1]. As shown in Figure 2.4 [46], the monocytes first adhere to the biomaterial
and differentiate into macrophages and FBGCs. The communication between
extracellular matrix and intracellular activities is through integrins. They are receptors on
the surface of monocytes/macrophages that mediate the communication between the
adsorbed protein matrix on the surface of the biomaterial and the intracellular activities of
the cells [57,58]. Through the communication, it allows the cells to interact with the
surrounding environment and the cells close by [57]. Integrins are heterodimers and the
partnering of the two different subunits a and B gives the receptors variety in function
[59]. Macrophage behaviour could be affected by the surface integrin binding to the
protein layer on the surface of implanted biomaterial. The intracellular signal conduction

could change the cytoskeletal arrangement and structure [60]. The adhesion structure of
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the macrophage onto the surface is the podosome. After adhesion, cytoskeletal
remodeling occurs and the macrophages spread over the material surface [61]. The
properties of the surface of the implanted biomaterial play an important role on what
types of protein are absorbed and released over time, and subsequently affect the type of
the integrins that bind to the surface [62] and downstream reactions from the host.
Integrins not only control the adhesion of the cells to the biomaterial surface, they also
play an important role in cell death and cell detachment from the surface of the implant

and the remodeling of the regenerated tissue [63].

Monocytes Macrophages ~ Foreign Body Giant Cells (FBGC)
Location:
Blood Tissue Tissue&Biomaterial Biomaterial
s @@ v
igrati ; Adhesion
Migration X i :
r&%?;;zz 3 Differentiation&

Differentiation fclation

Figure 2.4. The transition and differentiation from monocytes to macrophages, and the
fusion of macrophages to FBGCs. Adapted from Ratner, B., and Bryant, S., Biomaterials:

Where We Have Been and Where We Are Going. Annu. Rev. Biomed. Eng. 6:41-75, 2004

Macrophages adhered on the surface of the biomaterial fuse together and form
FBGCs, though the exact mechanism has not been determined. There is evidence that

FBGCs have similar antigenic phenotype as monocytes and macrophages [64]. A study
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did show that the fusion is material dependent which could be an indication that the
adsorbed proteins on the surface of the biomaterial again play an important role in host
reaction to the implant [65]. After fusion, macrophages and FBGCs release mediators in
an attempt to degrade the implanted biomaterial. The macrophages activated by the
implanted biomaterial also affect fibroblast activity by causing over expression of pro-
fibrotic ECM (extra cellular matrix) protein fibronectin and by producing pro-fibrotic
factors [66,67]. A fibrous capsule is then developed around the surface of the biomaterial
and interferes with the function of the implant.

Fibrosis is the end stage of host reaction to the implanted biomaterial. It is also
called fibrous encapsulation, a layer of thick, dense, compact collagen. From the aspect
of tissue engineering, ideally with the regeneration of the tissue, the biomaterial would be
degraded at the same time. Unfortunately, what actually happens is fibrosis induced by
the implanted biomaterial. The fibrous layer on the surface of the implanted biomaterial,
i) in tissue engineering: blocks the integration and communication between the carried
molecules of the scaffold and the surrounding environment; ii) limits the performance of
the biomaterial in applications such as biosensors, drug delivery, electrical lead/electrodes,
or orthopedic prostheses [54,68-70]. In the current stage of research, we still do not have

a full understanding of the mechanism of biomaterial-induced fibrosis.

2.3.3 The NEW Biomaterials
With the understanding of host responses to the implanted biomaterials,

scientists/engineers have responded with the design of a new generation of biomaterials.
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They could be classified into surface-modified, drug and cell delivery designed,
biological inspired, and sophisticated three dimensional biomaterials [42].
Surface-modified biomaterials are designed to overcome the non-specific
adsorption of proteins, which as mentioned earlier, could have a downstream influence on
host response. The focus has been on modifying the surface of the biomaterial in order to
prevent or control the protein interaction and to coat the surface with appropriate
signaling molecules. A very commonly studied biomaterial that prevents the adsorption
of proteins [71,72] and the adhesion of cells [73,74] is PEG (Poly(ethylene glycol)). An
example of surface modification intending to guide and control cell adhesion is the
application of arginine-glycine-aspartic acid (RGD) onto the surface of the biomaterial.
RGD is a short amino acid chain that is commonly found in proteins like fibronectin,
laminin, collagen, and vitronectin [75-78]. A biologically inspired material is designed to
mimic the properties and processes fhat occur in the body. This type of biomaterial can
usually be categorized as self-assembled, biomimetic or acellular material [42]. Self-
assembled biomaterials are controlled by covalent bonds, hydrogen, ionic or van der
Waals bonds. The final three dimensional structure of this type of material is mainly
affected by the molecule’s length and composition [79]. Biomimetic biomaterials are
synthetic biomaterials with biological cues in order to mimic the repairing tissues. As
mentioned earlier, both PEG and RGD are used for this purpose. Acellular biomaterials,
as mentioned earlier, are biomaterials without cellular components to reduce host immune

response.
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2.4 Inflammation and Fibrosis

Acute inflammation occurs minutes after the biomaterial is implanted into the
body, though it is not clear what the relationship is between biomaterial-induced-
inflammation and biomaterial-induced fibrosis. Many studies have been done on
pathological fibrosis to understand its mechanism and its relation to inflammation, for
example, in pulmonary fibrosis [80].

Traditionally, scientists believed that fibrosis was an end result of repeated repair
of the tissue and occurrence of inflammation characterized by flux of cytokines like
interleukin-1 (IL-1) and cells like neutrophils [81], but this idea has been challenged
recently [82]. TGF-B (transforming growth factor-beta) is a well known pro-fibrotic
cytokine, which causes the differentiation of myofibroblasts that play a crucial role in
fibrosis [83-85]. IL-1 (interleukin-1) is a pro-inflammatory cytokine and is characteristic
of acute inflammation [86-88]. The technique of adenovirus vectors has been used to
over-express IL-1 and TGF- genes in mice. In the mice that had over expression of IL-
1, acute inflammation was observed though no significant evidence of fibrosis [88]. In
mice over expressing TGF-P, there was fibrosis independent of acute inflammation [89].
In our study, we are interested in how inflammation is related to biomaterial-induced

fibrosis.

2.5 SMAD3

SMAD?2 and SMAD3 are cytoplasmic signal transducer proteins, and function in

mediating the signals from activated TGF-BR(receptor) [90]. Particularly related to
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fibrosis, one study has shown that SMAD3 is the key mediator in TGF-f signaling in
fibroblasts [91]. The relationships between the SMAD3 gene, TGF-B1 and fibrosis have
been widely studied, including in cystic, skin, vascular, renal and pulmonary fibrosis [92-
97].

In vascular fibrosis, it was found that mice that stimulated Ang II upregulated
TGF-B1 in both human and animal models [98-100]. Even though TGF-B1 receptors are
undetectable near fibrotic regions, intracellular SMAD2 and SMAD3 are expressed [101].
Activation of SMAD2 and SMAD?3 expression were also found to precede, in vivo, the
accumulation of collagen in the thickened intima of human renal arteries obtained from
hypertension and atherosclerosis patients. It was further demonstrated that the induction
of collagen and CTGF required SMAD3 but not SMAD2 by using vascular SMCs
obtained from SMAD2 and SMAD3 knockout mice [102]. In cystic fibrosis, the
reduction of SMAD3 protein expression altered TGF-f1-mediated signaling [93].
SMAD3 KO mice did not show a different healing mechanism than WT mice in early
time points after skin lesions, but by the 28" day, SMAD3 KO mice had attenuated
fibrosis with lower synthesis and accumulation of collagen [94]. Studies have also shown
a less severe renal fibrosis induced by unilateral ureteral obstruction in SMAD3 lacking
and null mice [92,103]. Pulmonary fibrosis’ relationships with SMAD3 gene and TGF-
B1 have been studied as well, mostly by Gauldie and colleagues. SMAD3 KO mice are
found to be resistant to TGF-pB1 mediated fibrosis [104]. Transient gene transfer of TGF-
Bl into SMAD3 KO mice did not induce progressive fibrosis, nor did it induce the

activation of other fibrogenisis-related genes [105]. Similar results were also found by
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another group: SMAD?3 deficient mice had attenuated collagen deposition when fibrosis
was bleomycin-induced [96].

Studies have shown that SMAD3 KO mice do not develop lung fibrosis induced
by bleomycin [106], and the link between fibrosis and TGF-B-SMAD3 signaling pathway

has been shown in different tissues [107-114].

2.6 The Scarless Wonder: MRL Mice

The scarless healing ability of MRL mice was first observed by accident as ear
punch marks were healed without scarring [115]. These mice are an interbreed of LG
mouse, the AKR mouse, the C3H mouse and the C57BL/6 mouse [116]. In several
studies, MRL mice showed the potential for scarless repair and regeneration of wounded
tissue. This strain of mice has shown scarless regeneration at different sites of the body,
including: ears [117,118], myocardial tissue after a cryo-injury [119], and accelerated
healing in alkali-burned corneas with reduced inflammation [120], though scarless
healing is not always the case. Other studies have also shown that MRL mice did not
display the same scarless phenomena, for example, heart injury induced by ischemia-
reperfusion [121,122], and dorsal subcutaneous injury [123].

MMPs are involved in many biological pathways and pathological diseases,
especially in remodeling responses involving collagen and other extracellular matrix
molecules [124-126]. In our study, we focus on MMP-2 and MMP-9. Studies have
shown that MRL mice express higher levels of MMP-2 and MMP-9 [127,128], and tissue

inhibitors of metalloproteinases (TIMP) levels are lower in MRL mice than in C57BL/6
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mice [129]. These two enzymes are secreted by different types of cells in ECM
remodeling at injured tissue sites [130,131]. These two MMPs are up-regulated only in
migratory, not stationary or adhered, fibroblasts [132]. Other than fibroblasts, neutrophils
and macrophages also produce MMPs during the process of wound healing [133]. On a
cellular level, both neutrophils and macrophages show positive expression for MMP-2
and MMP-9, though at different time points, and MMPs were found in both pro and
active form [134]. The high expression of MMPs gives us a possible explanation of the
scarless healing in MRL mice: high concentration MMPs with low concentration of its

inhibitor. MMP-9 has also been shown to be involved in fetal scarless healing [135].
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3. Acute Inflammation and Fibrosis Induced by Biomaterials

3.1 Introduction

Inflammation was traditionally thought to have a direct relationship to the severity
to fibrosis, though recently studies have challenged such a theory. A lack of definitive
evidence was found between inflammation and idiopathic pulmonary fibrosis [1]. Recent
findings have shown that acute inflammation and disease fibrosis share the initial
pathway, though the severity of acute inflammation does not correlate to the severity of
fibrosis [2]. TGF-B (transforming growth factor-beta) is a well known pro-fibrotic
cytokine [3,4] and was found to link inflammation to chronic fibrogenesis [5]. The roles
that this cytokine plays includes promoting the transformation of fibroblasts to
myofibroblasts, inducing matrix protein synthesis, and inhibiting the degradation of
deposited collagen [2,5]. IL-1 (interleukin-1) is an inflammatory cytokine which has
been found in tissues undergoing chronic inflammation and fibrogenesis in some animal
models [2,6-8]. Inhibition of IL-1f at the early stage of fibrosis in animal models was
also found to cause attenuation [2,9] which gives the potentially important role of IL-1p
in the conversion of inflammation to fibrosis [2]. Though many studies have been done
on pathological fibrosis, there has not been much work done toward studying the
relationship between inflammation and fibrosis induced by an implanted biomaterial.

In this study, we wanted to investigate the relationship between early stage
inflammation and biomaterial-induced fibrosis in vivo. The two materials used were

silicone and poly(lactic-co-glycolic acid) (PLGA 85:15). LPS (Lipopolysaccharide) was
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applied to intentionally induce acute inflammation. We observed that silicone induced
much more severe inflammation and fibrosis than PLGA did. The application of LPS

increased the production of IL-1f, though not TGF-B1.

3.2 Experimental Methods

3.2.1 Experimental Outline

We were interested in how the host animal responded to the implanted biomaterial,
in particular the fibrotic response. We first implanted a small piece of biomaterial into
the peritoneal cavity. After 3 days of implantation, we explanted the material and studied
the host response at the cellular and molecular level.

