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ABSTRACT 

 
MECHANISMS OF BIOMATERIAL MEDIATED FIBROTIC RESPONSES AND STRATEGIES 

TO IMPROVE REACTIONS TO BIOMATERIAL IMPLANTS 

 

Paul Todd Thevenot, PhD 

 

The University of Texas at Arlington, 2010 

 

Supervising Professor:  Liping Tang 

Despite considerable advancements in biomaterial synthesis and modification 

techniques, most tissue engineering scaffolds elicit fibrotic reactions resulting in implant 

encapsulation, secluding cells and/or therapeutic agents within a thick collagenous matrix. 

Therefore, strategies to minimize these responses while improving the functionality of 

recruited/transplanted cells are required. This work set out to improve the host response to 

biomaterials and identify what cellular responses were attributed to biomaterial-mediated 

fibrosis. Two strategies were investigated involving two different targets.  In the first approach, 

PLGA scaffolds were RFGD modified to bear -NH2 (amine), -COOH (carboxyl), and -OH 

(hydroxyl) groups altering surface wettability and charge properties.  Surface modified scaffolds 

altered fibrinogen adsorption and RAW 264.7 (macrophage) cytokine secretion in vitro, 

subsequently effecting macrophage chemotaxis to preconditioned media from different modified 

scaffolds. In vivo scaffolds were able to slightly alter inflammatory cell influx while increasing cell 

infiltration density and matrix production. However surface modification exerted only minor 

influence over the thickness of the fibrotic capsule.   
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In the second approach, SDF-1α was incorporated with scaffolds to increase 

recruitment of host-derived stem cells while reducing fibrotic responses.  Increased stem cell 

recruitment was able to significantly alter interface collagen deposition, in addition to increasing 

angiogenic progenitor recruitment thus improving angiogenesis and altering the local cytokine 

environment.  By varying cytokine delivery onset and duration, the effects of SDF-1α were 

linked with a stabilized mast cell response upstream. This led us to consider whether the mast 

cell responses were primarily regulating the biomaterial-mediated fibrotic response, and 

specifically what cells where responsible for collagen production at the biomaterial interface.  

Fibrocytes and fibrocyte-derived myofibroblasts were identified as primary contributors 

to collagen deposition.  Fibrocytes recovered from the biomaterial implantation site 

predominantly migrated in response to SDF-1α. Targeting this link with the anti-inflammatory 

drug dexamethasone did not alter fibrocyte responses; however SDF-1α neutralization 

significantly reduced the influx of fibrocytes and generation of fibrocyte-derived myofibroblasts.  

This led to significant reduction in fibrotic responses. Since mast cells influence the acute 

inflammatory response to biomaterial implants, we hypothesized that creating different degrees 

of mast cell responses would result in differential stimulation of SDF-1α producing cells while 

reducing inflammatory stimuli.  Stabilizing mast cells with Cromolyn was able to significantly 

reduce macrophage influx along with fibrocyte and fibrocyte-derived myofibroblast influx. This 

led to significant reduction in fibrotic encapsulation and collagen I structure at the biomaterial 

interface, implicating mast cells as the initiator of the biomaterial-mediated fibrotic response. 

Based on these results, we propose a hypothetical sequence of events leading to the formation 

of fibrotic tissue around biomaterial implants, which depends upon the degree of mast cell 

activation and subsequent fibrocyte responses.  Therefore, this study has identified the critical 

involvement of the mast cell response in biomaterial-mediated fibrosis, as well as identifies a 

strategy to reduce mast cell activation while improving host-derived stem cell responses to 

improve the response to biomaterial scaffolds in the subcutaneous space. 
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CHAPTER 1 

INTRODUCTION 

1.1 Tissue Engineering Background 

TE is a discipline of regenerative medicine for which the basic goal is to provide a 

temporary matrix to replace damaged extracellular matrix upon which cells can be seeded and 

synthesize new ECM as the temporary matrix degrades [1].  A common TE design diagram is 

summarized in Figure 1.1.  The standard approach employs either physiological decellarized 

ECM or synthetic polymer cast into a porous matrix in which the gross structure resembles the 

physiological ECM, either of which represents the biomaterial component of the design.  The 

second portion consists of cells which ideally would be, fully differentiated cells, though in most 

instances these are difficult acquire and expand cells in vitro [2].  To address this problem, stem 

cells have become a popular cell of choice in TE.  Due to their unique pluripotency and 

regeneration properties, stem cells have been intensively studied as powerful therapeutic tools 

for a variety of diseases and conditions, including articular cartilage regeneration [3], multiple 

sclerosis [4], spinal cord repair [5], and cardiac muscle recovery after heart attack [6]. Based on 

these findings, stem cells have been extensively employed in TE research and product 

development, including designs for regenerating the retina [7], myocardial tissue [8, 9], bladder 

[10], and skeletal tissue [11, 12].  Unless limited by properties or leachables from the scaffolds, 

it is often straightforward to facilitate cell adherence and proliferation on protein adsorbed 

porous scaffolds [13], especially with FDA approved polymers such as PLGA and PLLA.  

However, the foreign biomaterial component of the TE design presents significant problems 

when translating designs to the in vivo system [14].  The host response to biomaterials 

significantly hampers the intended functionality of many designs [14].  These limitations are 

mostly due to the destructive properties of the inflammatory response and the encapsulating 
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processes of the fibrotic response [15].  These processes ultimately function to segregate the 

scaffold from the native healthy tissue, thereby limiting the therapeutic potential intended for the 

design [16].  As a result, the clinical impact of TE has been limited due to tissue responses 

(inflammatory and fibrotic reactions) to both the biomaterial and cell components of the designs 

[17]. 

Figure 1.1 The tissue engineering design strategy.  A combination consisting of a 
porous matrix, differentiation/growth factors, and progenitor or terminally differented cells is 

cultured to produce a confluence, 3D block of tissue matrix.  This matrix can then be implanted 
into a defect to induce regeneration of the damaged tissue. 
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1.2 Current Clinical Progress and Barriers Limiting Translation of Tissue Engineering 

Despite considerable academic effort, there are very few clinical applications [18], with 

current products limited to only a few tissue types [19, 20].  Many have suggested that clinical 

translation of TE has been limited due to our inability to control/circumvent the inflammatory and 

fibrotic responses while quickly and adequately vascularizing scaffold implants [20-23].  The 

inflammation and fibrotic reactions as well as wound healing and angiogenesis are critical to the 

survival and behavior of seeded cells in the short term and dictate long term functionality and 

integration [24]. Therefore, the ability to control, or at least minimize, the inflammatory response 

has emerged as a critical design parameter which may ultimately dictate the success of TE 

designs in vivo [24-26]. 

The inflammatory and fibrotic response to biomaterial implants will be covered in the 

subsequent section.  Though, within the context of the inflammatory response to TE implants, 

many limitations exist concerning angiogenesis.  In order for cells to survive in vivo, it has been 

shown that the cell must be within 200µm of a capillary bed [22, 27].  Therefore, in most full 

thickness designs, seeded constructs will not be adequately vascularized after implantation 

resulting in a necrotic or bare core as shown in many recent publications [1, 28-30].  In fact, 

many studies have shown that cells seeded below the scaffold exterior surface do not survive 

and require some degree of prevascularization in vitro to survive in vivo [21, 23].  In fact, even in 

vitro, cells tend to prefer the exterior of the scaffold (Figure 1.2) despite ample pore space for 

invasion [31].  In a recent investigation, MSC seeded by various methods onto scaffolds 

implanted subcutaneous showed the majority of cells die within 2 weeks [21].  In conjunction 

with this, many scaffold implants induced very little short term cell infiltration, resulting in cell 

buildup at the tissue:material interface, inducing a significant fibrotic response effectively walling 

off the biomaterial implant (Figure 1.2).  To overcome the need for near immediate 

angiogenesis with pre-seeded constructs many have suggested seeding scaffolds with 

endothelial or endothelial progenitor cells prior to implantation [32, 33].  However, pre-seeding 
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with endothelial cells in vitro does not necessary guarantee that these cells will make functional 

connection with existing vasculature in vivo [22].  Failure to address these design strategies in 

small animal models will only become more complex with scaled up structures for clinical 

application [34]. 

Figure 1.2 Factors limiting clinical translation of tissue engineering.  Both in vitro and in 
vivo, cells have a limited capacity to survive inside the scaffold without adequate nutrient 

support.  In vivo, this process if limited due to poor scaffold integration and the fibrotic response 
which encapsulates the implant with collagen, limiting vessel infiltration and nutrient exchange. 

In addition most TE designs incorporate differentiated stem cells which may not have 

the interaction potential of pluripotent stem cells and cannot adapt to local stimuli as those stem 

cells recruited through the injury mechanism [17].  This idea ties in with the overall problem of 

clinical translation, owing to the fact that our understanding of the influences of site specific 

foreign body reactions, undesired cell infiltration, and cytokines is underdeveloped [20].  

1.3 The Host Response to Biomaterial Implants 

1.3.1 Protein Interaction 

 The first step which initiates the host response to biomaterials is the nonspecific 

interaction of serum proteins with the biomaterial [14, 16].  Serum protein components, such as 

fibrinogen, adsorb to the biomaterial and denature.  The adsorption of protein and denatured 

protein conformations appear to be linked to the chemical properties of the biomaterial surface 

[14, 35, 36].  Based on the denatured protein conformations, certain epitopes of the protein 
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become exposed which serve as recognition sites for inflammatory cell adherence to the 

biomaterial [14, 37-39].  In addition to creating sites for inflammatory cell interactions, binding of 

complement components results in the release C3a and C5a which serve as locally stimulate 

the inflammatory response by recruiting cells to the implantation site [15]. 

1.3.2 The Mast Cell Response 

  Mast cells have been linked to the infiltration of inflammatory cells following biomaterial 

implantation [40].  It is generally believed that the products of protein interactions (C3a and C5a) 

initiate mast cell activation [15, 41].  These protein interactions serve to activate mast cells 

causing degranulation and release of cytokines and chemokines (such as TNF-α and IL-1β) 

which propagate the inflammatory response [15, 41].  These factors include histamine, tryptase, 

and other factors which dilate local vessels and activate the endothelium to facilitate neutrophil 

infiltration and monocyte diapedesis to the implantation site [16, 42].  Additionally, recent work 

has shown that mast cells can interact with fibrinogen adsorbed to tissue culture substrates, 

which can also subsequently influence their behavior [43].  However, our recent studies have 

shown that mast cells are predominantly present in the developing reaction tissue surrounding 

the implants, not in direct contact with the biomaterial during these acute responses [44]. 

1.3.3 The Acute Inflammatory Response 

 Though the specifics of neutrophil influence in the biomaterial-mediated foreign body 

response are not well established, histamine antagonists have been shown to reduce neutrophil 

infiltration [39].  Therefore, after mast cell degranulation, neutrophils influx the implantation site 

with the likely role of facilitating the removal of pathogens and debris from the implantation site 

and contribute to development of a local environment in which the foreign body response can 

begin to develop.  This is supported by the fact that the neutrophil response is transient, with 

resolution resulting in macrophage infiltration mediated through neutrophil release of monocyte 

chemoattractants [45].  In contrast, macrophage involvement at this stage of the biomaterial 

mediated response has been well classified [16, 46].  Macrophages which have reached the 
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implantation site through chemotactic signals, take up residence at the implant interface in the 

developing matrix of infiltrated cells which is beginning to form around the implant [16].  At this 

site, macrophages assume an activated phenotype and transcription regime, secreting 

cytokines and chemokines which serve to activate fibroblasts and facilitate the early stages 

proliferation which will form the basis of the fibrotic capsule [16]. 

1.3.4 Granulation Tissue and Fibrotic Encapsulation 

 At this point, roughly 1-2 weeks post-implantation, the interface of cells surrounding the 

implant consist mainly of macrophages, fibroblasts, and neovascularization in the implant 

vicinity [16].  This granulation tissue forms the precursor to what will become the fibrotic capsule 

[16].  Macrophage activation in the granulation tissue causes cytokine and chemokine profile 

excretions which influence fibroblast precursors and terminal fibroblasts as well as influence the 

recruitment of additional macrophages [15, 16].  Factors such as TGF-β1 and PDGF released 

from macrophages influences the transition of fibroblast precursors to contractile myofibroblast 

capable of producing collagen and their proliferative capabilities, respectively [15]. 

The proliferation and differentiation of these cells, in the presence of elevated levels of 

TGF-β1 [15], marks the beginning of fibrotic capsule formation. Elevation of this cytokine leads 

to production of collagen I and collagen III by myofibroblasts, resulting in a disorganized matrix 

forming a thick scar layer around the implant [15].  The contractile myofibroblasts then facilitate 

capsule shrinkage around the biomaterial.  The fibrotic capsule presents a permanent barrier to 

both scaffold intergration with host tissue and a nutrient diffusion barrier limiting the likelihood of 

any functional component placed within the scaffold from performing its designed duty [14]. 

1.4 Strategies to Improve the Host Response 

1.4.1 Anti-Inflammatory Drugs 

The first logical approach to minimizing the foreign body response to biomaterials would 

be to administer or incorporate anti-inflammatory drugs to minimize the cellular response.  

Drugs such as glucocorticoids act by reducing cytokine transcription as well as receptor 
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transcription, thereby reducing actuator elements of the inflammatory response [47].  

Additionally, coatings such as heparin can reduce leukocyte diapesis decreasing inflammatory 

cell infiltration [48].  This results in a dampening of the inflammatory response.  However, many 

of these down-regulated cytokines and chemokines are multi-functional (pleiotropic) and 

required for many aspects of the healing and regenerative responses [47, 49].  It is now 

understood that in addition to their role in the inflammatory response, these inflammatory cells, 

especially macrophages, play critical roles in modulating tissue remodeling and angiogenesis 

[50-52].  These processes are critical to wound healing and the regeneration of functional tissue 

following injury.  Thus a blanket approach to reducing inflammatory cell activation has many 

consequences related to the ability of the host to regenerate the damaged tissue.  In fact, 

glucocorticoids have been shown to reduce VEGF production and inhibit wound healing 

responses [53].  Therefore, our focus has shifted from this approach to strategies which can 

alter the activation of inflammatory cells without losing their regenerative potential.   

1.4.2 Surface Modification 

Several approaches to surface modification of biomaterials to improve biocompatibility 

have been investigated and are well reviewed in literature [47, 54, 55].  Most of these 

approaches aim to prevent, reduce, or alter the deposition and adsorption of proteins and cells 

to the biomaterial in an effort to control opsonization, leading to the activation of inflammatory 

responses [47, 54].  While anti-biofouling approaches are relevant for certain biomaterial 

applications, in TE some degree of host interaction is desired [56], and may likely be required to 

initiate host integration and productive regeneration. 

Common methods include modifying surface chemistry, introducing functional groups 

with charge or wettability properties, alteration of surface roughness, and immobilization of cell 

attachment sequences [54, 57].  The limitations of these approaches can be summarized by 

three main drawbacks.  The first two limitations are interrelated.  Studies of surface roughness 

and immobilization of cell attachment sequences, show many potential benefits in vitro [54].  



 

 8 

Even a well seeded scaffold must survive through inflammatory responses and integrate into 

the host tissue.  Therefore, while these strategies may be successful at facilitating cell 

attachment in vitro [55], there functionality in improving TE translation by modulating foreign 

body responses is still unclear, with few studies examining influence on inflammatory and 

foreign body responses [57].   

In situations where modifications are designed to improve in vivo responses in the 

absence of cells, the influence of surface modification may only be related to the cells which 

interact first with the adsorbed protein layer [54].  The link between the behavior of first 

responders and downstream events necessitates detailed monitoring which has not been 

adequately characterized in the in vivo system [58].  Though in vitro studies have shown cell 

responses, especially inflammatory cells, can be modulated through surface modification [16, 

24, 46], the effects of surface functionality as investigated with thin films of implanted 

biomaterials appears to be minimal downstream, though some differences in early histology and 

cellular responses have been noted [14, 59, 60].  The final limitation is that most hypotheses 

underlying surface functionality investigations assume a direct relationship between the 

inflammatory response (assessed by monitoring the macrophage) and the fibrotic response 

[24].  However, several lines of evidence suggest this relationship may not be so direct and 

likely involves the participation of other potent effecter cells [24, 61].  As such, the next evolution 

of biocompatibility strategies involves modulation of the signaling and activation systems to 

achieve a more measurable and magnified response on both short term and long term 

responses. 

1.4.3 Control of Cytokine/Chemokine Systems 

The previously mentioned approaches can be arbitrarily broken down into two systems, 

the cytokine/chemokine system (discussed in this section) and the growth factor system 

(discussed in the subsequent section).  It is well established that most inflammatory cells reach 

the damaged tissue by following chemokine gradients to the local circulation and subsequently 
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crossing the activated endothelium into the damaged tissue [24, 40, 62, 63].  In addition to 

chemokines role in increasing the sensitivity of chemokine receptors, thus facilitating migration, 

chemokines and additionally cytokines serve a critical role in the activation of cells [46].  

