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Abstract 

THE PIVOTAL ROLE OF FIBROCYTES 

ON FOREIGN BODY REACTIONS 

 

David W Baker, PhD 

 

The University of Texas at Arlington, 2013 

 

Supervising Professor: Liping Tang 

Fibrocytes are circulating connective tissue precursor cells that were first 

described in 1994 by Bucala et al. as mediators of the innate immune response [1]. 

Recently the notion of a fibrocyte has not only gained widespread acceptance, but these 

cells have been identified to participate in a number of disease and pathologic states 

including aberrant wound repair, fibrosis of organs, cardiovascular disease, and even 

normal aging. Despite these advancements, little was known about the response of these 

dynamic cells to biomaterial implants and foreign body reactions. The main focus of my 

thesis work has therefore focused on investigating fibrocyte-mediate responses, and 

identifying cellular interactions and the role of fibrocytes during the foreign body 

response. Our results support that fibrocytes are vital and primary contributors to 

collagen deposition and expansion of encapsulating fibrotic matrix and scar formation. 

This thesis summarizes our efforts on the development of several strategies to alleviate 

fibrocyte driven fibrotic responses. 

In the first approach macrophage interactions were investigated through the 

development of a dual, near infrared, imaging probe modality to non-invasively 

investigate the role of macrophage polarization on implant-associated fibrotic tissue 

reactions in real time. Two polyethylene glycol based probes were fabricated to detect 
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M1 and M2 macrophages around biomaterial implants and infection. Using antagonistic 

compounds to block specific cytokine activators, we find that fibrocyte accumulation is 

linked to macrophages and responsive to transforming growth factor beta (TGF-β) 

signaling related to alternative macrophage activation. In addition, we found that 

stabilizing mast cells drastically reduce fibrocyte and fibrocyte-derived collagen 

production around PLGA implants. Deeper investigation using mast cell depleted and 

reconstituted mice irrevocably demonstrates that the degree of mast cell activation can 

dictate subsequent fibrocyte responses. 

In addition to cellular mediate mechanisms, micropillar implants are used to 

passively modify fibrocyte activation. Very interestingly fibrocytes were found to be more 

responsive to topographical changes, specifically spacing and height, of PDMS 

micropillar implants than fibroblasts or macrophages. The cellular responses were found 

to correlate with the histological outcomes of fibrosis including granulation tissue 

formation and collagen production. Lastly, it has recently been shown that fibrocytes 

possess a multi-potency for several lineages including adipocytes. The potential for 

differentiation however had not been investigated in vivo. Through the use of mini-

osmotic pumps, the potential for directing fibrocyte differentiation in vivo was assessed by 

delivering specific differentiation agents. The results presented in this thesis provide 

strong support for novel strategies to resolve or treat complications of the foreign body 

response and excessive fibrosis to existing medical implants.  
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Chapter 1  

Introduction 

1.1 Background 

Governing the biomaterial mediated tissue response is critically importance for 

the future design and improvement of many medical devices. With almost daily advances 

in biomedical materials including novel polymers and intricate fabrication methods, there 

is a high demand to understand and improve implant biocompatibility to enhance efficacy, 

safety, and regenerative properties. Unfortunately, almost all biomedical implants are 

plagued with significant adverse reactions with localized tissue contact. The functional 

success or failure of these devices is invariably a function of the host tissue response, 

often termed the “foreign body response”. This response involves varying degrees of 

immune, inflammatory, and fibrotic reactions, often regulated by interactive biomaterial, 

protein, and cellular events.  

An account of the foreign body response has been well established in many 

previous reports [2-5]. The complex processes however are not entirely understood. In 

brief, almost all medical implants are quickly covered (within seconds to minutes), with a 

layer of plasma proteins following exposure to bodily fluids or blood [6]. Within a few 

hours to several days, implants are surrounded by a large number of immune cells and a 

small number of fibroblast-like cells. A few weeks later, collagen-rich fibrotic capsules 

form and isolate the medical device from the surrounding host tissue. Since implants are 

encapsulated by adsorbed plasma proteins, and a dense population of inflammatory cells 

(neutrophils and macrophages), forms prior to fibrotic tissue formation, it is generally 

believed that biomaterial:protein interactions drive biocompatibility. In addition, it is highly 

regarded that biomaterial-mediated inflammatory responses drive subsequent fibrotic 

tissue formation. We should temper this however by pointing out that while immune and 
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inflammatory cell populations are known to release a plethora of pro-inflammatory and 

pro-fibrotic cytokines, none of these cells are directly responsible for the collaganous 

matrix formation resulting in the fibrotic capsule.  

This report focuses on the cellular interactions primarily and directly responsible 

for the formation of the collagen-rich fibrotic capsule in the foreign body response. Our 

studies have revealed that a circulating connective tissue cell, termed “fibrocyte,” plays a 

critical and previously underestimated role in the foreign body response. These cells are 

highly migratory with a dynamic and plastic phenotype and were found to be directly 

related to the collagen production and accumulation surrounding biomaterial implants.  

Since mast cells are known to initiate inflammatory responses, we hypothesized, and 

show for the first time, that mast cell stabilization or degranulation substantially alters the 

fibrocyte-mediate response. In addition, we have confirmed that macrophages are an 

important modulator of fibrotic tissue reactions, and suggest a positive relationship 

between macrophages and fibrocytes. Further investigation shows that macrophage 

polarization is an important determinant for fibrocyte recruitment and activation around 

biomaterials. We therefore propose the following sequence of cellular events during 

foreign body reactions. First, (1) biomaterial implants prompt mast cell activation and 

release of pro-inflammatory cytokines. This is followed by, (2) the localized release of 

cytokines which trigger the recruitment of inflammatory cells, including macrophages 

which lean towards an M1 pro-inflammatory phenotype. Subsequently, (3) activated 

neutrophils and M1 macrophages release many inflammatory products and enzymes to 

destroy surrounding tissue which is quickly followed by fibrocyte recruitment. Immigrated 

fibrocytes, (4) proliferate at the implant site in an inflammatory setting and are further 

stimulated to differentiate into myofibroblasts producing collagenous tissues. Finally, (5) 

the changing microenvironment, stimulates an increase in the percentage of 
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macrophages that possess an M2 phenotype. The release products of M2 macrophages 

then slow down fibrotic tissue production to form permanent fibrotic capsules.  

 By understanding these cellular mediated interactions we continue to investigate 

strategies to overcome fibrocyte dominated fibrotic reactions. To further explore 

strategies to mitigate fibrocyte driven responses we must first appreciate the connections 

between inflammation and fibrosis. 

 

1.2 Acute Inflammatory Responses and Fibrosis 

It is well recognized that the extent of inflammation and the persistence of 

inflammatory cells and products surrounding the implant has a substantial influence on 

the subsequent host fibrotic response. There is evidence to support this claim in both the 

acute and chronic inflammatory reactions. In the acute phase of inflammation, mast cell 

degranulation is known to increase vasodilation facilitating neutrophil infiltration and 

monocyte diapedesis, as well as subsequent fibrosis around silicone implants [2, 7-8]. 

Additionally, adherent phagocytes have been shown to produce and release significant 

amounts of pro-inflammatory and pro-fibrotic cytokines, such as interleukin-1β (IL-1β) 

and tumor necrosis factor -α (TNF-α) [3, 9-12]. With prolonged inflammation, it has been 

shown that by suppressing the activation, but not the presence of phagocytes with 

corticosteroids, the formation of fibrotic tissue can be dramatically reduced [13-17]. 

Furthermore, recent research of wound healing reactions has shown that that phagocyte 

responses, and associated inflammatory products, are essential to fibrotic reactions [18-

23]. In many cases, macrophages become activated to destroy the potential pathogen 

(the implant), however the continued presence of the implant often contributes to a long-

term overstimulation of macrophages leading to chronic inflammation and the resultant 

poor wound healing/ regenerative capabilities. As a result of continued inflammation, it is 
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generally accepted that fibroblast proliferation and collagen production are influenced by 

many of the phagocyte-derived proteins including, platelet activating factor, platelet-

derived growth factor-α, IL-1β and TNF-α, resulting in the fibrosis of the implant [3, 9-12]. 

In normal repair however, macrophages are observed to shift from classical activation to 

an alternative activation state (termed macrophage polarization), down regulating 

inflammation and up regulating fibroblast proliferation and activation to produce 

extracellular matrix and promote repair (Figure 1).  

 

 

Figure 1.1 Current model of tissue injury and repair 
In current models of tissue repair circulating monocytes enter the tissue in response to 

injury and undergo phenotypic changes to become macrophages. Macrophages possess 
a  plasticity of multiple phenotypes shown to effect both tissue destruction (M1) and 
repair (M2). During the repair response macrophages stimulate tissue fibroblasts to 

proliferate and activate to enhance production of extracellular matrix. With an increased 
inflammatory response or profibrotic environment the mechanisms shift toward excessive 

remodeling and fibrosis  
 

1.2.1 Macrophage Polarization and Tissue Responses 

 As previously mentioned immune/ inflammatory cells such as neutrophils and, 

macrophages are known to prompt the release of a variety of pro-inflammatory and pro-
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fibrotic cytokines which drive the resultant tissue response [2, 24-27]. While neutrophils 

are undoubtedly one of the first cell types to arrive at the biomaterial interface, their 

numbers decrease significantly one week after material implantation [28]. In fact, the 

neutrophils peak influx is short lived, up to 24 hours, with a dominating presence for less 

than a few days [2, 5]. Two weeks after implantation no myeloperoxidase-positive 

neutrophils are found at the implant sites suggesting that most of the residual neutrophils 

are no longer activated and functional [29].  

Macrophage's on the other hand are widely recognized as the driving force in 

perpetuating immune responses and chronic inflammation [2, 4-5]. Macrophages are 

derived from monocytes which develop from a common myeloid progenitor cell in the 

bone marrow [30]. These circulating monocytes enter the tissues, and upon arrival at the 

implantation site, undergo a phenotypic change to become macrophages either through 

steady state turnover or through differentiation [4, 30]. In recent years, there has been 

great emphasis on the plasticity of functional phenotypes or polarization of macrophages 

which are mainly thought to exist within a range of functional subsets [31]. These subsets 

are commonly categorized as M1 classically activated cells or M2 alternatively activated 

cells. It has been shown that these subtypes tend to react in a pro-inflammatory or 

regulatory nature respectively (although not exclusively), influencing both tissue 

destruction and regeneration [31-32]. 

In terms of tissue regeneration and fibrosis, this macrophage paradigm 

introduces an interesting concept. While substantial research efforts have demonstrated 

macrophage adhesion, activation, cytokine expression and secretion with in vitro studies 

on biomaterials, few studies have implicated a polarization response and resulting 

interactions in vivo. Recently one study examined the role of macrophages in the 

remodeling process of biologically derived surgical mesh materials after implantation. The 
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authors found that higher ratios of M2/M1 macrophages were associated with more 

positive remodeling outcomes [30]. Additionally they hypothesize that the constructive 

remodeling outcome may be due to the recruitment of different cell populations with 

materials that elicit an M1 or an M2 response [30]. It remains mostly unknown however, 

how alterations in macrophage responses and macrophage polarization (pro-

inflammatory M1 cells and pro-regenerative M2 cells) will influence fibrocytes and the 

fibrotic response to the implant. 

1.2.2 Fibroblasts and Myofibroblasts 

Several cytokines released by activated macrophages including interleukin-1β 

(IL-1β), tumor necrosis factor-α (TNF-α), platelet activating factor, and platelet-derived 

growth factor (PDGF), have been shown to initialize the recruitment and activation of 

fibroblasts, which may lead to localized collagen production [10-11, 33-34]. Fibroblasts 

however, often have organ-specific functions in promoting tissue homeostasis such as 

extracellular matrix and cytokine production [35]. Furthermore fibroblasts are often 

quiescent in tissue and must activate to myofibroblasts before participating in wound 

healing or tissue remodeling [36]. Myofibroblasts, the activated phenotype of fibroblasts, 

are well known to be responsive for increased collagen production and are ultimately 

responsible for wound contraction and closure [37-38]. Myofibroblasts have also been 

shown to participate in foreign body reactions [38-40]. However, the source of 

myofibroblasts remains unclear at best. Studies have suggested that myofibroblasts may 

arise from resident tissue populations [38], dedifferentiate from epithelial cells through 

epithelial-mesenchymal transition [36], or differentiate from a precursor cell such as the 

fibrocyte [39, 41-42]. In addition, it is not entirely clear how the inflammatory mediators 

affect fibrotic cell responses in the case of foreign body reactions.  
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1.2.3 Fibrotic Tissue Formation  

The continued presence of the implant in tissue is perceived by the host as a 

persistent source of inflammatory stimuli which often leads to chronic inflammation. As a 

result, the initial protein adsorption and fibrin clot formed during acute inflammation is 

converted into a granulation tissue [43]. Granulation tissue development encompasses a 

wide variety of growth factors and cytokines which promote the formation of new blood 

vessels through angiogenesis. At the same time, fibroblasts are thought to activate to 

myofibroblasts producing proteins which replace the granulation tissue with a structural 

extracellular matrix comprised of collagen, elastin, glycoproteins and proteoglycans. The 

circulating fibrocyte offers an alternative mechanistic paradigm during this shift from 

inflammation to fibrosis. It has been suggested, that rather than resulting from the actions 

of macrophages and fibroblasts alone, tissue remodeling may also be influenced by 

fibrocytes adopting the phenotype of macrophages or fibroblasts (Figure 2) [35]. At either 

rate, the continuation of extracellular matrix production often results in the implant 

becoming walled off by a thick collagenous fibrous capsule preventing interaction with the 

surrounding tissue [44-45].  

This process is associated with the failure of many types of devices, such as a 

variety of biosensors [13, 46-48], drug delivery systems [49-50], spine/joint [51-53], 

breast [54-56], and eye implants[57-58], as well as neural electrodes [59-60]. In example, 

glucose sensors have been found to lose functionality due to fibrous encapsulation of 

sensor implants [61]. The role of fibrocytes at the material interface presents an 

alternative mechanism of tissue repair and remodeling with the potential to improve the 

safety and efficacy of such devices.  
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Figure 1.2 Alternative model of tissue injury and repair 
In an alternative model of fibrocyte mediate repair, fibrocytes are thought to differentiate 
from a monocyte precursor cell. These initial fibrocytes are inflammatory in nature and 

can act directly on the inflammatory response similar to macrophages. During the repair 
response fibrocytes respond to environmental cues with a shift in phenotype to regulate 

extracellular matrix production and fibrosis becoming anti-inflammatory similar to 
activated fibroblasts. 

 

1.3 Fibrocytes 

1.3.1 Origin and Properties of Fibrocytes 

Fibrocytes are mesenchymal cells that are thought to derive from monocyte 

precursors in the bone marrow [39, 62]. Their biology and interactions have primarily 

come understudy recently, however the term "fibrocyte" was first used to describe a 

circulating monocyte-derived cell type capable of expressing fibroblastic properties in 

1994 [1]. More recent study of the fibrocyte has lead to the notion of a dual modality, with 

the inflammatory features of a macrophage and the remodeling properties of a fibroblast 

[35]. During the acute inflammatory response, fibrocytes have been shown to increase 

production of inflammatory cytokines such as IL-6 and IL-8 and down regulate fibrotic 

markers such as collagen production [63]. Additionally fibrocytes may also function to 

activate cytotoxic CD8
+
 T cells through antigen-presentation [64-65]. After arrival at a 

wound site, fibrocytes can participate in fibrotic reactions through differentiation to 
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myofibroblasts and secretion of collagen, vimentin, and other proteins which influence the 

developing fibrotic matrix [39, 42, 66]. Furthermore, and very interestingly fibrocytes have 

recently been shown to possess differential plasticity with the ability to differentiate not 

only to myofibroblasts but also adipocytes [67-68], osteoblasts [69], and chrondocytes 

[69].  

1.3.2 Identification and Isolation of Fibrocytes 

Fibrocytes have been found to express several leukocyte (CD45, CD90), 

monocyte (CD13, CD11b), co-stimulatory (CD80,CD86), progenitor (CD34), and integrin 

(CD18, CD61) markers as well as extracellular matrix proteins (collagen, vimentin) and 

glycosminoglycans (hyaluronan, perlecan) which have been reviewed elsewhere [35, 62, 

70]. Generally it is accepted that fibrocytes may be identified by expression of either the 

hematopoietic progenitor marker CD34, or the leukocyte common antigen CD45, in 

conjunction with collagen or vimentin [71]. It has been shown however that as fibrocytes 

differentiate to myofibroblasts they decrease expression of hematopoietic markers CD45 

and CD34 while increasing expression of α-SMA [72-74]. In fact, culture of human 

fibrocytes from peripheral blood showed that CD34 levels drop dramatically after 1 week 

in culture [74]. In this same experiment, CD45 levels began to drop after 2 weeks in 

culture reaching a threefold reduction after 3 weeks, however collagen 1 levels remained 

constant and α-SMA levels rose during the three weeks of culture [74]. 

For the culture of fibrocytes in vitro peripheral blood mononuclear cells may be 

isolated and differentiated into fibrocytes. This is often accomplished through purification 

by Ficoll density centrifugation [74], and or removal of the contaminating cells by 

Dynabead purification [70, 75]. For murine studies however, blood from multiple mice 

must be pooled together to obtain an adequate number of cells due to the low number of 

circulating monocytes found in blood [75-76]. More recently, fibrocytes have been shown 
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to differentiate from the splenic reservoir of monocytes [76-77]. With proper conditioning, 

a larger number of cells may be isolated and differentiated to fibrocytes from a single 

mouse spleen. Additionally it was found that using serum free media, with the addition of 

interleukin-13 (IL-13) and macrophage colony stimulating factor (M-CSF), significantly 

enhances fibrocyte differentiation as well as reducing the time needed for culture from 14 

days down to 5 [76]. This source has the potential to generate substantial numbers of 

fibrocytes from a small number of animals for research studies. 

1.3.3 Fibrocytes in Disease Models and Wound Healing  

While fibrocytes are thought to only make up a small fraction of circulating 

leukocytes, there is evidence to support a greatly increased number in several disease 

states. This is true for lung diseases such as asthma [42, 78] and pulmonary fibrosis [74, 

79-83], skin diseases like nephrogenic systemic fibrosis [84], renal fibrosis [85-86] 

hepatic fibrosis [87], cardiovascular disease [88], and even normal aging [89]. In several 

of these fibrotic models such as pulmonary and renal fibrosis as well as dermal wound 

healing [70], fibrocytes have been indentified to correlate directly with the amount of 

collagen production in the tissue. Interestingly, in a liver fibrosis model the development 

of fibrosis was increased in aged mice over young mice which correlated with an 

increased number of fibrocytes [87]. On the other hand, it has been suggested that 

enumeration of circulating fibrocytes may serve as a biomarker for disease progression in 

chronic lung disease such as asthma and pulmonary fibrosis [71]. 

Fibrocytes express several extracellular matrix proteins and properties, such as 

expression of pro-angiogenic and pro-inflammatory factors, that are critical in wound 

repair [71]. They can differentiate to myofibroblasts and increase expression of α-SMA, 

however the level to which this occurs in different wound setting and stages of repair 

remains unclear. In would healing it has been postulated that fibrocytes can rapidly enter 
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the site of tissue injury and can reach up to 10% of the inflammatory cell infiltrate [90]. In 

this response the chemokines CCL21 and CXCL12 seem to play an important role in 

inducing fibrocyte recruitment [74-75].Fibrocytes have been identified in several aberrant 

wound healing models such as hypertropic scars and keloids which develop as a 

consequence of extensive burn injury [62, 90]. In fact it has been demonstrated that the 

differentiation of fibrocyte from peripheral blood monocytes is significantly higher in burn 

patients than in normal individuals [90]. This increase may be linked to increased 

cytokine expression including TGF-β as a result of injury [90].  

While it is clear that fibrocytes play an important role in different aspects of 

inflammatory/ fibrotic diseases and wound healing, their role in the foreign body response 

remains largely undetermined. In this dissertation we focus our efforts on identifying and 

characterizing the fibrocyte-mediated inflammatory and fibrotic effects in foreign body 

reactions. We then investigate several strategies to alleviate fibrosis through mitigation of 

the fibrocyte response.  

 

1.4 Strategies and Aims of This Dissertation 

The aim of this dissertation is to illuminate and examine the involvement of 

fibrocytes in foreign body reactions. In the course of our investigation, we specifically 

focus on immune/inflammatory cellular mediated responses and the resultant interactions 

with fibrocytes and the fibrotic outcome. The definitive goal is to not only identify fibrocyte 

mediated cellular reactions but to propose and implement strategies to alter or mitigate 

these processes with the objective of resolving fibrotic responses and enhancing 

regeneration. The summary of these aims is further described below. 
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1.4.1 Mast Cells Responses and the Alteration of Fibrocyte Recruitment 

Since mast cell activation is accountable for the recruitment of inflammatory cells 

to the implantation site [91-92], and the presence of mast cells around the implant has 

been related to the degree of fibrotic encapsulation [93], we hypothesized that mast cell 

activation and subsequent fibrocyte responses are directly associated with the fibrotic 

pathogenesis of biomaterial implants. To test this hypothesis we conducted two 

independent studies to analysis the degree of mast cell involvement in fibrocyte 

recruitment and activation. The first study investigated the use of chemical mediators to 

induce mast cell degranulation or mast cell stabilization with localized release from PLGA 

film implants. While this study supports our hypothesis, the use of chemical mediators 

could have unknown effects on fibrocytes directly. In our second investigation we 

conclusively examine the mast cell connection to fibrocytes by using mast cell depleted 

and subdermally reconstituted mice. 

1.4.2 Macrophage Polarization and the Influence on Fibrocytes 

Many studies support the notion that the degree of inflammation (primarily 

macrophage cells) leads to the level of the fibrotic or healing outcome of an implant [18, 

21, 23]. In addition, macrophage polarization has been increasingly studied due to the 

contrasting roles of M1 and M2 cells to elicit inflammation or to improve tissue 

regeneration [2, 32, 94-97]. Despite of the improvements in understanding inflammatory 

responses, the interaction and mutual influence between polarized macrophage and 

fibrocytes are mostly unclear. To illuminate these potential interactions we develop a dual 

modality imaging probe to monitor M1 and M2 responses to biomaterial implants in vivo. 