Prior to the explantation of the biomaterial, we injected 2ml of phosphate-
buffered- saline (PBS) solution into the peritoneal cavity of the animal. This method was
designed to collect the migrated/proliferated cells and secreted cytokines due to the -
responses toward the implanted biomaterial. The extracted PBS was centrifuged at
900RPM for 6 minutes to separate the supernatant from the cells. The supernatant was
analyzed using ELISA (Enzyme-Linked ImmunoSorbent Assay) to find the concentration
of cytokines Interleukin-1B (IL-1) and Transforming-Growth-Factor-Betal (TGF-B1).
After explanting, the retrieved biomaterial was first fixed in 10% formalin for 72 hours
then stored in 70% ethanol before being treated with H&E (haematoxylin and eosin) and
Mason Trichrome stains.

We used ELISA to find the types of cytokines that were present in the peritoneal

cavity where the biomaterial was implanted. We used the histology pictures of tubes cut
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in cross-section to observe what cells were attracted to the surface of the biomaterials,
and Flow Cytometry to investigate the types of cells that were in the peritoneal cavity of

the animal.

3.2.2 Material Preparation

We implanted two different types of biomaterial into the peritoneal cavity of the
mice to investigate the mechanism of the fibrotic responses toward the biomaterials.
There were four different treatments: 1) a silicone tube, 2) a silicone tube incubated with
endotoxin (Img/ml at 37°C) for two hours prior to the implantation, sterilized silicone
tube coated with poly(lactic-co-glycolic acid) (PLGA 85:15), and finally PLGA coated
silicone tubes incubated with endotoxin for two hours prior to the surgery. The silicone
tubes were purchased from VWR International Co. (Brishane Cal.) and were Smm in
diameter and 5Smm long; PLGA 85:15 was purchased from Aldrich (Cat: 430471-5G)
The coating of PLGA onto the silicone tube was performed in the biocabinet to ensure the
sterility. Also all instruments used in the coating process were sterilized prior to
preparation. We first dissolved solid PLGA in 100% acetone with the concentration 1g
PLGA/ml acetone. The silicone tube was then dipped into the solution and immediately
taken out with tweezers and placed on a sterile glass coverslip to be air dried within. the
biosafety cabinet. The tube was then removed from the glass coverslip using a blade and
stored in a sterilized 1.5ml tube. The selected endotoxin was LPS (Lipopolysaccharides
from E. coli, serotype 055:B5; Sigma Chemicals, Oakville ON.) which has been widely

used and proven as an effective endotoxin to induce acute inflammatory response [10,11].
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We expected to see indications of both acute inflammation and fibrosis induced by the

endotoxin and biomaterial at the 3 day time point.

3.2.3 IL-18 & TGF-P concentrations

For our study, we were interested in what types of cytokines and cells were
involved in the responses of acute inflammation and fibrosis induced by the endotoxin
and biomaterial. In order to do so, we used enzyme-linked immunosorbent assays
(ELISAs) to measure the concentrations of certain types of cytokines in the lavage
sample from the peritoneal cavity, in particular IL-1f and TGF-B1. IL-1B is a pro-
inflammatory cytokine, and the concentration was used as an indication as the severity of
acute inflammation. The mouse IL-1§ ELISA kit was purchased from BD (Mouse
ELISA IL-1p kit, Cat: 550605). The assay was performed according to manufacturer
instructions.

We applied the method of ELISA to determine the concentration of TGF-B1 as
well. Other studies showed that this cytokine is associated with fibrosis, thus we used the
concentration as an indication of the severity of the fibrotic response. The capture,
enzyme substrate and detection antibodies were purchased separately from BD
Biosciences (Cat. 555052, 555053, 554058). The optimal ratio between the antibodies
was determined by titration as described in Techniques for Immune Function Analysis
found from BD Biosciences. We applied different ratios of primary and secondary
antibodies to measure the concentrations of standard protein. We chose the ratio that

gave us the most linear concentration profile of the standard protein as our optimal ratio.
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The detail protocol of the procedure is attached in the appendices. We used Anova-Two-

Factor-With-Duplication for statistical analysis.

3.2.4 H&E staining and cell layer thickness on material surface

The implanted silicone tubes were retrieved from the peritoneal cavity of the
animal 3 days after implantation. Each tube was immediately fixed in 10% formalin for
48hrs then transferred to 70% ethanol until being stained in the histology laboratory. The
tube was then embedded in paraffin, cut in cross-section, and stained with H&E in order
to observe the types of cells on the material surface under microscopy. We took pictures
of each tube and measured the thickness of the cell layers on the surface of the
biomaterial. The average cell layer thickness on the surface of the tube was then
calculated for each mouse. We then calculated the average cell layer thickness for each

treatment (n=5-7).

3.2.5 Collagen

Mason Trichrome staining is a common method to show the magnitude of
deposition of collagen near the surface of an implanted biomaterial. We had observed the
cross-sectional slides after H&E staining. From the slides of each treatment, only 2-3
samples which gave the most common and clear image of the host response toward the
material were selected for Mason’s Trichrome staining. Collagen deposition could be
observed as the green/blue colour staining, and the intensity of deposition was measured

using qualitative score system.
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3.2.6 Flow Cytometry

Flow cytometry was used to identify the population distribution of different types
of cells contained in the PBS extracted from the peritoneal cavity of the mice. We
wanted to study whether the implanted biomaterial caused any shifting of the population
distribution. As mentioned earlier, we injected 2ml of PBS into the peritoneal cavity of
the mouse to collect the cytokines and cells. The extract was centrifuged in order to
separate the supernatant and cells. After removing the supernatant, we resuspended the
cells in PBS. We used a hemacytometer to calculate the concentration of the cells, then
centrifuged the cells again, and adjusted the volume of PBS in order to bring the
concentration of the cells to approximately 1million cells /ml PBS. After adjusting the
cell concentration, we then used Flow Cytometry to determine the percentage of different
cells in the sample. Using the dot plot with Forward-Scatter (measures the cell size) and
Side-Scatter (measures the cell granularity) as the axes, we were able to observe four
distinct populations separated from each other. They were assigned as debris/RBC (red
blood cells), lymphocytes, monocytes and neutrophils according to the size and
granularity. The software FlowJo was used to determine the total cell count. We then
eliminated the population of debris/RBC from the cell count to obtain the total cell count
of lymphocytes, monocytes and neutrophils. The population percentages of the three

types of cells were then calculated.
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3.2.7 Animals

The strain of mice used was C57BL/6. We chose to use this strain of mice
because from our preliminary study, we did not observe a difference between C57BL/6
and BALB/c mice when C57BL/6 was expected to be the fibrotic-prone strain. All
animal work was approved by the Animal Research Ethics Board at McMaster University.
Female C57BL/6 mice were purchased from Charles River Breeding Laboratories
(Wilmington, MA). The surgeries and implantation were performed when the mice were

4-7 weeks old.

3.2.8 Statistical Analysis
Statistical tests were conducted using Microsoft Excel Data Analysis. Data is

presented in mean + standard error of the mean (sem).

3.3 Results

In our study, we investigated the mechanisms of fibrosis induced by biomaterials.
We first implanted two different types of biomaterials (silicone and PLGA) into the
peritoneal cavity of the mice. We studied the fibrotic response of the body toward the
implanted biomaterial by: i) using ELISA to measure the concentrations of cytokines
from the lavage sample; ii) using Flow Cytometry to determine the shifting of cell
population distribution in the peritoneal lavage with or without implant; iii) staining the
cross-sectionally cut biomaterial to observe the cellular behaviour on the surface of the

implanted biomaterials.
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3.3.1 Concentration of IL-1 and TGF-f in different treatments
We first wanted to determine whether the application of endotoxin (LPS) to our
biomaterials affects the severity of induced acute inflammation. We hypothesized that the
application of LPS would induce more severe acute inflammation. Figure 3.1a, shows
that the application of endotoxin increased the concentration of IL-1B in the peritoneal
cavity for both silicone and PLGA treated mice. IL-1f is known as a pro-inflammatory
cytokine. This result confirmed that when LPS was applied, the acute inflammation was
more severe. We then compared the concentrations of IL-18 between the two types of
biomaterials to determine which type of material caused more severe acute inflammation.
We observed that silicone induced higher IL-1B production than PLGA coated silicone.
We then compared the two types of biomaterials, both with the application of LPS. Again,
silicone with LPS induced higher IL-1B production than PLGA coated silicone with LPS.
This result indicated that silicone induced more severe acute inflammation than PLGA in
both cases of the material alone or with intentional LPS contamination. The
concentration of IL-1B in sham-treated animals was significantly lower than in animals
treated with silicone implants, though the same effect was not as significant in the cases
when silicone tubes were coated with PLGA. We concluded that the production of IL-18
was more dependent on the type of biomaterial implanted than the application of
endotoxin.
We also measured the concentration of TGF-B1 in the supernatant extracted from the

peritoneal cavity of the mouse to study the relationship between TGF-B1 production and
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the severity of acute inflammation and fibrotic response toward the implanted biomaterial.
We hypothesized that the production of TGF-B1 does not have a direct relationship with
the production of IL-1B. By comparing the TGF-B1 concentrations in the extracted
supernatant from mice that were implanted with a silicone tube to mice that received a
PLGA-coated silicone tube, we were able to determine which biomaterial had a stronger
effect on TGF-B production. The concentration of TGF-p after implantation with a
silicone tube was significantly higher than after implantation with a PLGA-coate(i
silicone tube. The relationship was similar when the two materials were incubated in
LPS prior to implantation; a silicone tube incubated with LPS induced higher TGF-B1
production than a PLGA-coated silicone tube incubated in LPS. This helped us to
conclude that silicone induced a higher TGF-B1 concentration than PLGA did, despite the
additional inflammatory stimulus. This trend was similar to the IL-1 concentration data
described earlier. Interestingly, when we compared the TGF-B1 concentrations between
the standard and LPS incubated silicone tubes, the silicone tube that had been incubated
with LPS induced lower TGF-B production than the standard silicone tube. The
relationship was similar when the biomaterial was a silicone tube coated with PLGA.
This trend was opposite to that observed with IL-1B, in which LPS induced higher
production. By comparing the two different trends observed: i) the concentration of IL-
1B increased with the application of endotoxin, and ii) the concentration of TGF-B1
decreased with the application of endotoxin; we concluded that the production of IL-1f
decreased with or had no direct relationship to the production of TGF-B1 3 days after

implantation of the biomaterial.
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3.3.2 Material Surface Cellular Behaviour

We cut the sample in cross-section and treated with H&E stain in order to observe
the cell layer thickness on the surface of implanted biomaterials. The severity of acute
inflammation and fibrosis induced could be determined by the densities of different cell
types attached to the surface of the biomaterial. The cell layer thickness on the solely
silicone tubes was observed to be slightly thicker than on silicone tubes incubated in LPS,
though not significantly. For both treatments using silicone as the implanted biomaterial,
there were severe necrosis and the recruitment of neutrophils and monocytes and
macrophages on the surface of the implant. The differences between the cells were
observed by comparing the granularity and size of the cells under microscopy. The types
of the cells determined with the advice of a histologist and image comparison to a
histology text book. Neutrophils were attracted before macrophages as expected (closer
to the surface of the biomaterial). The cells were packed very tightly on top of each other
(Figure 3.2-a, 2-b), especially in the area occupied with mostly neutrophils. The
thickness of cells on the tubes from PLGA-coated silicone (with or without LPS
treatment) was much thinner than from silicone or silicone/LPS treatments. Again, there
was no significant difference in cell layer thickness between the two treatments (with or
without LPS) when using silicone coated with PLGA. The cells were not packed onto the
surface of the biomaterial as tightly when compared with the two silicone treatments. The
cells observed from the H&E stain were mostly neutrophils with severe necrosis.

Figure 3.3 shows the average thickness of the cell layers due to all four treatments.
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As mentioned earlier, the two treatments with the silicone induced much thicker layers of
cells than the two treatments with silicone coated with PLGA. Incubation with LPS did
not have a significant effect for treatments of the same material. We concluded that the
application of LPS did not affect the cell layer thicknesses in either type of material. The
cell layer thickness was dependent on the type of material rather than the application of
endotoxin.

We used Mason’s Trichrome stain to detect whether there was any deposition of
collagen after 3 days of implantation. For all four treatments, we did not observe any
significant deposition of collagen on the surface of biomaterial. We can conclude that

there was no significant amount of collagen deposited after 3 days of implantation.