Following activation, the cells can assume a particular phenotype and secrete additional 

cytokines and facilitate certain cellular interactions [46].  Recently, more focus has been placed 

on characterizing the effects of this system in biomaterial-mediated foreign body responses.  A 

product of these investigations is new evidence that shows that based on the initial response to 

the biomaterial, macrophages of different phenotypes may be recruited to the implantation site, 

with function dependent upon phenotype at the injury site [52, 64].  However, as mentioned in 

the anti-inflammatory strategies section, a purely anti-inflammation approach may not yield 

desirable TE results given the necessity for host integration and functional regeneration.  For 

instance, while studies which neutralizing/antagonizing inflammatory cytokines (such as TNF-α 

and IL-1) and interfering with inflammatory cell chemotaxis (MCP-1 and MIP-1) and diapedesis 

mechanisms have been successful at limiting inflammatory responses [40, 47, 65], their side 

effects on stalling wound healing responses has not been quantified from a biomaterial and TE 

perspective.  Additionally, several groups have begun to link the effects of topography and 

surface functionality on altered cytokine release from inflammatory cells [57, 66].  These 

approaches will likely provide better translatable alternative in comparison to neutralization 

approaches, though in vivo characterization of these responses as well as overall effectiveness 

are still limited [57]. 

1.4.4 Growth Factors to Improve Tissue Integration 

Due to the design strategy of TE and the primary use of stem cells, several growth 

factors have been employed in TE in the in vivo system [67, 68].  Factors such as VEGF, FGF, 

and PDGF has been incorporated to influence and accelerate implant vascularization [34].  

Several bone tissue engineering approaches incorporate BMPs and TGF-β to influence 

mineralization and differentiation [69].  However, most of these investigations were not primarily 
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focused on their short term effects on biomaterial:tissue interactions in the context of the 

inflammatory and fibrotic responses, but rather long term regeneration of damaged tissue.  As a 

result, many of these studies overlook potential influences on inflammatory and immune cell 

interactions and thus are difficult to translate to different biomaterials and tissue compartments, 

since of these factors regulate fibrotic tissue development [70-72].  One such study showed that 

local delivery of VEGF was able to increase neoangiogenesis, though dexamethasone (Dex) 

was required to suppress inflammation and fibrosis [73].  This highlights the shortcomings of 

pharmaceutical management strategies in biomaterial mediated responses, requiring many 

growth factor combinations, leading potentially to many unintended interactions and general 

translation complications due to design complexity [74].   

In general, the short growth factor half lives and pleiotropic actions along with 

biomaterial dependent responses requiring variable dosing regimes, contribute to difficulty 

assessing these responses in vivo [67].  Despite these limitations, if simple, short term growth 

factor interactions can be used to alter an upstream response to initiate a modified cascade of 

response, the effectiveness of these strategies may become substantially more attractive in 

clinical TE applications [74]. 

1.5 Aims of this Dissertation to Improve These Strategies 

 The aim of this dissertation is to examine the in vivo outcomes of two different 

strategies to improve the host response biomaterials.  In the context of examining these 

outcomes, we are specifically interested in monitoring cellular responses at the interface at 

different time points with particular focus on the kinetics of different cell responses and their 

translation to tissue histology, specifically related to fibrosis and fibrotic outcomes downstream.  

The ultimate goal is not only to identify strategies which improve the host response, but ideally 

to implicate cell or cell cascade interactions which can be directly linked to fibrotic outcomes.  

The summary of these aims breaks down as follows. 
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1.5.1 Surface Modified Scaffolds to Improve In Vivo Host Responses 

 As previously mentioned, many several groups have reviewed the topic of improving 

biocompatibility through surface modification [54, 55, 58, 75].  However, the in vitro systems 

employed in these studies are in most cases highly oversimplified and facilitate cell:material 

interactions in a manner not representative of the physiological response [58].  Thus to critically 

analyze the utility of this approach, the in vivo system is required.  Several studies in our 

laboratory and others have looked at the short term influence of surface functionality using 

biomaterial films and microparticulate systems.  Though these studies provide a framework of 

the short term response, the geometry of the material is not readily translatable to TE designs 

[59, 60].  Therefore, this study is set up to examine the effects of surface functionality 

downstream during the inflammatory response at 2 weeks and downstream into the fibrotic 

response at 6 weeks.  The specific focus of this test is to analyze how surface functionality 

alters the inflammatory cell responses at the interface, and the relationship to fibrotic 

encapsulation at 6 weeks. 

1.5.2 Incorporation of Stem Cell Chemokines to Improve In Vivo Host Responses 

The second aim is consists of an approach for which very little literature has been 

reported in the context of biomaterial mediated responses.  Therefore, evaluation of chemokine 

incorporated scaffolds will cover a broader range of time points, specifically with more coverage 

of the acute response.  Focus in this aim is to examine whether release of the chemokine can 

indeed improve MSC responses locally.  However, the primary focus is to quantify what effects 

the chemokine and recruited MSC exert on the host response.  Specifically we are interested in 

observing whether MSC interactions can improve host response to the scaffold, increasing 

cellular integration and decreasing fibrotic outcomes. 

1.5.3 Evaluation of Mast Cell Responses in Facilitating Biomaterial Mediated Fibrosis 

 After analyzing the responses of the two strategies, our findings potentially implicated 

the mast cell as a critical first determinant of downstream responses, in contrast to macrophage.  
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In this final aim, we set out to examine mast cell responses in a series of experiments designed 

to quantify mast cell influence over cell recruitment to the biomaterial interface and fibrotic 

reactions.  Holding biomaterial properties constant, we created non-porous biomaterials with 

different tendencies to activate mast cells, and used this variable response system to 

characterize in vivo responses downstream.  Finally, the link between the mast cell and 

fibrocyte was analyzed for its primary role in correlating to the fibrotic potential of a biomaterial 

implant. 
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CHAPTER 2 

THE INFLUENCE OF SURFACE FUNCTIONALITY ON SCAFFOLD INFLAMMATORY AND 
FIBROTIC RESPONSES 

 
2.1 Introduction 

 This study begins with implementation of a strategy to improve the tissue response and 

fibrotic outcomes to TE scaffolds by modifying the surface functionality of the scaffold.  The 

justification for this approach lies in previous findings which show that material properties alter 

interactions with serum proteins and thus influence inflammatory cell interactions in the context 

of the foreign body response.  Using PLGA salt leached scaffolds RFGD modified with different 

functional group containing monomers, we investigated the 2 week and 6 week response to 

these scaffolds in a subcutaneous implant model.  Evaluation of the implants focused on 

inflammatory cell interactions at the implant interface and fibrotic outcomes at both time points.  

2.2 Fabrication and Characterization of Surface Functionalized Scaffolds 

2.2.1 Purpose 

 Though the influence of surface functionality on tissue responses has been 

investigated, the in vitro models and biomaterials used in these investigations provide little 

information on this influence from a TE perspective.  Therefore we set out to create porous TE 

scaffolds fabricated from PLGA (75:25) using sieved NaCl as a leachable porogen, which could 

then be RFGD modified using schemes detailed in previous publications.  We were primarily 

interested in ascertaining whether the scaffolds maintained accessible surface porosity post-

modification and characterizing the application of each functionality to the scaffold. 

2.2.2 Materials and Methods 

2.2.2.1 Scaffold fabrication 

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

specified. Scaffolds will be fabricated as outline in our previous publications. Briefly, PLGA salt-
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leached scaffolds were fabricated following established procedure[31]. Briefly, PLGA (75:25, 

113kDa, Medisorb Inc., Birmingham,AL) was dissolved in chloroform at 10% (w/v). The PLGA 

polymer solution was then added evenly over a Petri dish. Sodium chloride (porogen weight 

fraction of 90%, sieved at (150–250 mm) was then spread evenly on PLGA solution with 

continuous stirring in a fume hood until the solvent–polymer solution became pasty. After 72 h, 

the scaffold was placed under vacuum to complete solvent evaporation overnight. For the salt-

leaching process, all scaffolds were submersed in distilled water and placed on an orbital 

shaker at 100 rpm. The water was changed every 30 min at room temperature until chlorides 

could not be detected by addition of 0.1M silver nitrate.  

 2.2.2.2 RFGD surface modification and film characterization 

The EO2V, AA, and VAA monomers were purchased from Aldrich (Milwaukee, 

Wisconsin) and were of the highest purity available. They were outgassed repeatedly before 

use but were not subjected to any additional purification steps. Radiofrequency gas discharge 

plasma polymerization was used to coat the scaffolds. In an effort to achieve efficient coating, a 

360-degree rotatable plasma reactor was used. The scaffolds were loaded inside the 

borosilicate glass reactor and the reactor was evacuated to 5 mTorr background pressure. After 

this background pressure was achieved, an oxygen-plasma pretreatment was conducted at 100 

W average power to remove any carbonaceous contaminants. Subsequently, the plasma 

enhanced chemical vapor desposition (PECVD) process was initiated using one of the three 

monomers. In each case the polymerization was carried out using a monomer pressure 

between 50 and 100 mTorr. The film thicknesses deposited were limited to approximately 5 to 

10 nm. The film deposition rates, and thus thickness, were determined in separate experiments 

using polished silicon substrates and an Alpha-Step profilometer (Tencor, San Jose, California). 

The structures of the plasma-deposited polymer films produced from each of the three 

monomers used were characterized using Fourier transform–infrared (FT-IR) spectroscopy. A 

Bio-Rad, Model FTS-40 (Richmond, California), operated at 8 cm–1 resolution and transmission 
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mode, was used for the FT-IR characterizations. Additional characterization of these films 

included measurement of surface wettability using a Rame-Hart sessile drop goniometer, as 

described elsewhere [76]. For this purpose, as well as for the FT-IR measurements, these film 

characterization measurements were made on flat substrates coated in the plasma reactor 

under identical conditions to those used to coat the scaffolds. Polished silicon substrates were 

used for the water contact angle measurements and KBr discs for the FT-IR determinations. We 

have already shown that the film compositions are independent of substrate composition after 

deposition of the first few monolayers of polymer [77].  The surfaces of the PLGA scaffolds were 

modified using pulsed plasmas to control the chemical composition of the plasma-generated 

thin polymeric films. Under the pulsed condition the extent of retention of the functional group in 

a given monomer increases as the duty cycle used during the plasma polymerization is 

decreased [78]. The average power input is defined as: average power (W) = (duty cycle) × 

peak power (W), where the duty cycle represents the ratio of the plasma on time divided by the 

plasma (on + off) time. In the present study the plasma duty cycle used for each monomer was 

adjusted to generate films that maximized the surface functionalities of the desired chemical 

group, to achieve sufficient adhesion of the polymer to the biomaterial to resist dissolution of the 

films when immersed in aqueous solution based on our preivous studies [59]. As the average 

power input increases the extent of polymer cross-linking increases, while the retention of 

monomer functional groups decreases.  After modification, scaffolds are sterilized by 

submersion in 70% ethanol in a sterile cell culture hood for 30min.  Finally scaffolds are 

exposed to UV for 30min on both sides before pre-wetting through an ethanol:PBS series to 

100% PBS. 

 2.2.2.3 Scaffold characterization 

The porosity of the scaffolds was estimated using the ethanol displacement methods as 

previously described [79].  SEM was performed on each scaffold surface and cross-section to 

ensure integrity of the surface and cross-sectional porous structure as previously reported in our 
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studies using similar fabrication protocols [31].  To examine the cross-section of the scaffold, 

specimens were freeze fractured after submersion in liquid nitrogen for 30 seconds.  Specimens 

were sputter-coated with silver before observation using a Hitachi S3000N scanning electron 

microscope (Hitachi High Tech Inc., Tokyo, Japan).   Pore sizes of each treatment group were 

verified using Image J.  FTIR was used to confirm the presence of the desired functional groups 

on the surface of the scaffold.  Scaffolds were stored under vacuum to prevent damage to the 

generated surface chemistries until implantation or in vitro experimentation. 

2.2.3 Results 

 2.2.3.1 Scaffold Fabrication and Characterization 

 The porosity of PLGA salt leached scaffolds fabricated using this technique have 

previously been published by our group and are similar to those reported in literature using 

similar techniques.  The porosity of the salt leached scaffolds was estimated using ethanol 

displacement and approached the anticipated porosity based on polymer to salt ratio of ~95% 

[31, 80].  In addition, analysis of surface and cross-section SEM of the PLGA revealed uniform 

porosity and pore sizes consistent with the range of sieved NaCl used as the porogen, ranging 

from 150 – 250 µm, with a mean pore size of 212.87 ± 35.9 µm [31]. 

2.2.3.2 Verification of Scaffold Surface Modification 

 FT-IR identified the structural features of the coatings and confirmed the presence of 

each chemical functional group introduced onto the surface of the PLGA scaffolds.  The spectra 

are arranged in the order poly(allyamine), poly(vinyl acetic acid), and poly(diethyleneglycol vinyl 

ether) reading top to bottom (Figure 2.1).  The plasma parameters used during the synthesis of 

the coatings are detailed in Table 2.1.  The allyamine group (AA) spectrum confirms the 

presence amine functional groups via the broad absorption band located near 3400 cm-1.  The 

vinyl acetic acid spectrum has a broad absorption band extending beyond 3500 cm-1 to below 

3000 cm-1 which is characteristic of the presence of carboxyl groups.  The absorption band 
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present at 1700 cm-1 is also characteristic of a carbonyl stretch which is associated with the 

carboxyl group.  The diethyleneglycol vinyl ether spectrum displays an absorption band at 3400 

cm-1 characteristic of the hydroxyl stretch as well as a C-O stretch.  All three coatings imparted 

hydrophilic behavior as expected.  The sessile drop static water contact angles ranged from 40 

to 48 degrees (Table 2.1).  Our previous studies have shown that this technique provides 

coatings with identical properties and morphology on substrates of different composition and 

geometries [77]. 
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Figure 2.1 Characterization of functionalized surfaces.  FT-IR transmission spectra of polymer 
films used to coat PLGA scaffolds.  Spectra are arranged in the following order from top to 
bottom, allylamine (AA), vinyl acetic acid (VAA), and diethyleneglycol vinyl ether (EO2V) 

[published in Thevenot et al. Nanomedicine 4(3):226-236]. 
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Table 2.1 Plasma deposition conditions and surface wettability of the polymer films generated to 

coat the PLGA scaffolds [published in Thevenot et al. Nanomedicine 4(3):226-236]. 
 

 

 

 2.2.3.3 Scaffold Surface Morphology Post Modification 

 SEMs of unmodified and surface functionalized were obtained and compared to ensure 

preservation of the surface porosity of the scaffolds following plasma modification.  As shown in 

our previous reports, the salt leached PLGA scaffolds displayed uniform porosity with pore sizes 

distributed over the range of sieved NaCl sizes used during fabrication (Figure 2.2).  SEM of 

each modification group revealed no drastic alteration in surface porosity with numerous surface 

pores evident and measuring in the premodification porosity range.  There is no apparent 

occlusion of the pore space by the deposited polymer films. 
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Figure 2.2 Characterization of surface pore structure of unmodified and plasma modified PLGA 
scaffolds by SEM. Scale bars for amine and carboxyl modified scaffolds are 500µm in length, 

while the hydroxyl scale bar is 200µm in length. 
 

2.3 In Vitro Quantification of Protein and Inflammatory Cell Interactions with Surface Modified 
Scaffolds 

 
2.3.1 Purpose 

 Previous studies have shown that macrophage behavior can be influenced by the 

functionality of the biomaterial surface, altering cell interactions with the material including 

activation and cellular secretions [57, 81-83].  The purpose of this study is to monitor the effects 

of a surface functionalized scaffold on serum protein interactions, mast cell interactions, and 

macrophage interactions prior to surface adherence.  The reasoning behind this approach is to 

more closely approximate the in vivo influence of the scaffold in terms of linking protein 

interactions to subsequent cellular responses while avoiding forced interactions between the 

cells and scaffold in an manner which does not closely approximate those processes observed 

in vivo.  In this study, we will examine the influence of scaffold modification on the adsorption of 
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protein from the cell culture media by analyzing protein depletion from the media.  Then, using 

these conditioned media, we will analyze the influence of biomaterial:protein interactions on 

inflammatory cell chemoattraction using mast cells and macrophages. 

2.3.2 Materials and Methods 

 2.3.2.1 Scaffold Adsorption of Aqueous Dye 

 In order to estimate the depth of the hydrophilic coating, scaffold samples were dried 

under vacuum for 24 hours, cut into thin cross-sections using a razor blade, and then placed 

into the hydrophilic dye Alcian Blue for 30min under vacuum.  After soaking, scaffolds were 

rinsed in DI and imaged to visualize the dye stain and compared with scaffolds prior to dye 

treatment. 