Through imaging and histological identification of macrophage polarization, we proceed 

to analyze how M1 and M2 cells influence the accumulation of fibrocytes over time and 

the resultant fibrotic response at two weeks. 
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1.4.3 Topographical Cues and Passive Alteration of Fibrocyte Responses 

Surface topography has been shown in many studies to alter cellular and tissue 

responses, although the mechanisms and processes governing such reactions are not 

entirely understood. Specific patterned topography may be one strategy to alter the 

inflammatory fibrotic response to an implant through passive mechanical cues. To 

determine the role of fibrocytes on biomaterial-associated fibrotic tissue formation, poly-

dimethylsiloxane micropillars with different surface morphology (pillar heights and pillar 

distances) were implanted in the subcutaneous cavity [98]. Through the use of 

histological analysis we investigate the relationships between inflammatory cells, 

fibroblasts, and fibrocytes in comparison to fibrotic tissue reactions such as capsule 

thickness, density, granulation tissue, angiogenesis, and collagen production. Specifically 

we evaluate how micropillar topography may be an alternative strategy to antagonistic 

agents in altering or mitigating fibrotic responses via fibrocyte interactions.  

1.4.4 Fibrocyte to Adipocyte Differentiation and the Fibrotic Response 

We have previously stated that fibrocytes have been shown to be multi-potent for 

several lineage including myofibroblasts [39, 41-42], adipocytes [67, 99], chondrocytes 

[100], and osteoblasts [100]. This multi-potency may be another potential strategy to 

passivate the fibrocyte response during fibrosis, or to enhance regeneration of tissue 

specific implants. This study primarily focused on the potential for directing fibrocyte 

differentiation surrounding implants in vivo. After confirming differentiation potential in 

vitro, we utilized mini-osmotic pumps to study the differentiation potential in vivo. 

Cumulatively, our results indicate that inflammatory stimuli may be altered 

through several mechanistic cellular-mediated events to greatly influence the activation 

and proliferation of fibrocytes at the interface dictating the degree of fibrosis to the 

medical implant. 
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Chapter 2  

Fibrocytes and Implant-Mediated Fibrotic Tissue Responses 

2.1 Introduction 

The involvement of fibrocytes in several inflammatory and fibrotic diseases has 

been eluted in many recent works. Their role in the foreign body response however 

remains largely undetermined. We hypothesize that fibrocytes play an important role on 

biomaterial mediated fibrotic reactions and that their recruitment or activation may be 

tuned to alter the pro-fibrotic or pro-regenerative response to the implant. Before these 

interactions can be altered however we must first understand the role of fibrocytes and 

the level of interaction around biomaterial implants. In this chapter we aim to identify the 

source of fibrocytes using a chimeric bone marrow model. To illuminate the degree of 

participation in the foreign body response we analyze the cellular influx and collagen 

production around PLGA subcutaneous implants over time. We then further show that 

fibrocyte responses are linked to the inflammatory response by studying the initial 

mediating influence of mast cells on the fibrotic outcome. 

 

2.2 Fibrocytes at the Interface and their Role in Biomaterial-mediated Responses 

2.2.1 Purpose 

All biomaterial implants prompt a host response initiating varying degrees of 

inflammatory, immune, and fibrotic tissue reactions [4]. Although resident tissue 

fibroblasts have been implicated in fibrotic tissue formation, the source and method of 

activation of these quiescent cells into collagen producing myofibroblasts is not clear. 

Coincidentally, many recent studies have uncovered that circulating fibroblast progenitor 

cells -fibrocytes- play a dominate role in fibrotic reactions. Therefore we first set out to 

determine the source and level of involvement of fibrocytes around biomaterial implants. 
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We were primarily interested in ascertaining whether cultured fibrocytes would home to 

the site of biomaterial-mediated inflammation and whether a direct link could be 

established with the degree of fibrocyte accumulation and collagen production. 

Furthermore as suggested by previous works, we ascertain whether biomaterial-

associated fibrocytes are migrating from the bone marrow.  

2.2.2 Materials and Methods 

2.2.2.1 Fibrocyte Culture and Labeling 

Fibrocytes were harvested from the spleens of Balb/C mice based on a published 

procedure [76-77, 101]. Briefly, the spleen is harvested and then finely diced in a culture 

hood before being digested with collagenase (Invitrogen, Grand Island, NY) and 

hyaluronidase (Sigma) for 30 minutes at 37
o
C. RPMI media (Sigma) is then used to dilute 

the sample for cell straining and centrifugation. The sample is then re-suspended in 1ml 

of red blood cell lysis buffer (155 mM NH4Cl, 12 mM NaHCO3, 0.1 mM 

ethylenediaminetetraacetic acid) for 3 minutes at room temperature. Cell lysis is 

neutralized by the addition of 12ml phosphate buffer (PBS) and re-centrifugation two 

times before being cultured with DMEM media. The culture media consists of 

85%DMEM, 15% L-929 conditioned media (as a source of macrophage colony 

stimulating factor) and the addition of 50ng/ml murine IL-13. Cells are cultured for 7 to 10 

days with a media change every 3 days.  

These cultured cells possess similar morphology and surface markers CD45+/ 

Col-1+/ α-SMA- (Santa Cruz Biotechnology), positively identified through 

immunohistochemistry, as previously observed for cultured fibrocytes (Figure 2-1) [1, 42, 

65, 73-74]. For in vivo imaging cells were incubated with 5µM of near-infrared fluorophore 

(Xsight 761) (Carestream Health, New Haven, CT) for 3hrs. Following labeling, cells 

(2x10
6
 cells in 200µl PBS) were administered by iv injection as described in the previous 
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work [102-103]. To simulate biomaterial implantation, animals were subcutaneously 

implanted with either poly-L-lactic acid (PLA) microparticles or poly-L-glycolic acid 

(PLGA) films, as previously described [104-106], for 24 hours prior to NIR-fibrocyte 

transplantation.  

2.2.2.2 Imaging Model for Tracking Fibrocyte Migration 

The in vivo imaging approach used for tracking fibrocyte migration has previously 

been established by our group as recently reported [103-104]. Briefly, whole body 

imaging analysis is performed using the KODAK in vivo FX Pro system (Kodak, USA) 

Fluorescence intensity was monitored at excitation wavelength of 760 nm and emission 

wavelength of 790 nm (f/stop, 2.5; no optical filter, 4x4 binning). After background 

correction, the region of interest (area of implantation) was selected and the mean 

fluorescence intensities for all pixels were calculated using Carestream Molecular 

Imaging Software, Network Edition 4.5 (Carestream Health) as established earlier [104, 

107]. Migration of fibrocytes was studied by in vivo imaging over 48hrs.  

2.2.2.3 Chimeric Bone Marrow Model 

Since many studies have found that fibrocytes are blood-borne and migratory 

cells [1, 75, 108-109], we thus assume that implant-associated fibrocytes are recruited 

from blood stream. To test this hypothesis, we performed a chimeric bone marrow study. 

Briefly, female C57BL/6 mice (6-8 weeks old, n=6) (Taconic Farm, Hudson, NY) were 

whole body X-irradiated at 1000 cGy. Bone marrow cells were aspirated from the femur 

and tibia bones of one male enhanced green fluorescence protein (EGFP) transgenic 

mouse (6-8 weeks old, n=6) (Taconic Farm, Hudson, NY) and transplanted into one 

irradiated EGFP negative mouse through retro-orbital injection. All animals were cared for 

in compliance with the protocols approved by the Institutional Animal Care and Use 

Committee at the University of Texas at Arlington. 
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Using flow cytometry analyses, we assess the number of implant-associated 

fibrocytes over time. After transplantation for 6 weeks, the chimeric animals were 

subcutaneously implanted with perforated catheter tubes, also referred to as wound 

chambers, as previously described [1, 102-103]. Using this method, implant associated 

exudates can be recovered from live animals by aspiration with PBS at various time 

points, spaced three to four days apart. Cells are recovered from the exudates and the 

cellular composition was analyzed by flow cytometry staining of EGFP, CD45, and 

Collagen 1 to identify implant-associated fibrocytes.  

2.2.2.4 Histological and Immunohistochemical Evaluation 

To analyze cellular responses at different time points, we used PLGA films as 

model biomaterial implants. PLGA films (75:25, 113kDa, Medisorb Inc., Birmingham, AL) 

were fabricated as previously described [106], with a resulting thickness of ~1mm. Films 

were cut into 5 mm disks and stored at -20
o
C until implantation. Mice were implanted with 

two films placed laterally on either side of a dorsal midline incision as described 

previously [103]. The films were tucked into the subcutaneous space approximately 15 

mm away from the incision which was subsequently closed with sterilized stainless steel 

surgical clips.  

For histological evaluation, film implants and surrounding tissue were removed at 

each respective time point and then embedded into optimal cutting temperature 

compound (Tissue-Tek, Sakura Finetek, Torrance, CA) for frozen sectioning. All 

histological sections were imaged under a Leica DMLP microscope (Leica, Wetzlar, 

Germany) equipped with a Qimaging Retiga Exi 1394 digital camera (Qimaging, Surrey, 

British Columbia, Canada). Inflammatory leukocytes were generally assessed by CD11b 

marker and fibrocytes were assessed by positive staining for CD45 and Collagen1 [105]. 

The amount of collagen production surrounding implants was assessed, to reflect the 
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extent of fibrotic tissue reactions, by Masson Trichrome staining [98, 105]. The 

quantification of cell numbers and collagen percentage was performed with NIH ImageJ 

as previously described [98, 103, 105]. 

2.2.2.5 Statistical Analysis 

Statistics are performed with GraphPad (La Jolla, CA). For data sets with single 

comparisons, the Student’s t-test was used. For data sets with multiple-group 

comparisons, one way analysis of variance, ANOVA, was used with a Dunnett post test. 

All results are reported as the means ± standard deviations and taken to be significant 

when *P<0.05 and **P<0.01. A linear regression analysis was used to assess the 

correlation between cell specific and tissue responses. The coefficient of determination 

(R
2
) was calculated providing a measure of correlation. 

2.2.3 Results 

2.2.3.1 Fibrocyte Culture and Migration to Biomaterial Implants 

For fibrocyte culture, cells harvested from the spleens of Balb/c mice and were 

grown in culture for 7 days. Fibrocyte characteristics were analyzed based on 

morphology and the expression of dual surface markers CD45 and Collagen 1. As 

expected, the majority of the cultured cells were found to be CD45+, Collagen 1+, and, 

equally important, to be stained negative for α-SMA, a common marker for myofibroblasts 

differentiation. Morphologically the majority of cells maintained a typical spindle shape 

with an oval shaped nucleus (Figure 2-1). The fibrocyte yield after 7 days in culture was 

found to be 72 ± 7.1%, while approximately 27 ± 8.8% of the cells were found to stain 

positive for α-SMA. Since fibrocytes have been shown to decrease CD45 expression and 

increase expression of α-SMA as they differentiate to fibroblasts or myofibroblasts all cell 

cultures were used after only 7 days in culture. 
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To determine the migratory ability of fibrocytes to biomaterial implants, fibrocytes 

labeled with NIR fluorophore Xsight761 were injected intravenously in mice bearing 

biomaterial implants. Real time imaging shows that injected fibrocytes do indeed migrate 

to the site of implantation over a 24 to 48 hour time point (Figure 2-2). The migratory 

response was also observed to increase over time. To confirm that fibrocytes would 

migrate to various biomaterial implants in the same fashion, both PLGA films and PLA 

particles were tested and compared against no-treatment control (PBS). The splenic 

derived fibrocytes transmigrated to the biomaterial implant as hypothesized regardless of 

material or configuration (PLGA scaffold vs. PLA particle). The PLA particles were 

observed to have increased fibrocyte migration which may be attributed to the higher 

surface area as previously described for migrating stem cells [102]. While this study 

clearly demonstrated that fibrocytes will migrate to an inflammatory site surrounding a 

subcutaneous biomaterial implant, the fibrocyte source is left to question. We therefore 

sought to answer this question using a chimeric bone marrow model.  
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Figure 2.1  Culture and identification of splenic derived fibrocytes. 
(a) Representative images are shown of positive staining of α-SMA (red) and collagen 1 
(green) (top image), and CD45 (red) and collagen 1 (green) (bottom image). The overlay 

of CD45 and collagen appears yellow in the bottom image. DAPI is used to stain cell 
nuclei. Cells were derived from the spleens of Balb/c mice and cultured for 7 days on 
glass cover slips in serum free medium containing IL-13 and M-CSF. (b) Histogram 

showing the quantitative measurements of the respective cell types in culture. Statistics 
are performed with the student's test from n=6 replicates for each staining taken at 400x 

magnification, **P<0.01. This figure is adapted from reference [110] currently in 
submission. 
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Figure 2.2  In vivo migration of cultured fibrocytes to biomaterial implants. 
 Fibrocytes are labeled with NIR fluorophore Xsight761 and injected iv at 2x10

6
 cells in 

200µl PBS 24 hours after implantation. Representative images show migration of 
fibrocytes to the site of PLA particle implantation over time. The histogram demonstrates 
that both PLGA film and PLA particles have an increased accumulation of fibrocytes over 
the PBS control. Studies were performed with n=3 mice for each implant type. Statistics 

are performed with ANOVA Dunnett comparisons to the PBS as the control at each 
respective time point and taken to be significant at *P<0.05 or **P<0.01. This figure is 

adapted from reference [110] currently in submission. 
 

2.2.3.2 Identification of the Source(s) of Immigrated Fibrocytes.  

During wound healing, fibrocytes are thought to migrate to the wound site from a 

circulating population recruited from the bone marrow [111]. We thus assumed that 

implant-associated fibrocytes have transmigrated from the bone marrow to the site of 

biomaterial implantation. To test this hypothesis, we used a wound chamber model in 

which perforated catheters were subcutaneously implanted as wound chambers to collect 

immigrated cells. In our chimeric enhanced green fluorescence protein expression model, 

we observed a 15 fold increase in fibrocyte accumulation from day 3 to day 10 following 
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subcutaneous implantation of catheter tubes (Figure 2-3 a). Closer evaluation of the 

fibrocyte population reveals a similar increase from 15% to 30% of the GFP+ fibrocyte 

population. This indicates that a substantial portion of the fibrocytes have derived from 

the newly transplanted chimeric bone marrow (Figure 2-3 b-c). It should be noted that in 

this model only 30% of the bone marrow cells were observed to express the GFP marker, 

indicating a reduced efficiency in the chimeric transplantation. Therefore the 30% of 

GFP+ fibrocytes observed at day 10 is indicative of 100% of what we expect to see from 

our model. Regardless of the efficiency of the chimeric bone marrow transplant, these 

results support that bone marrow is most likely the main source for the implant-

associated fibrocytes. 

 

 

Figure 2.3  FACS analysis of wound fluid after chimeric bone marrow transplant. 
(a) Number of fibrocytes present in wound chamber exudates as a percent of total cells 

analyzed. (b) Number of GFP
+
 fibrocytes as a percent of the total recruited fibrocyte 

population. (c) Representative FACS plot of GFP
+
 fibrocytes (quadrant 2). Wound 

chamber fluid was analyzed at the respective time points after chimeric bone marrow 
transplantation for 6 weeks. Results are from n=6 mice. Statistics are performed with 
Student’s t-test and taken to be significant at **P<0.01. This figure is adapted from 

reference [110] currently in submission. 
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2.2.3.3 Fibrocytes and Implant-Associated Fibrotic Tissue Responses. 

To study the role of recruited fibrocytes on implant-associated fibrotic reactions, 

we conducted a time course study using PLGA film implants to analyze the cellular influx 

and collagen production over time. As anticipated, our study shows that shortly after 

biomaterial film implantation, a substantial number of fibrocytes accumulate at the implant 

site and are found to increase with time (Figure 2-4 a,b). The accumulation of immune/ 

inflammatory cells (CD11b
+
) between the biomaterial and the native hypodermis reached 

the plateau 2 days after implantation. This dynamic interface contains cells having a 

granulocytic morphology up to about 4 days after implantation. Gradually, we observe an 

increase in spindle-shaped cells becoming more prominent in the layer immediately next 

to the implant by day 7 to 14. Interestingly, the influx of fibrocytes (CD45
+
 /Col1

+
) 

becomes significant at 4 days corresponding with an observed decrease in immune/ 

inflammatory cells after their peak at 1013 ± 100 cells/mm
2
 on day 2. The influx of 

fibrocytes appears to follow the inflammatory cascade with a significant increase in 

fibrocyte numbers (121% increase) from day 4 to day 10 reaching a maximum at day 10 

of 419 ± 86 cells/mm
2
 (Figure 2-4 a,b). Critically, the increase in the fibrocyte number is 

precisely mirrored by the collagen content within the surrounding capsule. 

Total collagen production is observed through Masson Trichrome staining (Figure 

2-4 a,c). The collagen content shows a shift in the inflammatory and fibrotic response 

between day 7 and 10 with a doubling (21 ± 1.8% to 41 ± 3.9%) in the amount of collagen 

surrounding the biomaterial implant. Interestingly, we also observed a decrease in the 

capsule thickness (160 ± 19 µm at day 10, to 113 ± 16 µm at day 14) and CD11b+ 

inflammatory cells (727 ± 152 cells/mm2 at day 10, to 287 ± 77 cells/mm2 at day 14). To 

further link the fibrocyte influence on extracellular matrix/ collagen production, we 

established a correlation between the collagen tissue content (%) and fibrocyte cell 
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numbers within the developing fibrotic capsule. This correlation demonstrates a near 

linear relationship (R
2
 = 0.902) indicating a strong link between fibrocyte recruitment and 

the shifting change from inflammation to fibrosis within the biomaterial interface (Figure 2-

5). This shifting interaction of inflammatory cells and fibrocytes, and near linear 

correlation of fibrocytes and collagen content, clearly demonstrate an important role of 

recruited fibrocytes on the developing fibrotic matrix. Several questions still remain to be 

answered however including how fibrocytes are being recruited to the biomaterial 

implantation site, and what factors or cellular interactions are driving this recruitment?  

 

 

Figure 2.4  Time course study of fibrocyte accumulation and collagen production. 
(a) Panel of CD45/ collagen1 positive fibrocytes (yellow) and masson trichrome staining 
of collagen content (blue) at days 2 and 10 of the surrounding implant interface. (b) Plot 
of fibrocyte accumulation and immune/ inflammatory cell influx over time. (c) Plot of total 
collagen content in the developing fibrotic matrix over time. The figure is adapted from 

reference number [105] 
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Figure 2.5  Correlation between recruited fibrocyte numbers and collagen percentage. 
A near linear trend is observed with a coefficient of determination R

2
 = 0.902. The figure 

is adapted from reference number [105] 
 

2.2.4 Conclusion 

In alignment with our original hypothesis our studies have demonstrated that, in 

addition to macrophages/monocytes and polymorphonuclear neutrophils, a large number 

of in situ fibroblast-like cells are recruited to biomaterial implant sites [98, 105]. These 

fibroblast-like cells possess surface markers CD45+/ Collagen-1+/ α-SMA- resembling 

fibrocytes [71, 74, 87]. These cells can be isolated and cultured from the splenic reservoir 

[76]. In vivo imaging studies shows that fibrocytes home to the site of biomaterial-

mediated inflammation regardless of material or configuration. Interestingly, we have 

found that fibrocytes migrate to the implant following the inflammatory cell influx and are 

directly related to the degree of collagen production around the implant. Furthermore, 

using a chimeric bone marrow model, we have identified that a substantial portion of the 

implant associated fibrocytes are derived from bone marrow. Our results support our 

original hypothesis that foreign body reactions drive the recruitment of fibrocytes 

originating from the bone marrow. Furthermore the results support the notion that 
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fibrocytes play an important, potentially underestimated role in biomaterial associated 

tissue responses. 

 

2.3 Mast Cell Stimulation Dictates Fibrocyte and Fibrotic Responses 

2.3.1 Purpose 

It is well understood that mast cells are mediating and regulatory cells in the 

innate and adaptive immune response [112-115]. They secrete a number of mediators, 

including histamine and trypase, cytokines, such as IL-4, IL-6, IL-8, Il-10 and tumor 

necrosis factor alpha (TNF-α), chemokines, including RANTES, monocyte 

chemoattractant proteins (MCP-1 and MCP-3), and growth factors, such as fibroblast 

growth factor (FGF), transforming growth factor beta (TGF-β) and platelet-derived growth 

factor (PDGF) [116-117]. We have previously shown that histamine release from mast 

cells is critical for polymorphonuclear neutrophil and macrophage recruitment to 

polyethylene terephthalate implants [92]. Since fibrocyte migration is mediated by 

inflammatory signals [73-74] and mast cell activation is essential to biomaterial mediated 

inflammatory responses [92], we thus hypothesized that mast cell activation is 

responsible for facilitating biomaterial mediated fibrotic responses through fibrocyte 

interactions. In support of this, it has been suggested that the long term presence of mast 

cells at the implantation site may be related to the degree of fibrotic encapsulation [93]. 

Additionally, a recent study indicated that suppression of the mast cells response may 

lead to a reduced tissue reaction surrounding synthetic mesh implants [118]. The extent 

of biomaterial-mediated inflammatory responses may therefore be significantly reduced 

by mast cell inactivation. 

In this section we investigate how the modulation of mast cell responses could 

change the fibrocyte and tissue reactions to biomaterial implants. For this, we determined 
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how mast cell stabilizing and destabilizing agents (cromolyn and compound 48/80 

respectively) locally released from PLGA film implants would influence foreign body 

reactions. 

2.3.2 Materials and Methods 

2.3.2.1 Fabrication of Poly-L-Glycolic Acid Film Implants 

All chemical were purchased from Sigma Aldrich (St Louis, MO) unless otherwise 

specified. The poly-L-glycolic acid (PLGA) films were fabricated as previously described 

with slight modifications to incorporate mast cell stabilization (cromolyn) and 

destabilization (compound 48/80) chemicals [92, 119-120]. For cromolyn embedded 

films, cromolyn salt (6 mg) was mixed with the polymer solution (~240 µg/implant with an 

intended release rate of ~640 μg/kg body wt/day) and cast into molds similar to control 

films. For compound 48/80 embedded films, compound 48/80 (10 mg) (~350 µg/implant 

with an intended release rate of ~1 mg/kg body wt/day) was dissolved in 

dimethylsulfoxide. The solution was then blended with the polymer solution and cast into 

molds. Release rates were quantified as previously described and found to be 

approximately 6.25 and 4.0 µg/day for compound 48/80 and cromolyn respectively [105]. 

All films were approximately 1mm thick, cut into 5mm disks, and stored at -20°C until 

implantation. 

2.3.2.2 Animal Model and Implantation of PLGA Films 

For implantation C57BL/6 mice (Jackson Labs) of equal age and sex were 

selected and anesthetized. As described earlier a dorsal midline incision was created and 

two implants of equal treatment condition (cromolyn, compound 48/80 or control) were 

implanted laterally on either side of the incision in the subcutaneous space. The incision 

was closed with surgical clips and the mice were monitored daily for irritation around the 

implant until explanation. All animals were cared for in compliance with the protocols 
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approved by the Institutional Animal Care and Use Committee at the University of Texas 

at Arlington. 