3.3.3 Cell Type Distribution

We used a flow cytometer to determine the distribution of cell types within the
peritoneal cavity. Different cells play different roles in host response toward the
implanted biomaterial. We expected to see an early increase in neutrophils due to acute
inflammation caused by implanted biomaterial. Neutrophils are the first line of cellular
defense when a foreign material is detected in the body. An increase of monocytes due to
fibrotic response caused by the implanted biomaterial is expected to be observed in a later
time point after implantation. As shown in Figure 5a, we saw silicone/LPS treated mice
had the highest percentage of neutrophils in their peritoneal cavity. This observation
indicated there was most severe acute inflammation when the mice were treated with

silicone/LPS. When the mice were treated with solely silicone or PLGA, the two
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treatments induced similar neutrophil productions in the peritoneal cavity of the mice.
The mice treated with PLGA/LPS had similar neutrophil percentages to the mice treated
with sham surgery which were the two lowest neutrophils population observed.

Macrophages play a significant role in pathological fibrosis. We wanted to
investigate if they also have a significant role when the fibrosis is induced by
biomaterials. The relative population percentages of monocytes in the four treatments of
implantations were similar 3 days after implantation. All four treatments had higher
population percentages than sham-operated treated mice, though not significantly. We
conclude that the treatment did not affect, or the effect had not been amplified to be
observable, the attraction of macrophages to the peritoneal cavity of the mice 3 days after
implantation.

Lymphocytes were observed most in sham surgery mice. The results we obtained
showed the opposite trend to that observed with neutrophils. Silicone coated with PLGA
incubated in LPS had the highest percentage of lymphocytes when there were materials

implanted, though not by a significant amount.

Discussion

In our study, we were particularly interested in the fibrotic response from the host
toward the implanted biomaterials. Polymeric biomaterials are often used as scaffolds to
support cells, and to deliver bioactive molecules in regenerative medicine. These
biomaterials are typically designed to provide temporarily mechanical support during the

replacement of the damaged tissue. Cells in the construct will interact with the
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surrounding environment, and repair the damaged tissues as the biomaterials degrade
gradually without toxic effects to the body. Unfortunately, when implanted, biomaterials
are treated as foreign objects by the body, and cause various host responses. Often after
implantation, collagen is deposited on the surface of implanted biomaterials, known as
encapsulation. The collagen layer would then block the communication between the
delivered cells and the surrounding environment. The purpose of “regeneration” is
defeated when severe fibrosis occurs. Fibrosis is not only relevant in regenerative
medicine, it could also cause trouble in tissue/organ replacement, for example, heart
valves. In addition, fibrotic capsule formation around medical devices, probes and drug
delivery vehicles is likely to interfere with function. Other than fibrosis, acute and
chronic inflammation could also occur when the body recognizes the implanted
biomaterial as a foreign object [12,13]. Inflammation could further damage the healthy
tissues/organs in proximity to the implanted biomaterial [13,14].

The relationship between acute inflammation and pathological fibrosis has been
widely studied, though the effect of biomaterials in this context has not been deeply
investigated. It is not clear to researchers how the two responses correlate to each other
when both are caused by implanted biomaterial. It is generally believed that acute
inflammation and pathological fibrosis share the initial common pathway, but the
prolonged severity of fibrosis is not determined or related to the severity of acute
inflammation. = Based on work done in understanding pathological fibrosis, we
hypothesized that acute inflammation does not correlate with fibrosis induced by the

biomaterials i vivo.
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In our study, we wanted to investigate how the severity of acute inflammation
correlates to the severity of fibrosis induced by implanted biomaterials. We studied how
the severity of host responses differs due to different types of implanted biomaterials:
PLGA (poly(lactic-co-glycolic acid), 85:15) and silicone. There were four different
treatments: 1) a silicone tube, 2) a silicone tube incubated with endotoxin (Img/ml at
37°C) for two hours prior to the implantation, 3) a sterilized silicone tube coated with
PLGA, and finally, 4) a PLGA coated silicone tube incubated with endotoxin for two
hours prior to the surgery. We were also interested in how fibrosis would be influenced
by intentionally inducing acute inflammation by incubating the biomaterial in endotoxin.
The endotoxin we used, LPS (Lipopolysaccharides), has been shown to effectively induce
acute inflammations in other studies [10,11]. The biomaterials we used have been well
studied in various studies for different purposes. For example, PLGA have been tested as
the carrier in drug delivery [15-17] and silicone in breast implants [18,19]. In our
experiment, we observed that silicone induced more severe responses than PLGA did, in
both acute inflammation and fibrosis, after 3 days of implantation. This conclusion was
made by analyzing the cell behaviour on the surface of the implanted biomaterials. We
then focused on the relationship between the production of IL-18 (Interleukin-1) and
TGF-B1 (Transforming-Growth-Factor-Betal). @ We did not observe a correlated
relationship between the concentrations of the two cytokines. Finally, we studied the
population distribution of three types of cells, neutrophils, monocytes and lymphocytes,
in extracted intraperitoneal lavage samples from mice. The population of neutrophil was

the highest in silicone/LPS treated mice compared to other treatments after 3 days of
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implantation. The populations of monocytes were found to be at higher percentages in all
four biomaterial-treated mice than sham-treated mice. .

TGF-B1 is a pro-fibrotic cytokine. It induces the transformation of fibroblasts
into myofibroblasts [5,18,20]. Many studies have been done on TGF-B1 in interstitial
lung disease. It has been shown that over-expression of TGF-1 by adenoviral gene
transfer leads to progressive fibrosis [21,22]. IL-1p is a pro-inflammatory cytokine [2].
It is found that in pathological fibrosis, IL-1 is necessary to initiate fibrosis but the
concentration of IL-18 does not correlate to the occurrence fibrosis; acute inflammation
would most likely lead to fibrosis, but it is not required [2]. The concentrations of TGF-
B1 and IL-1P in the peritoneal cavity were measured after the implantation to determine
the effect of the biomaterial on both cytokines. For the mice that were treated with LPS,
biomaterials were incubated in LPS prior to the implantation to induce acute
inflammation. From our ELISA results (Figure 3.1a), we have shown that the type of
material was a greater factor on affecting the concentration of IL-1B than the endotoxin
was. Silicone based treatments had much higher concentrations in both IL-1 and when
compared with sham treatments. When comparing the concentrations of IL-1p from the
mice that were treated by the “clean” and LPS-treated biomaterials, the treatment with
LPS induced a higher concentration than the treatment with “clean” biomaterials. From
our TGF-B1 ELISA (enzyme-linked immunosorbent assay) result (Figure 3.1b), when
comparing the “clean” biomaterials and LPS applied treatments, it was observed that the
LPS applied treatments had much lower TGF-B1 concentration that sterilized. We

speculate that the addition of LPS delayed the response of fibrosis because strong acute
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inflammation was still in progress. When the TGF-B1 concentrations were compared
between the two types of biomaterials, silicone induced higher production than PLGA.
This was a similar trend as observed from our IL-18 ELISA results.

The concentrations of IL-1p and TGF-B1 gave us the information on the
molecular side of the story, but we also wanted to study the cellular side of the host
responses. When an injury occurs, neutrophils are the first group of cells arrive the
injured tissue, a sign of the beginning of acute inflammation, followed by monocytes
which are the precursors of macrophages. Both play important roles in acute
inflammation and immune responses by the host [23]. When injury occurs or when
foreign materials enter the body, these defensive cells travel from the peripheral
circulation to site of injury and initiate the process of foreign body response and wound
healing [23]. We wanted to study the types of cells that were attracted to the surface of
the implanted biomaterials. With the help of microscopic images, we were able to
calculate the average cell layer thicknesses on the surface of the implanted biomaterial,
and to observe what types of cells arrived at the surface of the biomaterial
chronologically (by the distance of the cell to the surface of biomaterial) after
implantation. The cell layer thicknesses on the surface of silicone tube implants were
much thicker than silicone tubes coated with PLGA, and the application of LPS on the
surface of biomaterial yielded very little difference in thickness comparing to the “clean”
implants. Histology also gave us some information on how the cells behaved on the
biomaterial surface. = There was denser population of neutrophils, monocytes,

macrophages and signs of fibroblasts on the surface of silicone implant. Silicone induced
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much more severe acute inflammation and fibrosis compared with PLGA. For the PLGA
coated silicone tubes, it seemed that the host response to implanted biomaterial was still
at the acute inflammation stage, though not very severe, three days after implantation.
The magnitude of acute inflammation, observed from histology, in each treatment agreed
with the trend observed in the ELISA results of IL-1f: silicone induced more severe acute
inflammation and therefore produced higher IL-1B concentration than PLGA which
induced weaker acute inflammation and lower concentration of IL-1p.

We were able to find the percentages of different types of cells collected from the
peritoneum of the animals by using flow cytometry. In all of the animal samples, the
percentages of neutrophils were well bellow peripheral values. The percentage of
neutrophils in sham treated animals was the lowest indicating that the inflammation due
to surgery was minimal. Silicone/LPS implanted animals had the highest neutrophil
percentage followed by PLGA-coated-silicone- tube-treatment and silicone-treatment.

The percentage of monocytes increased significantly relative to peripheral blood
levels. The only factor that all five treatments had in common was the trauma due to
surgery, which indicates that the process of fibrosis due to the trauma is still present 3
days post implantation. The percentages of the four treatments with implanted materials
are slightly larger than then animals undergoing sham surgery. This result could
potentially indicate that the wound healing process of the trauma is dominating over the
foreign body response due to the implanted biomaterial.

The percentages of lymphocytes decreased in all samples except for sham treated

animals. This suggests that there is no viral infection at the surgical site and a specific
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immune response has not been developed in response to the implanted biomaterial.

One concern while designing the experiments was the stability of PLGA coating
on the silicone tube. Prior to implantation, the material was incubated in water at 37°C
for several days to make sure the coating still wraps around the silicone tube. The PLGA
coating was still intact after the implants were retrieved from the animals.

With a better understanding of what cytokines and cells are involved and what
role each of them plays, we can better develop a strategy to decrease the severity of
fibrotic response due to the implanted material. For our study, in summary, silicone
based treatments caused much more severe inflammation and material-induced fibrosis.
There were much thicker cell layers on the surface of silicone based implants when
compared with PLGA implants. The collagen depositions were also more severe around
the surface with the silicone based materials. Finally, wound healing due to surgical
trauma seemed to be the dominant response over foreign body response after three days.
The host response observed seemed to be at the transition stage between acute
inflammation and fibrosis induced by the material. In conclusion, the application of LPS
(to induce more sever acute inflammation) did not cause a stronger fibrotic response after
3 days of implantation, and the severity of host responses observed were biomaterial

dependent.
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List of Figures

Figure 3.1a) Concentrations of IL-18 (pg/ml) in the peritoneal lavage of the mice (n=5-7).
Biomaterial implanted mice had higher concentrations than the sham surgery treated mice,
though not significant (SE=4.67). Silicone induced higher IL-1p production than PLGA
did. And biomaterial with LPS induced higher IL-1B production than sterilized

biomaterial implantation.

Figure 3.1b) Concentrations of TGF-B1 (pg/ml) in the peritoneal lavage of the mice
(n=5-7). Biomaterial treated mice had higher concentrations of the cytokine than sham
surgery treated, though not significant (SE=9.74). The addition of LPS decreased the

production of the cytokine when compared to the sterilized biomaterial.

Figure 3.2 The cellular activity on the surface of the biomaterial. a) Silicone. b)
Silicone+LPS. Both treatments were observed with severe necrosis and inflammation.
There were severe gathering of neutrophils, macrophages and fibroblasts. The cell layer
averages between the two treatments were similar between the two treatments, and the
addition of LPS did not make a difference. ¢) PLGA. d) PLGA+LPS. The cell layers
were not as thick as the ones on silicone surface, though there was still severe necrosis
and inflammatory reactions. Like silicone, the addition of LPS did not make a difference

to the cell layer thickness and cellular activities.

54



MASc Thesis- A. C. Chang McMaster University- Chemical Engineering

Figure 3.3 The cell layer thickness of the four treatments with biomaterials (n=5-7). The
cellular layer surfaces were much thicker on silicone than PLGA. The addition of LPS

did not make a difference in both biomaterials.

Figure 3.4 The cellular activity on the surface of the implanted biomaterials stained with
Mason’s Trichrome. a) Silicone. b) Silicone+LPS. ¢) PLGA. d) PLGA+LPS. We did

not observe significant deposition of collagen on the treatments.