2.3.2.2 Fibrinogen Adsorption Study 

 The interaction of a model protein with the scaffolds was monitored using an 

established protocol.  Briefly, fibrinogen (Sigma Aldrich, St. Louis, MO) was dissolved at 

1mg/mL in phosphate buffer 100mM.  Scaffolds of each functionality were placed in 4 well 

plates (n=3) and submersed in 1ml of fibrinogen and allowed to incubate for 3 hrs.  Control 

scaffolds and blank TCPS well surfaces were also submersed in 1ml of fibrinogen solution.  

After 3 hrs, the fibrinogen solution was removed and scaffolds washed 3X with PBS.  Scaffolds 

were then submersed in 2% SDS solution for 18hrs to remove fibrinogen adsorbed to the 

scaffolds and well plates.  The amount of adsorbed fibrinogen was then calculated using BCA 

assay (Thermo Scientific Pierce, Rockford, IL) and quantified using albumin standards provided 

with the assay kit.  

2.3.2.3 Scaffold Preparation for Cell Culture 

 Scaffolds were sterilized by submersion in 70% ethanol for 30 min.  Ethanol was then 

exchanged with increasing concentrations of PBS in the following sequence PBS:ethanol 

(25:75. 50:50, 75:25. 100:0) with submersion for 10 min on an orbital shaker set to 100 RPM.  

Prewet scaffolds were then removed from PBS and used in the subsequent experiments. 
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2.3.2.4 Serum Preconditioning of Surface Modified Scaffolds 

Scaffolds were preconditioned with serum proteins by incubation in cell culture media 

consisting of DMEM with 10% FBS for 3 hrs.  Following incubation, scaffolds were removed 

from the media and the media analyzed using BCA assay to insure protein depletion from the 

media.  Serum absorbed scaffolds were then placed into corresponding transwell migration 

chambers for subsequent studies. 

 2.3.2.5 Cell Sources and Culture 

 Primary bone marrow derived mast cells were differentiated and culture as previously 

described [84, 85].  Briefly, bone marrow cells were flushed from the cavity of femurs obtained 

from Balb/c mice after CO2 asphyxiation.  Cells were then cultured in RPMI1640 media 

supplemented with 20ng/ml SCF, 20ng/ml IL-3, and ultra-low IgE 10% FBS.  Cells were 

subcultured every 4 days to remove adherent cells.  After 4 weeks, cells were analyzed for c-kit 

expression and stained using Toluidine Blue to ensure >95% mast cell population.  RAW 264.7 

macrophages were obtained from ATCC.  Cells were cultured in low bicarbonate DMEM with 

10% FBS. 

2.3.2.6 Transwell Inflammatory Cell Migration Studies 

The chemotactic activity of serum adsorbed surface functionalized scaffolds was 

assessed using transwell migration assays as previously described [86, 87].  Briefly, prior to 

assay, RAW 264.7 were starved in serum free media overnight while transwells were prewet 

with DMEM.  Cells were seeded 3hrs prior to media addition to the lower chamber to allow cell 

attachment to the membrane inserts.  To quantify the effects of serum protein adsorption, media 

was placed in the lower chamber along with a serum preabsorbed scaffold.  Macrophages were 

seeded in the upper chamber at 1 x 105 cells/well and allowed to incubate for 4 hrs.  After 4 hrs, 

inserts were removed, fixed in 100% cold methanol, and swabbed on the upper surface to 

remove cells that did not migrate through to the lower surface.  Membranes were then stained 

using H&E and the quantified.   
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2.3.2.7 Effects of Macrophage Conditioning on Subsequent Macrophage Chemotaxis 

We next examined the effects of macrophage responses on subsequent macrophage 

chemotaxis were examined.  To generate macrophage conditioned media, scaffold groups were 

seeded with 5 x 105 RAW 264.7 for 3 days to generate surface functionality specific conditioned 

media.  After 3 days, scaffolds were removed and the preconditioned media centrifuged to 

remove cell and scaffold contaminants.  Prior to assay, some samples from each scaffold 

preconditioning groups were treated with neutralizing antibodies for MCP-1 and MIP-1 (R&D 

Systems).  The amount of neutralization antibody required was estimated from previous 

published RAW 264.7 seeded biomaterial cytokine quantification studies and estimated at 

ranges between 15-30ng/mL based on total cell values [57].  MCP-1 (30µg/ml) and MIP-1 

(2µg/ml) were added to preconditioned media samples 30min prior to assay and incubated at 

37°C.  The preconditioned media was placed in the lower chamber with RAW 264.7 seeded in 

the upper chamber consistent with previous experiments.  After 4 hrs, the migration of cells was 

quantified on the lower surface of the membrane as per previous experiments. 

2.3.2.8 Effects of Mast and Macrophage Conditioning on Macrophage Chemotaxis 

Finally, the effects of mast cell and macrophage exposure on macrophage chemotaxis 

were observed.  To generate mast cell and macrophage preconditioned media, scaffolds were 

seeded with 5 x 105 RAW 264.7 with cells allowed to attach for 3hrs.  After attachment, 5 x 105 

primary murine mast cells, verified as >95% by Toluidine Blue staining, were added to the wells 

and the combined culture allowed to progress for 3 days.  Preconditioned media from each test 

group was then collected and centrifuged to remove cells and placed in the lower with chamber 

with RAW 264.7 placed in the upper chamber as described in previous studies.  Some samples 

were neutralized from MCP-1 and MIP-1 as described in the previous study.  Quantification of 

chemotaxis was assessed as described in previous studies after 4hrs incubation. 
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2.3.3 Results 

2.3.3.1 Hydrophilic Dye Adsorption 

The depth of the hydrophilic coating was estimated by soaking scaffolds in the dye 

Alcian Blue (Figure 2.3).  After washing of excess dye in DI water, it was observed that scaffolds 

differentially stained with the dye to differing depths within the scaffold.  Control unmodified 

scaffolds (top-left) absorbed very little dye, with most of the surface dye washing away in DI 

water.  The -COOH modified scaffolds (top-right) stained with a thin layer from around the 

exterior edges of the scaffold with very little infiltration.  In contrast, -NH2 modified scaffolds 

(bottom left) stained prominently on both the surface and cross section of the scaffold.  Finally, -

OH modified scaffold (bottom-right) absorbed dye well along the exterior borders with some 

penetration, leaving a blank central spaced where dye was unable to bind. 

 

Figure 2.3 Scaffold absorption of a hydrophilic dye.  Dry scaffolds soaked in Alcian Blue for 
30min under vacuum differentially stain through the cross-section. Control (top-left), -COOH 

(top-right), -NH2 (bottom-left), -OH (bottom-right). 
 

2.3.3.2 Fibrinogen Adsorption 

It is well established that biomaterials adsorb serum proteins after implantation, and 

these proteins, including fibrinogen, mediate the attachment of inflammatory cells to the 
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biomaterial.  Here we investigated whether surface modification would alter fibrinogen 

adsorption, as reported studies using biomaterial films (Figure 2.4).  The adsorption of 

fibrinogen to TCPS was quantified to account for fibrinogen adsorption to the well plate.  

Interestingly, control scaffolds adsorb only a slight amount of fibrinogen.  COOH and OH 

functionalized scaffolds adsorbed slightly (5%) more fibrinogen than control scaffolds.  As 

expected from previous literature, -NH2 scaffolds adsorbed significantly more fibrinogen (> 20%) 

than other test groups. 

 

Figure 2.4 Fibrinogen adsorption on RFGD modified PLGA scaffolds.  Values are plotted as the 
percentage of total fibrinogen to which scaffolds were exposed with protein concentration 

determine by BCA assay.  -NH2 modified scaffolds adsorbed substantially more fibrinogen in 
comparison to other scaffold modification groups and TCPS. Bracket and * represent significant 
ANOVA test at P<0.05.  The * above groups represents significant Dunnett test verses control 

P<0.05 
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2.3.3.3 Effects of Scaffold : Protein Interactions on Macrophage Chemotaxis 

We next examined the effects of protein interactions on macrophage responses.  

Scaffolds modified with –NH2 were able to attract approximately 3X more macrophages than 

both control and other scaffold treatment conditions (Figure 2.5).  Surprisingly, control, -OH, and 

–COOH modifications elicited approximately equivalent tendency to attract macrophages from 

protein adsorbed scaffolds.  ANOVA testing revealed significant differences among the means 

(P <0.05) and Dunnett intergroup comparison revealed -NH2 modification and subsequent 

protein adsorption led to a significant increase in macrophage chemotaxis. 

 

Figure 2.5 Effects of serum protein adsorption on macrophage chemotaxis.  Transwell migration 
assay was used to quantify the migration of RAW 264.7 macrophages to each scaffolds 

treatment condition. Bracket and * represent significant ANOVA test at P<0.05.  The * above 
groups represents significant Dunnett test verses control P<0.05 

 

2.3.3.4 Effects of Macrophage Preconditioning on Macrophage Chemotaxis 

The effects of surface functionality on mediating differential macrophage responses with 

regard to cytokine secretions has been investigated, with data supporting surface functionality 

does alter cytokine release profiles.  However, here we are interested in determining whether 

that can modeled to an in vivo phenomenon, wherein aggravated initial macrophage response, 
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leads to an increase in inflammatory chemokines and thus an increase in inflammatory cell 

infiltration.  This was examined through seeding macrophages onto surface modified scaffolds 

and using the preconditioned media to assess macrophage chemotaxis (Figure 2.6).  As 

expected, macrophage interactions with surface modified scaffolds appear to lead to differential 

release of macrophage chemokines.  The -COOH and -OH modified scaffolds migrated 

significantly fewer (3X – 4X) macrophages across the transwell membranes compared to 

control and -NH2 modification.  We next compared the effects of MCP-1 and TNF-α 

neutralization to survey potential chemokines regulating this process and whether neutralization 

decreased macrophage migration compared to untreated preconditioned media.  Interestingly, 

neutralization of either MCP-1 or TNF-α was effective at limiting macrophage migration for 

control and surface modified scaffolds with exception to -COOH modified scaffolds.  However, 

there were also differences between the effective neutralization antibodies.  Both MCP-1 and 

TNF-1α were able to substantially reduce macrophage migration in control preconditioned 

group.  Neutralizing antibodies were ineffective in the -COOH group, where macrophage 

migration was already relatively low.  Regarding -NH2 modified scaffolds, only TNF-α was able 

to significantly reduce migration (P<0.05).  In the -OH macrophage preconditioned scaffolds, 

significance was found between chemokines, but neither were significantly lower than control -

OH values.   
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Figure 2.6 Macrophage migration to macrophage preconditioned media from each scaffold 
modification group. Migration of RAW 264.7 was assessed using transwell assays and 

determine by total cells per high powered view field (n=3).  MCP-1 and TNF-α were neutralized 
for preconditioned media from each treatment group (n=3) and quantified in a similar manner. 

Bracket and * represent significant ANOVA test at P<0.05 for macrophage preconditioned 
media groups.  The * above M PC media groups represents significant Dunnett test verses 
control P<0.05.  Bracket and # represent significant ANOVA test between M PC media and 

neutralized media P<0.05, while # above groups indicates significance from control by Dunnett 
test P<0.05) 

 

2.3.3.5 Effects of Macrophage and Mast Cell : Macrophage Interactions on Macrophage 
Chemotaxis 

 
 Despite the prevalence of in vitro investigation of cell verses biomaterial, very few of 

these investigations model the in vivo system.  As a result, many significant alterations to 

biomaterials systems observed in vitro, do not result in substantial responses in vivo.  In an 

attempt to generate a closer estimate of the in vivo environment, we attempted a co-culture 
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study consisting of mast cells exposed to serum preadsorbed scaffolds, followed by 

macrophage seeding onto the same scaffolds.  To more closely approximate the in vivo 

environment, where macrophages are not always in direct contact with biomaterials, 

macrophages which became dislodged or overflowed from the scaffolds after seeding where left 

as adherent to well plates to generate 3 day preconditioned media.   Preconditioned media was 

then analyzed for chemotactic activity using transwell chambers.  Interestingly, using this 

system, we find less significant divergence of chemotaxis between treatment groups.  Scaffold 

surface modification only resulted in a significant decrease in macrophage migration in the -

COOH modified scaffolds.  Even more surprising, chemokine neutralization resulted in less 

drastic alterations between treatment groups, with only MCP-1 neutralization in the control 

group significantly decreasing macrophage migration.  



 

 30 

Figure 2.7 Macrophage migration to inflammatory cell preconditioned media from each scaffold 
modification group. Migration of RAW 264.7 was assessed using transwell assays and 

determine by total cells per high powered view field (n=3).  MCP-1 and TNF-α were neutralized 
for preconditioned media from each treatment group (n=3) and quantified in a similar manner. 

Bracket and * represent significant ANOVA test at P<0.05 for macrophage preconditioned 
media groups.  The * above M PC media groups represents significant Dunnett test verses 
control P<0.05.  Bracket and # represent significant ANOVA test between M PC media and 

neutralized media P<0.05, while # above groups indicates significance from control by Dunnett 
test P<0.05) 

 

2.3.4 Discussion 

The purpose of this study was to analyze the in vitro effects of scaffold surface 

modification.  Though biomaterial:macrophage interactions have been previously investigated 

[57, 62, 81, 82], these investigations have lacked a translatability to either tissue engineering or 

the in vivo system.  In addition, many of these studies were not performed on 3D porous 

structures [81-83].  Though inherently, material interactions with cells could presumable occur 

regardless of the orientation of the material, in vivo studies have shown that porous structures 

generally develop less inflammatory cell interface density and fibrotic encapsulation compared 
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to solid film structures [88].  Therefore we set out to both characterize the in vitro scaffold 

inflammatory response, and additionally to increase the complexity of the model of exposure to 

more closely approximate the in vivo system. 

Several different strategies exist for introducing functional groups onto biomaterial 

surfaces [14, 75].  The plasma modification technique employed in these studies was chosen 

due to its quality and reliability as established in our previous investigations using 

microparticulate systems [14, 59, 60, 77].  However, we have yet to test this technique on 3D 

porous polymer constructs.  Others have shown that plasma source and operation parameters 

can dictate the depth of scaffold functionality modification [75, 89].  Therefore we investigated 

the penetration depth of scaffolds surface modification using a hydrophilic dye similar to 

approaches used in previous studies [89].  As expected, the operational parameters appeared 

to influence the depth of functionality potentially creating different penetration depths.  

Polyamine monomer was able to more deeply penetrate scaffolds compared EO2V which 

generated a slightly penetrated halo, and vinyl acetic acid which generated only a scaffold 

surface modification based on Alcian Blue dye staining.  Although SEMs were taken of the 

scaffold surface to qualitatively assess the influence of film deposition, more detailed 

assessments of surface:volume ratio after modification may provide additional information 

regarding the effects of monomer deposition on scaffold surface properties.  

 Several previous groups have reported on fibrinogen adsorption to different 

biomaterials and different functional group modified biomaterials [90], showing a general trend 

of decreasing fibrinogen adsorption as hydrophilicity increases.  Fibrinogen characterization 

provides insight into the possibilities of inflammatory potential [90], however our group and 

others have previously established that the conformation state of adsorbed fibrinogen is more 

predictive of inflammatory potential than the amount [14, 39, 63, 91].  Amine functionality has 

previously been linked with potent fibrinogen adsorption due to hydrogen bonding [14], and thus 

due to exposure of immune system recognition site, inflammatory cell adherence and activation.  
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In agreement with these simulations [92], we find the -NH2 modified scaffolds lead to potent 

fibrinogen adsorption compared to other treatment groups.  In these same simulations, -COOH 

and -OH functionalities had less prominent chemical interactions with surface, possibly 

indicating a more reversible interaction with the protein [92].  Though fibrinogen adsorption may 

allude to a high inflammatory potential [39, 63], subsequent studies were required to determine 

whether this potential led to quantitative differential outcomes.  This response was further 

investigated by investigating serum protein adsorption using FBS.  FBS is standardized in cell 

culture practice, as well as in vitro biomaterial:cell interaction studies.  Interestingly, we find that 

adsorption of serum proteins does not significant vary among treatment groups for this diverse 

protein mixture.  Some serum proteins such as fibronectin have been investigated for their 

functionality dependent adsorption patterns as well as downstream studies which shown effects 

on cell attachment, proliferation, and differentiation [93].  Several links have been drawn 

between surface properties such as charge and wettability with cell functionality such as 

adherence, growth, and mineralization [14].  More important to biomaterials and tissue 

engineering are the links between biomaterial properties, protein interactions, and subsequent 

inflammatory cell responses. 