2.3.2.3 Histological and Immunohistochemical Evaluation 

The extent of the infiltrated cell layer was assessed by H&E staining. Fibrosis 

was assessed using both Masson Trichrome and Picrosirius Red staining. Picrosirius 

Red staining was visualized using polarized light microscopy where the percentage of 

red/yellow birefringence per total interface area may be quantified. Image J processing 

was used to quantify all histological tissue response as previously described [105, 121]. 

Briefly, all data is presented as the average of multiple counts taken from images 

captured on the skin side of the biomaterial interface (between the implant and 

hypodermis). Areas of equal value were assessed in all cases. 

The density of inflammatory cells (CD45), fibrocytes (CD45 co-expressed with 

collagen I), and myofibroblasts (CD45 co-expressed with α-SMA), was assessed using 

immunohistochemistry as previously described [121]. In all cases the cell densities were 

calculated as the number of positive cells per area using Image J with areas of similar 

size. For all quantifications images were taken with a Leica microscope and imaged with 

a CCD camera (Retiga EXi, Qimaging, Surrey BC, Canada). 

2.3.2.4 Statistical Analysis 

Statistical analysis was performed with GraphPad (La Jolla, CA). All results are 

reported as the means ± standard deviations from n=6 mice for each treatment condition. 

We have assumed Gaussian distributions and performed parametric tests. Statistics were 

calculated with ANOVA using Bonferroni post test and taken to be significant when 

*P<0.05 and **P<0.01. 
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2.3.3 Results 

To assess whether mast cells reactions are involved in fibrocyte recruitment and 

accumulation at the biomaterial interface we first released compound 48/80 and cromolyn 

from PLGA implants to destabilize or stabilize mast cell reactions respectively. Our 

histological results revealed significant differences in both the organization and thickness 

of the infiltrated cell layer around the interface at the two week time point (Figure 2-6). 

Specifically, activation of mast cells through localized release of compound 48/80 

resulted in a 41% increase in cell number over the control and an approximate 30% 

increase in capsule thickness (Figure 2-7). Localized treatment with a mast cell stabilizer 

cromolyn on the other hand, resulted in a substantial decrease in overall cellular 

recruitment and fibrotic capsule thickness (an approximate 30% decrease was observed 

in capsule thickness from the control) (Figure 2-7). 

Since we have previously linked fibrocytes to the amount of collagen production 

around biomaterial implants, we proceeded to analyze the collagen content after mast 

cell modification. For this we used both masson trichrome staining, for general collagen 

content, and picrosirius red staining to identify collagen 1 specifically. We looked 

specifically at collagen 1 as fibrocytes have been shown to secrete large amounts of 

collagen 1, vimentin, and other proteins in the fibrotic matrix [41-42, 66, 122-123]. Control 

PLGA films had random, discontinuous collagen I fiber deposition, produced primarily 

near the implant interface becoming segmented away from the implant. Compound 48/80 

implants on the other hand had well formed collagen I bands, extending from the implant 

surface throughout the interface tissue aligned with the biomaterial interface. Cromolyn 

treated implants show a mixture of discontinuous collagen I bands with a significant 

decrease in deposition throughout the biomaterial interface (Figure 2-6).  Collagen 

deposition shows the highest percentage in the compound 48/80 embedded implants (53 
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± 3.5%), followed by the PLGA unmodified films (37 ± 2.5%) and lastly the cromolyn 

embedded films (23 ± 2%) (Figure 2-7). 

With the significant differences observed in both capsule thickness and collagen 

production, we proceeded to analyze the cellular contents of the fibrotic capsule including 

leukocyte, fibrocyte, and myofibroblasts density. The CD45+ leukocyte cell recruitment, 

as might be expected, shows an increase (P<0.05) with mast cell induced degranulation, 

using compound 48/80, in comparison to the control. Vice versa, there is an observed 

decrease in the leukocyte population in response to mast cell stabilization with cromolyn 

treatment (Figure 2-8). Compound 48/80 release is also observed to result in an elevated 

percentage of fibrocytes (CD45+/Col+) within the interface in comparison to the control 

unmodified films or cromolyn embedded films (471 ± 59, 373 ± 62, and 173 ± 32 

cells/mm
2
 respectively) (Figure 2-8). Finally analysis of the myofibroblasts population 

reveals similar reactions to the mast cell mediating chemicals. The myofibroblasts 

(CD45+/α-SMA+) population is reduced by cromolyn treatment and enhanced by 

compound 48/80 treatment (results are 296 ± 90 cells/mm
2
 for cromolyn, 713 ± 192 

cells/mm2 for compound 48/80, and 471 ± 94 cells/mm2 for PLGA controls). Interestingly 

in observing the fibrocyte or myofibroblast population the cells appear to be more 

localized to the biomaterial side, away from the hypodermis for both PLGA and cromolyn 

films, where in the compound 48/80 samples the cells are more dispersed throughout the 

capsule.  
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Figure 2.6  Histological staining for mast cell stabilizing and destabilizing agents.  
Panel shows representative images of histological staining for H&E (left column) and 
picrosirius red collagen 1 content (middle column). Immunohistochemical staining for 

CD45/Col reveals the presence of fibrocytes (yellow) (right column) surrounding PLGA 
films after subcutaneous implantation for 2 weeks. The figure is adapted from reference 

number [105]  
 

 

Figure 2.7 Histological responses for mast cell stabilizing and destabilizing agents.  
Histograms show quantification of capsule thickness, cell density, and collagen 1 

percentage in the fibrotic capsule surrounding PLGA films after subcutaneous 
implantation for 2 weeks. Results are from n=6 mice. Significant differences were 

calculated by ANOVA with Dunnett comparisons and taken as significant at *P<0.05 and 
**P<0.01. The figure is adapted from reference [105] 
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Figure 2.8 Cellular responses for mast cell stabilizing and destabilizing agents.  
Histograms show quantification of leukocyte numbers (CD45+), fibrocyte numbers 

(CD45+/Collagen+), and myofibroblast numbers (CD45+/α-SMA+) in the fibrotic capsule 
surrounding PLGA films after subcutaneous implantation for 2 weeks. Results are from 
n=6 mice. Significant differences were calculated by ANOVA with Dunnett comparisons 
and taken as significant at *P<0.05 and **P<0.01. The figure is adapted from reference 

[105] 
 

2.3.4 Discussion 

Our investigation thus far suggests that stabilization of mast cells will reduce 

fibrocyte/ myofibroblasts responses. Furthermore, the activation of mast cells will 

significantly increase fibrocyte/ myofibroblast responses and subsequent fibrotic 

reactions. We have thus identified that the chemical modification of the mast cell 

activation via compound 48/80 and cromolyn have a direct influence on fibrocyte-

associated fibrotic tissue reactions to biomaterial implants. To further determine that the 

observed responses are solely the result of mast cell stimulation differences, we 

continued our investigation using a c-kit mast cell deficiency and reconstitution model.  

 

2.4 Mast Cell Deficiency and Reconstitution on Implant-Associated Fibrotic Reactions 

2.4.1 Purpose 

Mast cell deficient mice and their dermally reconstituted counterparts were 

studied to rule out independent effects of agonistic and antagonistic agents on fibrocytes. 

WBB6F1/J-Kit
W

/Kit
W-v

/J mice were purchased from Jackson Labs as a model of mast cell 
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deficiency. By culturing mast cells from C57BL/6 wild type mice some of the WBB6F1/J-

Kit
W

/Kit
W-v

/J mice could be subdermally injected with cultured mast cells to reconstitute a 

localized population of mast cells. The three sets of mice, mast cell deficient, 

reconstituted, and wild type controls, were then subjected to PLGA film implantation and 

analysis at two weeks as before for stabilization and destabilization agents. 

2.4.2 Materials and Methods 

2.4.2.1 Mast Cell Deficient Animal Model 

For mast cell deficiency and reconstitution studies control C57BL/6 mice and 

mast cell deficient mice (WBB6F1/J-Kit
W

/Kit
W-v

/J, Jackson Labs) were used. Dermal 

reconstitution of mast cell deficient mice was achieved as previously described [92, 105]. 

Briefly, bone marrow flushes were taken from C57BL/6 control mice (n=8). Cells were 

cultured in 75cm
2
 flasks in DMEM with 10% low IgG serum (Invitrogen, Carlsbad, CA) 

supplemented with 10ng/mL SCF (Prospec) and 10ng/mL IL-3 (Prospec). Every 3 days 

non-adherent cells were transferred into new flasks and supplemented with fresh mast 

cell differentiation media for 4 weeks. Mast cell phenotype was verified by toluidine blue 

staining. For reconstitution mast cells were subdermally injected into deficient mice at 

3x10
6
 cells/ mouse in PBS. After six weeks, compound 48/80 was injected 

subcutaneously to verify peripheral mast cell engraftment through observed signs of 

inflammation.  

2.4.2.2 Poly-L-Glycolic Acid Film Fabrication and Implantation 

PLGA films (75:25, 113kDa, Medisorb Inc., Birmingham, AL) were fabricated as 

previously described [105-106]. For the mast cell deficiency and reconstitution studies 

only control films (free of chemical agents) were used. Implantation of films was similarly 

performed as described for the mast cell stabilization/destabilization study previously 

discussed (Please see 2.3.2.1). 
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2.4.2.3 Histological and Immunohistochemical Evaluation 

All histological analysis was performed as previously described in this chapter for 

the mast cell stabilization/destabilization studies (Please see 2.3.2.3). 

2.4.2.4 Statistical Analysis 

All statistical analysis was performed with GraphPad (La Jolla, CA) as previously 

described. The results are reported as the means ± standard deviations with ANOVA 

using Bonferroni comparisons taken to be significant when *P<0.05 and **P<0.01. 

2.4.3 Results 

As expected, we observe a significant decrease (about 60%) with the 

accumulated cellular density in the mast cell deficient mice, compared to the wild type 

controls. Histological evaluation however reveals that surprisingly, after only six weeks of 

subcutaneous mast cell reconstitution the biomaterial-mediate cellular responses are 

nearly completely restored (Figure 2-9). Similar results are obtained after analyzing the 

capsule thickness at (102 ± 9 µm) for the wild type, (87 ± 9 µm) with reconstitution and 

only a thickness of (64 + 3 µm) with mast cell deficiency (Figure 2-10). Further analysis of 

the collagen content with aniline blue from masson trichrome staining reveals a 40% 

reduction in total collagen with mast cell deficiency. Additionally, a 17% reduction in the 

tissue collagen type 1 content is observed in mast cell deficient animals in comparison 

with the controls using picrosirius red staining (Figure 2-10). Interestingly, not only is the 

total collagen content restored but specific collagen type I percentages are also restored 

with mast cell reconstitution (45.8 ± 4.5% for reconstitution and 43.4 ± 3.2% for the 

control wild type). These results further support our hypothesis that mast cell 

reconstitution has restored the histological tissue response after the observed reduction 

with mast cell deficiency. We therefore continued our analyses to determine if mast cell 

deficiency was also altering the fibrocyte/ myofibroblasts response.  
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Indeed, we again observe significantly altered cellular reactions within the fibrotic 

capsule in mast cell deficient animal models. In each of the target cell groups, leukocyte 

(CD45), fibrocyte (CD45/Col), and myofibroblasts (CD45/α-SMA) we see an approximate 

50% reduction in cell density with mast cell deficiency. Even more impressive however is 

that by simple subcutaneous mast cell reconstitution we see an approximate full recovery 

in the fibrocyte (287 ± 34 cells/mm
2
 for control and 273 ± 80 cells/mm

2
 for reconstituted) 

and the fibrocyte-derived myofibroblast (522 ± 166 cells/mm
2
 for control and 485 ± 30 

cells/mm
2
 for reconstituted) cellular densities (Figure 2-11). 

 

 

Figure 2.9 Histological staining for mast cell deficiency and reconstitution.  
Panel shows representative images of histological staining for H&E (left column) and 

picrosirius red collagen 1 content (middle column) surrounding PLGA films after 
subcutaneous implantation for 2 weeks. Immunohistochemical staining for CD45/Col1 
reveals the presence of fibrocytes (yellow) (right column). The figure is adapted from 

reference number [105]  
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Figure 2.10 Histological responses for mast cell deficiency and reconstitution.  
Histograms show quantification of capsule thickness, cell density, and collagen 1 

percentage in the fibrotic capsule surrounding PLGA films after subcutaneous 
implantation for 2 weeks. Results are from n=6 mice. Significant differences were 

calculated by ANOVA with Dunnett comparisons and taken as significant at *P<0.05 and 
**P<0.01. The figure is adapted from reference [105] 

 

 

Figure 2.11 Cellular responses for mast cell deficiency and reconstitution.  
Histograms show quantification of leukocyte numbers (CD45), fibrocyte numbers 

(CD45/Cl), and myofibroblast numbers (CD45/α-SMA) in the fibrotic capsule surrounding 
PLGA films after subcutaneous implantation for 2 weeks. Results are from n=6 mice. 

Significant differences were calculated by ANOVA with Dunnett comparisons and taken 
as significant at *P<0.05 and **P<0.01. The figure is adapted from reference [105] 

 

2.4.4 Discussion 

In the previous section, we showed that fibrocyte accumulation around a 

biomaterial implant seems to follow the influx of inflammatory cells. These fibrocytes were 

found to transmigrate from the bone marrow and correlate directly with the production of 

collagen in the developing fibrotic matrix. These findings are supported by previous 
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observations of the relationship between the extent of fibrocyte recruitment and collagen 

production in other fibrotic models such as lung fibrosis [124]. Here, for the first time, we 

present evidence that mast cell activation is responsible for facilitating biomaterial-

mediated fibrotic responses through fibrocyte interactions. 

In two separate models mast cell stabilization or deficiency failed to prompt 

fibrotic tissue reactions to subcutaneous implants. In opposition, increased mast cell 

degranulation substantially increased fibrotic reactions and mast cell reconstitution 

restored fibrotic reactions to that of the control animals. Our results are supported by 

previous investigations of liver and lung fibrosis and several studies attributing persistent 

mast cell activation to fibrotic tissue responses [93, 125-128]. 

To the best of our knowledge, this initial study constitutes the first direct evidence 

that biomaterial-mediated fibrotic reactions are both mast cell- and fibrocyte-dependent. 

However the processes and factors governing these cellular responses are mostly 

undetermined. It has previously been shown in a pulmonary fibrosis model that fibrocytes 

traffic to the inflamed areas and migrate with inflammatory cells [124]. It is therefore 

generally assumed that inflammatory products provide some essential signals for 

fibrocyte immigration. In support of this, there is some evidence that the SDF-1α/CXCR4 

axis is involved in fibrocyte recruitment to the site of inflammation and in the subsequent 

fibrocyte response in initializing fibrotic reactions [124, 129]. There are however several 

conflicting observations on the primary chemotactic regulation of fibrocytes with several 

factors implicated including CCL2, CCL21, and CCL12 [82, 130-132].  

At this juncture, we still do not know the potential mechanisms governing mast 

cell activation and subsequent fibrocyte responses. It is likely however that biomaterial 

implantation prompted the activation of mast cells. Activated mast cells are known to 

secret a number of mediating cytokines, chemokines, and growth factors, such as 
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stromal cell-derived factor (SDF-1α), TGF-β, IL-1B, secondary lymphoid tissue 

chemokine (SLC), and monocyte chemoattractant proteins (MCP)'s, which can tiger 

further mast cell activation, as well as the onset of phagocyte and leukocyte migration 

[70, 116]. Some mast cell products, including histamine, TGF-β, TNF-α, MCP-1, and 

SDF-1α, may also trigger inflammatory cells and fibrocyte immigration as well [70-71, 75, 

92, 124]. Additionally, as several homing axis’s have been identified for fibrocyte 

recruitment, mast cells may contribute indirectly by exerting a dominant cofactor effect on 

one or more of these axis's such as the CXCL12/CXCR4 pathway [114, 133-134]. 

Regardless of the mode of activation it is clear that upstream modulation of mast 

cell responses can significantly reduce fibrocyte-mediated fibrotic responses at the 

biomaterial interface. This interaction implicates mast cells and fibrocytes as critical 

regulators of the biomaterial mediated fibrotic response. As mast cells are well known 

modulators of the inflammatory response, and macrophages are paramount to 

inflammation, we further hypothesized that inflammatory cells such as macrophages may 

be responsible for the activation of fibrocytes triggering a shift in the inflammatory or 

fibrotic potential of these highly plastic cells. We therefore continue our investigation of 

cellular interactions with a look at macrophage activation and polarization and the 

resultant fibrocyte response. 
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Chapter 3  

Implant-Associated Macrophage Responses and Polarization 

3.1 Introduction 

Macrophages are well known as key modulators of immune/ inflammatory and 

fibrotic responses to biomaterial implants [3, 5, 27]. Importantly, implant-activated 

macrophages produce a wide variety of growth factors, including IL-1, TNF-α, and 

transforming growth factor-beta (TGF-β), interleukin-6 (IL-6), fibroblast growth factor 

(FGF) and platelet-derived growth factor (PDGF) [27]. While in general these factors are 

inflammatory in nature, some, namely TGF-β, FGF and PDGF, also show a tendency to 

regulate fibrotic responses [135-136]. In fact, it has been widely documented that 

macrophages may act as beneficial modulators of disease and tissue repair. The 

remarkable plasticity of macrophages has more recently been attributed to polarization of 

these cells dependent upon environmental factors leading to several diverse tissue 

specific macrophage populations [137]. In general, polarized macrophages are referred 

to having either an M1 (classically activated) or M2 (alternatively activated) phenotype. 

Several studies have identified that M1 and M2 cells have a profound impact on immune 

and tissue responses, such as tumorigenesis and angiogenesis, through differential 

cytokine production [95-96, 138-142]. It has further been suggested that these cells exert 

opposite effects on the adaptive immune response triggering either tissue destruction or 

regeneration [32]. This has been observed in models such as pulmonary fibrosis, 

metastatic disease, and infectious disease [96, 139-141, 143]. Unfortunately however 

there is a lack of evidence on the interplay between polarized macrophages and 

biomaterial-mediated fibrotic responses.  

In an earlier study, we identified that CD11b inflammatory cells (mainly 

macrophages) arrived at the implant site earlier than fibrocytes. We thus assume that 
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macrophage responses influence subsequent fibrotic reactions. In this chapter we 

investigate the influence of macrophages on fibrocyte-mediated fibrotic responses. To 

first determine a link connecting macrophages to fibrocytes we employ a macrophage 

depletion model. From this model we extrapolate the change in the influx of fibrocytes to 

the implant and the resultant influence on the acute phase of inflammation and transition 

to fibrosis. 

Secondly, as M1 and M2 polarized macrophages are known to exert opposite 

effects on disease and tissue repair outcomes, we hypothesized polarized macrophages 

and associated products would alter the fibrocyte activation pathway. In support of this, 

an increased M2 over M1 response was found to be associated with more positive 

remodeling outcomes to biologically derived surgical mesh materials after implantation 

[30]. While these previous results are promising, there has yet to be a connection made 

between M1/M2 macrophages and fibrocyte reactions around a biomaterial implant. To 

begin our investigation on the interactions of polarized macrophages we developed an 

imaging probe modality capable of monitoring macrophage polarization in vivo. We 

subsequently characterize these probes and demonstrate their effectiveness in an 

extreme model of implant infection and a subtle model of biocompatible biomaterial 

implants. 

Thirdly, as mentioned above, M1 and M2 cells are associated with differential 

cytokine production and inflammatory/ immune regulators. Some of these various 

cytokines are known to participate in different stages of tissue repair. For instance, a 

rapid up-regulation of IL-1β and TNF-α has been shown after adhesion of monocytes and 

neutrophils to material surfaces [27, 144]. IL-1β is also a potent mitogen for fibrocytes 

[62], while both IL-1β and TNF-α are well known inflammatory agents [145]. IL-1β, may 

also function to maintain fibrocytes in a pro-inflammatory state driving further recruitment 
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of inflammatory cells [63]. On the other hand, TGF-β has been shown to promote the 

migration and proliferation of fibrocytes during lung fibrosis [42, 79, 82], and promote pro-

fibrotic and wound healing responses [42, 135, 146]. TGF-β also leads to myofibroblast 

differentiation of resident tissue fibroblasts and circulating fibrocytes and can perpetuate 

extensive collagen production [37-38, 67]. We hypothesized that these opposing roles 

may be substantially altered by the dominating state of macrophage polarization. Along 

these lines, we have identified two antagonistic agents SB203580 and SB431542 that 

target either M1 or M2 specific products that may alter subsequent activation of 

fibrocytes. 

 

3.2 Macrophage Depletion Leads to Reduced Fibrocyte Responses and Collagen 

Production 

3.2.1 Purpose 

Immune/ inflammatory cell interactions, such as those of macrophages, are 

known to be key modulators of downstream fibrotic responses [3, 5, 27]. To further 

understand a possible connection between macrophage and fibrocytes, we have 

performed limited studies using an induced macrophage depletion model. 

3.2.2 Materials and Methods 

3.2.2.1 Macrophage Depletion Animal Model 

Macrophage depletion studies were performed by depleting macrophages with 

daily iv injection (100 µl) of a rabbit anti-mouse macrophage antibody (Accurate Chemical 

& Scientific Corp.) starting 48 hours prior to subcutaneous implantation of a PLA model 

biomaterial implant. Subcutaneous implantations were performed four hours after the 

prior injection of the same day. Neutralizing injections were continued out once daily 

during the acute macrophage depletion study for 3 days. Poly-L-lactic acid (PLA) 
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microspheres (10% w/v in 50 µl in saline) were used as model biomaterial implants to 

mimic biomaterial-mediated inflammatory/fibrotic responses as described earlier [107]. 

3.2.2.2 Imaging Fibrocyte Migration 

For fibrocyte tracking studies, splenic derived fibrocytes were grown in culture for 

7 days before incubation with a NIR fluorophore Xsight 761 as previously described. 

Following labeling 2x10
6
 cells in 200µl PBS were administered by iv injection as 

previously described [102-103]. The in vivo imaging approach used for tracking fibrocyte 

migration has previously been established by our group, and explained earlier in the 

previous chapter [103-104] (Please see 2.2.2.2).  

3.2.2.3 Histological and Immunohistochemical Evaluation 

Histological and immunohistochemical methods have similarly previously been 

described (Please see 2.3.2.3). In brief, fibrocytes were identified in the explanted tissue 

by staining for CD45 and Collagen 1 markers. Similarly masson trichrome staining was 

used to observe and quantify the total collagen content surrounding the implants. Both 

fibrocyte numbers and collagen staining was performed during the acute inflammatory 

phase 5 days after implantation.  