Figure 3.5 The cell population distributions (n=5-7) of: a) Neutrophils. All biomaterial,
silicone, silicone+LPS and PLGA+LPS, treatments induced similar neutrophil production,
except PLGA+LPS which had similar neutrophil production of sham surgery treated mice.
b) Monocytes. All biomaterial treated mice had slight higher population than sham
surgery treated mice. ¢) Lymphocytes. Sham surgery treated animal had the higher

lymphocyte production than all four biomaterial treated mice.
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250

200 A

150 4

100 -

50 -

Cell Layer Thickness (um)

Silicone Silicone/LPS PLGA PLGA/LPS

Treatments

61



MASc Thesis- A. C. Chang McMaster University- Chemical Engineering

Figure 3.4a)

62



MASc Thesis- A. C. Chang McMaster University- Chemical Engineering

Figure 3.4b)

63



MASCc Thesis- A. C. Chang McMaster University- Chemical Engineering

Figure 3.4¢)

64



MASc Thesis- A. C. Chang McMaster University- Chemical Engineering

Figure 3.4d)

65



MASc Thesis- A. C. Chang McMaster University- Chemical Engineering

Figure 3.5a)

Neutrophils

35
30 -
25 -
20 -
15 -
10 A
51 J- - e
0 . : b :

Sham Silicone  Silicone/LPS PLGA PLGA/LLPS

Treatments

=
s

% without Debris+RBC

Figure 3.5b)

Monocytes

70 4
60 - ; ; -
50 -
wi 2k
30 -
20 -

Sham Silicone  Silicone/LPS ~ PLGA  PLGA/LPS

Treatments

% with Debris+RBC

66



MASc Thesis- A. C. Chang McMaster University- Chemical Engineering

Figure 3.5¢)

Lymphocytes

40
35 4
30
25 -
20
15
10 -
5 4

% without Debris+RBC

Sham Silicone Silicone/LPS PLGA PLGA/LPS

Treatments

67



MASc Thesis- A. C. Chang McMaster University- Chemical Engineering

[4]

[3]

(6]

[7]

[8]

[9]

[10]

[11]

Reference List

M. Selman, T. E. King, and A. Pardo, Idiopathic pulmonary fibrosis: prevailing
and evolving hypotheses about its pathogenesis and implications for therapy, Ann.
Intern. Med., 134 (2001) 136-151.

M. Kolb, P. J. Margetts, D. C. Anthony, F. Pitossi, and J. Gauldie, Transient
expression of IL-1beta induces acute lung injury and chronic repair leading to
pulmonary fibrosis, J. Clin. Invest, 107 (2001) 1529-1536.

J. Gauldie, P. J. Sime, Z. Xing, B. Marr, and G. M. Tremblay, Transforming
growth factor-beta gene transfer to the lung induces myofibroblast presence and
pulmonary fibrosis, Curr. Top. Pathol., 93 (1999) 35-45.

J. A. Lasky and A. R. Brody, Interstitial fibrosis and growth factors, Environ.
Health Perspect., 108 Suppl 4 (2000) 751-762.

P. Bonniaud, P. J. Margetts, K. Ask, K. Flanders, J. Gauldie, and M. Kolb, TGF-
beta and Smad3 signaling link inflammation to chronic fibrogenesis, J. Immunol.,
175 (2005) 5390-5395.

S. H. Phan and S. L. Kunkel, Lung cytokine production in bleomycin-induced
pulmonary fibrosis, Exp. Lung Res., 18 (1992) 29-43.

L. H. Pan, H. Ohtani, K. Yamauchi, and H. Nagura, Co-expression of TNF alpha
and IL-1 beta in human acute pulmonary fibrotic diseases: an
immunohistochemical analysis, Pathol. Int., 46 (1996) 91-99.

C. J. Johnston, B. Piedboeuf, P. Rubin, J. P. Williams, R. Baggs, and J. N.
Finkelstein, Early and persistent alterations in the expression of interleukin-1
alpha, interleukin-1 beta and tumor necrosis factor alpha mRNA levels in fibrosis-
resistant and sensitive mice after thoracic irradiation, Radiat. Res., 145 (1996)
762-767.

P. F. Piguet, C. Vesin, G. E. Grau, and R. C. Thompson, Interleukin 1 receptor
antagonist (IL-1ra) prevents or cures pulmonary fibrosis elicited in mice by
bleomycin or silica, Cytokine, 5 (1993) 57-61.

H. Eutamene, V. Theodorou, F. Schmidlin, V. Tondereau, R. Garcia-Villar, C.
Salvador-Cartier, M. Chovet, C. Bertrand, and L. Bueno, LPS-induced lung
inflammation is linked to increased epithelial permeability: role of MLCK, Eur.
Respir. J., 25 (2005) 789-796.

F. Antonicelli, D. Brown, M. Parmentier, E. M. Drost, N. Hirani, I. Rahman, K.
Donaldson, and W. MacNee, Regulation of LPS-mediated inflammation in vivo

68



MASc Thesis- A. C. Chang McMaster University- Chemical Engineering

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

(20]

[21]

and in vitro by the thiol antioxidant Nacystelyn, Am. J. Physiol Lung Cell Mol.
Physiol, 286 (2004) L1319-1.1327.

J. M. Anderson, A. Rodriguez, and D. T. Chang, Foreign body reaction to
biomaterials, Semin. Immunol., 20 (2008) 86-100.

U. M. Gross, Biocompatibility--the interaction of biomaterials and host response,
J. Dent. Educ., 52 (1988) 798-803.

J. M. Anderson, A. Rodriguez, and D. T. Chang, Foreign body reaction to
biomaterials, Semin. Immunol., 20 (2008) 86-100.

A. Jaklenec, A. Hinckfuss, B. Bilgen, D. M. Ciombor, R. Aaron, and E.
Mathiowitz, Sequential release of bioactive IGF-I and TGF-beta 1 from PLGA
microsphere-based scaffolds, Biomaterials, 29 (2008) 1518-1525.

B. Liu, S. X. Cai, K. W. Ma, Z. L. Xu, X. Z. Dai, L. Yang, C. Lin, X. B. Fu, K. L.
Sung, and X. K. Li, Fabrication of a PLGA-collagen peripheral nerve scaffold and
investigation of its sustained release property in vitro, J. Mater. Sci. Mater. Med.,
19 (2008) 1127-1132.

S. J. Yoon, K. S. Park, M. S. Kim, J. M. Rhee, G. Khang, and H. B. Lee, Repair of
diaphyseal bone defects with calcitriol-loaded PLGA scaffolds and marrow
stromal cells, Tissue Eng, 13 (2007) 1125-1133.

V. Molina and Y. Shoenfeld, Infection, vaccines and other environmental triggers
of autoimmunity, Autoimmunity, 38 (2005) 235-245.

M. R. McDermott, M. A. Brook, and V. Bartzoka, Adjuvancy effect of different
types of silicone gel, J. Biomed. Mater. Res., 46 (1999) 132-134.

J. Gauldie, P. Bonniaud, P. Sime, K. Ask, and M. Kolb, TGF-beta, Smad3 and the
process of progressive fibrosis, Biochem. Soc. Trans., 35 (2007) 661-664.

M. Kolb, P. Bonniaud, T. Galt, P. J. Sime, M. M. Kelly, P. J. Margetts, and J.
Gauldie, Differences in the fibrogenic response after transfer of active
transforming growth factor-betal gene to lungs of "fibrosis-prone" and "fibrosis-
resistant” mouse strains, Am. J. Respir. Cell Mol. Biol., 27 (2002) 141-150.

[22] P. Bonniaud, P. J. Margetts, M. Kolb, J. A. Schroeder, A. M. Kapoun, D. Damm, A.

Murphy, S. Chakravarty, S. Dugar, L. Higgins, A. A. Protter, and J. Gauldie,
Progressive transforming growth factor betal-induced lung fibrosis is blocked by
an orally active ALKS kinase inhibitor, Am. J. Respir. Crit Care Med., 171 (2005)
889-898.

69



MASc Thesis- A. C. Chang McMaster University- Chemical Engineering

[23] F.Rieder, J. Brenmoehl, S. Leeb, J. Scholmerich, and G. Rogler, Wound healing
and fibrosis in intestinal disease, Gut, 56 (2007) 130-139.

70



MASc Thesis- A. C. Chang McMaster University- Chemical Engineering

4. Fibrosis Induced by Silicone in SMAD3 KO Mice

4.1 Introduction

The relationships between the SMAD3 gene, TGF-B1 and fibrosis have been
widely studied, including cystic, skin, vascular, renal and pulmonary fibrosis [1-6]. In
vascular fibrosis, it was found in mice that stimulated Ang IT upregulate TGF-$1 in both
human and animal model [7-9]. Though TGF-B1 receptors are undetectable near fibrotic
regions, the intracellular Smad2 and SMAD?3 are expressed [10]. Activations of Smad2
and SMAD?3 expression were also found to precede, in vivo, the accumulation of collagen
in the thickened intima of human renal arteries obtained from hypertension and
atherosclerosis patients. It was further demonstrated that the induction of collagen and
CTGF required SMAD3 but not SMAD?2 by using vascular SMCs obtained from SMAD2
and SMAD3 knockout mice [11]. In cystic fibrosis, the reduction of SMAD3 protein
expression altered TGF-B1-mediated signaling [2]. SMAD3 KO mice did not show a
different healing mechanism than WT mice in early time points after skin lesions, but by
the 28" day, SMAD3 KO mice had attenuated fibrosis with lower synthesis and
accumulation of collagen [3]. Studies have also shown a less severe renal fibrosis
induced by unilateral ureteral obstruction in SMAD3 lacking and null mice [1,12].
Pulmonary fibrosis’ relationships with SMAD3 gene and TGF-B1 have been studied as
well, mostly by Gauldie and colleagues. SMAD3 KO mice are found to be resistant to
TGF-B1 mediated fibrosis [13]. Transient gene transfer of TGF-f1 into SMAD3 KO
mice did not induce progressive fibrosis, nor did it induce the activation of other
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fibrogensis-related genes [14]. Similar results were also found by another group:
SMAD3 deficient mice had attenuated collagen deposition when fibrosis was bleomycin-
induced [5].

In our study, we wanted to investigate the fibrotic behaviour of SMAD3 KO mice
when there was a silicone implant in the peritoneal cavity. The results of both SMAD3
KO and WT mice were compared to sham surgery. We observed very little change in the
concentration of TGF-1 in SMAD3 KO after the implantation compared to sham surgery.
The cellular behaviour on the surface of the implant was similar between the KO and WT
mice. The monocyte populations in the peritoneal lavage from both KO and WT mice

showed similar trends as the concentrations of TGF-p1.

4.2 Experimental Methods

4.2.1 Experimental Outline

We were interested in how the host animal responded to the implanted biomaterial,
in particular in the fibrotic response, focusing on the role that TGF-B1 plays. We first
implanted a small piece of biomaterial into the peritoneal cavity. After 1 and 7 days of
implantation, we explanted the material and studied the host response at the cellular and
molecular level.

Immediately prior to the explantation of the biomaterial, we injected 2ml of
phosphate-buffered- saline (PBS) solution into the peritoneal cavity of the animal for a
peritoneal lavage. This method was designed to collect the migrated/proliferated cells

and secreted cytokines due to the responses toward the implanted biomaterial. The
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extracted PBS was centrifuged at 900RPM for 6 minutes to separate the supernatant from
the cells.  The supernatant was analyzed using an ELISA (Enzyme-Linked
ImmunoSorbent Assay) to find the concentration of Transforming-Growth-Factor-Betal
(TGF-B1). The cells were analyzed using flow cytometry. After explanting, the retrieved
biomaterial was first fixed in 10% formalin for 72 hours then stored in 70% ethanol
before being treated with H&E (haematoxylin and eosin) and Mason Trichrome stains.
We used an ELISA method to find the concentration of TGF-B1 in the peritoneal
cavity where the biomaterial was implanted. We used the histology pictures of tubes cut
in cross-section to observe what cells were attracted to the surface of the biomaterials,
and Flow Cytometry to investigate the types of cells that were in the peritoneal cavity of

the animal.

4.2.2 Material Preparation

We implanted silicone into the peritoneal cavity of the mice to investigate the
mechanism of the fibrotic responses toward the biomaterials. There were two time points
(1 and 7 days) to help us observe a more distinct difference between the initial
inflammatory host response and fibrosis. The silicone tubes were purchased from VWR
International Co. (Brishane Cal.) and were 5mm in diameter and Smm long. All

instruments used in the coating process were sterilized prior to preparation.