For the past few decades, a few research groups have focused on defining these 

mechanisms through progressively more complex evaluations, particularly of macrophage 

behavior on biomaterial surfaces [57, 66, 81-83].  These findings show that surface properties 

affect inflammatory cell adhesion, morphology, expression, cytokine secretion, and fusion to 

form foreign body giant cells.  Additionally, protein interactions with surfaces are likely the 

primary initiator of the inflammatory response [41, 62, 94, 95], with soluble protein products 

release after adsorption physically mediating inflammatory cell chemotaxis.  While the effects 

observed in this study were relatively minor, we were able to detect some significant differences 

in macrophage homing across transwell inserts after only serum pretreatment.  By placing 

scaffolds directly in transwells after protein adsorption, we were able to negate the chemotactic 
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effects of normal serum [96].  Therefore, these differences, predominantly observed in the -NH2 

modification group, may presumably occur through release of soluble chemotactic protein 

components or results from sensation of proteins reversibly exchanging with surrounding 

aqueous media [41].   

Having established to an extent that protein interactions can mediate inflammatory cell 

chemotaxis, and given the vast array of data (reviewed in Chapter 1) regarding inflammatory 

cell behavior after adherence to biomaterial surface, we next examined the effects of these 

responses on subsequent inflammatory cell recruitment.  A recent series of studies have shown 

significantly altered cytokine secretion profiles of macrophage adhered to different 

functionalized surfaces [81-83].  This resulted in variable production of chemokines associated 

with inflammatory cell recruitment.  Given this information, we were able to quantify theses 

alterations by showing macrophage migration could be differentially stimulated by 

preconditioned media from macrophage seeded scaffolds.  Emerging as a recurrent theme in 

these in vitro studies, the -NH2 functionality along with unmodified PLGA surfaces, after 

macrophage adherence exhibited significantly more chemotactic potential than modification with 

-OH or -COOH.  Interestingly, in vivo studies have detected inflammatory cell accumulation on -

OH and -COOH modified surfaces after implantation.  Though only limited groups have 

investigated -NH2 functionality in comparison with other functionalities, studies are numerous 

and consistent in their findings regarding fewer macrophages/inflammatory cells on -COOH 

modified surfaces [59, 97], in agreement with these in vitro findings.  Our results show that this 

may indeed be due a decreased production of inflammatory chemokines by biomaterial 

adherent cells.  In fact, neutralization of implicated inflammatory chemokines from this 

preconditioned media differentially downregulated the chemotactic potential. This was 

especially evident in the control and -NH2 groups which had more chemotactic potential.  In fact, 

antibody neutralization was differentially effective at limiting chemotaxis in these groups, with 

MCP-1 neutralization being more effective in the control group and TNF-α having more 
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effectiveness in the -NH2 modified group.  This supports differential surface mediated activation 

of inflammatory cells, which could exert influence on downstream inflammatory and fibrotic 

responses. 

Unfortunately, as previously stated, many in vitro surface functionality findings have 

shown far less effectiveness in vivo [60, 88].  However, this is likely due to the dynamic parts of 

the in vivo response, which cannot be simulated adequately in vitro.  One such prominent player 

is the mast cell, for which very few in vitro biomaterial-mediated interactions have been 

investigated.  To further elucidate the potential performance of these surface modified scaffolds 

in vivo, a co-culture system consisting of mast cell and macrophages to precondition media was 

developed and examined for macrophage chemotactic potential.  Somewhat to our anticipation, 

the addition of the mast cell component muddled chemotactic analysis, with only -COOH 

significantly reducing chemotaxis, a finding with some in vivo support.  However, the less 

significant interactions may be due to cross-interactions between the two cell types as many 

mast cell products have actions predominantly on macrophages.  Unfortunately, our analysis 

did not cover cell behavior post seeding with regards to mast cell activation and macrophage 

behavior.  We expect that the cytokine profiles of these conditioned media would be 

substantially more complex than macrophage preconditioned media alone.  

Neutralization was overall ineffective with only MCP-1 significantly reducing chemotaxis 

to control scaffolds, interestingly in agreement with that observed in the previous macrophage 

alone preconditioned study.  MCP-1 neutralization and deficiency have been investigated with 

regard to the inflammatory response in wound repair [65], for which findings indicated that MCP-

1 is not critical for macrophage influx during inflammation, but rather activates effector functions.  

Effects such as these may explain why neutralization in the more complex culture system was 

less effective.  Given evidence that surface functionality appears to successful modulate 

inflammatory responses in vitro, we next set out to examine these responses in the in vivo 

system. 
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2.4 Interface Interactions with Surface Modified Scaffolds at 2 Weeks Implantation 

2.4.1 Purpose 

 Many previous studies have analyzed the effect of surface functionality in vivo using 

biomaterial films and biomaterial microparticles [59, 60, 98].  In addition, many of these studies 

have focused on acute tissue responses over the context of the first couple weeks after 

implantation [59, 60].  The purpose of this study was to analyze the similarity between the host 

responses to biomaterial scaffolds and to correlate any potential observed alterations in the 

inflammatory response with those responses observed in vitro.  Specifically, this study is 

interested in analyzing potential alterations in the accumulation of inflammatory cells at the 

interface between the scaffold and the native tissue, and how this translates into alterations in 

the fibrotic response downstream. 

2.4.2 Materials and Methods 

2.4.2.1 Animal Implantation Model 

 Scaffolds were implanted in the subcutaneous cavity of Balb/C mice as established in 

early studies [40]. For implantation, mice were anesthetized with isofluorane and the incision 

site marked and sterilized with 70% ethanol.  A vertical incision was made down the midline of 

the back.  Scaffolds were implanted subcutaneous and tucked away from incision.  At the end of 

the experiments, animals were sacrificed by CO2 inhalation and implants and surrounding tissue 

were recovered and embedded in OCT and sectioned for histological and immunohistochemical 

analyses. 

 2.4.2.2 Inflammatory Responses to Surface Functionalized Scaffolds 

 To determine the extent of inflammatory responses to scaffold implants, slides were 

stained with Hematoxylin and Eosin Y (H&E stain, Sigma, St. Louis, MO) according to the 

manufacturer’s instruction.  The participation of inflammatory cells in the host reaction was 

assessed by examining expression of  CD11b at the interface between the scaffold and healthy 

tissue [99].  Primary antibodies were labeled with either FITC or Texas Red conjugated 
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secondary antibodies based on primary antibody isotype (Pro Sci, Poway, CA).  The 

measurements of tissue thickness and cell densities at the material:tissue interface were then 

performed in Image J [100]. 

2.4.3 Results 

 2.4.3.1 Histology of the Scaffold Interfaces 

 H&E staining revealed infiltration of cells at the interface between the scaffolds and the 

native tissue (Figure 2.8).  Despite surface modifications, the scaffolds elicited a similar degree 

of cell infiltration as no significant differences could be observed between the cell density at the 

interface and the thickness of the infiltrated cell layer. 

 
 

Figure 2.8 H&E staining of the skin side interface tissue between the scaffold implant and the 
native healthy tissue.  Images are labeled by surface modification group. 
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2.4.3.2 Inflammatory Cell Composition of the Scaffold Interface 

Despite the similarity of the interfaces seen in H&E staining of the scaffolds, several 

previous investigations have shown that the composition of the inflammatory cells is altered by 

surface modification.  To verify these responses in surface modified scaffolds, sections were 

analyzed for the presence of CD11b+ inflammatory cells.  As expected, the presence of CD11b+ 

cells is readily observed for all scaffold treatments (Figure 2.9).  However, the degree of 

responses does not appear to be similar between modification groups.  Control unmodified 

scaffolds have a prominent layer of CD11b cells throughout the interface observed in the H&E 

stains.  The distribution of CD11b cells in the -COOH modification groups appears lower than 

that of control, with fewer cells observed in the implant interface.  The distribution of cells in –

NH and –OH modification groups appears more similar to that of controls, with CD11b cells 

distributed throughout the interface though apparently at a slightly lower density than that of 

controls.  To quantify these responses, the percentage of CD11b+ cells was plotted over the 

total number of observed cells at the interface using 4′,6 -diamino-2-phenylindole 

dihydrochrolide (DAPI) (Invitrogen; Carlsbad, CA) staining.  Consistent with the observed 

immunofluorescence staining, the percentage of CD11b cells is significantly different among 

groups.  Specifically, the percentage of inflammatory cells in the –COOH and –OH groups is 

significantly lower than those observed in –NH2 and unmodified scaffold groups (P < 0.05, 

ANOVA with Dunnet test). 
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Figure 2.9 CD11b inflammatory cell responses in the interface tissue between the 
scaffold implants and the native healthy tissue.  Images are labeled by scaffold treatment group.  
Graph displays the percentage of inflammatory cells per total cells at the implant interface and 

reveals significant differences between groups, with –COOH and –OH modification groups 
having significantly fewer inflammatory cells at the interfaces (* represents significant from 

control group P < 0.05.) 
 

2.4.4 Discussion 

Several in vitro studies have shown that surface modification of biomaterial wettability 

and charge can affect protein adsorption, and thus inflammatory cell adherence [101, 102] and 



 

 39 

subsequent interactions [46], with hydrophobic surfaces (PLGA) favoring macrophage 

adherence over hydrophilic surfaces (-COOH, -NH2, -OH).  Though many in vivo studies 

support alterations in inflammatory cell responses to model biomaterial surfaces [98, 103, 104], 

there are few investigations regarding surface modification of TE scaffolds [14].  In fact, some in 

vivo studies have shown that alterations in cytokine response between different polymer and 

surface chemistry groups are negligible [103-105], despite differences in number of recruited 

inflammatory cells.  In vitro, we found that scaffold surface modification altered the responses of 

macrophages, especially regarding the chemotactic potential of cytokine products after 

adherence to the scaffold.  Preconditioned media from these studies showed significant 

differences regarding their ability to recruit macrophages through chemotaxis, which is most 

likely linked to production of inflammatory cytokines by the adherent macrophages.  This is 

presumably influenced by their interaction with control or modified biomaterial surfaces as is 

supported by previous studies which analyzed inflammatory proteins produced after 

macrophage adherence to surfaces with different chemical properties [81, 83].  As Study 2.3 

and other studies suggest [46], the adherence of macrophages to a surface of a certain 

wettability does not directly correlate to protein synthesis by these adherent cells.  Therefore, 

though the in vitro system can give indications of potential cell interactions in vivo, the observed 

in vivo responses may be quite different given the effects of macrophage soluble products on 

other aspects of the inflammatory response. 

In examining the in vivo responses, we find the appearance of the interface between 

the biomaterial and the native tissue to be similar based on H&E staining at 2 weeks.  However, 

closer inspection of the phenotype of recruited cells reveals that indeed the composition of 

inflammatory cells is quite different between treatment groups, suggesting that surface 

functionality does alter the cascade of inflammatory cell responses in vivo.  Interestingly, the 

observed CD11b responses for the surface modified PLGA scaffolds closely approximate that of 

a previous investigation of surface modified microparticles implanted in the subcutaneous 
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compartment evaluated at the 2 week time point [59, 60].  Specifically, we find the density of 

CD11b+ inflammatory cells to decrease in the following manner (control > NH2 > OH > COOH).  

We have observed this phenomenon of altered CD11b+ cell percentages [59, 60], though a 

group using cage implants with different biomaterials showed no significance changes in cell 

percentages despite significantly different biomaterial properties [103].  This divergence may be 

due to material properties and the quantity of and accessibility of the functional groups. 

Many previous studies have shown that hydrophobic surfaces in vivo elicit significant 

adsorption of serum proteins [104, 106], resulting in higher degrees of inflammatory cell 

infiltration [97], supporting the interactions observed in this study.  The -NH2 modified surface, 

having hydrophilic functionality and positive charge, has been shown to enhance protein 

adsorption and denaturation despite altered wettability and charge compared to untreated 

control [63, 107].  Denatured serum protein, specifically fibrinogen, has previously been linked 

with enhancing the infiltration of inflammatory cells to implantation site [63], as observed in this 

study.  The –OH surface, having hydrophilic and anionic properties, have been shown in vivo to 

lead to coagulation, resulting in fibrin formation and platelet aggregation, thus facilitating 

complement activation and inflammatory cell chemotaxis [62, 94].  Interestingly, in studies which 

compared –OH verses –COOH functionality, a consistent trend of reduction in complement 

activation and subsequent inflammatory cell chemotaxis has been observed [95], in support of 

the further reduction in inflammatory cell density observed in this study.  This may predominate 

due to repulsion or conformational changes in adsorbed protein from the negatively charged –

COOH surface [98, 108].  Our next focus was to determine whether these alterations led to 

downstream influence over fibrotic responses to the scaffolds. 

2.5 Host Response to Scaffold Implants at 6 Weeks 

2.5.1 Purpose 

 Results have thus far shown that surface functionality affects macrophage behavior 

following adhesion to the scaffold in vitro, possibly altering cellular responses including 
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chemokine production in vivo.  Differences observed in macrophage derived products which 

generated subsequent macrophage chemotaxis in vitro were similar to trends in infiltration of 

CD11b+ cells to the implantation site of the scaffold in vivo after 2 weeks implantation.  Since 

the CD11b+ inflammatory cell responses are significantly different between scaffold modification 

conditions at week 2, this may lead to alterations in the downstream fibrotic responses with 

increasing implant duration. 

 Hypothesized models of biomaterial mediated fibrotic responses suggest that 

interactions between macrophages and fibroblasts in the granulation tissue surrounding 

implants fuel the development of the collagenous matrix [109, 110].  This matrix, comprised of 

disorganized bands of collagen, surrounds the implant, effectively walling the implant from the 

native tissue [111].  Our hypothesis is that the altered CD11b+ cell responses at 2 weeks are a 

measure of the macrophage:fibroblast interactions that subsequently alter the development of 

fibrotic tissue around the scaffolds.  Secondary to this hypothesis, alterations in fibrotic 

encapsulation may affect the infiltration of cells into the scaffold and mineralization within the 

scaffold.  To further analyze these responses, surface modified scaffolds were implanted for 6 

weeks. 

2.5.2 Materials and Methods 

2.5.2.1 Animal Implantation Model 

Surface modified scaffolds from the previous studies were implanted using identical 

protocols in Balb/c mice and explanted after 6 weeks implantation. 

2.5.2.2 Masson Trichrome Staining to Visualize Collagen Deposition 

Collagen deposited around and inside surface modified scaffolds was visualized and 

quantified using Masson Trichrome staining (Sigma Aldrich, St. Louis, MO) and Image J.  The 

thickness of the collagen layer around the implants was quantified by measuring collagen 

deposition from the scaffold through the interface to the native healthy tissue for each sample 

group (n=4).  The densities of cells inside the scaffolds were quantified based on the number of 
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hematoxylin staining cells per scaffold cross-sectional area.  Collagen deposition within the 

implants was quantified by measuring the area of blue collagen staining within the scaffold 

cross-section compared to the total area of collagen and scaffold cross-sectional area.   

2.5.3 Results 

2.5.3.1 Collagen Deposition in Surface Modified Scaffolds at Week 2 

Prior to examining fibrotic responses at 6 weeks, week 2 implants were stained with 

Masson Trichrome to examine interface collagen deposition and matrix deposition inside the 

scaffold cross-section.  For all scaffold treatment groups, minimal cell infiltration was observed 

beyond the extreme edge sections.  As a result of poor cell infiltration, and thus lack of 

mineralization, at 2 weeks, cross-sections of this time point had severe loss of the interior of the 

scaffold in the section.  Left in the cross-sections was only the thin layer of cell infiltrate from the 

skin side and muscle side of the subcutaneous implant, and the surrounding tissue.  However, 

this did allow visualization of the initial stages of the fibrotic response at the interface.  Masson 

Trichrome staining of the scaffold interfaces (Figure 2.10, reference H&E stains in Figure 2.8), 

showed only minor differences in the degree of collagen deposition with exception to control 

scaffolds, which had an histology consistent with granulation tissue of the late inflammatory 

phase.  Control scaffolds therefore had an inconsistent distribution of collagen in the interface 

tissue compared with other groups and a slightly larger interface thickness.  Otherwise, the 

appearance and thickness of the collagen stain in the interface was not drastically different 

between groups. 
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Figure 2.10 Collagen deposition at the interface of surface modified scaffolds after 2 
weeks.  Scaffold cross-sections were stained with Masson Trichrome to visual collagen.  Surace 

modification groups label each image in the upper-left corner. 
 

2.5.3.2 Collagen Deposition in Surface Modified Scaffolds at Week 6 

The downstream fibrotic response was assessed at week 6.  Similar to week 2 results, 

the thickness of the collagen interface does not appear to be drastically differ among treatment 

groups.  However, in contrast to the appearance of the collagenous matrix at week 2, there are 

noticeable differences in the histology of the interface based on the surface modification group 

(Figure 2.11).  First the organization of cells at the interface is not standard among functional 

groups.  Both control and –COOH modified interfaces have a regular, somewhat uniform 

distribution of cells throughout the interface.  In contrast to this trend, the –NH2 interfaces have 

a lower cell frequency with a more prominent collagen stain, observed by the more prominent 

Methylene Blue uptake.  Of interest, these areas of enhanced blue staining also form a 

continuous sheet, running the length of the interface.  The –OH modified group has a higher 

density of cells inside the interface, though with a collagen staining similar to the control and –

COOH groups, without the prominent Methylene Blue staining bands seen in the –NH2 group.  