3.2.2.4 Statistical Analysis 

GraphPad (La Jolla, CA) was used for all statistical operations. Results are 

reported as the means ± standard deviations. Students t-test was performed for data with 

single group comparisons. All data was considered significant when *P<0.05 or **P<0.01. 

3.2.3 Results 

To first determine a potential link between macrophages and fibrocyte reactions 

at the implant, we examined the influence of macrophage depletion on overall foreign 

body reactions. macrophage depleted mice and controls were subcutaneously implanted 

with PLA microspheres as a model biomaterial implant. Near infra-red (NIR) labeled 
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fibrocytes were then injected intravenously and their migration was monitored for 72 

hours as previously described. [102-103]. Fibrocytes were found to transmigrate to the 

site of the biomaterial implant in both depleted and control mice, however in depleted 

mice the number of migrated fibrocytes was reduced by 10 fold on average over 72 hours 

(Figure 3.1). To further study the influence of the reduced fibrocyte numbers on the acute 

inflammatory response and the resultant shift to fibrosis the implants were excised after 

five days. 

 

 

Figure 3.1 NIR labeled fibrocyte migration to control and macrophage depleted mice 
Results are shown as the means ± standard deviations for n=3 animals. Following 
labeling of fibrocytes, 2x10

6
 cells in 200µl PBS were injected iv. Migration to PLA 

microsphere implant sites was monitored by fluorescent intensity using the Kodak in vivo 
FX pro system. On average, migration of fibrocytes to macrophage depleted animals was 
reduced by 10 fold (dotted lines) in comparison to the controls over 72 hours. This figure 

is adapted from reference [110] currently in submission. 
 

Histological analysis at the five day time point demonstrates drastic differences in 

the tissue response. First, immunohistochemical shows an almost complete lack of 

fibrocytes (yellow/orange staining) in the response of macrophage depleted animals 

(Figure 3.2). Quantification of fibrocyte numbers reveals a similar trend as observed with 
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in vivo imaging with an approximate 8.5 fold difference between controls and 

macrophage depletion (Figure 3.3). Secondly, a normal foreign body response with 

organized layers of cells and the formation of collagen bands, identified by aniline blue 

from masson trichrome staining, is observed in the control animals (Figure 3.2). However, 

in the depleted animals, only random cell organization and minimal collagen formation 

are observed. Again, a significant reduction of the collagen content, approximately 3 fold, 

was found in the depleted animals. Interestingly, the cellular density was not observed to 

change between the control and the macrophage depleted response. Although the 

overall number of cells present in the response does not drastically change, the cellular 

phenotypes and activation are clearly altered with a reduction in the fibrocyte response 

and a significant decrease in matrix and collagen production. 

 

Figure 3.2 Histological identification of fibrocytes and collagen production 
The panel shows representative images for fibrocytes (left column) and collagen staining 
(right column) for control and macrophage depleted animals five days after subcutaneous 

implant of PLA microspheres. Fibrocytes are identified by dual staining for CD45
+
 and 

Collagen 1
+
 (yellow). Collagen is identified by analine blue in the Masson Trichrome 

stain. The study was performed with n=3 animals. This figure is adapted from reference 
[110] currently in submission. 
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Figure 3.3 Histograms of fibrocyte and collagen response to macrophage depletion 
(a) Number of fibrocytes per 400x view field taken as the average of n=3 view fields for 

each animal (b) Collagen percentage within the developing fibrotic capsule. Data is 
presented as the average of n=3 animals per treatment. Statistics are performed with 

student’s t-test and take as significant at **P<0.01. This figure is adapted from reference 
[110] currently in submission.  

 

3.2.4 Discussion 

There is profound evidence to support that macrophages are, at least partially, 

responsible for the recruitment and subsequent activation of fibroblasts during healing 

[27, 147]. In understanding and potentially altering this reaction we first focused on 

macrophage depletion to determine if a link exists to the fibrocyte response. Our results 

indicate that macrophage depletion significantly reduces fibrocyte immigration to the 

implant. Macrophages secrete a host of inflammatory factors that may recruit fibrocytes 

to the implant such as SDF-1α, MCP-1 and SLC [148]. These homing axes, CXCL12, 

CCL2, and CCL21 respectively, have all been previously suggested to play a role in 

fibrocyte recruitment [74, 82, 85].  

Five days after injection of fibrocytes, the histological results show drastic 

differences in the foreign body response with little to no collagen production in depleted 

animals and minimal accumulation of fibrocytes. While the cellular density does not seem 
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to be changed, it is clear that the tissue response is significantly altered with macrophage 

depletion. As a result, the fibrocyte recruitment to the site of implantation is diminished 

and inadvertently the healing or initial fibrotic response is significantly reduced. These 

results suggest that fibrocyte accumulation at the implant site is closely related to 

macrophage activation, as in agreement with previous findings [143], however the 

mechanisms for communication between cells are unclear. With this initial link 

established, we further investigate the interactions of macrophages and fibrocytes 

specifically focusing on the macrophage polarization paradigm. 

 

3.3 Development of Optical Imaging Probes for Monitoring Macrophage Polarization 

3.3.1 Introduction 

Classically activated M1 macrophages are pro-inflammatory and induced by 

interferon gamma (IFN-γ) often in combination with lipopolysaccharide (LPS) or TNF-α 

[32, 137]. These cells produce inflammatory cytokines, reactive oxygen species, and 

induce nitric oxide synthase, as well as Th1 type inflammatory responses [137]. On the 

other hand, alternatively activated M2 macrophages are produced by exposure to IL-4 

and IL-13 in conjunction or by elevated levels of IL-10. M2 cells are primarily anti-

inflammatory and involved in Th2 reactions such as tissue healing and regeneration. 

While this broad description of M1 and M2 cells is generally accepted it represents a 

simplified depiction of the true nature of macrophages. In vivo, macrophages exist within 

a spectrum of activation states between the M1 and M2 extremes. In support of this, 

studies have shown that macrophages can be re-polarized (convert from M2 back to M1 

and vice versa) by secondary Th1 or Th2 cytokine signals altering regulation of cytokine 

secretion [140]. Nevertheless, this simplified description provides a platform to study and 

interpret the diverse roles of macrophages in tissue remodeling. 
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Despite of the improvements in understanding immune/ inflammatory responses, 

the interaction between polarized macrophages and fibrotic responses are mostly 

unclear. This is partially due to the lack of method to monitor and quantify the relative 

polarity of macrophages in real time. Due to the mounting evidence that supports the 

differential role of M1 and M2 macrophage in tissue regeneration, the development of an 

imaging modality to distinguish these cells in vivo is paramount for advancing our 

knowledge of these dynamic cellular interactions. In fact, macrophages are known to 

have a plethora of receptors enabling them to responds to various signals in the wound 

environment. Some of these receptors, such as folate and mannose, have been 

previously used to distinguish subsets different macrophages. 

The folate receptor has been shown to be up-regulated and specific for 

macrophages activated by an inflammatory stimulus [149], as well as activated synovial 

macrophages in rheumatoid arthritis [150], and in macrophages in the pathogenesis of 

arthrosclerosis. [151]. In one study it was found that only an activated macrophage 

subset and not the resident macrophages, granulocytes, lymphocytes, or erythrocytes, 

expressed up-regulated folate receptors [149]. In addition these M1 macrophages were 

found to produced reactive oxygen species and express TNF-α [149]. Most interestingly, 

the folate receptor is only expressed in low or undetectable levels in normal tissues (with 

some exceptions such as the kidney, placenta, and malignant tissues) [150-151], making 

it a potential candidate to identify M1 macrophages in vivo. 

Alternatively, the mannose receptor has previously been used as a target ligand 

for M2 alternatively activated macrophages. As an endocytic receptor mannose functions 

as a clearance system for tissue plasminogen activator, myeloperoxidase, thyroglobulin, 

and some microbial ligands up-regulated during inflammation [97, 152]. In addition to 

macrophages the mannose receptor is expressed by select endothelial and activated 
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dendritic cells, but not by monocytes or neutrophils [97]. In addition, most dendritic cells 

do not constitutively express the mannose receptor in vivo [152]. Furthermore the 

mannose receptor can be substantially up-regulated on macrophages by stimulation with 

IL-4, IL-10, and IL-13 [97, 152-153]. Coincidentally, expression of the mannose receptor 

is diminished by the presence of IFN-γ which is a hallmark initiator of M1 responses [97]. 

The contrast between expression of the folate and mannose receptors on macrophages 

may therefore provide a window to monitor macrophage polarization in vivo. 

To illuminate the process of macrophage polarization and investigate the effects 

on fibrocyte-mediate reactions we therefore developed analogous imaging probes 

coupled with distinct NIR indicators to simultaneously monitor the up-regulation of the 

folate and mannose receptors. By comparing NIR probe fluorescence intensities and 

histological evaluation, we explore the possibility of using folate- and mannose-based 

probes to monitor and quantify the extent of inflammatory and fibrotic reactions to 

biomaterial implants. 

3.3.2 Materials and Methods 

3.3.2.1 Fabrication of Folate- and Mannose-based Near Infrared Probes 

All chemicals were purchased from Sigma-Aldrich (St Louis, MO) unless 

otherwise specified. For the folate-based probe fabrication folic acid (50 mM) was 

dissolved in dimethylsulfoxide, and then 1-Ethyl-3-(3-(dimethlaminopropyl) carbodiimide 

(EDC) (150 mM) and N-hydroxysuccinimide (NHS) (150 mM) were added to the folic acid 

solution. The mixture was incubated for 24hrs at room temperature. The activated folic 

acid was then precipitated by adding diethyl ether, washed three times with 

tetrahydrofuran (THF) and dried under vacuum. t-BOC-PEG-NH2 (Mw:5k, JenKem 

Technology USA Inc. Allen, TX)(4 mM) and the prepared activated folic acid (80 mM) 

were dissolved in dimethylsulfoxide for 12hrs at room temperature to couple folic acid to 
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the amine group of t-BOC-PEG-NH2 (t-BOCPEG-FA). Residual folic acid was removed by 

dialysis against dimethylsulfoxide and then against DI water. The dried conjugates were 

further dissolved in Dichloromethane and then treated with trifluoroacetic acid to cleave t-

BOC groups (NH2-PEG-FA). After purifying against DI water and lyophilizing, the folate-

based probe was prepared by incubating Oyster800 TFP ester (Boca Scientific Inc. Boca 

Raton, FL) and NH2-PEG-FA (molar ratio:1.5/1) in PBS buffering solution (pH:8.2) for 24 

hrs at room temperature. The probe was purified with dialysis, freeze dried and stored at 

4
o
C for further use.  

For the mannose-based probe fabrication, a similar method was carried out using 

an established EDC procedure [154-155]. Briefly, Oyster680 TFP ester (Boca Scientific 

Inc. Boca Raton, FL) and NH2-PEG-COOH (Mw:5k, JenKem Technology USA Inc. Allen, 

TX) (molar ratio: 1.5/1) were incubated in PBS buffering solution (pH:8.2) for 24 hrs at 

room temperature to obtain Oyster680-PEG-COOH. After dialysis and freeze drying, 

EDC was added to 4-aminophenyl α-D-mannopyranoside and Oyster680-PEG-COOH 

PBS buffering solution (pH:4.8) (molar ratio: Oyster680-PEG-COOH/EDC/4-aminophenyl 

α-D-mannopyranoside=1/35/30). The solution was then incubated for 24 hrs at room 

temperature to obtain the mannose-based probe. The probe was further purified thorough 

dialysis and freeze drying before use. Chemical structures of both folate- and mannose- 

based probes were characterized using Nicolet 6700 FT-IR Spectrometer (Thermo 

Nicolet Corp., Madison, WI). Optical properties of two probes were analyzed using a 

microplate reader (Infinite
®
 M200; Tecan Group Ltd, Mannedorf, Switzerland). 

3.3.2.2 Bone Marrow Macrophage Isolation and Culture  

Primary murine macrophages were obtained as previously described [156-157]. 

Briefly, the bone marrow from the femur and tibia of 6-8wk old Balb/c mice was flushed 

with Dulbeco’s modified eagle medium (DMEM) (Sigma) supplemented with 20% fetal 
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bovine serum (FBS) (Atlanta Biologicals). Cells were plated into 25cm
2
 tissue culture 

flasks with a bone marrow macrophage media (10%FBS, 10%L929 fibroblast conditioned 

medium, 1% HEPES, 1%non-essential amino acids (Life Tech, Grand Island, NY.), 1% 

sodium pyruvate, and 1% penicillin-streptomycin in DMEM) [157]. Macrophages were 

allowed to mature for 10 days before further subculture and separation into well plates at 

specified densities from 2000 to 50,000 cells/well. For cytotoxicity studies 3T3 Swiss 

albino fibroblasts were obtained from American Tissue Culture Collection (ATCC, 

Manassas, VA.) and cultured in DMEM with 10%FBS and 1% penicillin-streptomycin. All 

cells were cultured at an ambient temperature of 37
o
C in 5% CO2 in a Nuair incubator. 

3.3.2.3 Differentiation of Macrophages to M1 and M2 Populations 

All macrophages were first cultured for 10 days with a bone marrow macrophage 

media. Some macrophages were then differentiated to classically activated M1 cells by 

the addition of lipopolysaccharide (from E-coli, Sigma St. Louis MO) (1µg/ml) for 24 hours 

according to previous publication [158]. Another population of macrophages was 

differentiated to alternatively activated M2 cells by the addition of IL-4 and IL-13 to the 

bone marrow macrophage media (10ng/ml IL-4 and 10ng/ml IL-13 for 24 hours) as 

previously described [159-160]. After 24 hours of differentiation, cell subsets were 

confirmed morphologically and through immunohistochemical staining (M1 phenotype- 

CD80
+
, M2 phenotype- CD206

+
) as previously described [30, 161]. 

3.3.2.4 In Vitro Analysis of Folate- and Mannose-based Probes 

M1 and M2 differentiated cells were used to assess the specificity and efficacy of 

the imaging probes in vitro. For this, a competition binding study was devised in which 

both imaging probes (25 µg/ml) were added to a specific cell lineage and incubated for 

30 minutes (established in preliminary studies). The cells were then washed thrice with 

Hank’s buffered salt solution. Fluorescent intensities were then read on a Tecan Infinite 
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M 200 plate reader (San Jose, CA) at excitation 730 emission 800, and excitation 630 

emission 700 for the folate- and mannose-based probes respectively. 

Cytotoxicity studies were performed with 3T3 fibroblasts as described earlier 

[104]. Briefly, 5,000 cells were plated into wells of a 96 well plate, cells were allowed to 

adhere overnight before the addition of folate- or mannose-based probes at specified 

concentrations from 0 to 62.5 µg/ml. The toxicity assessment was run for 24 hours after 

which an MTS assay (CellTiter96, Promega, USA) was run on the cell samples. Percent 

cell survival was compared to controls (0 µg/ml probe, taken as 100%). Measurement of 

absorbance was performed on a SpectraMax 340 spectrophotometer (Molecular Devices, 

USA). 

3.3.2.5 Animal Models of Biocompatible Biomaterials and Biomaterial-mediated 

Infection 

All mice used in this study were female Blab/c mice purchased from Taconic 

Farms (German town NY). All animal experiments were approved by the University of 

Texas at Arlington Animal Care and Use Committee (IACUC). Poly (N-

isopropylacrylamide) (PNIPAM, D:100nm) and poly-lactic acid (PLA,D: 5–10 μm) 

particles were used as model biomaterial implants and prepared as previously described. 

[104, 162] For all in vivo studies, particles (100ul, 10% wt/vol in saline) were implanted 

subcutaneously on either side of the dorsal region in mice via a 25 gauge needle. 

As an infection model lipopolysaccharide (LPS) (5% solution in saline) was mixed 

with PLA particles to yield a final concentration of 10% PLA and 0.2% LPS. Similarly in 

the bacterial model, 10%PLA w/v was mixed into a 1ml saline solution containing 1.6 x 

10
8
 cfu Staphylococcus aureus -Xen29 bacteria (Caliper LifeSciences, Alameda CA) prior 

to subcutaneous transplantation with a 25 gauge needle. 
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3.3.2.6 In Vivo Imaging Analysis of Folate- and Mannose-based Probes 

In vivo imaging of biomaterial-mediated tissue responses and mock infection 

were performed four days and one day after subcutaneous implantation, respectively. 

The four day time point was established in a preliminary study as the critical time-point to 

observe both M1 and M2 responses to a PLA implant (Figure 3.4). This study assessed 

the time-course influx of M1 and M2 cells in response to PLA implants over 14 days. The 

four day time point was identified as the switch point in the response, where the relative 

number of M1 to M2 cells changes, indicating a shift in the inflammatory response. For 

imaging infection related responses the one day time point was established from a 

previous infection model [163]. 

In both models NIR probes are administered simultaneously by iv. injection (total 

volume 100 µl, containing 10µl folate-based probe (1.0mg/ml) +10µl mannose-based 

probe (1.0mg/ml) + 80µl saline), twenty four hours prior to in vivo imaging. Whole body 

fluorescence images are then taken using the Kodak in-vivo FX Pro system (f-stop:2.5, 

4x4 binning: Carestream Health, Rochester, NY). To simultaneously monitor the folate- 

and mannose-based probes an excitation filter 760nm: emission 830nm, and an 

excitation filter 630nm: emission 700 are used respectively. For all imaging analysis, the 

mean intensities for all pixels in the region of interest (ROI) (area surrounding and 

including the implantation location) are calculated. To normalize data, background 

correction is performed to an area of no fluorescence. All data analyses are performed 

with the Carestream Molecular Imaging software, network edition 4.5 (Carestream 

Health, Woodbridge, CT.)  
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Figure 3.4  M1 and M2 cellular influx to PLA implants 
(a) Representative images at day 2 and 10 for M1 (CD80) and M2 (CD206) cells at the 
interface. DAPI is used as a counter stain to show cell nucleus. The scale bar shows 50 
µm. (b) Histogram shows mean and standard deviation of M1 and M2 counts. Data is 

shown for n=2 implants at each respective time point. From the histogram a shift in the 
response can be seen at day 4. This figure is adapted from reference [164] currently in 

submission. 
 

3.3.2.7 Histological and Immunohistochemical Evaluation 

After completion of in vivo imaging analysis, animals were euthanized and 

implants and surrounding tissues were isolated for further analysis. Hematoxylin and 

Eosin staining (H&E staining) (Sigma) was used in general to determine the extent of the 

inflammatory response to the implants. The capsule thickness was determined by 

measuring the distance from the biomaterial perpendicular toward the native healthy 

tissue of the hypodermis using NIH ImageJ software as previously described [105]. The 

degree of macrophage polarization surrounding implants was assessed though 

immunohistochemistry. All antibodies used were purchased from Santa Cruz Biotech 

(Santa Cruz, CA). Secondary antibodies were purchased from ProSci (Poway CA), and 

nuclei were stained with DAPI (Invitrogen, Carlsbad, CA). All cell densities were 

calculated as the number of positive cells per view area using equal areas for all counts. 



 

54 

All histological and immunohistochemical analysis was performed on a Leica microscope 

(Leica, Wetzlar Germany) and processed using NIH ImageJ software. 

3.3.2.8 Statistical Analysis 

All statistical operations were conducted with GraphPad (La Jolla, CA). Results 

are reported as the means ± standard deviations. Differences between treatment groups 

were assessed using ANOVA with Bonferroni comparisons for data with multiple group 

comparisons. The student’s t-test was performed for data with single group comparisons. 

All data are considered significant when *P<0.05 or **P < 0.01. Linear regression 

analyses were also used to determine the correlation between group comparisons. 

Correlations were taken to be significant with a coefficient of determination R
2
 >0.80. 

3.3.3 Results 

3.3.3.1 Confirmation of Folate- and Mannose-based Probe Fabrication 

The folate and mannose based probes both use a polyethylene glycol (PEG) 

backbone with separate conjugation of NIR dyes and covalently linked ligands. To assess 

the conjugation of folate and mannose moieties into PEG samples were run through 

Fourier Transform infrared analysis (FTIR) (Figure 3.5). For PEG, characteristic IR 

absorption peaks are observed at 1100 and 1345 cm
-1

 corresponding to the C-O-C 

stretching, and at 950cm
-1

 for C-H bending [165].The folate-based probe displays 

characteristic peaks at 1680 cm
-1

, due to the amide link between PEG and folic acid, as 

well as 1600 and 1410 cm
-1

 which can be attributed to the benzene ring of the folate 

(Figure 3.5a) [165-166]. The mannose-based probe shows IR absorption peaks of a C=N 

stretch at 1660cm
-1

 demonstrating the conjugation of mannose to PEG as well as the 

presence of the amide bond at 1390cm
-1

 (Figure 3.5c) [167].  

For simultaneous imaging of the folate- and mannose-based probes Oyster800 

and Oyster680 were incorporated, respectively, with the individual probes. These dyes 
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were chosen due to their NIR characteristics and their distinct excitation and emission 

bands with little to no overlap in emission signals. This was confirmed post-conjugation 

by mixing the probes in an aqueous solution (PBS) and monitoring the excitation and 

emission spectra (Figure 3.5b & d). As expected the two probes show individual 

excitation/ emission spectra with maximal emission of the folate-based probe at 800nm 

and maximal emission of the mannose-based probe at 700nm wavelength. 

 

Figure 3.5 Characterization of folate- and mannose-based probes 
(a) FTIR spectral comparison between PEG, folate-based probe, and folate. 

Characteristic PEG peaks are observed at 1100 and 1345 cm
-1

 corresponding to the C-
O-C stretch, and at 950cm

-1
 for the C-H bending. Conjugation of PEG and folate is 

observed by characteristic peaks at 1680 cm
-1

, (amide link), and 1600, 1410 cm
-1

 
(benzene ring of folate). (b) Excitation/ emission wavelengths of the folate-based probe 
show maximal excitation and emission at 770 and 800nm respectively. (c) FTIR spectral 

comparison between PEG, mannose-based probe, and mannose. The appearance of 
peaks at 1660cm

-1
 and 1390cm

-1 
demonstrate the conjugation of mannose to PEG by the 

presence of C=N stretch and of the amide bond respectively. (d) Excitation/ emission 
wavelengths of the mannose-based probe shows maximal excitation and emission at 680 

and 700nm respectively. This figure is adapted from reference [164] currently in 
submission. 
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3.3.3.2 In Vitro Analysis on the Efficacy of Folate- and Mannose-based Probes 

The cytotoxicity of folate- and mannose-based probes was determined using 3T3 

fibroblasts and a standard MTS assay as previously described (Figure 3.6) [168]. Both 

probes were well tolerated in 3T3 cells over the entire concentration range studied (up to 

62.5µg/ml) with no statistical differences from the control.  