4.2.3 TGF-B1 concentration

For our study, we were interested how the concentration of TGF-B1 correlates to
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fibrosis induced by polymeric biomaterials. In order to do so, we used enzyme-linked
immunosorbent assays (ELISAs) to measure the concentration of the cytokine in the
lavage sample from the peritoneal cavity

We applied an ELISA method to determine the concentration of TGF-1. Other
studies showed that this cytokine is associated with pathological fibrosis. The capture
antibodies, enzyme substrate and detection antibodies were purchased separately from
BD Biosciences (Cat. 555052, 555053, 554058). The optimal ratio between the
antibodies was determined by titration as described in Techniques for Immune Function
Analysis found from BD Biosciences. We applied different ratios of primary and
secondary antibodies to measure the concentrations of standard protein. We chose the
ratio that gave us the most linear concentration profile of the standard protein as our

optimal ratio. The concentration was determined as in Chapter 2.

4.2.4 H&E staining and cell layer thickness on material surface

The implanted silicone tubes were retrieved from the peritoneal cavity of the
animal 1 and 7 days after implantation. Each tube was immediately fixed in 10% formalin
for 48hrs then transferred to 70% ethanol until being stained in the histology laboratory.
The tube was then embedded in paraffin, cut in cross-section, and stained with H&E in
order to observe the types of cells on the material surface under microscopy. We took
pictures of each tube to observe the cellular activities on the surface of the implanted

biomaterials.
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4.2.5 Flow Cytometry

Flow cytometry was used to identify the population distribution of different types
of cells contained in the PBS extracted from the peritoneal cavity of the mice. We
wanted to study whether the implanted biomaterial caused any shifting of the population
distribution. As mentioned earlier, we injected 2ml of PBS into the peritoneal cavity of
the mouse to collect the cytokines and cells. The extract was centrifuged in order to
separate the supernatant and cells. After removing the supernatant, we resuspended the
cells in PBS. We used a hemacytometer to calculate the concentration of the cells, then
centrifuged the cells again, and adjusted the volume of PBS in order to bring the
concentration of the cells to approximately 1million cells /ml in PBS. After adjusting the
cell concentration, we then used Flow Cytometry to determine the percentage of different
cells in the sample. Using the dot plot with Forward-Scatter (measures the cell size) and
Side-Scatter (measures the cell granularity) as the axes, we were able to observe four
distinct populations separated from each other. They were assigned as debris/RBC (red
blood cells), lymphocytes, monocytes and neutrophils according to the size and
granularity. The software FlowJo was used to determine the total cell count. We then
eliminated the population of debris/RBC from the cell count to obtain the total cell count
of lymphocytes, monocytes and neutrophils. The population percentages of the three

types of cells were then calculated.

Animals

We used SMAD3 KO and WT mice generously provided by Dr. J. Gauldie (ref).
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SMAD3 KO mice have shown to have much lower TGF-B1 production and less collagen
deposition than WT mice. All animal work was approved by the Animal Research Ethics
Board at McMaster University. Female C57BL/6 mice were purchased from Charles
River Breeding Laboratories (Wilmington, MA). The surgeries and implantation were

performed when the mice were 4-7 weeks old.

4.3 Results

In our study, we investigated the mechanisms of fibrosis induced by biomaterials
in SMAD3 KO and WT mice by implanting a biomaterial (silicone) into the peritoneal
cavity of the mice. We had eight different treatments: 1)1 day implantation in KO; ii) 1
day sham surgery in KO; iii) 7 day implantation in KO; iv) 7 day sham surgery in KO; v)
1 day implantation in WT; vi) 1 day sham surgery in WT; vii) 7 day implantation in WT;
viii) 7 day sham surgery in WT. The methods we used to observe and analyze the fibrotic
response toward the implanted biomaterial were: i) we used ELISAs to measure the
concentration of TGF-B1 from the lavage sample; ii) with the help of Flow Cytometry,
we could determine the shifting of cell population distribution in the peritoneal lavage
with or without implant; iii) we stained the cross-sectionally cut biomaterial to observe
the cellular behaviour on the surface of the implanted biomaterials. We wanted to
investigate whether the presence of SMAD?3 affect the fibrotic response toward the

implanted biomaterial.
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The concentration of TGF-B1 did not differ between 1 Day and 7 Day after implantation
in KO mice

We wanted to determine if the SMAD3 KO mice respond to the biomaterial
differently than WT mice, particularly the concentration of the pro-fibrotic cytokine TGF-
Bl. We hypothesized that the implantation of a biomaterial (silicone) would not change
the TGF-B1 concentration in SMAD3 KO mice compared to sham surgery. From the
results as shown in Figure 4.1, we did not observe significant difference on the
concentration of TGF-B1 in all four treatments (1 and 7 day, silicone tube implanted and
sham surgery) in KO mice. This result could be interpreted that neither the surgery nor
the implantation affected the concentration of TGF-B1 in the peritoneal cavity within the
time period studied. In WT mice, the concentration of TGF-f1 increased by 3 fold from
lday to 7day when there was an implanted biomaterial. This was expected as a fibrotic

response was induced due to the biomaterial.

The cellular behaviour on the surface of silicone were similar in both KO and WT mice
We cut the sample in cross-section and treated it with H&E stain in order to
observe the cell layer thickness and cellular behaviour on the surface of implanted
biomaterials. The severity of acute inflammation and fibrosis was determined by the
densities of different cell types attached to the surface of the biomaterial. On both the 1
day and 7 day time points, there was no significant difference in thickness of the cell
layer on the surface of the biomaterial between KO and WT mice as shown in Figure 4.2,

though there were some morphological differences observed 7 days after implantation.
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After 1 day of implantation, there was about 1 layer of cells on the surface of the
biomaterials in both mice, and there was no clear difference in the type of cells recruited.
After 7 days of the implantation, some similarities were observed between KO and WT
mice. There was severe necrosis and the recruitment of neutrophils, monocytes,
macrophages, and multinucleated giant cells scattered on the surface debris of the
biomaterial. Edematous of diffuse fibroplasias was also present. In WT mice, we
observed slightly more fibrotic deposition on the surface of implanted biomaterial than
KO mice. Within the deposition of WT mice, the overall cell density was lower and the
cells were more spotted (clusters) compared to KO mice.

The differences between the cells were observed by comparing the granularity and
size of the cells under microscopy. The types of the cells were determined with the
advice of Dr. Jacek M. Kwiecien. Neutrophils migrated to the surface of the biomaterial
before macrophages did as we expected in both WT and KO mice (located closer to the
surface of the biomaterial as shown in Figure 4.2). The cells were packed very tightly on
top of each other, especially in the area occupied with mostly neutrophils. The cells
observed from the H&E stain were mostly neutrophils with severe necrosis. Monocytes
and macrophages were also present in the cell layer on the surface of the biomaterial.
They were mostly closer to the outer ring of the layer which indicated the later arrival to
the site. Randomly located multinucleated giant cells were observed in WT mice, and

rarely seen in KO mice.

Cell Type Distribution
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We used a flow cytometer to determine the distribution of cell types within the
peritoneal cavity. Different cells play different roles in host response toward the
implanted biomaterial. We expected to see an early increase in neutrophils due to acute
inflammation caused by implanted biomaterial in both KO and WT mice. Neutrophils are
the first line of cellular defense when a foreign material is detected in the body. An
increase of monocytes caused by the implanted biomaterial is expected to be observed in
a later time point after implantation. From Figure 4.3b, we can see the population of
neutrophils is much higher in the mice treated with silicone tube, both KO and WT, at
both time points of explantation. We conclude that silicone induced severe inflammation,
in both KO and WT mice.

Macrophages play a significant role in pathological fibrosis. We wanted to
investigate if they also have a significant role when the fibrosis is induced by
biomaterials. As shown in Figure 4.3a, we observed a similar trend between the
concentrations of TGF-B1 and the population percentages of monocyte, in both WT and
KO mice. This could indicate the production of TGF-B1 is related to monocytes or
macrophages. The percentages of monocyte population in all the SMAD3 KO mice are
around 25-40%. At both time points (1 and 7 days), the Control KO mice had higher
monocyte populations than KO mice with silicone implants, though not significant. In
WT mice, after 1 day of implantation, control mice had slightly higher monocyte
populations than silicone implanted mice; after 7 days of implantation, silicone implanted
mice had much higher monocyte population percentage than the control mice. Overall,

we did not observe a dramatic change in monocyte population percentages in KO mice
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(with or without implant), though the monocyte population percentages were affected by

two factors, 1) day(s) after surgery, and ii) the implantation of silicone tube.

4.4 Discussion

In our study, we were particularly interested in the fibrotic response from the host
toward the implanted biomaterials. Polymeric biomaterials are often used as scaffolds to
support cells, and to deliver bioactive molecules in regenerative medicine. These
biomaterials are typically designed to provide temporarily mechanical support during the
replacement of the damaged tissue. Cells in the construct will interact with the
surrounding environment, and repair the damaged tissues as the biomaterials degrade
gradually without toxic effects to the body. Unfortunately, when implanted, biomaterials
are treated as foreign objects by the body, and cause various host responses. Often after
implantation, collagen is deposited on the surface of implanted biomaterials, known as
encapsulation. The collagen layer would then block the communication between the
delivered cells and the surrounding environment. The purpose of “regeneration” is
defeated when severe fibrosis occurs. Fibrosis is not only relevant in regenerative
medicine; it could also cause trouble in tissue/organ replacement, for example, heart
valves. In addition, fibrotic capsule formation around medical devices, probes and drug
delivery vehicles is likely to interfere with function. Other than fibrosis, acute and
chronic inflammation could also occur when the body recognizes the implanted
biomaterial as a foreign object. Inflammation could further damage the healthy

tissues/organs in proximity to the implanted biomaterial (Ratner, et. al).
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TGF-B1 is a well known pro-fibrotic cytokine which plays a key role in the
process of fibrogenesis [15]; this has been demonstrated in many different organ systems
[16]. TGF-B1 causes myofibroblasts to differentiate and induces the expression of
connective tissue growth factor (CTGF), therefore increases the production of collagen
and fibronectin [17]. Studies have been done to show that transient adenoviral vector-
mediated gene transfer of active TGF-B1 leads to progressive and severe fibrosis in
different animal models [18-20]. SMAD2 and SMAD3 are cytoplasmic signal transducer
proteins, and function in mediating the signals from activated TGF-BR(receptor) [21];
particularly related to fibrosis, one study has shown that SMAD?3 is the key mediator in
TGF-B signaling in fibroblasts [22]. Studies have shown that SMAD3 KO mice do not
develop lung fibrosis induced by bleomycin [23], and the link between fibrosis and TGF-
B-SMAD?3 signaling pathway has been shown in different tissues [24-31]. We were
particularly interested in the relationship between SMAD3, TGF-B1 and fibrosis induced
by an implanted biomaterial. We hypothesized that fibrotic response induced by an
implanted biomaterial is mediated through the TGF- and SMAD3 pathway, and there
would be a more severe fibrotic response in WT mice than KO.

In our experiments, we used SMAD3 KO and WT mice to observe the difference
that the presence of SMAD3 protein made. We implanted a silicone tube into the
peritoneal cavity of the mice to observe the responses caused by a foreign object. The
time points that we explanted were 1 and 7 days after initial surgery. There were total of
8 treatments. From our results, we found that: 1) the silicone implant did not affect the

concentration of TGF-B1 in KO mice; ii) the cell layer thickness on the surface of the
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implanted silicone tube did not differ between KO and WT mice at either time point,
though there was slightly more collagen deposition in WT mice; iii) the population of
monocyte/macrophages showed a similar trend as the concentration of TGF-B1 in both
KO and WT mice at both time points.

Having a strong understanding of the mechanism of biomaterial-induced fibrosis
would help us design a scaffold that could effectively support the cells, and deliver the
bioactive molecules to the injured/damaged tissues. After surgery, a fibrous capsule
occurs when implanted biomaterials are treated as foreign objects to the body, which
defeats the purpose of implantation. TGF-p (isomers: TGF-B1, TGF-B2 and TGF-33)
family proteins function in many different ways in physiology [32]. We were interested
in TGF-B1 and the role it plays in fibrosis induced by implanted biomaterials. Studies
have been done in pathological fibrosis (ex. idiopathic pulmonary fibrosis, cystic fibrosis);
we focused on the investigation of fibrosis induced by implanted biomaterial. In our
study, we found that the concentration of TGF-$1 in SMAD3 KO mice changed only
slightly between the silicone implanted and sham surgery treated mice. The TGF-B1
concentrations after 1 day of implantation were slightly higher than after 7 days of
implantation. In contrast, WT mice, 1 day after surgery, sham surgery treated mice had
higher TGF-B1 concentration than silicone tube implanted mice; 7 days after surgery,
silicone tube implanted mice had a TGF-f1 concentration much higher than sham surgery
mice by more than 2 fold. We observed a similar trend in monocyte population
percentages. This observation agreed with the relationship between TGF-f1 and

monocytes/macrophages: TGF-p cytokines are chemo-attractants which direct monocytes
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(then transformed to macrophages) to the site [33]; and the macrophage itself secretes
many different types of cytokines as well, including TGF-$ [34]. Also, studies have
shown that SMAD3 KO mice lack expressions of fibrosis related genes; TGF-f1 mRNA
expression did not increase after rTGF-1 exposure [35]. This could be an explanation
of why in WT mice, the concentrations of TGF-f§1 and the cell population percentages of
macrophage show a similar trend in different treatments. We could conclude that
biomaterial-induced fibrosis shares a similar relationship between macrophages and TGF-
B1 with pathological fibrosis. There are also: i) other chemokines and cytokines that
macrophages secrete and release [36,37]; ii) cells other than macrophages that TGF-B1
attract and direct to the site [38,39], which would add more complex mechanisms to the
process that results in biomaterial-induced fibrosis.