Quantification of the average thickness of the collagen layer at the interface, measuring from 

scaffold surface to native healthy tissue reveals only minor differences, with exception to –OF 

treatment. 
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Figure 2.11 Collagen deposition 6 weeks after implantation.  The degree of intensity of 
collagen staining at the interface appears different based on surface modification condition.  
Modification groups are labeled on the upper-left hand corner of each image taken at 20X 

magnification.  The thickness of the collagenous interface was measure using Image J (n=4) 
and plotted.  (ANOVA significant at P<0.05, (*) represents significant from control group P<0.05 

by Dunnett comparison) 
 

2.5.3.3 Cell Infiltration and Matrix Deposition at Week 6 

 Though our focus was to investigate the link between surface functionality and fibrotic 

outcomes, the intra-scaffold histology seen in Masson Trichrome staining revealed some 

interesting interactions with possible implications in the field of TE.  Examination of the intra-

scaffold regions of the tissue section revealed some interesting differences between 

modification groups, specifically related to the density of cells inside the scaffold and the degree 

of collagen deposition within the scaffold (Figure 2.12).  Gross examination of the interior 

regions of the 5 x 5 x 5 mm cube scaffolds showed major differences the presence of cells and 

collagenous matrix.  Control unmodified scaffolds had very little cell infiltration into the scaffold 
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interior, measuring about 1800 cells/mm2.  However, surface modification with –NH2, -OH, or –

COOH groups increased cell infiltration densities to greater than 3X the density of control 

scaffolds.  Despite the similar intra-scaffold cell densities of the surface modified groups, the 

amount of collagen mineralization differed among modification groups, though all were 

significantly higher than unmodified scaffolds.  Scaffolds surface modified with –COOH groups 

had the highest percentage of collagens staining, with about 75% of the scaffold:matrix area 

staining positive for collagen.  Though –NH2 modified scaffolds had the most prominent 

collagen staining at the interface, scaffold infiltration was still elevated with respect to control 

and accompanied by 60% collagen area percentages inside the scaffold.  Hydroxyl modified 

scaffolds, which had a high density of cells at the interface observed in the gross histological 

examination, had a intra-scaffold density similar to –NH2 modified scaffolds, and of modification 

groups had the lowest percentage of collagen inside the cross-section (50%).  
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Figure 2.12 Collagen deposition inside the scaffold.  Cell density was quantified via Hemotoxylin 
stained nuclei counts per scaffold cross-sectionl area and plotted.  To quantify collagen 

deposition, the area of collagen per total scaffold and matrix area was quantified using Image J.  
(* with brackets represents significant ANOVA at P<0.05, (*) above groups represents 

significant from control group by Dunnett test, P<0.05.) 
 

2.5.4 Discussion 

 As suggested in literature, most biomaterials adsorb proteins in vivo, which trigger 

activation of the foreign body response [14, 24, 60, 63].  This results in inflammatory cell 

infiltration to the implantation site, the formation of granulation tissue consisting of inflammatory 

cells and fibroblasts around the implant, followed by deposition of collagen around the implant.  

In this study, we investigated the effects of surface functionality in possibly altering this fibrotic 

process for a given biomaterial (PLGA porous scaffolds).  Based on Masson Trichrome staining 

to detect collagen, we find that changing surface functionality leads to minor differences in 

collagen deposition at the biomaterial:tissue interface, similar to previous reports using a 

surface modified microparticle system in the same tissue compartment and time point [60, 63].  

At 2 weeks after implantation, surface modification appeared to hasten the transition between 
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granulation tissue formation and fibrosis, initiating an interface which stained positive for 

collagen and had a thinner scaffold to healthy tissue measurement.  In comparison, unmodified 

scaffolds had a disorganized development of collagen in the interface with a thicker interface.  

Though hydrophilicity has been linked to reduction in biomaterial-mediated fibrosis [14, 112], the 

speed of its development in the context of the biomaterial response has not been well 

addressed.  However there are some known factors which may influence collagen maturation in 

the biomaterial mediated responses, specifically cell-mediated collagen breakdown, cytokine 

influences on collagen secretion and degradation, and vascularity of the region [15, 113].  As 

our in vitro studies have shown a chemokine influence, and preliminary in vivo protein content 

results suggest altered protein expression, these two factors may contribute to the altered state 

of collagen deposition at week 2.  In addition, at week 2 we do not observe any alterations in 

vessel formation either intra-scaffold or in the interface region.  Therefore, changes in 

vascularity may not be the primary contributor to these observations.  

 Given altered inflammatory cell responses at week 2 potential altered macrophage 

activation based on altered cytokine profiles, we expected a more measurable downstream 

influence on the fibrotic response.  In addition, in vitro studies have also shown that in addition 

surface functionality influence on macrophages, surface functionality can also affect fibroblast 

responses related to collagen production [114].  In fact, many studies have shown surface 

functionality influences inflammatory responses with little effect on downstream fibrotic 

responses [59, 63, 98, 115].  As expected, surface functionality did lead to altered fibrotic 

responses at the interface.  However, more predominant were the effects on intra-scaffold 

interactions, where surface modification increased the infiltration and collagen deposition inside 

the scaffold. 

 Several in vitro [116-118] and in vivo investigations [59, 60] have linked improved cell 

infiltration with hydrophilicity, supporting our finding that surface modification greatly increased 

the degree of cell infiltration into the scaffold at 6 weeks.  However, the differences in collagen 
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deposition within the scaffold were not expected and may be related to the depth of 

functionalization.  Due to limited investigations involving equivalent scaffold materials with 

different surface chemistries [14], previous observations of this phenomenon are extremely 

limited.  However, some hypothesis to justify this response can be developed.  Surface 

chemistry is known to effect protein adsorption; however, the depth functional monomer 

deposition was not quantitatively determined in these studies.  However, qualitative assessment 

of functionality revealed some differences in the modification depth, of which -NH2 modified 

scaffolds appeared to have uniform cross-sectional modification and -OH modified scaffolds 

having a surface corona modification as viewed from the cross-section. Modification throughout 

the scaffold in the -NH2 modified scaffolds may have allowed for altered protein interactions 

throughout the porous structure, thereby effecting cellular responses related to collagen 

deposition.  A study investigating polymer:fibrinogen blends showed that cell-mediated collagen 

production was greatly influenced by the fibrinogen content [119]. Fibrinogen is known to 

strongly interact and dentaure on -NH2 surfaces, which may facilitate increased cell infiltration.  

Since –NH2 modification had the highest power and functionalization depth, the increase in cell 

infiltration and collagen production may be linked to these processes.  However, -COOH 

modification increased cell infiltration and intrascaffold collagen production, despite having 

different fibrinogen interactions.  These findings seem to hint at a more complex interaction, for 

which in vivo literature is limited, and thus may necessitate additional studies understand these 

interactions. 

 Though surface modification literature on in vivo cell infiltration in porous scaffolds is 

limited, we and others have observed that cell infiltration in PLGA salt-leached scaffolds is 

minimal after 2 weeks implantation [44, 120, 121].  Despite surface modification, we find a 

similar result in this study 2 weeks after subcutaneous implantation.  Previous studies have 

shown that by week 6, cells may begin to infiltrate the porous structure [120, 122].  We also find 

some degree of cell infiltration in unmodified PGLA scaffolds, though infiltration is greatly 
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enhanced with scaffold modification.  In addition, we also observe a more prominent 

collagen deposition within surface modified scaffolds. 

Our previous studies have linked fibrotic interactions with -OH and -NH2, though these 

investigations were focused on capsular formation around the biomaterial.  Therefore, the 

increased intra-scaffold collagen deposition observed in the -COOH functionalized scaffolds is 

somewhat surprising.  Qualitatively, we were unable to visualize deep intra-scaffold 

functionalization with vinyl acetic acid monomer which was used to generate the -COOH 

functionality.  Though –COOH modification seems to beneficially influence cell behaviors in 

vitro, literature supporting these influences in vivo is somewhat limited.  Therefore, it is difficult 

to discern whether hydrophilic surface functionality, or cellular interactions with protein adsorbed 

to these different functionalities may be responsible for altered intra-scaffold responses.   

 2.6 Conclusions 

In order to improve fibrotic responses, enhancing the porosity of the implant was 

thought to be a viable approach to reducing collagen buildup and contraction around the 

implants.  In fact, many results subsequently supported this hypothesis.  As discussed 

previously, surface functionality was shown to exert influence over inflammatory cell responses, 

and to some degree, fibrotic responses to non-porous biomaterials.  Therefore, we sought to 

analyze whether the combination of biomaterial porosity and surface functionality could further 

improve fibrotic reactions.  However, in terms of fibrotic reactions at the implant interface, these 

effects appeared minimal.  In the following study, we therefore considered another approach to 

improving inflammatory and fibrotic reactions to TE scaffolds. 
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CHAPTER 3 

THE INFLUENCE OF SDF-1α RELEASE ON INFLAMMATORY AND FIBROTIC RESPONSES 
TO PLGA SCAFFOLDS 

 
3.1 Introduction 

 As previously discussed, despite considerable advancements in biomaterial synthesis 

and modification techniques, most TE scaffolds, both acellular and seeded, elicit fibrotic 

reactions resulting in encapsulation of the implant.  Such fibrotic reactions often hinder the 

vascularization of scaffold implants which leads to a bare necrotic core in cell seeded constructs 

as shown in many recent publications [1, 29].  It is generally believed that controlled wound 

healing and angiogenesis are critical to the short-term survival/behavior and long-term 

functionality/integration of seeded cells [24]. For cells to survive in vivo, it has been estimated 

that cells must reside within 200µm of a capillary bed [22].  Indeed, many studies have shown 

that cells seeded below the scaffold exterior surface do not survive and require some degree of 

prevascularization in vitro to survive in vivo [23].  In a recent investigation, MSC seeded by 

various methods onto scaffolds implanted subcutaneously showed the majority of cells (~75% 

depending on seeding method) die within 2 weeks [21].  To improve cell survival and 

functionality, better approaches to reduce fibrotic tissue formation associated with biomaterial 

implants is urgently required.   

 To minimize fibrotic reactions to implants, the majority of the past and current 

research focuses on reducing cell:material interactions. However, the major drawback of this 

approach is that scaffold implants induce very little short term cell infiltration, resulting in cell 

buildup at the tissue:material interface, inducing a significant fibrotic response effectively walling 

off the biomaterial implant.  Thus the ability to control the extent and duration of inflammatory 

response has emerged as a critical design parameter which may ultimately dictate the success 

of TE designs in vivo [25]. However, traditional anti-inflammatory treatments, such as the use of 
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Dex (Dexamethasone), may impair wound healing and tissue regeneration [123]. There is still a 

need for the development of novel treatment to reduce fibrotic reactions while to promote tissue 

regeneration and angiogenesis. 

 Due to their unique pluripotency and regenerative properties, stem cells have been 

intensively studied as powerful therapeutic tools for a variety of diseases and conditions.  

Recently, groups have focused on the beneficial effects of stem cell participation in 

inflammation, with mounting evidence supporting improved wound healing outcomes possibly 

through physical and paracrine influences [124].  Following induced injury, local delivery of stem 

cells has been shown to reduce inflammation, angiogenesis, and to improve function outcomes 

in many different models [125, 126].  However most of these models employ transplanted 

exogenous stem cells.  These approaches are complicated by many limitations due to cell 

sources, expense to achieve sufficient cells for a dose response, xenogenic components 

necessary to expand the cells, control over the functionality and behavior of these cells, and 

potential host vs. graft responses.  In addition, transplanted cultured and differentiated stem 

cells may not respond to the physiological microenvironmental stimuli like circulating stem cells 

[17].  Since stem cells are recruited to the injury sites to participate in wound healing and tissue 

regeneration, it is our belief that the complications associated with biomaterial scaffold 

implantation may be reduced or even eliminated if autologous stem cells are purposefully 

recruited to the tissue scaffold and implantation sites.  

Recently, studies have uncovered that the implantation of foreign bodies, including 

biomaterials, may prompt the recruitment and local engraftment of autologous stem cells [109, 

127, 128]. The recruitment of autologous stem cells may be substantially enhanced with 

localized release of stem cell chemokines.  We are specifically interested in stromal derived 

factor-1 alpha (SDF-1α), since many prior publications have shown that SDF-1α is critical to 

hematopoietic stem cell (HSC), and possibly MSC migration, and can be used to target stem 

cells to a desired site within the body [129].  Coincidentally, SDF-1α is also involved in the 
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recruitment of inflammatory cells and other types of stem cells including tissue committed stem 

cells [130]. Based on these observations, we hypothesized that localized release of SDF-1α 

may facilitate the recruitment of autologous stem cells to TE scaffolds and subsequently 

enhance tissue regeneration. 

 To test the hypothesis, degradable scaffolds capable of locally releasing SDF-1α via 

physical adsorption (short term release) or osmotic pumps (long term release), were produced 

and then implanted in the subcutaneous space of mice.  Our objectives were to (1) monitor the 

effects of SDF-1α on stem cell recruitment, (2) quantify the effects of increased host stem cell 

responses on the inflammatory response, and (3) examine long term effects on fibrotic and 

angiogenic processes on SDF-1α supplemented implants. 

3.2 Methodology 

 Chemokine delivery can result in a multi-faceted outcome, upon which outcomes could 

be based on many known and unknown variables and interactions.  Therefore, prior to 

experimentation, it is critically important to understand the known functions of the cytokine to be 

delivered, as well as many of the potential components for which interactions may occur in an 

manner for which interaction was not anticipated or interaction for which previous data is 

limiting.  In this case, we are interested in testing the ability of SDF-1α to recruit MSC to the site 

of scaffold implantation in vivo, for which controversial data exists.  However, SDF-1α has well 

established and understood interactions as a chemotaxin via its receptor CXCR4, which will be 

elaborated on in the subsequent section.  However, expression of CXCR4 is abundant among 

the cells of the inflammatory and fibrotic responses.  Therefore, throughout this chapter, 

hypothesized mechanism diagrams will be continually developed to attempt to quantify both 

hypothesized and potential unanticipated interactions of the chemokine during the context of the 

inflammatory and fibrotic responses. 
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3.3 SDF-1α Background 

3.3.1 Structure, Properties, and Physiological Function during Homeostasis 

 SDF-1α (CXCL12) was first characterized for its growth stimulating properties to B cells.  

Subsequently, SDF-1α was identified as a chemoattractive cytokine with structural properties 

similar to large family of low molecular weight cytokines with chemotactic properties.  It binds 

specifically only to the receptor CXCR4 [131], which is expressed on a number of different cell 

types including MSC [132].  In addition to its involvement in several differentiation pathways of 

differentiation and proliferation, SDF-1α is constitutively expressed in both lymphoid and non-

lymphoid systems, unlike inflammatory chemokines in inflamed tissue [131].  This signaling axis 

has been found to be critical in hematopoiesis, including B cell development and HSC 

colonization of bone marrow [133].  In fact, antagonizing CXCR4 increases mobilization of HSC 

to the peripheral blood, suggesting a role for CXCL12 in retaining HSC [134, 135].  In fact, 

studies have shown that stromal cell production of SDF-1α along with HSC expression of 

CXCR4 is indeed critical to maintaining HSC in their niches.  Based on this observation, it was 

additionally shown that SDF-1α supplementation can HSC mobilization to the peripheral blood 

[136].  

3.3.2 Influence on Stem Cell Mobilization 

Despite its physiological bone marrow retention function, SDF-1α has shown 

chemotactic potential for recruiting bone marrow derived cells to the periphery [137].  Recent 

studies have shown additional involvement in stem cell recruitment and retention, especially 

with proangiogenic HSC trapping and retention in the peripheral tissue [137].  This presumably 

occurs via VEGF upregulation, which increases SDF-1α expression in the peripheral tissue, 

where it is normally quiescent.  In addition to HSC migration, several groups have shown that 

SDF-1α is able to induce MSC chemotaxis in vitro [138, 139], migrating at an optimal 

concentration of around 100ng/ml.  In addition, in vivo studies have shown SDF-1α induced 
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chemotaxis of labeled MSC to the site of injury and engraftment into the damaged tissue [140, 

141].  Some recent studies suggest that retention signal receptors expressed by stem cells such 

as cKit receptor, fibronectin and VCAM-1 may actually facilitate their residence at the injury site 

[137].  Surprisingly however, there still remains some controversy as to whether MSC can be 

recruited and maintained in the peripheral tissue via SDF-1α [142].  

3.3.3 Influence on Inflammatory and Fibrotic Responses 

 Recent studies have demonstrated that the SDF-1α-CXCR4 axis is one of the principal 

regulators of stress-induced stem cell responses [143].  Studies have linked SDF-1α to the 

recruitment of EPC to the site of injury to control wound healing responses [144].  Previous 

studies with SDF-1α have noted synergistic relationships between SDF-1α and other cytokines 

[131].  Interestingly, part of this synergy appears in relationship between SDF-1α mechanisms 

of stem cell chemotaxis, and reliance upon VEGF, prominently expressed during states of 

inflammation [137].  In support of this, it has been recently shown that in the absence of injury, 

the addition of exogenous SDF-1α does not stimulate stem cell migration [145].  However, 

supplementation of SDF-1α was shown to enhance the formation of granulation tissue [146]. 