Differentiation of M1 and M2 cells from bone marrow macrophages was 

confirmed by morphological and immunohistochemical analysis. As expected, after 24 

hours of differentiation a spindle morphology with round nucleus and a high degree of 

spreading, as well as positive identification by the activation marker CD80, was observed 

for lipopolysaccharide activated M1 cells (Figure 3.6). These observations express a 

typical phenotype previously described for inflammatory macrophages [149]. In contrast, 

culture with IL-4 and IL-13 resulted in a broader round morphology with positive staining 

for CD206, a known M2 differentiation marker [30].  
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Figure 3.6 Differentiation of macrophage and cytotoxicity of imaging probes 
(a) Fluorescent images of M1 and M2 cells in culture. Differentiation is confirmed through 

morphological analysis and positive staining for CD80 and CD206 respectively. (b) 
Toxicity results of folate-and mannose-based probes to 3T3 fibroblasts show no statistical 
differences from the control (0 µg/ml probe). Data is presented as the mean and standard 

deviation of n=8 replicates of 5000 cells in a 96 well plate, with toxicity studied after 24 
hours. This figure is adapted from reference [164] currently in submission. 

 

To investigate the probes’ specificity to target either M1 or M2 cells, a 

competition binding test was performed. The hypothesis is that in a mixed solution of both 

folate- and mannose-based probes, only the folate-based probes would bind to a 

population of M1 cells, and only the mannose-based probes would bind to a population of 

M2 cells. As expected, both probes show good cellular specificity for their respective 

target phenotype (Figure 3.7). In both cases, the difference in uptake is enhanced by the 

increasing cell number in a near linear fashion (M1 cells and folate-based probe 

R
2
=0.914, M2 cells and mannose-based probe R

2
=0.941). As expected, again in both 

cases, the intensity of the opposing probe (mismatched with the cell phenotype) remains 

almost constant, indicating minimal to no binding and minimal phagocytosis within the 

short time frame (30 minutes). In addition the results suggest that the mannose-based 

probe can detect a significant difference (~2 fold in intensity) with as few as 15,000 cells. 
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Similarly the folate-based probe can detect the same difference with around 30,000 cells 

in vitro. This data supports our hypothesis that the folate receptor and mannose receptor 

may be used as target ligands to distinguish between M1 and M2 cell populations in vitro. 

 

 

Figure 3.7 In vitro characterization of folate- and mannose based probes 
In a competition binding study both probes were added equally to a population of either 

M1 or M2 cells. The results indicate good cellular specificity of the probes for their 
respective target phenotype. Linear correlations are observed for the folate-based probe 
and M1 cells (a) (R

2
=0.914) and the mannose-based probe with M2 cells (b) (R

2
=0.941). 

Data are presented as the means and standard deviation for n=6 replicates. This figure is 
adapted from reference [164] currently in submission. 

 

3.3.3.3 In Vivo Analysis on the Efficacy of Imaging Probes to Monitor Polarized 

Macrophages to Biomaterial-mediated Infection  

M1 macrophage responses are a vital part of the innate immune response to 

device-centered infection [169-171]. We therefore hypothesized that, in an extremes 

model of device-centered infection, the folate- and mannose-based probes would have a 

differential response to infected vs. bacteria-free implants. An implant-infection model 

was therefore devised in which some of the PLA particles were incubated with either 

lipopolysaccharide (+LPS) or live bacteria (+Bacteria) prior to implantation.  
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In the infection model, sites with subcutaneously injected LPS or Bacteria show a 

substantial increase in the folate-based probe accumulation over the PLA control (Figure 

3.8a). This is offset by the reduced presence of the mannose-based probe at either 

infection site. In fact, quantification of the fluorescence intensity shows an approximate 3 

fold increase with the folate-based probe during infection (Figure 3.8b). In contrast, the 

mannose-based probe shows an approximate 2 fold decrease with +LPS and a 3 fold 

decrease with +Bacteria (Figure 3.8b). Moreover, histological comparison confirms the 

trends observed in vivo by quantifying M1 and M2 accumulation around the implants 

(Figure 3.8c). To assess the accuracy of the probes to monitor M1 and M2 responses we 

performed a correlation between the average fluorescence intensity and the average cell 

count for both M1 and M2 cells. When compared with their respective probes, across 

each implant type studied (PLA, +LPS, +Bacteria), a coefficient of determination 

R2=0.916 is achieved (Figure 3.8d).  

It has previously been found that a higher M2/M1 macrophage ratio can be 

associated with more positive remodeling outcomes [30]. We therefore calculated the 

M2/M1 ratio form both the in vivo imaging fluorescence intensities and the histological 

cell numbers (Figure 3.8e). In both cases the PLA control has a substantially higher ratio 

suggesting, as expected that device centered infection reduces the repair and remodeling 

outcome. In confirmation of this, we observed that both +LPS and +Bacteria implants had 

a substantially increased capsule thickness at 133 ±13 µm and 132 ±27 µm respectively 

in comparison to the PLA controls at only 91 ±9.8 µm.  
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Figure 3.8 M1 M2 probe assessment in an extremes model of device-centered infection 
(a) Imaging analysis of two infection models (+LPS and +Bacteria) in comparison to PLA 

controls. In each image the control is on the right. Images are taken 24 hours after 
implantation. (b) Histogram showing the relative intensity measurements for probes in 

response to infection. (c) Histological analysis of M1 (CD80) and M2 (CD206) cell counts 
surrounding implants. (d) Correlation between fluorescence intensity and cell counts for 

each implant type (R
2
=0.916) (e) M2/M1 ratio of fluorescence intensity and cell numbers. 

In all histograms statistical comparisons are made to the corresponding PLA controls. 
Statistics are performed with one way ANOVA with Bonferroni comparisons and are 

considered significant when *P<0.05 or **P<0.01. Each experiment (LPS infection and 
Bacterial infection) was run independently with n=5 mice. This figure is adapted from 

reference [164] currently in submission. 
 

3.3.3.4 In Vivo Analysis on the Efficacy of Imaging Probes to Monitor Polarized 

Macrophages in Response to Biocompatible Biomaterial Implants 

In an alternative model we analyzed the more subtle response of M1 and M2 

macrophages to biocompatible biomaterial implants. Poly-L-lactic acid and poly(N-

isopropylacrylamide) (PNIPAM) are both commonly employed micro and nano-particles 

for drug delivery and tissue engineering with distinct tissue reactivity. Although 

biocompatible, PLA microparticles are known to elicit an inflammatory response resulting 



 

61 

in the formation of a fibrotic capsule [172]. In contrast, PNIPAM has improved 

biocompatibility and does not lead to a chronic inflammatory response [173]. Particles 

were first implanted subcutaneously for 3 days, after which folate- and mannose-based 

probes were administered iv. and whole body images were then taken after an additional 

24 hours. The results show a greater accumulation of both folate- and mannose-based 

probes around PLA implants compared to PNIPAM implants (Figure 3.9a & b). 

Interestingly, there is a significant 2 fold difference in the folate-based probe 

accumulation at the 4 day time point while the difference in the mannose-based probe 

accumulation is not significant. The M2/M1 ratio of fluorescent intensities on the other 

hand is statistically higher with the PNIPAM implants, indicating an increased healing 

response (Figure 3.9c). This is similarly supported by the observed decrease in capsule 

thickness around PNIPAM implants (49 ±8.9 µm compared to 82 ±12 µm for the PLA 

implants). As before, histological analysis of the M1 and M2 cell numbers confirms the 

trends observed with the imaging probes. A similar correlation between fluorescence 

intensities and counted cell numbers shows a linear trend with a coefficient of 

determination R
2
=0.943 (Figure 3.10).  
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Figure 3.9 M1 M2 probe assessment in a subtle model of biomaterial responses 
(a) Imaging analysis of PNIPAM and PLA implants at 4 days. In each image the PLA 

implant is on the right. (b) Histogram of relative fluorescence intensity measurements. (c) 
M2/M1 ratio of fluorescence intensity. Statistics are performed with the student’s t-test 
and take to be significant at *P<0.05 or **P<0.01. All data is presented as the average 

and standard deviation from n=4 mice. This figure is adapted from reference [164] 
currently in submission.  

 

 

Figure 3.10 Correlation of folate- and mannose-based probe intensity with M1 M2 cells. 
The points represent the averaged value of probe fluorescence intensity with the 

corresponding averaged cell number. The correlation curve shows a linear trend with 
R

2
=0.943. This figure is adapted from reference [164] currently in submission. 
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3.3.4 Discussion 

Recently substantial efforts have been placed on investigating the influence of 

polarized macrophages to determine the balance between immune rejection and tissue 

regeneration responses [30, 161]. There is currently however no method which can 

provide fast, accurate, and minimally invasive assessment of M1 and M2 responses in 

vivo. By covalently linking folate and mannose with polyethylene glycol particles we have 

developed a dual probe imaging system to non-invasively and simultaneously evaluate 

M1 and M2 responses to biomaterial implants in vivo. Taken together, our data indicates 

that the folate- and mannose-based probes are able to accurately determine the relative 

degree of M1 and M2 cells across two distinct infection models and in more subtle 

biocompatible material responses. 

The up-regulation of both the folate receptor and the mannose receptor on 

activated macrophages has been extensively studied for potential imaging modalities and 

drug delivery vehicles. In example, use of the folate receptor has been investigated in 

several arthritic and cancer models [150, 174-176]. Similarly use of the mannose receptor 

has been exploited for delivering drugs to macrophages either by direct conjugation 

[177], through mannose coated liposomes [178-179], or through polymer microspheres 

[167, 180]. While the use of mannose as an alternative activation marker is widely 

acknowledged, some evidence indicates that the folate receptor β can also be used to 

mark M2 regulatory cells [181]. While we do not dispute this claim, we can refer back to 

our previous statement that macrophages exist in a spectrum with M1 and M2 at the 

extremes and various overlap in the expression of surface markers. This may limit the 

use of the probes in specific cases. For instance, the probes’ detection of M1/M2 would 

be hindered in cancer models where cancer cells also express the folate receptor. We 

temper the argument by referring to up-regulation during inflammation or regeneration. 
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Folate is up-regulated during inflammation while mannose is up-regulated during tissue 

repair, aiding the contrast and use of these markers in cases such as infection. 

The developed folate-based and mannose-based probes are observed to have 

minimal cytotoxicity and are able to distinctly monitor stimulated M1 and M2 cells in vitro. 

This is confirmed by stimulating bone marrow macrophages with either LPS to induce M1 

cells or by the addition of IL-4 and IL-13 to induce M2 cells. LPS is well known to activate 

macrophages through toll like receptor 4 (TLR4) resulting in cytokine production of M1 

pro-inflammatory factors such as interferon gamma (IFN-γ), IL-2 and TNF-α [182]. 

Similarly, studies have shown that some macrophage cell lines such as RAW264.7 or 

U937 monocytes may be stimulated by LPS to express increased levels of folic acid 

receptor [151, 183]. Our in vitro results indicate that the folate receptor was similarly 

induced on bone marrow macrophages by the increased intensity of the folate-based 

probe but not the mannose-based probe in LPS activated macrophages. Had the folate 

receptor not been induced, it would be expected that the intensity of the folate-based 

probe and mannose-based probe would be similar due to nonspecific binding or 

phagocytosis. In contrast, our results show that the stimulated M1 cells specifically 

uptake the folate-based probe and that the M2 stimulated cells specifically uptake the 

mannose-based probe. 

To initially test the efficacy of the imaging probe in vivo, we used an extremes 

model of device-centered infection. Device-centered infection is one of the common 

causes of implant failure due to chronic inflammatory responses [184-185]. Interestingly, 

Staphylococcus aureus can often be recovered from approximately 90% of clean wounds 

at the time of closure [184]. This indicates that even when all appropriate steps are taken, 

the possibility of infection remains high and should be regarded with concern. Pathogens, 

such as Staphylococcus aureus bacteria, are known to induce a range of activation 
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profiles priming macrophages to mount an increased immune response [186]. LPS is 

similarly known to prompt a localized inflammatory response with increased accumulation 

activated macrophages [187-189]. Using Staphylococcus aureus bacteria or LPS as a 

device-centered infection model we observed, as expected, a significant increase in M1 

macrophage accumulation at the site of infection. In addition an increased M2/M1 ratio 

was observed for the control implants, corresponding to a smaller fibrotic capsule, 

indicating a more positive healing response. Finally, in a direct correlation the folate- and 

mannose-based probes were able to accurately represent the relative cellular density for 

M1 and M2 cells in each of the three implant types in the infection model. 

Since infection models are known to prompt an increased M1 inflammatory 

response we further sought to test the probes in a more subtle model using 

biocompatible biomaterial implants. PLA and PNIPAM particles were chosen, since both 

are commonly used for fabricating tissue engineering scaffolds, drug delivery, and 

imaging agents [173, 188, 190-191]. In addition, PLA particles initiate a strong foreign 

body reaction while minimal inflammatory responses are induced by PNIPAM implants as 

previously established [102]. At the four day time point, we were able to observe 

significantly more folate- and mannose-based probe accumulated at the PLA particle 

implant sites than at the PNIPAM sites. Furthermore the imaging trends are confirmed by 

histological analysis of the M1 and M2 response. 

These results, together with those from the infection models, present positive 

examples of the contrast between the folate- and mannose-based probes and the ability 

to differentially monitor M1/ M2 cellular interactions in the foreign body response. We 

believe that the twin probes could provide heightened sensitivity and reliability in the 

assessment of cellular responses to biomaterials. The use of real-time imaging probes 

such as these can enhance our understanding of the dynamic processes of macrophage 
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polarization, to provide new strategies in the diagnosis and mitigation of adverse 

responses to medical implants. 

 

3.4 Influence of Macrophage Polarization on Fibrotic Reactions 

3.4.1 Introduction 

We have previously discussed the development of a dual probe imaging system 

to monitor M1 and M2 cellular events in vivo. As previously mentioned these cells 

express various cytokines and factors which are known to participate in different stages 

of biomaterial mediate tissue response. To explore the possibility of the alteration of 

fibrocyte responses in connection with macrophage polarization in vivo, we have chosen 

to focus on several of these factors, namely TGF-β, IL-1β, and TNF-α. In a general sense 

these factors represent the difference in pro-inflammatory (IL-1β / TNF-α), and pro-fibrotic 

(TGF-β) roles taken on by M1 and M2 macrophages respectively. Interestingly IL-1β may 

drive inflammatory reactions of fibrocytes while TGF-β induces a reparative/ fibrogenic 

role [63]. To investigate the potential influence of M1 and M2 macrophages on fibrocyte 

responses we designed drug releasing scaffolds to inhibit the production of IL1-β/TNF-α 

or TGF-β.  

Porous PLGA tissue scaffolds were designed using a microbubble fabrication 

technique previously established by our laboratory [44]. These scaffolds are created by 

the use of an albumin or gelatin protein microbubble shell to generate an interconnected 

honeycomb-like porous structure. They may be modified to release growth factors or 

chemical agents by incorporation in either the protein shell or directly into the PLGA 

polymer. To alter macrophage responses and cytokine production, scaffolds were 

fabricated with either TGF-β inhibitor SB431542, or IL-1β/ TNF-α inhibitor SB203580. 

Both of these drugs, SB203580 and SB431542 have been shown to have good cytokine 
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specificity for IL-1β/TNF-α and TFG-β respectively [192-196]. SB203580 has been shown 

to suppress the development of endometriosis, alleviate arthritis, improve renal disease, 

and reduce bone resorption by down-regulating pro-inflammatory cytokines [196-198]. 

SB431542, on the other hand, has been shown to protect the cardiac conduction system 

in Chagas' disease, inhibit scar formation after glaucoma surgery, and inhibit extracellular 

matrix formation of fibronectin and collagen in vitro [194, 199-200]. Using scaffolds to 

localize the release of these inflammatory/ fibrotic chemokine inhibitors, we aim to 

explore both the acute and chronic response of M1/M2 cellular infiltration and fibrocyte 

involvement on the degree of biomaterial-mediated fibrotic reactions. 

3.4.2 Materials and Methods 

3.4.2.1 Porous Microbubble Scaffold Fabrication 

All chemicals were purchased from Sigma Aldrich (St. Louis, MO) unless 

otherwise specified. The microbubble scaffold formation was based on a previous 

method for albumin (BSA) microbubble scaffolds developed in our lab [44]. Briefly, poly 

(D,L-lactic-co-glycolic acid)  (75:25, 113kDa, Medisorb Inc., Birmingham, AL) was first 

dissolved in 1,4-dioxane at a 7.5% w/v ratio. Microbubbles of bovine gelatin (Sigma 

Aldrich) were then produced by ultra-sonication (20kHz for 10s) of a 10% w/v gelatin 

solution with the addition of nitrogen gas. The resulting nitrogen filled gelatin 

microbubbles were added into the polymeric solution at a 1:1 v/v ratio. The quasi-stable 

mixture is quickly agitated gently and quenched in liquid nitrogen. The scaffolds are then 

lyophilized (Freezone 12 lyophilizer, Labconco, Kansas City, MO) for 48 hours at 0.03 

mbar vacuum to induce phase separation. 

To stimulate inflammatory or wound healing signals, several inhibitor drugs were 

incorporated into and released from the microbubble scaffolds. Specifically, TGF-β 

inhibitor SB431542 (Selleck Chemicals) was loaded into scaffolds at a dose of 10 mg/kg 
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body wt/day [199]. IL-1β and TNF-α inhibitor SB203580 (a p38 MAPK inhibitor, Selleck 

Chemicals) was loaded into scaffolds at a dose of 15 mg/kg body wt/day [196]. For 

incorporation into scaffolds the drugs were first solubalized in dimethylsulfoxide and then 

blended with the polymer solution prior to the addition of the protein microbubbles. 

Scaffolds were cut into 5 x 5 x 5 mm cubes and stored at -20°C until implantation.  

3.4.2.2 Method to Determine the Release Kinetics of Scaffold Incorporated Compounds 

The release kinetics of SB203580 and SB431542 were measure by incubating 

scaffold sections in 1ml of PBS at 37
o
C for various periods of time. At each respective 

time point (6 hours, 1, 3, 5, 7, 10, and 14 days) 1ml of PBS was removed and fresh PBS 

(1ml) was added back to the same scaffold section. The release kinetics for incorporated 

drugs were quantified by high performance liquid chromatography (HPLC). HPLC 

analysis was performed on a Waters 2695 separations module with a Waters 2996 

Photodiode Array Detector (Waters Corp. Milford, MA). A Symmetry C18, 3.5µm 4.6 x75 

mm column was used with a flow rate of 1ml/min. The mobile phase consisted of 90% 

water with 0.1% trifluoroacetic acid and 10% acetonitrile. The retention times of 

SB203580 and SB431542 were 4.6 and 5.1 minutes respectively (Figure 3.11). Separate 

standard curves of SB203580 and SB431542 were run to quantify release kinetics of 

compounds from scaffolds (concentrations for the standard curves ranged from 0.1 µg/ml 

to 20 µg/ml).  
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Figure 3.11 HPLC absorbance spectrum of SB431542 and SB203580 
The data was processed on a Symmetry C18, 3.5µm 4.6 x75 mm column with a flow rate 
of 1ml/min. The mobile phase consisted of 90% water with 0.1% trifluoroacetic acid and 
10% acetonitrile. Retention times (RT) were found to be 5.1 minutes for SB431542 and 
4.6 for SB203580. This figure is adapted from reference [110] currently in submission. 

 

3.4.2.3 Animal Model for Microbubble Scaffold Implants 

For scaffold implantation, Balb/c mice (25g body weight) (Harlan, Indianapolis, 

IN) were anesthetized and a dorsal midline incision was created as previously described 

[103]. Briefly, each mouse was implanted with two scaffolds of equal treatment condition. 

The scaffolds were tucked into the subcutaneous space approximately 15mm away from 

the incision, placed laterally on either side of the mouse. The incision was then sutured 

closed. The mice were subsequently returned to housing, separated by implantation 

condition, and monitored daily for irritation around the implant. All animals were cared for 

in compliance with the protocols approved by the Institutional Animal Care and Use 

Committee at the University of Texas at Arlington. 
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3.4.2.4  Fibrocyte Culture and Labeling 

Fibrocytes were isolated from the splenic reservoir of monocytes as established 

elsewhere and previously described [76] (Please see 2.2.2.1).  

3.4.2.5 Imaging Model for Tracking Fibrocyte Migration 

Whole body animal imaging analyses was carried out using the KODAK in vivo 

FX Pro system (Kodak, USA) as previously described (Please see 2.2.2.2). Migration of 

fibrocytes was studied out to 72 hours.  

3.4.2.6 Histological and Immunohistochemical Evaluation 

Histological and immunohistochemical methods have similarly previously been 

described within this chapter (Please see 3.3.2.7). In brief, cellular and tissue responses 

were quantified with ImageJ from H&E and Masson Trichrome staining as previously 

reported [105]. Cells were further analyzed using the following conventions: M1 

macrophages (CD80+), M2 macrophages (CD206+), myofibroblasts (α-SMA+), fibrocytes 

(CD45+, collagen I+) [26, 105, 201-202].  

3.4.2.7 Statistical Analysis 

GraphPad (La Jolla, CA) was used for all statistical operations. Results are 

reported as the means ± standard deviations. Statistical analysis was performed with 

ANOVA using Bonferroni comparisons for data with multiple groups. The Student’s t-test 

was performed for data with single group comparisons. All data were considered 

significant when *P<0.05 or **P < 0.01.  

3.4.3 Results 

3.4.3.1 Scaffold Formation and Release Kinetics of Incorporated Compounds 

Characterization of gelatin microbubble scaffolds was performed as previously 

reported in our earlier works [44]. Briefly, cross sections were analyzed to confirm a 

macro-porous structure with pores ranging from 50-150 µm, interconnected with smaller 
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pores from lyophilization. Similarly SEM images were captured on freeze fractured 

scaffold to visualize scaffold structure (Figure 3.12a). Porosity of the microbubble 

scaffolds was similarly tested as previously described, using an ethanol displacement 

method, and found to be >90% porous [44, 203]. The release kinetics of incorporated 

compounds were characterized over a 14 day time span encompassing the length of the 

in vivo studies (Figure 3.12b & c). Release rates confirm sustained release of the 

incorporated drugs from the microbubble scaffold out to 14 days. On average the release 

rates of SB431542 and SB203580 were approximately 1 µM and 10 µM per day, 

respectively. 