From our histological images, we observed similarities and differences on the
implanted biomaterial surface between KO and WT mice. After 1 day of implantation,
we observed approximately one layer of cells on the surface of the biomaterial in both
mice. We were expecting more layers and varieties of cells; generally acute inflammation
occurs minutes to hours after implantation. We suspect that it was due to the location of
the implantation. Most implants are blood-contacting, e.g. pacemaker and artificial heart
valves. In our study, the implanted silicone is located in the peritoneal cavity of the
animal. During surgery, the blood contact was minimal. The lack of blood contact could
cause a lower concentration in protein absorption and cells around the site of implantation,
therefore the duration it takes for cells such as neutrophils and macrophages to travel to

the injury site (location of implant) could be elongated. The similarity of cell type
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(neutrophil) on the surface of the implanted biomaterial gave us an indication that acute
inflammation occurred in both KO and WT after 1 day of implantation. The absent of
SMAD?3 gene did not make a difference.

Another similarity we observed was the debris thickness on the surface of the
implanted biomaterial between WT and KO mice 7 days after implantation. In both cases,
there were neutrophils, monocytes/macrophages, and diffuse fibroplasias, though there
was slight more deposition of collagen on the surface of the biomaterial in WT mice.
From our ELISA results, we observed the presence of TGF-B1 in all mice, though WT
mice treated with 7 day silicone tube implantation had the highest concentration. This
gave us indication the development of fibrous capsule does not require a great
concentration of TGF-B1. It is possible that when the biomaterial is implanted, it takes
WT mice a shorter time to develop the capsule, and the process is decelerated in KO mice
due the lack of TGF-B1, though still progressing.

Another difference we observed was that there were random foreign body giant
cells (FBGC) scattered in the debris in WT mice, but not KO mice. This indicated that
the macrophages on the surface of the biomaterial in KO mice did not fuse. Cell-cell
fusion is a complicated event and studies have shown that both Interleukin(IL)-4 and
Interleukin(IL)-13 play important roles in macrophage fusion [40,41]. SMAD3 signaling
might have an effect in the production of the two cytokines. A further investigation in the
production of the two cytokines would give a more clear and conclusive answer.

Acute inflammation usually occurs minutes to hours after injury happens, in our

case, due to the implanted biomaterial. At both time points (1 and 7 days), mice treated
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with a silicone implant had a much higher neutrophil population percentage than sham
surgery treated mice. This observation gave us additional evidence that silicone induced
a strong inflammatory response. In both KO and WT mice, the population percentage of
neutrophils was slightly higher at 1 day than 7 days after implantation. This could be an
indication that after 7 days of implantation, the host response had switched from acute
inflammation. In comparing of the population percentages between KO and WT mice
that were treated with silicone implants, at both time points, WT mice had a slightly
higher level than KO mice.

In conclusion, the relationship between TGF-p and macrophages was confirmed
and agreed with current literature: i) TGF-B1 acted as a chemo-attractant that guided
macrophages to the implanted site; ii) macrophages secrete and release TGF-f. The
fibrotic response toward the implanted biomaterials occurred in both KO and WT mice.
There was a slight difference in the severity of collagen deposition, though not as great as
expected. The difference in the presence of FBGCs was not expected. Further
investigations including in the concentrations of different types of cytokines and

chemokines would give us a more clear answer.
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List of Figures

Figure 4.1 Concentration of TGF-B1 in different treatments. The concentration of this
cytokine did not change with the implanted biomaterial while it was not the case with WT
mice. The concentration of TGF-f1 of 1 day implantation of silicone tube was less than 1
day with sham surgery. The trend was opposite when the two strains of mice were treated
with implantation for 7 days. The silicone tube implanted mice had much higher

concentration of TGF-B1 than sham surgery treated mice.

Figure 4.2 The cellular behaviour on the surface of the biomaterial. A) 1 day of
implantation in SMAD3 KO mice. B) 1 day of implantation in WT mice. There was not
difference in cellular behaviour and cell layer thickness between the two strains. C) 7 days
of implantation in SMAD3 KO mice. D) 7 days of implantation in WT mice. There was
severe necrosis and the recruitment of neutrophils, monocytes, macrophages, and
multinucleated giant cells scattered on the surface debris of the implanted biomaterial in
both mouse strain, we did not observe severe difference. In WT mice, we observed slightly
more fibrotic deposition than KO mice. Within the collagen deposition of WT mice, the

overall cell density was lower and the cells were more spotted compared to KO mice.
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Figure 4.3 Population distribution of A) Monocytes. The control SMAD3 KO mice had
higher monocyte populations than silicone implant treated KO mice at both time points (1
and 7 days). In WT mice, after 1 day of implantation, control mice had slightly higher
monocyte populations than silicone implanted mice; after 7 days of implantation, silicone
implanted mice had much higher monocyte population percentage than the control mice.
We observed a similar trend between the concentrations of TGF-f1 and the population
percentages of monocyte, in both WT and KO mice. B) Neutrophils. Silicone implant
treated mice (both SMAD3 KO and WT) had higher neutrophil populations that sham

surgery treated mice which indicated that silicone induced inflammation.
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Figure 4.1
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5. Fibrosis Induced by Silicone in MRL Mice

5.1 Introduction

MRL mice have shown the ability to repair damaged tissue without scar deposition,
depending on the site and severity of the injuries. It was first noticed when ear punch
wounding used to mark the mice was regenerated completely without scar formation, a
2mm punch wound was regenerated [1]. Further studies were pursued by the same group
and found that myocardial tissue was regenerated scarlessly with restoration of function
after a heart was injured using a cryogenical technique [2-4]. Other than the heart and the
ear, MRL mice have also shown a faster regeneration in alkali-burned corneal tissues [5].
There are also studies that showed MRL mice regenerate in the same fashion as other
strains of mice. When the central nervous system was injured, MRL mice responded with
gliosis, which is the scarring response that blocks the regeneration of axons [6].
Cutaneous wounds in MRL mice also healed with scar tissue[7]. Myocardial injuries
induced by ischemia-reperfusion in MRL mice failed to repair and regenerate properly [8].
Molecularly, the expressions of MMP-2 and MMP-9 are elevated in MRL mice when
injury occurs [6,9]. Interestingly, one of the studies showed that the pro-fibrotic cytokine
TGF-beta had an elevated concentration in MRL mice as well [10].

In this study, we investigated the scarring response toward the implanted biomaterial
in MRL mice. We wanted to study whether MRL mice respond to implanted biomaterials
differently than fibrosis-prone mice do in molecular and cellular levels; if so, how the two
strains of mice respond differently. We did not observe a difference in responses between

MRL and C57BL/6 mice. There were severe inflammation and diffuse fibroplasias on
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the surface of the biomaterial. We observed elevated levels of MMP-2, Pro-MMP-9, and
TGF- in both strains of mice. Interestingly, the acute inflammation related neutrophils
in the peritoneal lavage of MRL mice peaked on the 28™ day of implantation, in contrast
with C57BL/6 mice which had much higher neutrophil populations in naive and 7 days

after implantation mice.

5.2 Experimental Methods

5.2.1 Experimental Outline

We were interested in how the host animal responded to the implanted biomaterial,
particularly in the fibrotic response, focusing on the role of matrix
metalloproteinase(MMP)-2 and MMP-9 in MRL mice. We first implanted a small piece
of biomaterial into the peritoneal cavity. After 7 and 28 days of implantation, we
explanted the material and studied the host response at the cellular and molecular level.

Immediately prior to the explantation of the biomaterial, we injected 2ml of
phosphate-buffered- saline (PBS) solution into the peritoneal cavity of the animal for a
peritoneal lavage. This method was designed to collect the migrated/proliferated cells
and secreted cytokines due to the responses toward the implanted biomaterial. The
extracted PBS was centrifuged at 900RPM for 6 minutes to separate the supernatant from
the cells.  The supernatant was analyzed using an ELISA (Enzyme-Linked
ImmunoSorbent Assay) to find the concentrations of TGF-f1, MMP-2 and Pro-MMP-9.
The cells were analyzed using flow cytometry. After explanting, the retrieved biomaterial

was first fixed in 10% formalin for 72 hours then stored in 70% ethanol before being
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treated with H&E (haematoxylin and eosin) stain.

We used an ELISA method to find the concentrations of TGF-f1, MMP-2 and
MMP-9 in the peritoneal cavity where the biomaterial was implanted. We used the
histology pictures of tubes cut in cross-section to observe what cells were attracted to the
surface of the biomaterials, and Flow Cytometry to investigate the types of cells that were

in the peritoneal cavity of the animal.

5.2.2 Material Preparation

We implanted silicone into the peritoneal cavity of the mice to investigate the
mechanism of the fibrotic responses toward the biomaterials. There were two time points
(7 and 28 days) to help us observe the initial and later stages of fibrosis. The silicone
tubes were purchased from VWR International Co. (Brishane Cal.) and were Smm in
diameter and Smm long. All instruments used in the coating process were sterilized prior

to preparation.

5.2.3 TGF-B1 concentration

For our study, we were interested how the concentration of TGF-B1 correlates to
fibrosis induced by polymeric biomaterials. In order to do so, we used enzyme-linked
immunosorbent assays (ELISAs) to measure the concentration of the cytokine in the
lavage sample from the peritoneal cavity. We applied an ELISA method to determine the
concentration of TGF-Bf1. Other studies showed that this cytokine is associated with

pathological fibrosis. The capture antibodies, enzyme substrate and detection antibodies
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were purchased separately from BD Biosciences (Cat. No.:555052, 555053, 554058).
The optimal ratio between the antibodies was determined by titration as described in
Techniques for Immune Function Analysis found from BD Biosciences. We applied
different ratios of primary and secondary antibodies to measure the concentrations of
standard protein. We chose the ratio that gave us the most linear concentration profile of

the standard protein as our optimal ratio.

5.2.4 MMP-2 and Pro-MMP-9 concentrations

For our study, we were interested how the concentrations of MMP-2 and MMP-9
correlate to fibrosis induced by polymeric biomaterials. In order to do so, we used
enzyme-linked immunosorbent assays (ELISAs) to measure the concentration of the two
proteases in the lavage sample from the peritoneal cavity. We applied an ELISA method
to determine the concentration of MMP-2 and Pro-MMP-9. The ELISA kits were

purchased from R&D Systems (Cat. No.: DMP200, MMP900).

5.2.5 H&E staining and cell layer thickness on material surface

The implanted silicone tubes were retrieved from the peritoneal cavity of the animal
7 and 28 days after implantation. Each tube was immediately fixed in 10% formalin for
48hrs then transferred to 70% ethanol until being stained in the histology laboratory. The
tube was then embedded in paraffin, cut in cross-section, and stained with H&E in order

to observe the types of cells on the material surface under microscopy. We took pictures
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of each tube and measured the thickness of the cell layers on the surface of the

biomaterial.

5.2.6 Flow Cytometry

Flow cytometry was used to identify the population distribution of different types of
cells contained in the PBS extracted from the peritoneal cavity of the mice. We wanted to
study whether the implanted biomaterial caused any shifting of the population
distribution. As mentioned earlier, we injected 2ml of PBS into the peritoneal cavity of
the mouse to collect the cytokines and cells. The extract was centrifuged in order to
separate the supernatant and cells. After removing the supernatant, we resuspended the
cells in PBS. We used a hemacytometer to calculate the concentration of the cells, then
centrifuged the cells again, and adjusted the volume of PBS in order to bring the
concentration of the cells to approximately 1million cells /ml in PBS. After adjusting the
cell concentration, we then used Flow Cytometry to determine the percentage of different
cells in the sample. Using the dot plot with Forward-Scatter (measures the cell size) and
Side-Scatter (measures the cell granularity) as the axes, we were able to observe four
distinct populations separated from each other. They were assigned as debris/RBC (red
blood cells), lymphocytes, monocytes and neutrophils according to the size and
granularity. We then eliminated the population of debris/RBC from the cell count to
obtain the total cell count of lymphocytes, monocytes and neutrophils. The population

percentages of the three types of cells were then calculated.
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5.2.7 Animals

We used female MRL purchased from The Jackson Laboratory and Female C57BL/6
mice were purchased from Charles River Breeding Laboratories (Wilmington, MA). All
animal work was approved by the Animal Research Ethics Board at McMaster University.