Due to the many recent studies showing anti-inflammatory effects and improved wound 

healing outcomes of MSC possibly related to cell:cell and paracrine interactions, we 

hypothesized that controlling the homing response of MSC could be used as a therapeutic 

agent to improve fibrotic outcomes related to biomaterial-mediated responses.  MSC have been 

shown to home to injured tissues in vivo [140, 147], and there is evidence to support that SDF-

1α may be critically involved in this process [129]. 

3.3.4 Hypothesized Interaction in the Context of Biomaterial Mediated Responses 

 Based upon this information, we have developed a hypothesis of interaction wherein 

SDF-1α locally release from tissue engineering scaffold may be able to facilitate improve host-

derived MSC homing and retention.  In addition to recruitment of proangiogenic HSC, we 

hypothesized that these interactions may facilitate influence over the foreign body response, 
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improving host-scaffold integration and limiting foreign body responses to the implanted 

scaffolds.  As previously outlined, in the context of biomaterial-mediated foreign body 

responses, many inflammatory cells are recruited to the implantation site, subsequently 

functioning to decontaminate the area, phagocytise any foreign material, and set up granulation 

tissue to facilitate separation of the foreign body from the local tissue.  The enhanced stem cell 

influence may be able to avert these responses by jumpstarting the wound healing process over 

the fibrotic process.  Based on this hypothesis (Figure 3.1), we proceeded with an in vitro 

investigation of whether recruited MSC could be engrafted onto tissue engineering scaffolds. 

 

Figure 3.1 Hypothesized interactions of SDF-1α in biomaterial-mediated foreign body 
responses.  
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3.4 In Vitro Evaluation of SDF-1α Releasing PLGA Scaffold System to Induce MSC Chemotaxis 
and Engraftment 

 
3.4.1 Purpose 

 Many previous studies have established that MSC contain the capacity to migrate along 

SDF-1α gradients.  In addition, some in vivo studies have also implicated SDF-1α as being 

critical to MSC chemotaxis to sites of injury.  Therefore, we believe that modulating SDF-1α at 

the site of scaffold implantation may increase the local recruitment of MSC which may alter 

inflammatory and fibrotic outcomes.  However, we are interested in further augmenting this 

process to potentially address TE parameters, by having the MSC not only participate in the 

wound healing response, but also potentially engraft into the scaffold and differentiate into cells 

to regenerate damaged ECM.  To investigate this possibility, we have designed in vitro 

experiments to verify whether migrating MSC will engraft into an SDF-1α source, in this case a 

porous PLGA scaffold adsorbed with SDF-1α placed in the lower chamber of Boyden 

chambers. 

3.4.2 Materials and Methods 

PLGA scaffolds used in this study were fabricated using protocols described in Chapter 

2.  To examine the site directed homing capability of the scaffold:SDF-1α system, a homing and 

engraftment transwell model was developed.  Briefly, scaffolds were injected with 50 ul 

(approximate to the scaffold retention volume) of SDF-1α (Prospec-Tany TechnoGene, 

Rehovot, Israel) at 1 µg/mL or PBS (as control).  Our preliminary studies have found that such 

methods provided the release of SDF-1α for approximately 5 days [80].  Scaffolds were then cut 

to fit beside transwell inserts (3 x 3 x 1 mm) in the lower chamber of 8µm pore membranes of 

24-well plates (Corning Costar, Corning, NY).  Primary murine bone marrow derived MSC were 

obtained as previously described [148, 149].  Briefly, the femur and tibia bone marrow of 6-8wk 

old Balb/c was flushed with DMEM containing 20% FBS and plated into 75cm2 tissue culture 

flasks.  Non-adherent cells were removed from the culture at day 3, with fresh media supplied at 

50% with the remaining 50% conditioned media from which non-adherent cells were removed.  
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Media was continually renewed every 3 days with subculture upon confluence up to the fourth 

passage.  At fourth passage, MSC were verified for phenotype by positive stain for SSEA-4 and 

negative expression of CD45 (Santa Cruz Biotech, Santa Cruz, CA). Prior to scaffold 

placement, bone marrow derived MSC were labeled with the cell tracer dye CDFA-SE 

(Invitrogen) and seeded onto transwell inserts.  The MSC expansion media was removed and 

replaced with fresh media in the upper and lower chambers.  SDF-1α was allowed to release 

from the scaffolds into the lower chamber, and the percentage of transmigrated MSC from top 

chamber to bottom chamber was quantified.  Briefly membranes were scraped on the upper 

side to remove adherent cells, detached from insert, and H&E stained to visualize and quantify 

cell migration to the lower side of the membrane.  To verify cell engraftment, scaffolds were 

removed from the bottom wells, fixed in cold methanol, and visualized via CFDA-SE staining as 

previously described [31].   

3.4.3 Results 

3.4.3.1 Mesenchymal Stem Cell Morphology and Expression 

Bone marrow MSC were acquired and expanded in culture to fourth passage.  The 

morphology of the cells was consistent with literature, with MSC adhering to tissue culture 

plastic and growing in colonies after subculture (Figure 3.2).  MSC had a fibroblast-like 

morphology and routinely stained positive for CD90 and CD73 (Figure 3.2) and CD44 and 

CD105 (Figure 3.2), reaching a purity of approximately 95% at the time of experimentation.  For 

transwell engraftment experiments, a model engraftment system was designed.  MSC were 

allowed to migrate across transwell insert to the bottom surface of the membrane (Figure 3.2).  

The engraftment of CFDA-SE labeled cells was then monitored on the surface of the PLGA 

scaffold by observing tracer fluorescence. 
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Figure 3.2 In vitro model of bone marrow-derived MSC chemotaxis and engraftment.  
MSC were purified from the bone marrow and imaged under phase contrast to observe a 

spindle shaped morphology.  MSC expression was verified in vitro by examining of expression 
of MSC markers CD90 and CD44 and CD73 and CD105.  Schematic model of in vitro 
chemotaxis and engraftment through utilization of a modified Boyden chamber assay. 

 

3.4.3.2 SDF-1α Mediated Effects on MSC Chemotaxis and Engraftment 

Using the transwell engraftment system, we monitored the effects of SDF-1α on 

inducing MSC migration.  Placement of SDF-α treated scaffolds in the lower chamber led to  

MSC chemotaxis to the other side of the membranes (Figure 3.3).  In addition, after 48hrs MSC 

labeled with CFDA-SE tracer dye were found engrafted onto the surface of the PLGA scaffolds 

treated with SDF-1α placed in the lower chamber (Figure 3.3).  In quantifying chemotactic 

responses, we found a significant increase in the percentage of cells which crossed the 

transwell membrane in SDF-1α treated scaffolds compared with untreated scaffolds and media 

control.  Refreshing media in the lower chamber at 24hr and 12hr intervals for 48hrs increased 
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the percentage of migrating MSC dependent upon how often the SDF-1α gradient was 

refreshed (Figure 3.3). 

 
Figure 3.3 MSC homing and engraftment to SDF-1α and SDF-1α modified scaffolds in vitro.  (A) 
After exposure to SDF-1α, MSC exhibited migration to the lower surface of the transwell inserts 

as verified by H&E staining.  After extended culture periods, MSC migration and attachment 
could be observed on the PLGA scaffolds through staining of viable cells with CFDA-SE (B).  

Quantification of SDF-1α mediated migration was observed and quantified based on total 
migrated cells per cell input (C). 
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3.4.4 Discussion 

 As expected, SDF-1α was able to induce MSC chemotaxis in vitro, as shown in many 

previous investigations [138, 139], migrating at an optimal concentration of around 100ng/ml.  

Scaffolds in this study were filled with 100µl of SDF-1α (1µg/ml) and placed into the lower 

chamber.  This configuration would have put the concentration of SDF-1α near this optimal 

value.  Transwells which were not disturbed for quantification began to show CFDA-SE positive 

stained cells after 24hrs.  These cells attached to the surface of the PLGA scaffold and 

assumed a fibroblast-like adherent morphology on the scaffold.  Though this model provides a 

unique approach to this concept, prior studies have shown that SDF-1α induced chemotaxis of 

labeled MSC to the site of injury and engraftment into the damaged tissue [140, 141].  This 

supports our in vitro finding, which shows that MSC where able to transverse the polycarbonate 

membrane and engraft to the SDF-1α source scaffold.  We next set out to determine whether 

this process could be replicated in vivo. 

3.5 Influence of Short Term Scaffold Treatment with SDF-1α on MSC Responses In Vivo 

3.5.1 Purpose 

Having established that SDF-1α-mediated MSC recruitment also demonstrates potential 

for MSC engraftment into the scaffold, we next sought to examine whether scaffold treatment 

with SDF-1α could improve the mobilization and engraftment of MSC at the scaffold 

implantation site.  We first examined whether, following scaffold implantation, culture-expanded 

MSC supplemented into the peritoneal space could migrate and preferentially engraft to SDF-1α 

treated scaffolds.  We next examined whether SDF-1α treated scaffolds could improve MSC 

responses over the course of the inflammatory response up to 2 weeks.  Additionally, the 

infiltration of HSC to the implantation site was also monitored. 
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3.5.2 Materials and Methods 

3.5.2.1 Animal Implantation Model 

 Scaffolds were implanted in the subcutaneous cavity of Balb/C mice as established in 

early studies [40]. Scaffolds were implanted as described in the previous chapter with exception 

to implant treatment group configurations in each treatment animal.  Control PLGA scaffolds 

were implanted to one side of the incision and tucked subcutaneous away from the incision.  

For short term study, the scaffolds were injected with 50 µL (approximate to the scaffold 

retention volume) of SDF-1α at 1 µg/mL or PBS (as control).  Implants were recovered and 

processed as outline in the previous chapter. 

3.5.2.2 Assessment of Supplemented MSC Migration to SDF-1α Treated Scaffolds  

The engraftment of MSC from the blood was quantified using an in vivo model of stem 

cell mobilization.  Briefly, Balb/c mice were implanted with either control or SDF-1α 

supplemented scaffolds using procedures described previously.  To minimize interference from 

the incision site and maximize the distance between scaffold treatment groups, scaffolds were 

placed vertical along the back of the mice opposite to the incision site on the opposite side of 

the mouse.  The configuration of implants with respect to upper verses lower position on the 

back was randomized to account for the effects of implant placement.  Bone marrow-derived 

MSC were recovered from Balb/c mice and purified using plastic adhesion and verified for MSC 

expression as outline for in vitro transwell studies.  Cells were loaded with Xsite 761 

(Carestream Health, New Haven CT) at a concentration of 2µM for a period of 3hrs.  After 

detaching MSC, uptake was assessed by NIR fluorescence intensity (excitation-761nm 

emission-789nm) using Kodak FX Pro imaging system (Carestream).  After implantation for 2 

days, a 100µL PBS solution containing 1 x 106 bone marrow-derived MSC was injected into the 

peritoneal space.  The location of MSC cells in relation to implanted scaffolds was monitored 

and fluorescent intensity measurements taken over the region of interest daily until signal 

subsided. 
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3.5.2.3 Assessment of Host-Derived MSC and HSC Localization at the Implantation 
Site 

 
 Stem cell engraftment was monitored in implant cross-sections using 

immunofluorescence.  All antibodies employed in this study were purchased from Santa Cruz 

Biotech (Santa Cruz, CA) with staining protocols as specified by the manufacturer.  Specifically, 

SSEA4+/CD45- [150] was used to identify MSC. HSC were detected by expression of the HSC 

markers c-kit, CD34, or Sca-1.  Secondary antibody labeling for immunfluorescence was 

performed as described in the previous chapter.  Cell densities and percentages were quantified 

per total interface DAPI cells as described in the previous chapter.  After cell morphology for 

positive staining cells was established, merged DAPI layers were shielded to increase cell 

visibility in immunofluorescence images.  Measurement of cell density were collected from the 

average of multiple counts taken from the scaffold interface over the center of the scaffold on 

the skin side of the biomaterial interface for each sample (n=4).  For these calculations, density 

was measured in a representative area of the capsule extending from biomaterial to native 

healthy tissue with the area held constant for all treatment group quantifications.    

3.5.2.3 Differentiation of Implant Derived Stem Cells 

MSC were recovered using a subcutaneous wound chamber system, and cultured as previously 

described [151].  Briefly, the biomaterial wound chamber system consisted of PLGA conduits 

fabricated by dip-coating PLGA in 1,4-dioxane (7.5% w/v) onto Teflon rods.  Coated rods 

(1.5cm long, and 3mm inner diameter) were then frozen in liquid nitrogen and solvent extracted 

by freeze drying.  Conduits were sterilized and implanted subcutaneously as described for 

PLGA films.  After 1 week implantation, Balb/c mice were anesthetized and conduits were 

flushed aseptically with PBS to recover cells inside the conduits.  The exudate was centrifuged 

to obtain cells and recovered cells cultured in DMEM containing 20% FBS.  Non-adherent cells 

were removed after 48hrs and media replaced subsequently every third day.  Cells were 

detached using a cell scraper and replated into new 75cm2 flasks weekly for 4 weeks prior to 
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verification of phenotype by immunofluorescent staining of cells adhered to coverslips.  

Expression was verified for CD44, CD73, CD90, and CD105 for seeded coverslips. 

After verifying expression, cells were prepared for differentiation studies.  All basal 

media consisted of DMEM supplemented with 10% FBS.  To induce osteogenic differentiation 

[152], cells where cultured for 2 weeks in media containing 10-8 M Dex, 0.2mM ascorbic acid, 

and 10mM β-glycerol phosphate (Sigma Aldrich, St. Louis, MO).  Osteogenic differentiation was 

assessed by mineral deposition using Alizarin Red staining (Sigma Aldrich, St. Louis, MO).  

Adipogenic differentiation [153, 154] was induced by incubation in media consisting of 100nM 

IGF-1, 1 μM Dex, 0.5mM isobutylmethylxanthine, and 200 μM indomethacin (Sigma Aldrich, St. 

Louis, MO).  Adipogenic differentiation was assessed by Oil Red O (Sigma Aldrich, St. Louis, 

MO) staining after 2 weeks of culture.  Finally, chondrogenic differentiation was induced by 

centrifuging MSC to a pellet, and culturing the pellet in media consisting of 10nM Dex, 10ng/mL 

of TGF-β1 and 100ng/mL IGF-1 (Prospec-Tany TechnoGene, Rehovot, Israel) for 2 weeks 

[155, 156].  After differentiation, cultures were examined for chondrocytes using Alcian Blue 

(Sigma Aldrich, St. Louis, MO). 

3.5.3 Results 

3.5.3.1 Differentiation of Host-Derived MSC Recruited to Implantation Sites 

To verify the pluripotency of recruited mesenchymal stem cells, a biomaterial wound 

chamber model was used to recover these cells in vivo.  After purifying through culture and 

verifying that a portion of the cell population had an MSC phenotype, the cells were induced to 

differentiate into different mesenchymal lineages.  Under phase contrast, adherent cells 

contained a mixture of spindle-shaped cells growing in a non-colonial fashion and a separate 

smaller population of cells which also maintained a spindle shaped yet proliferated in colonies 

(Figure 3.4).  Cells from this population placed in the appropriate differentiation media, 

deposited Ca containing minerals which stained positive with Alizarin Red indicating 
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osteoblasts, formed intracellular oil droplets consistent with adipocytes, and altered to GAG 

producing chondrocytes which stained positive with Alcian Blue.  

 

Figure 3.4 Pluripotency of implant recruited MSC following biomaterial implantation.  Cells 
recovered from the biomaterial implant and purified through plastic adherence (far left) 

contained pluripotent cell populations.  These cells could be differentiated in osteoblasts 
(Alizarin Red – second from the left), adipocytes (Oil Red O – third from the left), and 

chondrocytes (Alcian Blue – fourth from the left). 
 

3.5.3.2 Homing of Intraperitoneally Injected MSC to SDF-1α Treated Scaffolds 

In order to establish whether SDF-1α release was effective at mobilizing MSC from the 

circulation, an in vivo imaging experiment with NIR labeled MSC was performed.  Imaging 24hrs 

after injection showed faint signal dispersed throughout the peritoneal space with some 

fluorescent signal near the SDF-1α treated scaffold.  No fluorescent signal was observed near 

control scaffolds at 24hrs.  At 48hrs after peritoneal injection (3 days implantation), the faint 

fluorescent signal in the peritoneal space had subsided while SDF-1α supplemented scaffolds 

were able to attract and engraft supplemented MSC based on co-localization of NIR fluorescent 

signal over the region of scaffold implantation (Figure 3.5).  In contrast, no fluorescent signal 

was detected near the untreated PLGA scaffold. 
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Figure 3.5 Preferential migration of bone marrow derived MSC to SDF-1α treated 
scaffolds.  Control unmodified or SDF-1α soaked scaffolds were implanted into the 

subcutaneous space for 2 days.  Xsite-761 labeled MSC where then injected and found to 
preferentially localize at the SDF-1α treated scaffold by 24hrs with maximal accumulation at 

72hrs as imaged for the NIR probe with Fx Pro. 
 