 

 

Figure 3.12 Scaffold fabrication and drug release kinetics 
(a) SEM image for microbubble scaffold showing porous honeycomb-like structure. (b) 
Cumulative release in µg for SB431542 over 14 days. (c) Cumulative release in µg for 

SB203580 over 14 days. All data points are presented as the means ± standard deviation 
from n=6 replicates. This figure is adapted from reference [110] currently in submission.  

 

3.4.3.2 Effect of Cytokine Antagonists on Fibrocyte Migration 

Specific inhibitors SB203580 and SB431542 were used to block the production of 

known inflammatory modulators IL-1β and TNF-α, and fibrotic modulator, TGF-β 

respectively. It should be noted that these factors are each produced or expressed by 

macrophages at different stages of activation [27, 148, 204]. To assess the specific 
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influence of these modulators on fibrocyte responses we first preformed an analysis of 

the fibrocyte migration during the acute inflammatory response. Four hours after scaffold 

implantation NIR labeled fibrocytes were administered through iv. injection. Real time in 

vivo monitoring was then performed over the next 72 hours. As expected, fibrocytes 

readily migrate to the control scaffold (gelatin microbubble scaffold without drug) within 

24 hours. Of the two inhibitors used however, it was found that only inhibition of the TGF-

β signal reduced fibrocyte migration over 72 hours (Figure 3.13a).  

Interestingly, the inflammatory cytokine inhibitors were also found to affect the 

relative degree of macrophage polarization during the acute response. Inhibition of TGF-

β resulted in an increased M1 macrophage population, (939 ± 98 cells/mm2 in 

comparison to 469 ± 92 cells/mm2 for the control) of cells surrounding the implant during 

the acute response (Figure 3.13b). In contrast, inhibition of IL-1/TNF-α resulted in a 

decreased M1 macrophage population, (76 ± 34 cells/mm2) and an increased M2 

population, (1022 ± 91 cells/mm2 in comparison to 647 ± 60 cells/mm2 for the control) 

(Figure 3.13b). This shows that general stimulation of inflammatory/ regulatory cytokine 

mediators may shift the macrophage population during the acute response.  
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Figure 3.13 Effect of various cytokine antagonists on fibrocyte and polarized macrophage 
reactions in the acute response. 

(a) Fluorescence intensity measurements of NIR labeled fibrocytes migrating to the 
implant. The localized release of SB431542 (TGF-β antagonist), but not SB203580 (IL-1 
and TNF-α) shows significant reduction of fibrocyte migration from control at 24 and 48 
hours. (b) Macrophage population density surrounding acute phase implants. Localized 
release of SB431542 resulted in increased M1 population from control with no statistical 
difference in the M2 population. Implants releasing SB203580 resulted in a decreased 

M1 and increased M2 population. Statistics are performed with ANOVA Bonferroni 
analysis and taken as significant in comparison to the control when *P<0.05, or **P<0.01. 

Data is presented as the means ± standard deviation for n=4 mice for each treatment 
group. This figure is adapted from reference [110] currently in submission. 

 

3.4.3.3 Effect of Cytokine Antagonists on M1/M2 Cellular Responses at Two Weeks 

The effect of cytokine antagonists on macrophage differentiation were studied at 

14 days post implantation. In the control, we found that the majority of the macrophages 

in the tissue surrounding scaffold implants possesses M2 phenotypes by day 14, (563 

±78 cells/mm2) while ~ 30% of the macrophages express M1 marker (250 cells/mm2). 

The treatment of SB431542 (TGF-β inhibition) significantly reduced the presence of M2 

(370 ± 55 cells/mm2) and M1 (131 ± 39 cells/mm2) macrophages at the implant sites 

(Figure 3.14). On the other hand, inhibition of IL-1/TNF-α with SB203580 does not show 

a significant difference from the control samples at day 14. 
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Figure 3.14 Chronic response of microbubble scaffold implants. 
(a) Images are presented for immunohistochemical staining of M1/M2 comparing the 

SB431542 and SB203580 response at 14 days. Histograms show the resultant 
alternations in the (b) M1 (CD80) and (c) M2 (CD206) response to treatment groups at 14 
days. It can be seen that both M1 and M2 are reduced by SB431542 from control where 

SB203580 shows a marked increase in the M2 response at day 14.  Statistics are 
performed by ANOVA with Bonferroni comparison show to be significant at **P<0.01. 
Data is presented as the means ± standard deviation for n=4 mice for each treatment 

group. This figure is adapted from reference [110] currently in submission. 
 

3.4.3.4 Effect of Cytokine Antagonists on Tissue Reactions at Two Weeks 

We further investigated the effect of cytokine antagonists on the degree of 

implant-mediated fibrotic tissue reactions. In the chronic response we observe a 

reduction in the formation of the foreign body capsule thickness with the release of 
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SB431542, but not SB203580 (Figure 3.15). The microbubble scaffold control is 

observed to have the largest capsule thickness at 213 ± 23 µm. The treatment of 

SB431542 (TGF-β antagonist) significantly reduces the capsule thickness to 119 ± 14 

µm. Surprisingly, inhibition of IL-1/TNF-α by SB203580, two well know inflammatory 

regulators vital in the role systemic or chronic inflammation, does not show a significant 

reduction in capsule thickness (180 ± 24 µm). Using the capsule thickness as a general 

indicator of the degree of fibrosis we continued to analyze the resultant degree of 

fibrocytes within the capsule at 14 days post implantation. Similar to the fibrotic capsule 

results, we observed a marked decrease in the number of fibrocytes surrounding the 

implants releasing SB431542, however no significant change with inhibition of IL-1/TNF-α 

by SB203580 (Figure 3.15).  

Expression of α-SMA and collagen production are two hallmarks of activated 

fibrocytes. It is thought that migratory fibrocytes transition into myofibroblasts losing their 

hematopoetic expression of CD34 and CD45 and up-regulate α-SMA [39, 42]. To 

determine if these cytokine antagonists cause a shift if fibrocyte activation we further 

assessed the degree of α-SMA expression at the biomaterial interface and the relative 

amount of collagen production. Inhibition of TGF-β similarly reduced the α-SMA 

expression and the amount of collagen present in the foreign body capsule. The inhibition 

of IL-1/TNF-α did not show a significant reduction in α-SMA expression, although 

collagen levels were observed to be reduced. 
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Figure 3.15 Two week histological response of SB431542 and SB203580 
Images present the histological results H&E staining and α-SMA staining for the various 

treatments at 14 days. This figure is adapted from reference [110] currently in 
submission. 

 

 

Figure 3.16 Two week histological response of SB431542 and SB203580 
Histograms show the capsule thickness (a), the CD45-Cl fibrocyte response (b), and the 

degree of α-SMA positive cells present in the foreign body capsule (c). Statistics are 
performed by ANOVA with Bonferroni comparisons taken to be significant at **P<0.01. 

This figure is adapted from reference [110] currently in submission. 
 

3.4.4 Discussion 

To elucidate the potential mechanisms of cell communication we chose to focus 

on two key inflammatory cytokines IL-1β and TNF-α and the primary regulatory cytokine 

TGF-β which are up-regulated by macrophages during an inflammatory or wound healing 



 

77 

response [27]. The cellular responses resulting from the localized release of mediating 

inhibitors are summarized in Table 3.1. In the acute response, the TGF-β antagonist is 

observed to increase the macrophage M1 inflammatory cells around the implant. Acute 

inflammation is driven upwards, however the fibrocyte migration is reduced. We, and 

others have previously demonstrated that fibrocytes migrate to the site of injury following 

the inflammatory response [74, 105]. Our results indicate that continued or heightened 

inflammation may be detrimental to the migratory response of fibrocytes. It is well 

documented that pro-inflammatory interleukins such as IL-1β, IL-6, IL-12 and TNF-α are 

initially expressed in high quantities in response to a biomaterial implant [2, 36]. As 

inflammation shifts to regeneration there is also a shift in cytokine and growth factor 

release to more anti-inflammatory and pro-fibrotic cytokines such as IL-10 and TGF-β [2, 

36]. The migratory response of fibrocytes may be dependent on this shift in signaling 

cues, such as increased TGF-β production. Indeed, studies have shown that TGF-β is 

potent on initiating fibrotic reactions, as well as stimulating fibroblasts and macrophage to 

express pro-fibrotic growth factors [146]. Along these lines, many recent studies have 

indicated that fibrocytes are responsive to TGF-β increasing accumulation and 

differentiation [62, 70, 75]. Coincidently this shift in cytokine signals has been shown to 

occur with the switch from M1 to M2 cells [26, 32]. On other hand SB203580 (IL-1/ TNF-α 

antagonist) had little to no effect on fibrocyte recruitment from control during the acute 

response. We do observe a significant decrease in M1cells and a resultant increase in 

the population of M2 cells around the implant. This indicates that a reduction in 

inflammatory mediators may help to ease the macrophage transition to M2 cells. The 

insignificant change in fibrocyte recruitment may indicate that the migratory response has 

reached a plateau for our control sample. In this case, additional stimulation would not be 

able to increase the migration any further.  Nevertheless, inhibition of TGF-β and IL-
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1/TNF-α did lead to significant differences in the acute response to the implant. 

Specifically the M1/M2 population is altered with both treatments, and the fibrocyte 

migration is reduced with the TGF-β antagonist. The long term effects of these changes 

were further investigated. 

 

Table 3.1 Summary of localized release of cytokine antagonists on macrophage and 
fibrotic responses. 

This table is adapted from reference [110] currently in submission. 

 

 

During the chronic response inhibition of IL-1 and TNF-α had less effect on the 

capsule thickness and degree of fibrocyte infiltration to the implant than inhibition of TGF- 

β. IL-1 and TNF-α are known to be potent inflammatory mediators, however there is also 

some evidence that they can play a role in stimulating fibrosis and collagen production. In 

two separate studies of bleomycin induced pulmonary fibrosis both IL-1 and TNF-α were 

found to be stimulatory for the growth of fibroblasts and localized collagen deposition 

[205-206]. There is also some evidence which shows that IL-1 may function to maintain 

fibrocytes in an inflammatory state [63]. Our results indicate however that the 

inflammatory signal from IL-1 and TNF-α may not have a major influence on fibrocytes, 
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indicating that other pathways may be involved. Inhibition of TGF-β had a more 

significant impact on the chronic tissue response. We observe a significant decrease in 

capsule thickness as well as both M1 and M2 macrophage subsets. In addition the 

fibrocyte numbers decrease and the degree of α-SMA expression surrounding the 

implant is significantly reduced. This indicates that the differentiation of fibrocytes into α-

SMA expressing myofibroblasts has also been reduced by inhibition of TGF-β. In a 

murine pulmonary fibrosis model, increased macrophage activation, specifically the M2 

polarized subset, and greater fibrocyte recruitment was linked to increased fibrosis with 

IL-10 over expression [143]. On the contrary, higher ratios of M2/M1 cells have been 

demonstrated to be associated with more positive remodeling outcomes to biologically 

derived mesh materials [30]. These studies highlight an interesting concept of polarized 

macrophage interaction with fibrocytes. In our study, we have revealed that a reduced 

inflammatory signal from IL-1/ TNF-α may act to ease the transition of macrophage from 

M1 to M2 during the acute response. However the influence on fibrocytes with reduced 

IL-1 TNF-α is minimal. On the contrary inhibition of TGF-β reduces the number of 

recruited fibrocytes by 40%, resulting in an almost 50% reduction in capsule thickness at 

two weeks. This demonstrates that recruitment of fibrocytes to the biomaterial implant 

may be an important initiator of the fibrotic response. 

Our results suggest that fibrocytes play a critical role in biomaterial mediated 

fibrosis and are augmented by macrophage polarized activities and TGF-β. In support of 

this fibrocytes have been shown to influence the fibrotic matrix production in several 

fibrotic disease models such as asthma, pulmonary fibrosis, proliferative 

vitreoretinopathy, scleroderma, and others, through differentiation to myofibroblasts [42, 

66, 123, 207]. Similarly cultured fibrocytes are known to differentiate to myofibroblasts 

under TGF-β stimulation in vitro [42]. We similarly found that inhibition of the TGF-β 
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response reduces α-SMA expression, a hallmark for myofibroblast differentiation. 

Alternatively it has been theorized that fibrocytes have a role extending far beyond 

extracellular matrix production [35]. The early recruited fibrocytes may function in a pro-

inflammatory role induced by immune signals and augmented by IL-1 [35]. While our 

results demonstrate the importance of fibrocytes in the foreign body response, we cannot 

exclude the participation and importance of resident tissue fibroblasts through similar or 

alternative mechanisms. 
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Chapter 4  

Strategies to Alleviate Fibrocyte-Mediated Fibrosis 

4.1 Introduction 

Increasing evidence suggests that fibrocytes, circulating connective tissue cells, 

can be differentiated into a variety of cells with different functions and activities. However, 

little is known about how the microenvironment cues (physical and biological factors) 

affect such cellular responses. On the other hand, it is possible that specific cues and 

factors can be provided to stimulate preferable cellular responses. To test this 

hypothesis, we have explored the possibility of developing new strategies to modulate 

fibrocyte mediate fibrosis. The first strategy discussed is based on passive alteration of 

mechanosensing signals through specified topographical changes using 

polydimethylsiloxane (PDMS) micropillars. This approach is centered on the notion of 

cell-contact guidance, a cells ability to respond to surface features, which has been 

proven critical in manipulating cellular behavior. In fact, surface features as small as 10 

nm are generally recognized to influence both protein adsorption and cellular responses 

[208]. Micro and nano-topography are therefore theorized to provide biomimetic cell–

modulating signals similar to native cues of the extracellular matrix, altering cell 

attachment, migration, and proliferation for cells such as osteoblasts, fibroblasts, 

endothelial, epithelial and macrophages [208]. In example, micro-surface roughness has 

been shown to substantially enhance the mechanosensing of osteoblasts and increase 

bone formation [209]. Additionally, macrophage behavior is modulated by nanogrooves in 

vivo altering cytokine secretion and influencing the foreign body response [210].  

Micropillars or pegs have several unique features that may enhance 

mechanosensing signals providing a significant influence on cellular reactions. The 

addition of micropillars to a surface can provide a unique flexibility or elasticity to surfaces 



 

82 

that otherwise would be highly rigid. In addition, the surface area may be greatly 

increased and the hydrophilicity/ hydrophobicity may be altered on an intrinsically 

nonadhesive surface [211]. Increased surface area may also enable cells to form more 

focal connections [211-212]. Furthermore, the stiffness of the pillars and the ability of the 

cells to exert contractile forces may have a significant influence on the cellular biology. In 

fact, it has been shown that micropost rigidity impacts stem cell morphology, focal 

adhesions, and cytoskeletal contractility leading to alterations in stem cell fate, or 

differentiation [213-214]. We postulate that by providing differential contact guidance, 

various micropillar arrays could enhance or reduce fibrocyte mediate responses to the 

implant. To investigate this strategy we design a series of dual sided micropillar arrays 

which are subsequently tested in vitro and in vivo for their ability to alter inflammatory and 

fibrotic tissue responses. 

In our second strategy to alleviate fibrocyte driven fibrosis we attempt to force the 

differentiation of fibrocytes into non-fibrotic cells. In vitro, fibrocytes have been shown to 

possess differential plasticity, under specific stimulation, differentiating not only to 

myofibroblasts but also adipocytes, osteoblasts, and chrondocytes [67-69]. In further 

support of this paradigm, human fibroblasts have also been characterized to have 

myofibroblastic or lipofibroblastic phenotypes with Thy-1
+
 and Thy-1

-
 subsets [215]. 

Despite these interesting findings the differentiation potential of fibrocytes has not been 

investigated in vivo. While the multi-potency of fibrocytes could potentially offer 

advantageous responses in different cases, such as improved chondrocyte differentiation 

during wear and inflammatory responses to hip and joint implants, we focus our 

investigation on the adipocyte differentiation potential of fibrocytes in the foreign body 

response. It has been shown in vitro, that differentiation of fibrocytes to adipocytes is 

driven by the peroxisome proliferator-activated receptor PPAR-γ and that TGF-β drives 
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fibrocyte-to-myofibroblast differentiation [67]. Interestingly the two pathways were found 

to have reciprocal inhibition of each other [67, 216]. We thus hypothesize that, up 

regulation of fibrocyte-to-adipocyte differentiation would substantially reduced fibrocyte-

to-myofibroblast stimulation and indirectly reduce collagen production in the wound 

environment. This hypothesis was tested in several in vitro and in vivo models. 

 

4.2 Topographical Cues and Alteration of Fibrocyte Responses 

4.2.1 Introduction 

There are at least three main modes of cell attachment and mediation to the 

biomaterial surface, focal adhesions, close contacts, and extracellular contacts. Cells are 

guided by focal adhesions, which in turn can be altered by the initial protein adsorption to 

the implant. Interestingly the composition, amount, and degree of host protein adsorption 

may be altered by specific topographical cues. Micropillars have been shown to alter the 

protein attachment at the interface based on topography. In example, patterning of PDMS 

surfaces with dot-like protrusions increased fibrinogen adsorption by 46% compared with 

the flat surface, while surface area was only increased by 8% [217]. Additionally, an 

intrinsically hydrophilic material may lose its resistance to protein binding based on 

geometry [218]. In contrast, a hydrophobic material may lose its resistance to cell 

adhesion. These properties as well as those previously discussed for micropillars, such 

as increased surface area and increased elasticity, may enhance mechanosensing 

signals, cell morphology, focal adhesions, and cytoskeletal contractility [213, 219]. We 

hypothesize that these mechanisms may similarly impact precursor fibrocytes in the 

foreign body response.  

As a model for topographical features, we investigated three spatial 

arrangements of micropillars [98]. All pillars were 10µm in diameter in a hexagonal 
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arrangement. To investigate the tissue response to various geometries the interspaces 

and heights of the pillars were altered. Three spatial dimensions were investigated 

distancing the pillars from center to center at 20, 35, and 70 µm. Two pillar heights were 

investigated at 14, and 25 µm. Since macrophages and fibroblasts are thought to be the 

main cells responsible for foreign body reactions, we first studied how micropillar 

substrates affect the adhesion and proliferation of RAW 264.7 macrophage cells and 3T3 

fibroblasts in vitro. Subsequently, double-sided micropillar substrates were implanted in 

the mice subcutaneous cavity for two weeks.  

 In vivo, we observe that higher micropillar substrates gather more granulocytes 

and fibroblasts. In fact, cellular density at the interface of taller pillar substrates increased 

more than 50% over the control. Additionally the capsule thickness was found to increase 

with pillar height but only becoming statistically significant when pillars were placed 

further apart. While the increase in cellular density may be closely related to a change in 

the tensile modulus or stiffness of the pillars, there is also a clear augmentation in the 

response resulting from the spacing or distance between pillars. Our results suggest that 

the greater distance and increased height had a substantial effect on the cellular 

activation and production of extracellular matrix. Taking a closer look at the tissue 

responses we similarly noticed that the granulation tissue (accumulation of granuloma 

cells), neoangiogenesis, and collagen production where all enhanced by the increasing 

pillar dimensions. Most interestingly we find that these responses have strong positive 

correlations with the number of recruited fibrocytes over fibroblasts or macrophages. 

4.2.2 Materials and Methods 

4.2.2.1 Materials 

Polydimethylsiloxane (PDMS) was purchased from Dow Corning Corporation 

(Midland, MI). Mouse 3T3-Swiss albino fibroblasts and RAW 264.7 macrophages were 
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obtained from ATCC (Manassas, VA). A live cell tracer dye, carboxyfluorescein diacetate 

succinimidyl ester (CFDA-SE) was purchased from Invitrogen (Carlsbad, CA).  All 

primary antibodies used were procured from Santa Cruz Biotech (Santa Cruz, CA). 

Secondary antibodies coupled with FITC or Texas Red were purchased from ProSci 

(Poway, CA). Nuclei stain - 4'6-diamino-2-phenylindole dihydrochrolide (DAPI) was 

obtained from Invitrogen (Carlsbad, CA). All other reagents were purchased form Sigma 

(St. Louis, MO). 

4.2.2.2 Micropillar Fabrication and Characterization 

The geometrical configurations of micropillar substrates used in this study were 

based off previous observations of cells grown on PDMS films [98]. Briefly, the height and 

spacing arrangements were designed to prompt cell adherence via single or multiple 

micropillars based on the observed size and spreading on fibroblasts and macrophage in 

vitro. PDMS was utilized for micropillar fabrication due to its desirable characteristics for 

machining and lithography (low glass transition temperature Tg ~ -125
o
C, chemical 

stability, low change in shear elastic modulus with temperature, high compressibility, and 

stability over a wide temperature range) as well as relative biocompatibility [220-221]. 

The micropillars were fabricated using a molding method in which the polymer was cast 

on a SU-8 mold with micro-holes [222]. The pillar dimensions were set at 10 x 10 µm
2
 

with heights at either 14 or 25 µm (abbreviated as H14 or H25) in a centered hexagonal 

array. Three initial arrangements of pillar orientation were studied with varying inter 

spaces at 20, 35, and 70 µm (abbreviated as S20, S35, or S70). Samples were labeled 

based on their physical characteristics by spacing and height (S, H) for example (S20H25) 

refers to pillar interspacing of 20 µm and pillar height of 25 µm. A general schematic of 

the pillar orientations is presented in Figure 4.1. 
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Characterization of the micropillar substrates is performed by SEM imaging 

analysis with a Hitachi 3000N Scanning Electron Microscope (Hitachi High Tech Inc, 

Tokyo, Japan). For in vitro cell culture studies single sided pillar arrays (5 x 10 mm
2
) were 

sectioned and used. For in vivo implantation two single-sided pillar arrays of similar 

micropillar orientation were fashioned together back to back by applying a thin layer of 

liquid PDMS followed by curing process. Micropillar substrates and PDMS smooth 

surface films (controls) were sterilized in 70% ethanol followed by 20 minutes UV 

exposure in a culture hood prior to in vitro and in vivo testing. 

 

 

Figure 4.1 Overview of micropillar fabrication 
(a) SEM images of micropillars showing the geometrical morphology and alignment as 
well as the consistency of the mold inversion process. (b) Schematic drawing of the 20 
µm spacing pillar design. All subsequent designs are similar with differences in pillar 
spacing and height. The scale bar corresponds to 30 µm. This figure is adapted from 

reference [98]. 
 