The surgeries and implantation were performed when the mice were 6-8 weeks old.

5.2.8 Statistical Analysis
Statistical tests were conducted using Microsoft Excel Data Analysis. Data

is presented as mean + standard error of the mean (sem).

5.3 Results

In our study, we investigated the mechanisms of fibrosis induced by biomaterials
MRL and C57BL/6 mice by implanting a biomaterial (silicone) into the peritoneal cavity
of the mice. We had four different treatments: i) 7 day implantation in MRL; ii) 7 day
implantation in C57BL/6; iii) 28 day implantation in MRL; iv) 28 day implantation in
C57BL/6 mice. The methods we used to observe and analyze the fibrotic response
toward the implanted biomaterial were: 1) we used ELISAs to measure the concentration
of matrix metalloproteinase(MMP)-2 and MMP-9 from the lavage sample; ii) with the
help of Flow Cytometry, we observed the shifting of cell population distribution in the
peritoneal lavage with or without implant; iii) we stained the cross-sectionally cut
biomaterial to observe the cellular behaviour on the surface of the implanted biomaterials.

We wanted to investigate how MRL mice would respond differently than C57BL/6 mice
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toward the fibrosis induced by implanted biomaterial.

MRL mice had higher MMP-2 and Pro-MMP-9 concentrations than C57BL/6 mice

MRL mice had shown different tissue regeneration and wound healing ability
depending on the location of the tissue [11]. Within the same tissue, depending on the
method of injury, this strain of mice showed different responses as well [12,13]. We were
particularly interested in how MRL mice responded to a implanted biomaterial; whether it
would be a scarless wonder or a typical fibrotic response. We focused our study on the
activities and concentrations of MMP-2 and MMP-9.

From our results, MRL and C57BL/6 mice showed different MMP-2 concentrations
as shown in Figure 5.2A. The difference was the largest at 7 days after the implantation.
Under all three circumstances (naive, 7 days and 28 days of implantation), MRL mice had
higher concentrations of MMP-2 and C57BL/6. In MRL mice, MMP-2 level increased
after 7 days of implantation and dropped back down to naive level at the 28" day of
implantation. In C57BL/6 mice, MMP-2 peaked at 7 days of implantation, dropped
slightly on the 28™ day, though still higher than naive mice.

We observed a similar though not exact trend in Pro-MMP-9 concentration
(Figure 5.2B). Under all three circumstances, MRL mice had higher concentrations of
Pro-MMP-9 than C57BL/6 mice. In MRL mice, the concentration of Pro-MMP-9 peaked
on the 7™ day of implantation, decreased on the 28% day, though still higher than naive

mice. Similar trend was observed in C57BL/6 mice as well.
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MRL mice had higher TGF-B1 concentration than C57BL/6

TGF-B1 is involved in many biological functions, particularly relevant to our study,
it is a pro-fibrotic cytokine. In our results, we observed that TGF-$1 concentration
(Figure 5.2C) showed similar trends to MMP-2 and Pro-MMP-9. As shown in Figure 5.2,
in naive, 7 days and 28 days implantation, MRL mice had higher concentration of this
cytokine in the peritoneal lavage than C57BL/6 strain. The concentration for both strains
of mice peaked on the 7 day of implantation. This could be an indication of possible

positive feedback relationship between TGF-f1 and the MMPs.

The cellular behaviour on the surface of implanted materials showed indifference
between MRL and C57BL/6 mice

We cut the sample in cross-section and treated it with H&E stain in order to observe
the cell layer thickness and cellular behaviour on the surface of implanted biomaterials
(Figure 5.3). The severity of acute inflammation and fibrosis was determined by the
densities of different cell types attached to the surface of the biomaterial. In both strains
of mice, there were severe inflammatory and fibrotic responses toward the implanted
biomaterial. There were no significant differences observed from the histological images
between the two mice strains on both the 7% and 28" day of implantation. We observed
severe necrosis and the recruitment of neutrophils, monocytes, and macrophages on the
surface debris of the biomaterial. Edematous of diffuse fibroplasias was also present.
The debris on the 7 day of implantation was more cell-dense, and the thickness was

more equally distributed around the circumference of the silicone tube. On the 28 day
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of implantation, some area of the debris barely had any cellular activities and was left as
collagen deposition (usually thinner in thickness), some area still displayed severe
inflammation with high density of cells like neutrophils and macrophages. The only
difference observed was that on the 28" day of implantation, there were occasional
foreign giant body cells scattered within the cell layer on the surface of the biomaterial
implanted to MRL mice.

The differences between the cells were observed by comparing the granularity and
sizes of the cells under microscopy. The types of the cells were determined with the aid

of Dr. Jacek M. Kwiecien.

The neutrophil population peaked on the 28" day of implantation in MRL mice

We used a flow cytometer to determine the distribution of cell types within the
peritoneal cavity. Different cells play different roles in host response toward the
implanted biomaterial. Neutrophils are the first line of cellular defense when a foreign
material is detected in the body. We expected to see the populations of neutrophil peaked
7 days after implantation as inflammation was still in effect. As shown in Figure 5.3A,
we did not observe a clear relationship between the population percentages of neutrophil
and the concentrations of the two MMP’s that we measured. In C57BL/6 mice, the
populations of neutrophil were about the same in naive mice, and 7 days after
implantation; the population percentage was much lower on the 28t day of implantation.
The opposite trend was observed in MRL mice, the concentrations of neutrophil peaked

on the 28" day was much higher than on the 7 day and naive mice. For lymphocyte
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populations (Figure 5.3B), we observed the peak in MRL naive mice. All other had

approximately the same population percentages.

5.4 Discussion

In our study, we were particularly interested in the fibrotic response from the host
toward the implanted biomaterials. Polymeric biomaterials are often used as scaffolds to
support cells, and to deliver bioactive molecules in regenerative medicine. These
biomaterials are typically designed to provide temporarily mechanical support during the
replacement of the damaged tissue. Cells in the construct will interact with the
surrounding environment, and repair the damaged tissues as the biomaterials degrade
gradually without toxic effects to the body. Unfortunately, when implanted, biomaterials
are treated as foreign objects by the body, and cause various host responses. Often after
implantation, collagen is deposited on the surface of implanted biomaterials, known as
encapsulation. The collagen layer would then block the communication between the
delivered cells and the surrounding environment. The purpose of “regeneration” is
defeated when severe fibrosis occurs. Fibrosis is not only relevant in regenerative
medicine; it could also cause trouble in tissue/organ replacement, for example, heart
valves. In addition, fibrotic capsule formation around medical devices, probes and drug
delivery vehicles is likely to interfere with function. Other than fibrosis, acute and
chronic inflammation could also occur when the body recognizes the implanted
biomaterial as a foreign object. Inflammation could further damage the healthy

tissues/organs in proximity to the implanted biomaterial [14].
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In several studies, MRL mice showed the potential for scarless repair and
regeneration of wounded tissue. The mice have shown scarless regeneration in ears
[15,16]. MRL mice also regenerated myocardial tissue after a cryo-injury [17], and
displayed accelerated healing in alkali-burned corneas with reduced inflammation [18].
There have also been cases in which MRL mice did not show the same scarless
phenomena as the studies mentioned above, for example, heart injury induced by
ischemia-reperfusion [19,20], and dorsal subcutaneous injury [21]. We were particularly
interested in how MRL mice would respond to implanted biomaterials in the peritoneal
cavity. We wanted to observe whether MRL mice would give a different perspective and
insight on the mechanism of fibrosis induced by implanted biomaterials. We focused our
study on finding the concentrations of MMP-2, Pro-MMP-9 and TGF-$ in peritoneal
lavage, the cellular behaviour on the surface of the implanted biomaterial, and the cell
population distribution in the peritoneal lavage.

MMPs are involved in many biological pathways and pathological diseases,
especially in remodeling responses involving collagen and other extracellular matrix
molecules [22-24]. MMP-2 and MMP-9 are secreted by different types of cells in
extracellular matrix remodeling at wounded tissue [25,26]. These two MMPs are up-
regulated only in migratory, not stationary, fibroblasts [27]. Among other cells involved
in wound healing that also produce MMPs are neutrophils and macrophages [28].
Studies have shown that MRL mice express higher levels of MMP-2 and MMP-9 [29,30],
and tissue inhibitors of metalloproteinases (TIMP) levels are lower in MRL mice than in

C57BL/6 mice [31]. On a cellular level, both neutrophils macrophages are positive for
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MMP-2 and MMP-9, though at different time points, and MMPs were found in both pro
and active form [32]. This gives us a possible explanation of the scarless healing: a
higher expression MMP and less of its inhibitor in MRL mice. MMP-9 has also been
shown to be involved in fetal scarless healing [33]. TGF-B1 is a well known pro-fibrotic
cytokine which plays a key role in the process of fibrogenesis [34]; this has been
demonstrated in many different organ systems [35]. TGF-B1 causes myofibroblasts to
differentiate and induces the expression of connective tissue growth factor (CTGF),
therefore increasing the production of collagen and fibronectin [36]. Studies have been
done to show that transient adenoviral vector-mediated gene transfer of active TGF-f1
leads to progressive and severe fibrosis in different animal models [37-39].

Two separate studies have shown that MRL mice expressed higher levels of MMP-2,
MMP-9 [40] and TGF-B1 [41,42] during wound healing process. In our study of “wound
healing” toward an implanted biomaterial, we observed a similar trend. The
concentrations of MMP-2, Pro-MMP-9 and TGF-Bl1 in the peritoneal lavage were
measured using ELISA. MRL mice had higher concentrations than C57BL/6 mice of all
three molecules whether implanted or not. For both strains of mice, the concentrations of
all three molecules peaked on the 7™ day of implantation. On the 28" day, the
concentrations of MMP-2 and Pro-MMP-9 had gone back down close to the naive animal
levels; the concentration of TGF-B1 was still much higher than in naive mice though
significantly lower than the 7™ day. This could indicate a possible relationship between
MMPs and TGF-B1 in the process of “wound healing” toward an implanted biomaterial.

The longer lasting high concentration of TGF-B1 could just be another sign of this
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cytokine’s multi-functional interactions with cells and molecules in the process of host
response toward the implanted biomaterial. A study on isolating the presence of either
TGF-B1 or MMP-2, 9, by using the antibody, could give us a more direct indication of the
relationship between the three molecules.

In our cell population distribution study, we observed a dramatic difference between
the two strains. As shown in Figure 5.3a, C57BL/6 mice had much higher neutrophil
population percentages in naive model, and on the 7 day of implantation than MRL mice.
The opposite relationship was observed on the 28™ day of implantation. The population
percentages of lymphocytes did not fluctuate as much as the neutrophils. Naive MRL
mice had the higher lymphocyte population percentages in all treatments. The trend that
C57BL/6 mice had higher neutrophil population percentage than MRL mice agreed with
the study done by Kench [43]. What was unexpected was the sudden rise of the
neutrophil population in MRL mice on the 28" day of implantation. This could indicate a
delayed inflammatory reaction toward the implanted biomaterial in the autoimmune MRL
mice. A more detailed study of inflammatory markers (e.g. IL-1) could give us a more
clear indication on what type of response was in process at different time points.

Though the concentrations of TGF-p1, MMP-2 and pro-MMP-9 and cellular
distributions showed differences between the two mice, we did not observe a significant
difference on the cellular behaviour on the surface of the implanted biomaterial. Both
strains of mice displayed severe acute inflammation, necrosis, and diffuse fibroplasias.
Cells like neutrophils, monocytes and macrophages were recruited to the biomaterial

surface. On the 7% day of implantation, the tissue accumulation on the surface of the
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biomaterial was more cellular dense. On the 28™ day, some areas around the biomaterial
surface barely had any cellular activity and was left as collagen deposition (usually
thinner in thickness), some areas still displayed severe inflammation with high density of
cells like neutrophils and macrophages. The measured differences between the two
strains of mice at the molecular (MMP and TGF-B) and cellular (population distribution)
levels were not reflected in histology. This could be an indication that there was possibly
more than one mechanism involved in the fibrotic response toward the implanted
biomaterial. The functions the MMP-2, MMP-9, and TGF-beta could possibly be
replaced by other molecules. Alternatively, MMP-2, MMP-9 and TGF-$ might not play
an important role in biomaterial-induced fibrosis.