3.5.3.1 Expression of SDF-1α in Tissue Surrounding Scaffold Implants 

To verify bioactive local release of SDF-1α, implant cross-sections were stained using 

monoclonal antibody to CXCL12 (Figure 3.6).  Peroxidase staining shows a more prominent 

distribution of SDF-1α at the interface surrounding treated implants compared to untreated 

controls.  Interestingly, as opposed to an even distribution of SDF-1α in the interface as 

expected, SDF-1α appears to be predominantly cell-associated in both control and treated 

scaffolds.  However, the density of these SDF-1α producing cells appears qualitatively to be 

more prominent in the SDF-1α treated scaffold group. 
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Figure 3.6 SDF-1α (CXCL12) distribution in the matrix surrounding scaffold implants.  The 
distribution of SDF-1α was assessed by peroxidase staining with monocloncal antibody to 

mouse CXCL12.  The distribution of SDF-1α expression appears more predominant in SDF-1α 
treated scaffolds. 

 
3.5.3.3 SDF-1α Effects on Recruitment of Host Derived MSC to Scaffold Implantation 

Sites 
 
We next sought to determine whether scaffold treatment with SDF-1α could result in 

measurable alterations in the stem cell response to subcutaneous implant scaffolds. We find 

that biomaterial-mediated inflammatory responses stimulate the recruitment of bone marrow 

derived MSC, staining positive for SSEA-4 (FITC) and negative (Texas Red) in Figure 3.7.  After 

implantation for one week, control scaffolds (Figure 3.7) were found to have attracted 

substantially less MSC compared with SDF-1α soaked scaffolds (Figure 3.7). Specifically, the 

density of MSC surrounding SDF-1α soaked scaffolds is about 3 times higher than those 

associated with control scaffolds at both 3-day and 7-day time points (Figure 3.8). In addition to 

an increase in interface density, we also find enhanced (2-fold increase) density of MSC within 

the matrix of SDF-1α soaked scaffold compared with control scaffolds at day 7 (Figure 3.8). 

Since SDF-1α treatment improved MSC responses, and given precedent for SDF-1α 

mediated HSC chemotactic responses, we quantified the time-scale recruitment of c-kit+ HSC to 

the site of scaffold implantation using fluorescent IHC.  Consistent with MSC responses, we 

observe a progressive increase in c-kit+ cell density over the course of the implantation study  
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Figure 3.7 Visualization of MSC recruited to the interface of SDF-1α treated and untreated 

scaffolds.  The cell based expression of an SSEA-4+ CD45- phenotype was verified by 
overlapping first with DAPI.  Scaffold interfaces of control and SDF-1α treated scaffolds were 

then examined for the presence of cells having this expression and morphology.  (SSEA-4 
conjugated to FITC (green) and CD45 conjugated to Texas Red (red). 

 
 (Figure 3.9 & 3.9).  Quantification of these responses on basis of cell density reveals significant 

increase at time points of 3 days and 7 days compared to unmodified scaffolds (Figure 3.10).  

To further investigate this response, we quantified the density of other common markers used to 

identify HSC, namely CD34 and Sca-1, between SDF-1α treatment and control groups.  In 

accordance with c-kit results, we observe a significant week 1 increase in the density of both 

CD34 and Sca-1 positive cells with respect to control.  Quantification reveals a greater than 2-

fold increase consistent with c-kit+ cells at the same time point (Figure 3.10). 
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Figure 3.8 Density and kinetics of MSC recruited to the scaffold implantation site.  (A) The 
density of MSC was determined in normal skin tissue, and then quantified at the scaffold 

interfaces at Day 3 and Day 7 and analyzed for treatment effects (Two-way Repeated Measures 
ANOVA, bracket and * indicates significant treatment effect P<0.05, * above data point 

represents significance by Bonferroni test P<0.05).  (B) The MSC intra-scaffold density was also 
compared after 1 week showing enhanced MSC infiltration (Student t-test, * represents 

significance at P<0.05). 
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Figure 3.9 HSC recruitment to the biomaterial interface in SDF-1α treated scaffolds.  HSC 
recruitment was visualized through through staining for c-kit.  The total cell density was 

visualized using DAPI staining.  Control implants (A) appear to have a lower degree of HSC 
recruitment after 1 week compared to SDF-1α treated scaffolds (B). 

Figure 3.10 Recruitment density of HSC at the scaffold interface.  The density of c-kit+ cells was 
quantified in normal control skin and compared between implants at 3 and 7 days, revealing 

significantly higher c-kit cells in SDF-1α treatment group (Two-way Repeated Measures 
ANOVA, bracket and * indicates significant treatment effect P<0.05, * above data point 

represents significance by Bonferroni test P<0.05).  HSC where also assessed with other 
common markers with similar inter-group significance for CD34 and Sca-1. 
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3.5.4 Discussion 

In this study we investigated whether host derived stem cells could be triggered to 

home and engraft to scaffold implants through treatment with a stem cell chemokine, SDF-1α. 

Although SDF-1α has shown stem cell chemotactic properties in vitro [129], it has remained 

controversial as to whether MSC migration in response to SDF-1α supplementation could be 

achieved in vivo [142]. To test our hypothesis, two different strategies were employed in PLGA 

scaffolds with physical adsorption of SDF-1α for short term release.  The first was to monitor the 

migration of murine MSC injected into the peritoneum to an SDF-1α scaffold source.  The 

second was to monitor MSC density at the implantation site over a 1 week course.  In support of 

our assumption, SDF-1α was found to substantially increase the number of MSC (SSEA-

4+/CD45-) at the implantation site of PLGA scaffolds over the course of the inflammatory 

response.  Surprisingly at 2 weeks, beyond short term release by physical adsorption, we find 

the MSC density in treatment verse control group scaffolds to be roughly equivalent. 

Interestingly, we also find an increase in SDF-1α producing cells early in the inflammatory 

response.  The additional host cell mediated production of SDF-1α may be magnifying the 

effects of the initial treatment.  Cellular production of SDF-1α during the inflammatory response 

has been linked to a number of potential cells including epithelial cells, endothelial cells, 

pericytes, dendritic cells, fibroblasts, and myofibroblasts [144], in addition to stromal progenitor 

cells [146].  The reduced number of SDF-1α producing cells in the control at Day 3 may indicate 

the initial sign of an altered response occurring at the implant interface. 

In addition to enhanced MSC recruitment, we also observed increased HSC (c-kit+, 

CD34+, and Sca-1+) recruitment to SDF-1α soaked implants. HSC, along with MSC, express the 

receptor CXCR4 [129, 130] and are held in the bone marrow through CXCL12-CXCR4 

interactions [157]. The gradients of exogenous SDF-1α can lead to the stem cell mobilization 

and homing [157, 158].  Some recent studies suggest that retention signal receptors expressed 
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by stem cells such as cKit receptor, fibronectin and VCAM-1 may actually facilitate their 

residence at the injury site [137]. 

Recently, it was shown that in the absence of injury, the addition of exogenous SDF-1α 

does not stimulate stem cell migration [145].  In fact, it appears that VEGF and possibly other 

inflammatory factors may be interrelated to SDF-1α mediated responses and therefore be 

required to facilitate homing and retention of recruited stem cells in the peripheral tissue [137, 

159].  Therefore, the inflammatory stimuli due to scaffold implantation in combination with SDF-

1α is likely the factor leading to increases beyond those stem cells normally recruited to 

participate in healing.  To quantify these influences, we first set out to examine how SDF-1α and 

stem cell responses may be affecting the inflammatory response. 

3.6 The Effects of Improved MSC Responses on the Inflammatory Response to PLGA Scaffolds 

3.6.1 Purpose 

 Due to its role as a model FDA approved biomaterial and commonplace in academic 

studies, the host response to PLGA has been well characterized [44, 121, 160].  Given the 

increase in MSC and HSC responses and data suggesting their presence can influence 

inflammatory responses [161-164], we sought to analyze the histology of the implant interface to 

observe these outcomes.  The drastic differences in stem cell responses after 1 week of 

implantation led us to begin investigating the gross response and specific inflammatory cell 

response at this time point.  Our hypothesis, based on previous reports [12, 161, 162], is that 

the increase in MSC would have an influence over the composition and density of inflammatory 

cells at the scaffold interface.  In the host inflammatory response to PLGA scaffolds, a 

significant accumulation of inflammatory cells is to be expected [44, 80, 121], though increased 

MSC influence prior to and at the 1 week time point may have altered these responses. 

 

 

 



 

 72 

3.6.2 Materials and Methods 

 3.6.2.1 Histological and Immunohistochemical Evaluation of Scaffolds 

 Implants from the previous study were cryosectioned and analyzed using histology and 

immunohistochemistry.  H&E staining (Sigma Aldrich, St. Louis, MO) was used to identify cell 

and matrix characteristics of scaffold interface.  Toluidine Blue staining was used to visualize 

mast cells.  CD11b (Santa Cruz Biotech, Santa Cruz, CA), neutrophil antibody, and MOMA-2 

(AbD Serotec Raleigh, NC) staining was used to identify inflammatory cells (neutrophils, 

macrophages, and dendritic cells) and macrophages respectively.  Collagen I antibody was 

used to visualize collagen I after visualizing total collagen with Masson Trichrome staining.  

Thickness of inflammatory cell infiltrate was measure from implant to native healthy tissue on 

the skin side of the subcutaneous implant.  Cell density at the interface was quantified as 

described in the previous chapter.  For mast cell quantification, mast cells were considered 

degranulated based on the presence of extracellular granules with diminished stain intensity. 

3.6.3 Results 

 3.6.3.1 Effects of SDF-1α-mediated Stem Cells Response on Mast Cell Responses 

We next sought to examine whether these interactions had measurable effects on the 

inflammatory response.  Given that our current understanding of the mechanism of foreign body 

reactions suggests that mast cell activation and its products effect the initial recruitment of 

inflammatory cells, it is possible that SDF-1α release may also affect mast cell reactions.  To 

test the hypothesis, the densities of mast cells surrounding both scaffold groups were 

examined.  As expected, control scaffolds prompted the recruitment and degranulation of large 

numbers of mast cells (Figure 3.11 top row), especially over the course of the acute 

inflammatory response at 3-7 days. In contrast, we found that SDF-1α soaked scaffolds elicited 

substantially less accumulation of mast cells (mostly non-activated) compared with controls 

(Figure 3.11 bottom row). Quantification of density in the reaction tissue reveals a 62% and 75% 

reduction in mast cell density around the treated implants at Day 3 and Day 7 (Figure 3.11, bars 
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and asterisks Student t-test P<0.05 between treatment groups), respectively.  By Day 14, we 

observe a similar number of mast cells in the region surrounding the scaffolds.  After 5 weeks, 

control scaffolds are surrounding by a prominent layer of mast cells comprising a thickened 

matrix surrounding these scaffolds (Figure 3.12).  SDF-1α treated scaffolds have a much 

thinner interface matrix with fewer mast cells surrounding the implant.  Mast cells around control 

implants still have a degranulated morphology while mast cells in SDF-1α treated scaffolds 

have normal, unactivated mast cell morphology.  In addition, mast cells infiltrated inside control 

scaffolds also have a degranulated morphology while treatment group has fewer infiltrating mast 

cells. 
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 Figure 3.11 Mast cell behavior in the inflammatory response to SDF-1α treated 
scaffolds.  The mast cell response was observed using Toluidine Blue staining.  At each time 

point examined over the course of the first week, fewer total mast cells were observed in SDF-
1α treatment groups accompanied by fewer degranulated mast cells.  These responses appear 
to stabilize 14 days after implantation.  Quantification total mast cell density and degranulated 
mast cell density reveals significant differences among treatment group (Two-way Repeated 
Measures ANOVA, bracket and * indicates significant treatment effect P<0.05, * above data 

point represents significance by Bonferroni test P<0.05). 
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Figure 3.12 SDF-1α alters downstream mast cell responses.  The mast cell response was also 
examined after 5 weeks implantation.  Control scaffolds have a prominent thickening of the 

interface characterized by a prominent layer of mast cells outside the capsular region, in 
contrast to SDF-1α having a thinner interface a decrease mast cell density.  Interfaces of control 
implants still contain degranulating mast cells while treatment interfaces have stable mast cells 

at the interface.  In addition, degranulated mast cells are observed within the scaffold cross-
sections of control scaffolds while intra-scaffold mast cells are less prominent in treatment 

group. 
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3.6.3.2 Effects on Macrophage and Neutrophil Responses and Implant Infiltration  

Since inflammatory cells are the major component of the fibrotic capsule surrounding 

biomaterial implants, and their participation may be linked to mast cell activation, we 

hypothesized that altering the stem cell and mast cell responses may reduce the accumulation 

of inflammatory cells (CD11b+ cells) at the implant interface.  In addition, these interactions may 

also effect the infiltration of inflammatory cells into the scaffold.  As expected, examination of 

scaffold interiors at Day 3 reveals infiltration of neutrophils and macrophage (Figure 3.13).  The 

extent of these responses is similar between treatment groups.  However, at Week 1, these cell 

responses begin to diverge.  Control scaffolds appear infiltrated by predominantly neutrophils 

while SDF-1α scaffolds are predominantly infiltrated with macrophages (Figure 3.14).   

Since intra-scaffold response quantifications may be potentially be affected by section 

depth differences and local porosity, we next focused on the implant interfaces where a more 

uniform response could be quantified.  Indeed, control implants were found to have a thick, 

dense band of CD11b+ cells while SDF-1α soaked implants have a substantially reduced 

density of inflammatory cells (Figure 3.15). By quantifying the cell density, we find that SDF-1α 

soaked implants elicited little influence on inflammatory cell recruitment at day 3. However, 

SDF-1α release profoundly reduced inflammatory cell accumulation, 3-fold less than control 

implants after one week of implantation.  
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Figure 3.13 Neutrophil and macrophage infiltration 3 days after implantation.  Antibodies 
specific for neutrophils and macrophages were examined using immunofluorescence staining 

with Texas Red.  SDF-1α have a more prominent degree of neutrophil infiltration into the 
scaffold.  However, macrophage infiltration appears similar between treatment groups. 
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Figure 3.14 Neutrophil and macrophage infiltration 7 days after implantation.  One week after 
implantation, the prominence of neutrophils has greatly increased in control scaffolds, while 
decreasing in SDF-1α treated scaffolds.  Interestingly, the number of macrophages inside 

control scaffold has also been significantly reduced, while SDF-1α have prominent macrophage 
infiltration. 
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Figure 3.15 Buildup of inflammatory cells at the scaffold interfaces.  Inflammatory cells (based 
on CD11b expression) where characterized at the implant interface and visualized with 

immunofluorescence conjugating to Texas Red.  Visualization reveals a much higher density in 
control scaffolds.  Quantification on the basis of cell density at the interface also reveals a 

significant differences between treatment groups as the inflammatory response progressed 
(Two-way Repeated Measures ANOVA, bracket and * indicates significant treatment effect 

P<0.05, * above data point represents significance by Bonferroni test P<0.05). 
 

3.6.3.3 Influence of Altered Inflammatory Cell Responses on the Histology and 
Population of Cell at the Implant Interface  

 
With mast cell responses significantly altered at Day 3, we began our histological 

assessment at at this point and additional examined histology at Weeks 1, 2, and 5.  At Day 3 

(Figure 3.16) H&E staining reveals on a modest influence in interface histology.  SDF-1α treated 

scaffolds have a slightly lower cell density at the interface and a slight reduction in the thickness 

of the inflammatory cell infiltrate between the scaffold and native tissue.  In addition, H&E 
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staining of the control scaffold cross-section shows very little matrix staining inside the scaffold 

despite detection of neutrophils and macrophages by immunofluorescenece.  However, SDF-1α 

cross-sections have a higher degree of cell infiltration and some matrix deposition already 

beginning inside the scaffolds.  As indicated by the area on the SDF-1α cross-section image, 

cells can observe penetrating through a surface pore into the interior pororsity of the scaffold 

establishing a network of cell:cell interactions which allow the cells to distribute throughout the 

open pore in the cross section.   