4.2.2.3 In Vitro Analysis of Macrophages and Fibroblasts on Micropillar Substrates 

For each cell type, 3T3 fibroblast or RAW 264.7 macrophages, a low density 

(2000 cells/10 µl) was seeded on 5 x 10 mm
2
 micropillar samples so that the growth and 

morphology of the cell could be studied. Cells were maintained in Dulbecco’s modified 

Eagle medium (DMEM) with 10% fetal calf serum and 1% antibiotics. Cellular growth and 

proliferation was monitored daily with a cell tracer dye CFDA-SE as previously described 
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[223]. Briefly, the number of adherent cells was quantified using fluorescence microscopy 

(Leica, Wetzlar, Germany) for 8 different areas covering the whole pillar substrate. 

4.2.2.4 In Vivo Implantation of Dual Sided Micropillar Substrates 

To assess the influence of surface topography on tissue reactions micropillar 

substrates were implanted in the dorsal subcutaneous region of BALB/c mice. The 

detailed surgical procedure is performed similarly to that previously described for scaffold 

implants. (Please see 3.4.2.3) 

4.2.2.5 Histological and Immunohistochemical Evaluation 

After implantation for 2 weeks, the implants and surrounding tissues were 

recovered for histological evaluation and quantification as previously described (Please 

see 2.3.2.3)  

4.2.2.6 Statistical Analysis 

The statistical significance between groups or sets of data was calculated using a 

One Way ANOVA analysis with a Bonferroni comparison using GraphPad (La Jolla, CA). 

All data is considered significant when P values of *P<0.05 or **P<0.01 were obtained. 

Linear regression analyses was used to assess the correlation between cell specific and 

tissue responses. For linear regression analysis, individual data points for each 

micropillar array were pooled together as opposed to using only the means. All 

correlations include multiple counts from the control and each pillar array. These counts 

are matched on a per-animal per-substrate basis, and then compiled as a whole for all 

substrates. For all correlations, a minimum of 20 samples, at least 4 animals per group, 

were matched together. The coefficient of determination (R
2
) was calculated providing a 

measure of correlation. 
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4.2.3 Results 

4.2.3.1 Micropillar Characterization 

Characterization of the micropillar substrates is performed by SEM imaging 

analysis for at least three samples of each configuration. We confirmed that the pillars 

maintained heights at either 14.35 ± 0.29 or 25.39 ± 0.63 µm as well as held to consistent 

geometrical spacing in a centered hexagonal array. Table 4.1 summarizes the results of 

the dimensional analysis for each pillar arrangement expressed the means ± standard 

deviations. For all pillar arrangements, the pillar head diameter was found to be 10.22 ± 

0.22 (length) x 9.87 ± 0.10 µm (width). 

Table 4.1 Dimensional analysis of pillar substrates 
Analysis was performed on a minimum of n=3 pillar samples for each arrangement 

measured from SEM images and presented as the means ± standard deviation. This 
table is adapted from reference [98] 

 

4.2.3.2 Differential Response of Fibroblasts and Macrophages to Micropillar Substrates 

In Vitro 

Interestingly, a differential response was observed on the pillar substrates for 

fibroblast and macrophage cells. The presence of micropillars was generally found to 

reduce the adherence, spreading and proliferation of macrophages. Specifically, short 

and small-spaced micropillars (S20H14) were found to stimulate less cell attachment per 

area in comparison to PDMS controls and other micropillar substrates (Figure 4.2a). In 
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addition, short micropillar substrates (S20H14, S70H14) were also found with reduced 

macrophage growth compared to tall micropillar substrates of the same spacing (S20H25, 

S70H25). Intermediate spacing (S35) of micropillars triggered similar responses at both 

heights (Figure 4.2a). Furthermore, only the tall and wide micropillar substrates (S70H25) 

show an increase over the control and are statistically higher than all other micropillar 

substrates. 

In contrast, fibroblast proliferation shows a varying response based primarily on 

the pillar height (Figure 4.2b). In general, we find that all substrates with tall micropillars 

(S20H25, S35H25, S70H25) prompted significantly more fibroblast proliferation than the 

control substrate (P<0.05). Interestingly, there were no significant differences between 

the various pillar spacing arrangements. Both macrophages and fibroblasts show an 

intermediate response with the intermediate pillar spacing (S35H14, S35H25), we therefore 

decided to exclude this arrangement using only the S20 and S70 substrates that would 

prompt extreme cellular responses in vivo. This ethically reduced the number of animals 

required for in vivo studies. 
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Figure 4.2 Analysis of differential in vitro response of macrophages and fibroblasts 
(a) Macrophage proliferation on micropillar surfaces shows a general decrease from the 

control smooth surface specifically with short and small-spaced micropillars. (b) 
Fibroblast proliferation on micropillar surfaces shows a general increase with pillar height. 

Data are presented as the mean ± standard deviation at 3 days in culture, for n=8 
fluorescent images of cells on each respective substrate. Significance was calculated 
with a One Way ANOVA -Bonferroni comparisons test and taken to be significant at 

*P<0.05 or **P<0.01. This figure is adapted from reference [98]. 
 

In addition to monitoring cell proliferation with the live tracer CFDA-SE, SEM 

images were taken to observe the cell-substrate interactions. On the short small-spaced 

pillars macrophages tend to remain "rounded" in shape, forming small clusters of a 

handful of cells, connecting two or three H14 pillars together (Figure 4.3, top left, S20H14). 

With increased spacing however (and to some degree height as well) the cells become 

more branched and spindle shaped. With increased pillar height macrophages are 

observed to connect five or six pillars pulling them together and growing in more 

condensed colonies. Spacing is observed to amplify this effect where significantly larger 

colonies branch three or four pillars often with cells completely surrounding and covering 

the taller H25 pillars (Figure 4.3 top right, S70H25). Fibroblasts on the other hand are 
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observed to spread across the tops of the short small-spaced pillars. On large-spaced tall 

pillars however several fibroblasts grow around and often completely overtake the 

micropillars. With larger spacing, fibroblasts appear to be much larger, and induce 

significant matrix production (Figure 4.3 bottom right, S70H25). 

Pillar distention is significantly influenced by pillar height, and limited pillar 

flexibility may in turn limit cell stretching or matrix production. In this study we observe 

significant deformation of the H25 pillars by colonies of both macrophages and fibroblasts. 

The spring constant (k) provides a measure of rigidity or stiffness of the pillars. The 

spring constant of the pillars is given by the formula 

  
       

    
 

 where E, L, and d are the Young’s modulus of the PDMS, and the length and 

diameter of the pillars respectively [213, 224]. For the short pillars, H14 k= 402 nN/µm and 

for the tall pillars, H25 k= 70.68 nN/µm. The less rigid, lower spring constant, tall pillars 

are consistently observed to have larger colonies of cells and greater extracellular matrix 

secretion. We conclude that mechanical properties of the pillars have significant effects 

on the proliferation and the contractile forces of both macrophages and fibroblasts.  
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Figure 4.3 SEM images of cellular proliferation at 3 days for select pillar substrates 
SEM images show the cellular-substrate interactions in greater detail. The short small-

spaced pillars (left column) are observed to limit macrophage proliferation while 
fibroblasts spread across the tops with limited matrix production. The tall large-spaced 
pillars (right column) show an increase in cellular proliferation and matrix production for 

both macrophage and fibroblasts. This figure is adapted from reference [98]. 
 

4.2.3.3 Cellular Accumulation and Tissue Responses to Micropillar Implants 

To determine whether the physical characteristics of micropillars would affect the 

extent of fibrotic tissue reactions, double-sided micropillar substrates (spacing 20 and 70 

µm only) were implanted in the subcutaneous cavities of mice for two weeks. 

Subsequently various tissue responses and cellular interactions were analyzed. The 

presence of micropillars was found to augment capsule cellular density and capsule 

thickness compared to PDMS smooth surface controls. We observed that the higher pillar 

substrates (S20H25, S70H25) accumulated more granulocytes and fibroblasts surrounding 

the pillars while the lower pillar substrates (S20H14, S70H14) retained smaller numbers and 

layers of inflammatory and fibrotic cells. In fact the cellular densities of the higher pillar 

substrates (S20H25, S70H25) are increased >50% over the control [98]. Interestingly, 

substrates with larger spacing (S70H14, S70H25) have a significant increase in capsule 

thickness, where the smaller-spaced pillars were not significant from the control. 
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We further examined how pillar height and spacing affect tissue properties such 

as granulation tissue formation, neoangiogenesis, and collagen production. The 

properties are common measures of regeneration in the foreign body response. 

Interestingly with higher pillars and larger spacing the accumulation of granuloma cells 

increased, as well as the number of blood vessels and the relative degree of collagen 

production (Figure 4.4). These results indicate that the tissue responses are in fact 

altered by the micropillar topography, however the cellular mechanisms governing such 

responses are unclear. To further investigate the relationship of inflammatory and fibrotic 

cells on micropillar-associated tissue reactions we used immunohistochemical staining to 

quantify cellular responses. While staining for CD11b
+
 inflammatory cells shows a 

significant increase over the control for the micropillar arrays, there are minimal 

differences between pillar arrays (Figure 4.5a). Additionally, fibroblasts (stained with α-

SMA as general marker for different types of fibroblasts) show an increased recruitment 

with spacing and height, although the difference is only significant with the S70H25 

substrate (Figure 4.5b). Fibrocytes on the other hand (CD45
+
/α-SMA

+
), show a significant 

difference in recruitment with increased micropillar height (S20H25 and S70H25) over 

controls and short micropillar substrates (Figure 4.5c). 
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Figure 4.4 Histological analysis of tissue response to micropillar implants 
(a) Granulation tissue is measured by the thickness of the granuloma cell layer 
immediately adjacent to the implant (primarily increased with pillar height). (b) 

Neoangiogenesis is measured by the formation of new blood vessels within the fibrotic 
capsule (primarily increased with pillar spacing). (c) Collagen percentage is measured by 

the relative amount of aniline blue staining (primarily increased with pillar height). 
Statistics are performed with ANOVA Bonferroni comparisons test and taken to be 

significant at *P<0.05 or **P<0.01. This figure is adapted from reference [98]. 
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Figure 4.5 Analysis of cellular responses to micropillar implants 
(a) The cellular density of inflammatory cells (CD11b

+
) (b) The cellular density of 

fibroblasts (α-SMA
+
) (c) The cellular density of fibrocytes (CD45

+
/ α-SMA

+
) Statistics are 

performed with ANOVA Bonferroni comparisons test and taken to be significant at 
*P<0.05 or **P<0.01. This figure is adapted from reference [98]. 

 

4.2.3.4 Assessment of Critical Cells Involved in Micropillar-mediate Responses  

To determine the critical cells responsible for the observed differences to 

micropillar arrays, we ran a correlative assessment comparing histological results to the 

three cell types previously identified. These cell types, inflammatory cells (both 

macrophage and neutrophils, CD11b
+
), general fibroblasts (α-SMA

+
), and fibrocytes 

(CD45
+
/α-SMA

+
) were compared across the various tissue responses described 

including; capsule cell density, capsule thickness, granulation tissue thickness, blood 

vessel density, and collagen percentage. Across the board, the strongest positive 

relationships were found with fibrocytes in comparison to the fibrotic tissue responses 

studied (capsule cell density [R
2
=0.82], granulation tissue thickness [R

2
=0.76], and 

collagen percentage [R
2
=0.76] (Figure 4.6)) [98]. In contrast, there were poor 

relationships between inflammatory cells and fibrotic responses (capsule cell density 
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[R
2
=0.59], capsule thickness [R

2
=0.48], granulation tissue thickness [R

2
=0.44], blood 

vessel density [R
2
=0.44], and collagen percentage [R

2
=0.39]) to micropillar substrates. In 

addition fibroblast relationships were generally weak (capsule cell density [R
2
=0.32], 

granulation tissue thickness [R
2
=0.40], and blood vessel density [R

2
=0.45]), although the 

fibroblast numbers correlate well with both capsule thickness (R
2
=0.73) and collagen 

percentage (R
2
=0.73) [98]. These results are summarized in Table 4.2 which presents 

the relative degree of tissue response and cell type as an elevated (+) or reduced (-) 

correlation. 

 

 

Figure 4.6 Selected correlations of fibrocytes with histological tissue responses. 
(a) Correlation of capsule cell density and fibrocyte numbers (R

2
=0.82) (b) Correlation of 

granulation tissue thickness and fibrocyte numbers (R
2
=0.76) (c) Correlation of collagen 

percentage and fibrocyte numbers (R
2
=0.76). This figure is adapted from reference [98]. 
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Table 4.2 Summary of tissue response to micropillar implants. 
This table is adapted from reference [98] 

 

 

4.2.3.5 Manipulation of Collagen Alignment with Micropillar Implants 

Several studies have suggested that the alterations of focal adhesions and 

directional organization of the cells can have an additional impact on the later 

organization of the extracellular matrix. In addition, it has been found that the initial 

organization of cells, resulting in alignment of cellular extracellular matrix, can impact 

further orientation of additional cell layers in vitro which more closely resemble the native 

tissue [225]. As previously discussed, it is possible that increased focal contacts, 

resulting from altered pillar dimensions would enhance the mechanochemical feedback to 

the cell. Based on the geometrical constraints, the extracellular matrix would assemble in 

a manner resembling the initial cell attachment. Therefore, with precise control of the 

micropillar parameters, it may be possible to engineer the orientation of the extracellular 

matrix. 
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Interestingly investigation into specific collagen fiber alignment with polarized 

light microscopy demonstrates that the specific pillar orientation alters the layout of the 

collagen fibrils. Figure 4.7 presents birefringent images from picrosirius red staining for 

collagen I, as well as representative vectors of fibril orientation for each sample studied. 

The collagen fibrils of the control sample are observed to orient in parallel with the 

substrate. As might be expected, this response is also observed to translate though the 

fibrotic capsule mimicking the same fiber directions. As the pillars become further spaced 

apart the collagen fiber orientation shifts becoming more segregated, almost reaching 

opposing directions in subsequent layers through the fibrotic capsule. In the 35um 

spacing arrangement there is clear organization at the implant interface. In the 70um 

spacing the fibers seem disconnected with a greater percent at opposing angles to the 

adjacent fibers. Interestingly, these observations show that the micropillar configurations 

influence the direction and orientation of the extracellular matrix as well as the fibrotic 

outcome. 
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Figure 4.7 Collagen alignment to micropillar implants 
Representative samples of observed in vivo collagen alignment with micropillar samples. 

The birefringent images show collagen 1 fibril orientation for the various pillar spacing 
and smooth sample control. Underneath each image black vectors outline the general 

orientation of collagen fibrils observed in the samples. This figure is adapted from 
reference number [226]. 

 

4.2.4 Discussion 

To determine the role of fibrocytes on biomaterial-associated fibrotic tissue 

formation, poly-dimethylsiloxane micropillars with different surface morphology (pillar 

heights and pillar distances) were implanted in the subcutaneous cavity [98]. Surprisingly, 

we have uncovered that different types of cells prompt varying responses to the same 

micropillar substrates. Specifically, we found that the increase of pillar height, but not 

pillar spacing, substantially enhances fibroblast proliferation while macrophage 

proliferation is inhibited by substrates with small pillar spacing, but not pillar height. Pillar 

height-dependent fibroblast proliferation is in agreement with several recent observations. 

First, several studies have revealed that fibroblasts alter their mode of attachment, cell 
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shape, and migration patterns in response to topographical cues [211-212, 224, 227]. 

Second tall pillars may provide more spatial surface area for extracellular matrix 

production and subsequent activation. Lastly, the influence of pillar height may be 

dependent on the substrate properties such as pillar diameter and material properties 

such as the tensile modulus or stiffness. These interactions result in the rigidity of the 

pillar and subsequent cell signaling. It has recently been observed that cell shape, focal 

adhesion structure, and cytoskeletal tension are closely coupled with rigidity sensing 

[213]. In addition it has been observed that there are significant differences in the micro 

and nano scale interactions. A recent study suggests that the adhesion and mechanical 

cues provided by the pillars alters the microenvironment enhancing adhesive interactions 

with cells and the production of proteins that form mechanochemical feedback [228]. The 

alteration of these cues can have a profound influence on cellular behavior. 

The properties of micropillar surfaces offer several unique features that have the 

potential to passively alter cellular interactions. The potential for increased protein 

adsorption, greater surface area, and increased elasticity resulting in enhanced cellular 

mechanosensing may provide a favorable environment for cellular attachment and 

activation at the implant interface. We unexpectedly found however that there were weak 

relationships between extent of fibrotic responses (capsule cell density, granulation 

tissue, and blood vessel density) and numbers of fibroblasts in general. This further led 

us to study fibrocytes. Comparisons of inflammatory cells, general fibroblasts, and 

fibrocytes reveal that fibrocytes have a stronger correlation with the capsule cell density, 

granulation tissue thickness and relative collagen percentage around the micropillar 

implants. Fibrocytes were observed to have a weaker correlation with capsule thickness 

R
2
=0.50 than fibroblasts R

2
= 0.73. This however is not entirely unexpected as CD45

+
 α-

SMA
+
 fibrocytes are known to transition into CD45

-
 α-SMA

+
 myofibroblasts [39]. 
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Therefore the capsule thickness may be more indirectly related to the fibrocyte 

recruitment with transition to fibroblasts and myofibroblasts. In addition to the 

augmentation of the fibrotic outcomes the micropillar configurations were also observed 

to influence the direction and orientation of the resultant extracellular matrix produced 

throughout the fibrotic capsule. This notion may open up additional uses for micropillar 

implants where it may be possible to orient the collagen fibers in applications such as 

anisotropic tissues for which collagen alignment is of utmost importance to the function of 

the tissue. Additionally, in another sense, taller pillars may lead to increased collagen 

production and granulation maturation and therefore enhance wound healing [9]. On the 

other hand, shorter more densely packed pillars may prompt minimal inflammatory 

reactions prolonging the lifespan of medical implants such as breast implants and 

intraocular lenses [9].  

 

4.3 Fibrocyte to Adipocyte Differentiation and the Fibrotic Response 

4.3.1 Introduction 

The identity and regulation of the adipocyte precursor cell and its progenitor cell 

has been intensely studied for several years [229]. More recently a chimeric bone marrow 

study identified the trafficking and differentiation of bone marrow-derived circulating 

progenitor cells to adipose tissue and multilocular adipocytes [230]. This was observed in 

mice under a high fat diet or stimulation with anti-diabetic agents such as 

thiazolidinediones. In contrast, however a separate study was unable to verify this 

potential showing that bone marrow progenitor cells do not transdifferentiate into 

adipocytes in vivo and instead retain a macrophage phenotype [231]. Interestingly 

several studies have further shown that fibrocytes function as circulating progenitor cells 
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that can differentiate into an adipocyte in vitro adding a new dimension to this area of 

research [67, 99].  

The differentiation of fibrocytes to adipocytes may be advantageous in the 

context of the foreign body response. Normal adipose tissue is a primary site for energy 

storage and functions to regulate energy homeostasis. The tissue is highly vascularized, 

and constitutively expresses several angiogenic factors such as leptin, VEGF and HGF 

[232]. In fact, adipogenesis and angiogenesis are known to be reciprocally regulated 

events [229]. Additionally stimulation of adipogenesis with agents such as 

thiazolidinediones typically increases the number of small multilocular adipocytes, (which 

are transitory in nature) decreasing the larger unilocular cells responsible for obesity 

[229]. Furthermore, the stimulation of fibrocytes to adipocytes in vivo was observed to 

decrease α-SMA expression which is a hallmark of myofibroblasts differentiation and 

collagen production [67]. In this alternative paradigm, differentiating fibrocytes toward an 

adipocyte lineage and away from the traditional myofibroblast may lead to a substantial 

reduction in the collagen formation in the foreign body response. It is however unclear 

whether fibroctyte differentiation is a viable strategy to reduce collagen production and 

scar tissue formation in vivo. 

Adipogenesis of stem cells, and recently described fibrocytes, may be achieved 

by stimulation with an induction media often containing dexamethasone and insulin 

among other stimulants. Several induction media products however are commercially 

available supplied as differentiation kits for MSC’s. In example Invitrogen (StemPro) and 

American Tissue Culture Collection ATCC (PCS-500) offer comparable adipogenesis 

differentiation kits demonstrated to reproducibly induce MSCs into the adipogenic 

lineage. The multi-potency of fibrocytes and adipogenic potential may offer an alternative 

strategy to passivate the fibrocyte response during fibrosis, or to enhance regeneration of 
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tissue specific implants. This study therefore primarily focuses on the potential for 

directing fibrocyte differentiation surrounding implants in vivo. After confirming 

differentiation potential in vitro, we utilized mini-osmotic pumps to study fibrocyte 

differentiation and the resultant tissue responses in vivo. 

4.3.2 Materials and Methods 

4.3.2.1 Cell Culture and Differentiation of Fibrocytes to Adipocytes 

All chemicals and reagents were purchased from Sigma (St. Louis, MO) unless 

otherwise specified. Fibrocytes were cultured from the spleens of Balb/c mice as 

previously described [76]. This method has been explained in detail in the previous 

chapters (Please see 2.2.2.1). After culture for 7 days in media containing M-CSF and IL-

13, the fibrocytes are subcultured and re-plated in 24 well plates on glass cover slips for 

the differentiation assays. The seeded cells, plated at 10,000 cells /well, are allowed to 

adhere to the cover slip overnight in the original culture media before supplementation of 

adipogenic media. For adipogenesis differentiation, StemPro Adipogenesis Differentiation 

Kit A10070-01 (Invitrogen, Grand Island, NY) was used as per the manufacturer’s 

instruction. Briefly, the differentiation medium containing 10% adipogenesis supplement 

in basal medium was supplied to the cells. New differentiation media was supplemented 

every 3 days by removing half the old media and replacing with an equal volume of new 

media. In this process it is important that the cell monolayer is not exposed to air to 

ensure that the developing lipid vesicles do not burst. Differentiation of fibrocytes to 

adipocytes was carried out for 14 days following the initial supplementation of 

differentiation media. For controls, cells were similarly seeded into 24 well plates on glass 

cover slips. However for controls, use of the original media containing M-CSF and IL-13 

was maintained with similar supplementation of half the media every 3 days. 



 

104 

To confirm adipocyte differentiation cells were subsequently fixed in 10% 

formalin and stained with Oil Red O to assess lipid accumulation or Sirius Red to assess 

protein accumulation. Images of cells on cover slips are then captured with a Leica 

microscope (Leica, Wetzlar, Germany) using a CCD camera (Retiga EXi, Qimaging, 

Surrey BC, Canada) to assess morphological characteristics. In addition quantification of 

the Oil Red O (positive for adipocyte differentiation) or Sirius Red (negative for adipocyte 

differentiation) was achieved by colorimetric absorbance microassays as previously 

described [233-234]. Briefly, the Oil Red O dye was extracted from the cells by the 

addition of 1ml of isopropyl alcohol. The absorbance of the dye was then read at a 

wavelength of 510nm on a microplate reader (Infinite
®
 M200; Tecan Group Ltd, 

Mannedorf, Switzerland). For the Sirius Red assay, the dye was extracted by the addition 

of 0.3ml of 0.1 N sodium hydroxide solution and read at a wavelength of 550nm on the 

microplate reader [234]. 