In conclusion, we found results that agreed with studies that were done on the
wound healing in MRL mice: the concentrations of MMP-2, Pro-MMP-9 and TGF-f1
were all higher in MRL mice than C57BL/6 mice; MRL mice had lower populations of
neutrophils in naive mice and on the 7™ day of implantation, though the population
increased dramatically on the 28™ day of implantation. We expected to see less severe
fibrotic response in MRL mice, but it was not observed through histology. In both strains
of mice, there was severe acute inflammation, recruitment of neutrophils, monocytes and
macrophages with the presence of diffuse fibroplasias on the surface of the implanted
biomaterial. Pathological fibrosis from wound healing and fibrosis induced by an
implanted biomaterial might share the same pathway, but it is possible that there is more
than one pathway/mechanism involved in the biomaterial-induced fibrosis, dependent on

the mouse strain or type of material. There are many steps and feedback loops in the
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process of fibrotic response. We have studied the mechanism of the “middle” part of this
process, i.e. after at least one day of implantation when different types of cells were
already attracted/migrated to the surface of the biomaterial. A future study on an even
earlier stage of the process and its influence on subsequent steps of the fibrotic response
could give us more insights in the biomaterial induced fibrotic response. We have
observed the expected similarities between pathological fibrosis and biomaterial induced

fibrosis, yet we did not observe a difference when it comes to histology.
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Figure 5.1 Concentrations of Cytokines. A) MMP-2. B)Pro-MMP-9. C) TGF-B1.
MRL mice had higher in all three cytokines at both time points (7 day and 28 day) than
CS57BL/6 mice. The concentrations of the three cytokines from the peritoneal lavage

showed similar trend.

Figure 5.2 Cellular behaviour on the surface of the implanted biomaterial. A) C57BL/6
with 7 day implantation. B) MRL with 7 day implantation. In both strains we observed
severe inflammation with the gathering of necrosis, neutrophils, monocytes and
macrophages. We did not observe different cellular behaviour on the surface of the
implanted biomaterial between the two mouse strains. C) C57BL/6 with 28 day
implantation. D) MRL with 28 day implantation. On the surface, there was less cellular
activity than the 7% day, and was left with collagen deposition. We did not observe
difference on the cellular behaviour on the surface of the implanted biomaterial between
the two mouse strains, though there were occasional foreign body giant cells observed in
MRL mice.

Figure 5.3 Population distribution percentages of cells. A) Neutrophils. The neutrophil
populations in C57BL/6 mice were higher than MRL mice in naive and 7 day implant
treatment. It was interesting to observe the neutrophil population of MRL mice peaked
on the 28" day of implantation. B) Lymphocytes. We observed the highest population in
MRL naive mice. All three other treatments showed similar population distribution

percentage.
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Conclusions and Recommendations

In our work, we focused on the mechanism of biomaterial-induced fibrosis. We
tackled three questions: i) how does the initial inflammatory response to the implanted
biomaterial influence the fibrotic response, ii) how important is the SMAD3 gene in
biomaterial-induced fibrosis and, iii)) how do MRL mice respond to a implanted
biomaterial. We analyzed our results from molecular, cellular and histological aspects.

To answer the first question, mice received one of four different treatments: 1)
silicone tube, ii) silicone tube with LPS, iii) PLGA coated silicone tube, and iv) PLGA
coated silicone tube with LPS. The implant was placed in the peritoneal cavity for 3 days.
The purpose of LPS is to induce acute inflammation. From our results, LPS induced a
higher production of IL-1p when compared to the non-LPS-treated, but not significantly.
The concentration of TGF-B1 did not increase with the application of LPS, but in fact,
decreased slightly. For the concentrations of IL-1B and TGF-B1 in the peritoneal lavage,
we did not find a direct relationship between the two cytokines, but we observed that the
silicone implant induced higher productions of both cytokines than the PLGA coated
silicone tube did. The cell layer on the implanted silicone tube was much thicker than the
cell layer on the PLGA surface. Finally, the silicone tube with LPS treatment induced the
highest neutrophil population in the peritoneal lavage. We concluded that the fibrotic
response was affected by the type of implanted biomaterial rather than severity of acute
inflammation.

To answer our second question, we had four different treatments: i) 1 day

implantation of a silicone tube in SMAD3 KO mice, ii) 7 day implantation of a silicone
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tube in SMAD3 KO mice, iii) 1 day implantation of a silicone tube in WT mice, and iv) 7
day implantation of a silicone tube in WT mice. In Smad3 KO mice, the concentration of
TGF-B1 did not differ between the two time points, and on the 7® day, the cell layer on
the surface of the implanted silicone tube was much thicker as expected. We did not
observe a significant difference on the cellular behaviour at the surface of the implanted
biomaterials at either time point between the two mice. We found an increased neutrophil
population in the peritoneal lavage with the implantation, though again, no difference
between SMAD?3 null and WT mice. Finally, the population of the monocytes increased
with the implantation and the duration of implantation for both mice. We did not observe
a significant difference in biomaterial induced fibrotic response between the two mouse
strains.

With our MRL project, we wanted to investigate whether this strain of mouse
produces a non-typical fibrotic response to the implanted biomaterial. We had four
different treatments: 1) 7 day silicone tube implantation in MRL mice, ii) 28 day silicone
tube implantation in MRL mice, iii) 7 day silicone tube implantation in C57BL/6 mice,
and iv) 28 day silicone tube implantation in C57BL/6 mice. We did not observe a
difference in cellular behaviour and cell layer thickness on the surface of the implanted
biomaterial between the two strains of mice. We did observe higher concentrations on
MMP-2, Pro-MMP-9 and TGF-B1 in MRL mice at both time points. A result that was
unexpected was that MRL mice had peak neutrophil population on the 28t day of
implantation when the response was expected to be mostly encapsulation and fibrosis

instead of severe inflammatory response.
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For future studies, we would suggest investigating the importance of the presence
of TGF-B1. We found a fibrotic response in all our treatments and also the presence of
TGF-B1. Though its concentration did not always correlate to the severity of the fibrotic
response, it could mean that the response only needs a certain concentration to trigger the
pathway, though there is also a potential of negative feedback when the concentration of
this cytokine reaches a limit. = Another possibility is that there is another
mechanism/pathway that guides the biomaterial-induced fibrosis. A complete elimination
of the cytokine could help us determine the existence of a pathway which does not
involve TGF-B1.

The cellular behaviour on the surface of the implanted biomaterial did not change
between the mice strains in all three of our projects. The only time it was different was
when there were two types of biomaterials which gives us a possibility that the surface
structure and chemistry, and the initial contact is the key to the following fibrotic
response.

Another issue that would need to be considered is the attachment of intestines to
the implanted biomaterials. When implanted, often the tube was tangled with the
intestines and the detaching caused bleeding of the intestine. A fixture of the implant at
desired location would be desired.

In conclusion, we found that: 1) the fibrotic response to the implant is heavily
dependent on the type of biomaterial, ii) TGF-B1 is involved in fibrotic pathway toward
the implanted biomaterial but there is potentially another pathway existing, iii) MRL

mice had a higher production of TGF-f1, MMP-2 and Pro-MMP9 but the response to
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biomaterials was as severe as in a pro-fibrotic mouse strain.
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Appendix A

ELISA (IL-1B)

For a 96 well-plate

Capture Antibody: 1:250 dilution (with Coating Buffer)

48ul Capture Ab + 12 ml Coating Buffer

Coating Buffer
0.1M Sodium Carbonate, pH 9.5

Detection Antibody: 1:250 dilution (with Assay Diluent)

48ul Detection Antibody + 12ml Assay Diluent

Enzyme Reagent: 1:250 dilution (with Assay Diluent)

48ul Enzyme Reagent + 12ml Assay Diluent

BD (Cat. No. 559603)

Standards:
Std Original Std.2000 Std.1000 Std.500 Std.250 Std.125 Std.62.5 Std.31.3
Conc 130ng/ml | 2000pg/ml | 1000pg/ml | 500pg/ml | 250pg/ml | 125pg/ml | 62.5pg/ml | 31.3pg/ml
12ul 12ul of 350ul of 350ul of 350ul of 350ul of 350ul of 350ul of
Original Std.2000 Std.1000 | Std.500 Std.250 Std.125 Std.62.5
Assay 768ul 350ul 350ul 350ul 350ul 350ul 350ul
Diluent ,
Assay Diluent
PBS +10% FBS=19.2+ 10 + 10 + 3 =42.2 ml — 50ml(FBS: 5ml)
Wash Buffer
PBS + 0.05%Tween-20 = 300ul/well x 96 x (3+3+5+5+7) = 662.4ml — 900ml (Tween-
20: 0.45ml)

Substrate Solution (TMB)

100ul/well x96 = 9.6ml — 12ml (6ml A + 6ml B)

Stop Solution (1M H3POy)
50ul/well x96 = 4.8ml — 6ml

Procedure
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. Add 100ul diluted Capture Ab to each well. Incubate overnight at 4°C.
2. Aspirate and wash 3 times.
3. Block plates: 200 ul Assay Diluent to each well. Incubate 1hr at RT.
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Aspirate and wash 3 times.
Add 100ul standard or sample to each well. Incubate 2hr at RT.
Aspirate and wash 5 times.
Add 100ul diluted Detection Ab to each well. Incubate 1hr at RT.
Aspirate and wash 5 times.
Add 100ul diluted Avidin-HRP (Enzyme Reagent) to each well. Incubate 30min
at RT.
10. Aspirate and wash 7 times.
11. Add 100ul Substrate Solution to each well. Incubate 30min at RT in dark.
12. Add 50ul Stop Solution to each well. Read at 450nm within 30min with A
correction 570nm.
Note: Prepare these solution 15min ahead before use.

e B s R
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Appendix B

Materials Requrired:

TGF -

B1 ELISA

Coating Buffer: 0.1M Na,HPOy, adjust to pH 9 using NaH,PO4

Washing Buffer: 0.5mL Tween-20 in 1L PBS

Blocking Buffer: 10% FBS in PBS

Stop Solution: 1M Phosphoric Acid (Mix 115mL 85% Phosphoric Acid with deionized
water to make 1L solution)

Capture Antibody: 48uL Stock Antibody + 11.952mL Coating buffer

Detection Antibody: 12uL Stock Antibody + 11.988mL Blocking buffer

Enzyme Solution: 10uL HRP + 9.990mL Blocking buffer

Substrate Solution: 6mL Reagent A + 6mL Reagent B (Make immediately before use)

TGF- B1 Standards:

S| Stock Std. 125 Std. 62.5 Std. 31.25 | Std. 15.625 | Std. 7.81 Std. 3.9 Std. 0
t
a
n
d
a
r
d
g 250 125 62.5 31.25 15.625 7.8125 3.90625 Opg/mL
o| ng/mL pg/mL pg/mL pg/mL pg/mL pg/mL pg/mL
n
c
10pL of 2mL of 2mL of 2mL of Std. | 2mL of Std. | 2 mL of St.
Original Std. 125 Std. 62.5 31.25 15.625 7.81
B 19.990 ml | 2mL 2mL 2mL 2mL 2mL 2mL
1
0
(&
k
i
n
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# o hHhe

Method:

1) Capture Antibody

a.

b.

Add 100uL of capture antibody solution to each well
Seal plate and incubate overnight at 4°C

2) Blocking

a.
b.
€

Aspirate capture antibody and wash plate 3 times
Add 200uL blocking buffer to each well
Seal plate and incubate 1 hour at room temperature

3) Standards and Samples

a.
b.
o

Aspirate blocking buffer and wash plate 3 times
Add 100uL standard solution or sample solution to the wells
Seal plate and incubate for 2 hours at room temperature

4) Detection Antibody

a.
b.
C.

Aspirate standards and samples and wash 4 times
Add 100puL of detection antibody to each well
Seal plate and incubate for 1 hour at room temperature

5) Enzyme Solution

a.
b.
C.

Aspirate detection antibody and wash 5 times
Add 100uL of enzyme reagent to each well
Seal plate and incubate 30 minutes at room temperature

6) Substrate

oo o

Aspirate enzyme solution and wash 5 times

Add 100uL Substrate solution to each well

Seal plate and incubate 30 minutes at room temperature in DARK
Add 50uL stop solution

Read optical density at 470nm
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