4.3.2.3 Microbubble Scaffold Fabrication 

Protein microbubble scaffolds were fabricated as previously described [44]. This 

method was described in detail in the previous chapter (Please see 3.4.2.1). Briefly, 

porous PLGA scaffolds are fabricated by mixing bovine gelatin protein microbubbles into 

the polymer solution. The quasi-stable mixture is quenched under liquid nitrogen before 

lyophilizing to induce phase separation. Scaffold sections are then cut into 5x5x5 mm 

cubes. For the differentiation studies an 18 gauge needle was subsequently used to drill 

a small hole into the center of the scaffold. This hole was further used to connect a 

polyvinyl chloride catheter to the scaffold for differentiation studies. 
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4.3.2.4 Animal Implantation Model and Delivery of Differentiation Media to Implanted 

Scaffolds 

To achieve sustained delivery of differentiation factors in vivo, mini-osmotic 

pumps (Alzet Model 1002,Alza Corporation, Palo Alsot, CA) were used as previously 

described [103]. These pumps are capable of delivering incorporated factors at a rate of 

0.25 ng/h for over two weeks. For in vivo differentiation a concentrated solution of the 

adipocyte differentiation media (StemPro, Invitrogen) (40% adipogenesis supplement in 

basal medium) was released from the pumps (established in preliminary studies). The 

pump is connected to the center of the scaffold via a polyvinyl chloride catheter (Alzet, 

Durect Corporation, Cupertino, CA). Both the pump and connected scaffold are then 

implanted in the subcutaneous cavity of Balb/C mice. For implantation a vertical incision 

was made down the midline of the back. The osmotic pump was tucked into the 

subcutaneous space away from the incision toward the hind limb. The accompanying 

scaffold was similarly tucked away from the incision resting in the center of the back on 

the same side as the pump. Control scaffolds were placed contralateral to the test 

scaffold sample. At the end of the two week study animals were sacrificed by CO2 

inhalation. Scaffolds and surrounding tissue was subsequently isolated and embedded in 

optimal cutting temperature compound for histological analysis. 

4.3.2.5 Histological and Immunohistochemical Evaluation 

To determine the extent of fibrotic responses to the scaffold implants some slides 

were stained with H&E or Masson Trichrome per the manufacturer’s instructions as 

previously described (Please see 2.3.2.3). Furthermore Oil Red O staining was 

performed to evaluate the accumulation and formation of lipids in the tissue. Briefly, 

frozen sections are cut at 8 µm and fixed in 10% formalin. After rinsing in 60% 

isopropanol the sections are stained with the working solution of Oil Red O for 15 to 20 
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minutes. The samples are then counterstained with hematoxylin and mounted in a 

glycerine jelly mounting medium (5g Gelatin, 30ml DI water, 35 ml Glycerol, 0.125g 

Phenol). To identify the relative amount of fibrocyte response fibrocytes were stained with 

CD45 and Collagen 1 as previously described (Please see 2.3.2.3). 

4.3.2.6 Statistical Analysis 

Results are reported as the means ± standard deviations. The statistical 

significance between single group comparisons was performed with the student’s t-test 

using MS Excel. All data are considered significant when *P<0.05 or **P < 0.01.  

4.3.3 Results 

4.3.3.1 In Vitro Fibrocyte to Adipocyte Differentiation 

To investigate the potential of fibrocyte differentiation as an alternative strategy to 

mitigate fibrosis, we first confirm that stimulation of fibrocytes with an adipogenic medium 

is capable of spurring differentiation. After two weeks in culture with adipogenic medium 

we observe positive staining of fibrocyte-derived adipocytes with Oil Red O (Figure 4.8). 

Morphologically the fibrocyte-derived adipocytes are larger and rounder than the spindle 

shaped fibrocytes. The derived adipocytes are observed to accumulate intracellular lipids 

as evidenced by Oil Red O staining. In fact, by extracting the dye with isopropanol after 

cell staining, we observe an approximate 6 fold increase in the amount of lipid 

accumulation in the fibrocyte derived adipocyte cell cultures over the controls (Figure 

4.8c). In addition, we also investigated the amount of collagen produced by the fibrocytes 

and fibrocyte derived adipocytes using a Sirius red staining protocol. Interestingly, the 

increase in lipid accumulation is mirrored by a 3 fold decrease in the amount of collagen 

production in fibrocyte-derived adipocyte cultures (Figure 4.8d). These findings are in 

agreement with previous reports indicating that the adipocyte and myofibroblasts 

differentiation pathways of fibrocytes have reciprocal inhibition of each other [67, 216]. 
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Figure 4.8 In vitro differentiation of fibrocytes to adipocytes. 
(a) Fibrocytes show typical spindle shape morphology at 7 days in culture prior to 

stimulation with adipogenic media. (b) Fibrocyte differentiation to adipocytes at 2 weeks 
is shown by larger more circular cells with increased staining for intracellular lipids by Oil 

Red O. (c) Extraction of oil red oil after cellular staining shows a 6 fold increase in the 
amount of lipid staining after stimulated adipocyte differentiation. (d) Alternatively, 
staining for collagen shows a 3 fold decrease from controls with fibrocyte-derived 

adipocyte cultures. Each staining modality was performed on n=6 replicates of adipocyte 
differentiation with n=3 controls. Each scale bars represents 50 µm. Statistics are 

performed with the student’s t-test and taken as significant at **P<0.01. This figure is 
adapted from reference [110] currently in submission. 

 

4.3.3.2  Tissue Response to Adipogenic Stimulation 

After confirming that cultured fibrocytes can be stimulated to fibrocyte-derived 

adipocytes in vitro, we continued our investigation of the differentiation capability in vivo. 

Scaffold implants were used as a model biomaterial implants known to induce an 
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inflammatory response and the recruitment of fibrocytes. To deliver constant and 

sustained differentiation stimulus, mini-osmotic pumps were connected to scaffold 

implants via catheter tubes. The tissue response to adipogenic stimulation was assessed 

at two weeks. A panel of representative histological images is presented in Figure 4.9. 

H&E images show an increased degree of disassociated tissue with reduced fibrous 

formation extending through the matrix. The Oil Red O imaging reveals a significant 

increase in the lipid droplet accumulation (small red circles) throughout the developing 

tissue, consistent with an increase in adipogenesis. Furthermore, collagen staining by 

aniline blue in the masson trichrome stain shows a significant reduction in overall 

collagen formation with small single fibers running through the tissue in contrast to the 

large bundles typically observed in the control. 
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Figure 4.9 Histological analysis of fibrocyte to adipocyte differentiation 
The panel presents H&E (left), Oil Red O (Center), and Masson Trichrome (right) staining 
for control and adipogenic scaffold implants at 2 weeks. Under adipogenic stimulation the 
tissue response shows a disorganized matrix with increased lipid accumulation dispersed 
throughout the capsule and reduced collagen formation. The study was performed with 

n=6 mice. This figure is adapted from reference [110] currently in submission. 
 

Further imaging analysis was conducted with ImageJ to evaluate the overall 

degree of the tissue responses. Interestingly, the lipid and collagen accumulation show 

similar trends in vivo as previously observed for in vitro with fibrocyte-derived adipocytes. 

The percentage of lipid staining shows as expected an increased response with 

adipogenic stimulation. In fact, over two weeks of differentiation there is an observed 2.8 

fold increase in the lipid production (Figure 4.10). On the other hand the collagen 

percentage is again shown to mirror the increased formation of lipids with a 2.3 fold 

reduction during adipogenic stimulation. 

 



 

110 

 

Figure 4.10 Analysis of lipid and collagen accumulation surrounding implants 
(a) The lipid percentage measured by the degree of Oil Red O shows a 2.8 fold increase 
after adipogenic stimulation for 2 weeks. (b) The collagen percentage measured by the 

degree of aniline blue staining shows a 2.3 fold decrease after adipogenic stimulation for 
2 weeks. Statistics are performed with the student’s t-test and taken to be significant at 
*P<0.05. The study was performed with n=6 mice. This figure is adapted from reference 

[110] currently in submission. 

 
4.3.3.3 The Response of Fibrocytes During Adipogenic Stimulation In Vivo. 

Our in vitro studies indicate, as supported by previous works, that fibrocytes 

possess the ability to differentiate to an adipocyte-like lineage with specific stimulation. 

We further investigate this potential in vivo by assessing both the acute (5 day) and 

chronic (14 day) response of fibrocytes during adipogenic stimulation (Figure 4.11). Our 

results suggest that fibrocytes are indeed recruited to the implant during adipogenic 

stimulation. In the acute response fibrocytes are observed primarily away from the 

implant toward the hypodermis in both the control and the adipogenic samples. As the 

response continues, fibrocytes are found throughout the capsule in the control, however 

only a minimal presence at the biomaterial interface is observed in the adipogenic 

samples. While fibrocytes remain prevalent in the control over 14 days, as previously 

demonstrated in the time course response to biomaterial implants, their presence has 
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been reduced by 4.5 fold from the control during adipogenic differentiation (Figure 4.12). 

In addition to the reduction of fibrocyte numbers in the capsule we also observe a 51% 

decrease in the α-SMA staining for myofibroblasts with in the adipogenic samples (Figure 

4.13). 

 

 

Figure 4.11 Identification of fibrocytes during adipogenic differentiation in vivo. 
Fibrocytes are identified by the overlay of CD45

+
/ Col

+
 staining (yellow). At the 5 day time 

point fibrocytes are primarily located toward the hypodermis, away from the implant for 
both the control and adipogenic samples. By day 14 fibrocytes are found throughout the 

capsule in the controls however have been significantly reduced and limited to the 
implant interface during adipogenic differentiation. The study was conducted with n=6 

mice. This figure is adapted from reference [110] currently in submission. 
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Figure 4.12 Quantification of fibrocytes during adipogenic differentiation 
(a) Acute response of fibrocytes shows approximately equal recruitment to both control 

and adipogenic samples. (b) 2 week response of fibrocytes shows a significant reduction 
of fibrocyte accumulation in adipogenic samples. Statistics are preformed with the 

student’s test and taken to be significant at **P<0.01. Data are presented as the means 
and standard deviations from n=6 animals. This figure is adapted from reference [110] 

currently in submission. 
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Figure 4.13 Quantification of myofibroblasts during adipogenic differentiation 
(a) Acute response of myofibroblasts shows a reduced response to adipogenic samples. 

(b) 2 week response of myofibroblasts similarly shows a significant reduction of 
myofibroblast accumulation in adipogenic samples. Statistics are preformed with the 

student’s test and taken to be significant at *P<0.05 or **P<0.01. Data are presented as 
the means and standard deviations from n=6 animals. This figure is adapted from 

reference [110] currently in submission.  
 

4.3.4 Discussion 

In our current investigation we have confirm that fibrocytes possess progenitor 

like properties with the capability of differentiation into adipocytes under specific 

environmental cues. These cells were observed to increase in size and adapt a round 

morphology as opposed to the spindle shaped fibrocytes in control media. Furthermore, 

Oil Red O staining verifies the presence of intracellular lipids in fibrocyte-derived 

adipocytes. These findings are supported by several previous studies discussing the 

multi-potency of fibrocytes with in vitro differentiation to myofibroblasts, chondrocytes, 

osteoblasts, and adipocytes [67, 99-100]. Additionally, we observed that with the increase 

in lipid production by fibrocyte-derived adipocytes, there is a corresponding decrease in 

collagen production. In support of this observation, a previous study has indicated that 
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the fibrocyte-to-adipocyte differentiation is driven by PPARγ which was shown to reduce 

α-SMA expression [67]. Furthermore, stimulation with TGF-β (a known activator of 

myofibroblasts and collagen production) was shown to inhibit fibrocyte-to-adipocyte 

differentiation. These interactions present an enhanced potential of fibrocytes where the 

resulting reduction in collagen with adipocyte differentiation could have a beneficial 

influence on reducing fibrotic responses and scar tissue formation. Additionally, 

enhancing the predisposition of fibrocytes to differentiate into myofibroblasts could 

potentially aid in treatment of certain conditions such as accelerated healing of acute 

tissue injuries like burns or lung tissue damage resulting from inhalation of toxic agents 

[235]. The ability of fibrocytes to truly enhance healing through differentiation however 

remains unproven due to the lack of investigative in vivo studies. A previous study did 

show the formation of human adipose tissue in SCID mice after 4 weeks with the 

implantation human fibrocyte-derived adipocytes [99]. In this study however fibrocytes 

were first stimulated in vitro to adipocytes prior to in vivo implantation. Nevertheless the 

study does indicate that fibrocyte-derived adipocytes can develop adipose tissue in vivo 

[99]. This study however did not investigate the differentiation potential of fibrocytes in 

vivo.  

Our in vivo investigations suggest that fibrocytes may indeed be stimulated to 

differentiate into adipocytes around subcutaneous biomaterial implants. We present 

several lines of evidence which support this claim, however we cannot currently 

conclusively demonstrate a fibrocyte-derived adipocyte in vivo. In support of our 

hypothesis, fibrocytes were first indentified to migrate to the adipogenic samples during 

the acute inflammatory response. Subsequently while the control fibrocyte numbers 

increase over two weeks, the adipogenic samples show a significant decrease in 

fibrocyte numbers. This would be expected with adipocyte differentiation as fibrocytes are 
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known to decrease expression of hematopoietic markers CD45 and CD34 during 

differentiation [72-74]. In addition the decrease in fibrocyte numbers is not associated 

with differentiation to myofibroblasts due to a similar reduction of α-SMA expression in 

the adipogenic samples. The observed reduction in α-SMA expression is further 

confirmed by the significant decrease in collagen production around the adipogenic 

samples. Finally fibrocyte-to-adipocyte differentiation is further supported by the observed 

increase in lipid accumulation within the capsule, which would result from an increase in 

the localized adipocyte population.  

While these findings all support the in vivo differentiation of fibrocytes to 

adipocytes we cannot rule out other potential mediators. For instance it is possible that 

the resultant increase in lipid accumulation is a result of stem cell recruitment and 

subsequent differentiation to adipocytes rather than fibrocyte-derived adipocytes. To 

conclusively demonstrate the fibrocyte to adipocyte differentiation in vivo more in-depth 

studies such as chimeric models or labeled fibrocytes wound need to be conducted. We 

believe however that our results present the first evidence that the differentiation potential 

of fibrocytes in vivo is a viable strategy to alter fibrotic tissue responses to biomaterial 

implants. This technique may have additional enhanced potential for site specific 

modulation and regeneration of site specific tissue. 
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Chapter 5  

Summary and Conclusion 

5.1 Summary 

In this dissertation, we have identified that a type of circulating  fibroblasts, called 

fibrocytes, plays an important role in biomaterial-mediated fibrotic tissue reactions. In 

addition, specific imaging probes were developed to monitor and to assess the influence 

of macrophage polarization on foreign body reactions. Our studies also revealed the role 

of mast cells and macrophage responses on fibrotic tissue reactions. The complex 

interactions of mast cells and polarized macrophages, were found to dictate the 

migration, accumulation, and activation of fibrocytes. Furthermore two independent 

strategies were examined for their potential to reduce biomaterial-mediated fibrotic 

reactions through manipulation of the fibrocyte response.  

While fibrocytes have gained widespread acceptance for their involvement in 

several disease and pathologic states, little attention has been paid to their potential 

influence on biomaterial-mediated fibrotic responses. We therefore initially investigated 

the influx and presence of fibrocytes at the biomaterial interface using cultured and NIR 

labeled fibrocytes. Injected fibrocytes were found to accumulate around the implant within 

24 hours and continued to increase with time. More importantly however in an increased 

time course study we were able to correlate the influx of transmigrated fibrocytes with the 

amount of collagen production around the implant. The main focus of my dissertation 

work is therefore to investigate the mechanism(s) governing biomaterial-mediated 

fibrocyte responses and their effects on foreign body reactions. 

Our results show that mast cells play an important role on eliciting fibrocyte 

responses. Interestingly, we find that the fibrocyte accumulation, myofibroblast 

differentiation and total collagen production were all significantly reduced by stabilizing 
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mast cells with Cromolyn. In contrast, the activation of  mast cell substantially increases 

fibrotic reactions . The role of mast cells on fibrotic tissue reactions was confirmed using 

c-kit deficient mice. Indeed, mast cell deficiency significantly reduced all previously 

observed fibrocyte responses. Furthermore, simple mast cell reconstitution of c-kit 

deficient mice was able to fully restore the level of fibrocyte-mediated tissue response. 

These studies demonstrate that upstream modulation of mast cell responses can reduce 

the percentage of fibrocytes and fibrocyte-driven fibrotic responses. 

Macrophages are likely to be responsible for translating mast cell responses to 

fibrotic tissue formation. This assumption is supported by several lines of observations. 

First, the depletion of macrophages would blunt fibrotic tissue reactions to the implant. 

Second, increasing evidence supports that macrophage polarization prompts distinct 

tissue reactions. Third, using localized release of various inflammatory cytokine 

antagonists, we find that the reduction of TGF-β would substantially reduce fibrotic tissue 

reactions to biomaterial implants. We further determined that TGF-β (one of the 

macrophage products), is potent on influencing fibrocyte responses and fibrotic tissue 

production. Finally, via newly fabricated imaging probes, we are able to real time monitor 

the recruitment and activity of M1 and M2 macrophages on promoting inflammatory 

responses and tissue regeneration, respectively. 

Based on the results of this work, we have now determined that the following 

sequence of cellular events occurs during foreign body reactions. 

1. Biomaterial implant prompts the activation of mast cells to release pro-

inflammatory cytokines. 

2. Localized release of cytokines trigger the recruitment of inflammatory cells, 

including neutrophils and macrophages. Activated macrophages lean towards an M1 

phenotype. 
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3. Activated neutrophils and M1 macrophages release many inflammatory 

products and enzymes to destroy surrounding tissue which are followed by fibrocyte 

recruitment. 

4. Immigrated fibrocytes proliferate at the implant site in an inflammatory setting 

and are further stimulated to differentiate into myofibroblasts producing collagenous 

tissues. 

5. With the change of microenvironment, an increasing percentage of 

macrophages possesses the M2 phenotype. The release products of M2 macrophages 

then slow down fibrotic tissue production to form permanent fibrotic capsules.  

Substantial efforts have also been placed during my thesis study for developing 

novel strategy to alter implant-associated fibrotic tissue reactions. First, we tested the 

possibility of using micropillar surface morphology to passively modify fibrocyte activation. 

From our initial in vitro investigations we found that the increase of pillar height (but not 

pillar spacing) enhance fibroblast proliferation while the decrease of pillar spacing (but 

not pillar height) reduce macrophage accumulation. Due to these extreme cellular 

responses in vitro we hypothesized that pillar implants would initiate differential tissue 

responses in vivo. Very interestingly fibrocytes were found to be more responsive to 

topographical changes, specifically spacing and height, than fibroblasts or macrophages. 

In comparison with control, micropillar substrates with high pillar height and large pillar 

spacing prompt the strongest fibrotic tissue reactions reflected by collagen production, 

cell accumulation and angiogenesis. Furthermore the cellular responses were found to 

correlate with the histological outcomes of fibrosis including granulation tissue formation 

and collagen production. These results indicate that fibrocytes are highly responsive to 

topographical changes. By manipulating extent the parameters of pillar spacing to pillar 

height it may be possible that a limited or beneficial tissue responses could be generated. 
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Lastly, it has recently been shown that fibrocytes possess a multi-potency for 

several lineages including adipocytes, osteoblasts and chrondocytes in vitro. It is unclear 

however whether fibrocyte differentiation is a viable strategy to reduce collagen 

production and scar tissue formation in vivo. Through the use of mini-osmotic pumps, we 

show that the fibrotic matrix may be stimulated to produce small pockets of adipose-like 

tissue by Oil-Red-O staining. In this same tissue the number of fibrocytes is significantly 

diminished suggesting, although not conclusive, that fibrocytes may be stimulated to 

become adipocyte-like in vivo increasing lipid production.  

 

5.2 Future Perspectives 

In this dissertation we have begun to investigate the role of this dynamic cell (the 

fibrocyte) in response to biomaterial implants and foreign body reactions. While we have 

established the role and identified several important cellular interactions this remains only 

a first step toward fully understanding fibrocyte-mediate interactions. Continued analysis 

of several strategies presented in this work as well as the addition of clinically relevant 

models will be critical for connecting, modulating, and understanding the inflammatory 

and fibrotic interactions of fibrocytes.  

Firstly, further development of the imaging probe would substantiate the role 

macrophage polarization as an indicator or predictor of chronic inflammatory or fibrotic 

outcomes to biomaterial implants. For this to be successful the probes need further 

investigation with clinically relevant models with well characterized M1 M2 responses. 

This could be performed in bacterial infection models such as tuberculosis, substantiating 

an M1 response, or parasitic infections such as schistosomiasis and other worm 

infections such as helminthic parasites, substantiating and M2 response [236-238]. 
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We have further uncovered that fibrocytes may be driven to differentiate around a 

biomaterial implant. This technique has great potential for site specific modulation and 

regeneration of site specific tissue. For example by stimulating fibrocytes into adipocytes 

it may be possible to reduce fibrosis around breast implants or further reduce adherence 

of tissue after surgery as in intra-abdominal adhesions. Through possible chondrocyte or 

osteoblast differentiation it may be possible to enhance articular cartilage repair or bone 

resorption, especially in cases were inflammation is common such as the space between 

the prosthetic acetabular cup and neck of the femur in total hip replacement [239-240]. 

Lastly, micro- and nano- topography have a high potential to alter cellular and 

protein interactions at the material interface. Despite many exciting findings, several gaps 

remain in our understanding of the influence of surface topography on cellular responses. 

Collagen alignment with micropillar topography is an area with the potential for  

significant impact on the design of medical implants with improved safety and/or tissue 

reactivity. For example, many load-bearing soft tissues are subject to a high degree of 

mechanical anisotropy, including heart valves, blood vessels, tendons, skin, cartilage, 

myocardium and pericardium [241-242]. It is believed that the basis for the anisotropy is 

the collagen fiber structure. While there are several models that exist to study the nature 

of the collagen formation and alignment, the development of a substrate to direct cell 

function and matrix production in a physiologically equivalent manner remains a difficult 

challenge. Micropillars and the dictation of a controlled fibrocyte response may offer an 

alternative approach in the design of anisotropic collagen fibril formation with concise 

design parameters to control the cells, matrix production, and alignment. 
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