 

Figure 3.16 Histological characterization of scaffold interface and cross-section after 3 days.  
H&E staining reveals SDF-1α has a reduced cell accumulation at the interface which is 

accompanied by increase cell infiltration into the cross-section. 
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We next examined the histology of the scaffold at Week 1.  Since inflammatory cells, 

especially CD11b+ macrophages, at the interface participate in the formation of granulation 

tissue and subsequent fibroblast interactions, we hypothesized that the observed differences in 

CD11b+ inflammatory cells and stem cells may have exerted a more profound influence on 

interface histology between treatment conditions.   First, as anticipated, we found that SDF-1α 

soaked scaffolds exert substantially less inflammatory cell infiltration and granulation tissue 

formation than control scaffolds at day 7 (Figure 3.17).  Untreated scaffolds have a thick band of 

infiltrated cells surrounding the scaffolds, accompanied by a more prominent eosin stain 

indicating a higher degree of matrix production consistent with the initial formation of granulation 

tissue.  Treated implants have a 2 fold reduction in thickness of the inflammatory infiltrate and a 

~1 fold decrease in cell density (Figure 3.17) compared to control implants.  In addition, the 

density of cells inside the interface is significantly higher in control scaffolds (Figure 3.17). 

Using our calculation of the cell density at the Week 1 time point as well as previous 

calculations of the stem cell and inflammatory cell densities at the implant, we developed a cell 

composition histogram.  Cells which were not identified through positive expression of stem cell 

markers and the general inflammatory cell marker CD11b were assumed to be implant 

associated fibroblasts.  Using H&E stained cross-sections, spindle shaped cells in the interface 

were estimated based on density and closely estimated the unaccounted percentage of cells left 

over from subtracting stem cell and inflammatory cell densities.  Thus this residual density was 

defined and plotted in the histogram as fibroblasts.   In control scaffolds at week 1, the scaffold 

interface was composed of approximately 75% inflammatory (CD11b+) cells and fibroblasts 

(residual spindle shaped cells of the interface which do not stain positive for the specified 

marker set).  In contrast, implants treated with SDF-1α prior to implantation leads to a week 1 

interface with approximately 75% composition of MSC and HSC.   
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Figure 3.17 Characterization of granulation tissue at the interface of SDF-1α treated scaffolds.  
H&E staining shows a prominent infiltration of cells around the fibrotic region encompassing the 

control implant interface.  However, SDF-1α treated implants appear to have a reduced 
infiltrated cell load and less prominent spindle shaped encapsulating layer.  Quantification 

reveals significant decreases in thickness and density parameters (Student t test, * represents 
significance at P<0.05).  Using the quantified implant interface density, the populations of 

examined cell populations was estimated and reveals a significantly different population of stem 
cells, inflammatory cells, and fibroblast between implant treatment conditions (ANOVA, * 

represents significance at P<0.05). 
 

 Next, we examined the cross-sections of 1 Week scaffold implants with regards to cell 

infiltration and intra-scaffold matrix deposition (Figure 3.18).  Control scaffolds have a slight 

increase in the penetration depth compared with the previous Day 3 time point, advancing 

approximately 500µm into the scaffold cross-section.  However, as observed at Day 3 in treated 

scaffolds, the addition of SDF-1α to the scaffolds has influenced cell infiltration as cells 

consistently could be identified at deeper depths within the scaffold, greater than 1mm within 

the cross-section.  In addition, the infiltrated cells had a fibroblast-like morphology observed 
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from eosin staining cell projections which connected these cells and formed networks covering 

some of the interior scaffold pores. 

 

Figure 3.18 Comparison of 1 week cell infiltration among scaffold treatment groups.  Scaffold 
cross-sections were H&E stained than examined for intra-scaffold cell pockets.  The penetration 
of cells in control scaffolds was restricted to the first few pore layers in depth form the skin side 

of scaffold implant.  However, SDF-1α scaffolds had far deeper cell infiltration extending 
multiple pore layers inside the scaffold matrix. 

 
 Though we did not find significant alterations in the MSC response between scaffold 

treatment conditions beyond the first week of implantation, the growing difference in implant 

histology led us to consider whether SDF-1α : MSC interactions could continue to influence 

foreign body response downstream.  We began by again assessing the interface between the 

scaffold and native tissue at Week 2 (Figure 3.19).  Interestingly, we see similar trends 

progressing from the previous week.  SDF-1α treated scaffolds have a persistent reduction in 

the thickness and density of cell surrounding the scaffold implants.  Prominent eosin staining in 

control implants is becoming more organized and reminiscent of the initial stages of fibrosis, 
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while SDF-1α scaffolds do not stain prominently with eosin at the interface.  Surprisingly, we 

instead find new blood vessels running throughout the skin side of the interface (indicated by 

arrow) of SDF-1α scaffolds.  This led us to consider whether differences in cell infiltration may 

have been influenced by the differences in vessel formation between treatment groups.  To 

qualitatively assess this, we again looked at the cell infiltration into the scaffold.  A series of 

H&E images were taken of each implant, in order to completely comprise the cross-section, 

which were then assimilated into a mosaic image of the entire cross-section.  Both scaffolds 

have a corona shape of cell infiltration around the scaffold cross-section.  However, the SDF-1α 

treated scaffolds appear to have a higher degree of intra-scaffold penentration, though cores 

are still readily observeable in both treatment conditions.  Another observation from these 

histology mosaics, is the severe cross-sectional degradation associated with the untreated 

scaffolds.  This can be observed by the shape of the cross-section (triangular) which has been 

worn down from the square cross-section of the original implant.  Interestingly however, there 

appears to be less cross-sectional wear on the SDF-1α, again accompanied by a higher degree 

of cell infiltration. 

 Given these observations, we considered whether CD11b+ cells (of which a significant 

portion of cells are likely macrophages) are likely still distinct between treatment conditions 

given the still prominently dense cell infiltrate and cross-sectional wear differences between 

treatment conditions.  For reference, mast cell images and density graphs from Week 2 are 

included (Figure 3.20) at which point we observed a return to similar mast cell density and 

activation state between treatment conditions.  As expected, we still find a more prominent layer 

of CD11b cells in untreated implants compared with SDF-1α.  The difference in CD11b+ 

responses at the interface remains statistically significant between treatment groups at Week 2.   
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Figure 3.19 Cell behavior at the interface and within the scaffold cross-section 2 weeks after 
implantation.  Multi-cell thick bands of cells tightly packed around the interface of control 
scaffolds is observed.  Cross-sections show a prominent void within the scaffold with cell 

infiltration corona limited to the exterior edge.  In contrast, SDF-1α treated scaffolds have a 
reduced cell density and less cell packing at the interface.  Vessels can also be observed inside 

the interface between the scaffold and native tissue (arrow).  Vertical bands of cell infiltration 
extend prominently from the muscle interface beyond the center of the scaffold.  Though more 

irregular, cell infiltration can be observed at deeper depths compared to control scaffolds.  
Overall wear on the rectangular shaped implant cross-sections also appears higher in control 

scaffolds. 
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Figure 3.20 Inflammatory cell stabilization in week 2 scaffold interfaces.  Mast cell (Toluidine 
Blue) and inflammatory cell (CD11b) populations were analyzed between scaffold groups.   By 

week 2, less drastic differences in both mast cell and CD11b divergence is evident.  These 
responses were quantified and added to kinetic plots, which indicates this pattern in total mast 

cells, degranultated mast cells, and CD11b+ inflammatory cells.  
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3.6.3.4 Short-Term Scaffolds Treatment with SDF-1α Affects Long Term Fibrotic 
Responses 

 
Our primary focus for this study was to correlate whether increasing stem cell 

responses to scaffold implants could have effects on fibrotic interactions.  Given the substantial 

alterations in inflammatory cell responses, improved cell infiltration, and reduction in cell 

infiltrate around the implants throughout the inflammatory response, we believed this approach 

should have been successful at providing some influence over fibrotic reactions downstream.  

To examine these influences, 5 Week scaffold implants were H&E stained to analyze the 

cellular composition at the interface and intra-scaffold, Masson Trichrome stained to visualize 

collagen deposition, and stained with anti-collagen I antibodies to examine cell distribution 

relative to collagen production (Figure 3.21). 

As expected from previous histology trends, the interface between untreated and 

treated scaffolds is substantially altered at 5 weeks.  Control scaffolds are surrounding by a 

thick encapsulating layer of cells within prominent bands of eosin stain while SDF-1α treated 

scaffolds have a substantially reduced cell density with a faint eosin stain.  Masson Trichrome 

staining of control interfaces shows deep blue patches and bands of collagen disorganized 

throughout the interface.  In contrast, SDF-1α have fewer deep blue staining areas, instead 

having well organized, but faintly blue bands of collagen running parallel to the scaffold 

interface.  Collagen I staining of control scaffolds shows prominent staining (FITC 

immunofluorescence).  Finally, H&E images were aligned into a mosaic to display a high 

resolution view of the scaffold cross-section (Figure 3.22).  As expected, control scaffolds are 

mostly acellular inside the scaffold with high matrix deposition while treated scaffolds have a 

higher degree of cell infiltration visible through the pore structure accompanied by a lower 

degree of acellular matrix deposition.  However, cell infiltration ceases toward the extreme 

muscle side of the scaffold. 
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Figure 3.21 SDF-1α treated scaffolds have reduced fibrotic responses at 5 weeks after 
implantation. Compared to control scaffolds, SDF-1α scaffolds have a reduced cell density at 
the implant interface and a passive transition from healthy tissue to the scaffold in comparison 

of H&E stains.  Masson Trichrome staining reveals thin organized collagen bands at the scaffold 
interface of SDF-1α scaffolds compared to the thick disorganized collagenous matrix in control.  

Finally, staining with Collagen I reveals only minor expression at SDF-1α interface with 
prominent expression bands are observed in controls. 
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Figure 3.22 Mosaic image of H&E stains in a column through the center of the scaffold.  
Prominent fibrotic interfaces can be observed in control scaffolds with heavy collagenous matrix 

deposition.  However, in SDF-1α scaffolds, cells infiltrate throughout scaffold pores in a more 
organized manner with little fibrotic encapsulation observed at either interface. 
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3.6.4 Discussion 

In this implantation study, we examined the influence of SDF-1α and SDF-1α-mediated 

stem cell responses on the biomaterial-mediated inflammatory response.  Recently, it was 

shown that in the absence of injury, the addition of exogenous SDF-1α does not stimulate stem 

cell migration [145].  Therefore, the inflammatory stimuli due to scaffold implantation in 

combination with SDF-1α is likely the factor leading to increases beyond those stem cells 

normally recruited to participate in healing.  Having improved the stem cells response, we 

analyzed components of the inflammatory response in comparison to their normal biomaterial 

mediated responses to unmodified PLGA scaffolds. 

We began by investigating the mast cell response as their degranulation at the 

implantation initiates the first wave of inflammatory cell responses [40].  Interestingly, our results 

show a substantial alteration in both the total mast cell response (3-4X times less prominent in 

SDF-1α treated scaffolds) as well as the degree of mast cell activation (3-4X fewer activated 

cells in SDF-1α scaffolds).  These alterations remain constant and significant up to 2 weeks 

after implantation.  Previous studies have shown that reducing the products of mast cell 

activation can lead to a decrease in inflammatory cell responses [39, 40].  Unfortunately, there 

has been very little work relating MSC and HSC responses to mast cell behavior in vivo. One 

study however has shown that MSC conditioned media as well as MSC supplementation can 

accelerate wound healing responses and these responses were linked to an increase in c-kit+ 

endothelial progenitor cells [165], in agreement with our finding of SDF-1α increasing c-kit cell 

density.  Of interest, this report and other studies also showed that MSC conditioned media 

contained higher amounts of SDF-1α along with other chemokines and growth factors [146, 

165, 166].  However, these studies did not specifically investigate mast cell responses to these 

treatments.  One of the few studies which does showed that administration of MSC did not 

substantially increase the number of mast cells, though this study was not conducted with 

mouse MSC and was performed in the brain [167]. 
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There have been published reports on the influence of SDF-1α directly on mast cell 

behavior [168-170], though SDF-1α-mediated reduction of mast cell reactions appears to be 

due to interactions for which a detailed mechanism has not yet been developed.  Receptor 

expression studies have shown that mast cell progenitors express CXCR4 [170] and both 

mature and progenitor mast cells respond to SDF-1α gradients in vitro [171].  This suggests that 

CXCR4 may be, at least partially, responsible for mast cell chemotaxis to peripheral tissues 

[172].  However, in this study we find decreased mast cell numbers in the local response around 

the implant and reduction in activation.  In support of this finding, recent evidence has shown 

that mast cell treatment with SDF-1α in vitro does not stimulate degranulation [173], instead 

selectively stimulates production of IL-8, a mast cell product responsible for initiating neutrophil 

chemotaxis to the site of inflammation [174].  This finding led us to subsequently investigate 

CD11b (expressed by both mature neutrophils and macrophages) as well as specific neutrophil 

and macrophage responses using markers specific to these cell types.  

Shortly after implantation, macrophages can be found infiltrating to the implantation site 

and within the scaffold pores, as expected.  In accordance with study of Lin et al. [168], we find 

a more prominent neutrophil infiltration inside the SDF-1α scaffolds, though quantification of this 

density was insignificant at Day 3.  Interestingly however, at approximately the same time when 

MSC infiltration between treatment groups begins to deviate, we find substantial differences in 

the CD11b cell responses.  At 1 week after implantation, the number of neutrophils inside 

control scaffolds increases while those inside SDF-1α appears to decrease, accompanied by an 

apparent decrease in macrophages inside control scaffolds.  At the SDF-1α implant interface, 

we were surprised to find a significant decrease in the density of inflammatory (CD11b+) cells in 

the subcutaneous space around the implant.  A previous study investigating MSC 

supplementation have shown increases in macrophages (which express CD11b) to the wound 

site after MSC administration [165].  Interestingly however we find that increases in these two 

cell populations (neutrophils and macrophages) over a week foreign-body mediated 
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inflammatory response was actually reduced.  However several lines of evidence suggest that 

SDF-1α in coordination with other growth factors may contribute to facilitating macrophage 

differentiation in a manner which improves wound healing responses by increasing 

angiogenesis [163, 175].  This possibility was assessed in later studies of this dissertation. 

This shift in inflammatory cell responses appears to have consequences on the 

development of granulation tissue, and is likely related to findings which have shown that SDF-

1α may coordinate the transition from inflammation to the initiation of tissue repair [176].  In the 

context of this first week response, we consistently observe a thicker (3X) and denser (2X) cell 

response at the interface in control scaffold with a reduced infiltration of fibroblast-like cells into 

the scaffold (observed as having large cytoplasmic extension by Eosin Y staining).  In addition, 

examination of cell populations shows a significant shift from a predominant inflammatory cell 

and fibroblast population in control implants to include substantially more stem cells in SDF-1α 

scaffolds and thus a reduction in fibroblast and inflammatory cell numbers and percentage.  It is 

possible that since foreign body reactions are initiated by implant-associated mast cell 

recruitment and activation [40], that exogenous SDF-1α may directly or indirectly alter the extent 

of mast cell responses, leading to a stage whereby stem cells impart influence over the 

development of the inflammatory response, as shown in previous supplementation studies 

[165].  Next we analyzed whether these upstream influences could indeed translate to 

downstream responses including the buildup and development of fibrotic tissue around the 

scaffold implants. 

Despite the limited quantity and delivery period of SDF-1α, the preliminary influence 

over the inflammatory response and subsequent stem cell responses translate into many 

downstream alterations in fibrotic responses. Extending outside our intended evaluation period 

(5 weeks implantation), we find a thinner, less dense cell infiltration around SDF-1α treated 

scaffolds as well as a profound decrease in eosin banding at the interface around the implant.  

This was accompanied by the appearance of vessels at the SDF-1α scaffold interface and 
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higher degrees of cell infiltration.  As previously discussed SDF-1α has been linked with 

improved angiogenic responses [137, 175], in addition to this we hypothesized that, based on 

the reduced eosin staining bands in the interface tissue, that SDF-1α and the improved MSC 

response may also be modulating fibrosis.  In addition to the histological appearance of the 

interface, the increase in cell infiltration seems to support this hypothesis.  To address this, we 

observed the responses further downstream after 5 weeks of implantation. 

After extended implantation, mast cell staining reveals a drastic difference in the 

thickening of the tissue around the implantation site and is characterized by an accumulation of 

mast cells in this region and an ongoing state of mast cell activation in control PLGA scaffolds.  

Tissue thickening and the mast cell agitation do not appear to the same degree in SDF-1α 

treated scaffolds.  At least one study has linked continued mast cell agitation with chronic 

inflammation and fibrosis due to stimulation of fibroblast proliferation and collagen synthesis by 

tryptase, chymase, and histamine in the granular content [177].  In agreement with these 

findings, we find a higher degree of total collagen around untreated implants combined with a 

high density of collagen I producing cells inside the fibrous layer surrounding the implants.  

Type I collagen is prominently produced by fibroblasts and myofibroblasts and, based on its 

prominence and structure around the implant, signifies fibrotic encapsulation [178].  In addition, 

fibrosis is of considerable concern in TE as it can limit cell infiltration and reconstitution of the 

matrix due to permeability and nutrient restrictions [15, 16, 179].  The lower degree of fibrotic 

encapsulation in SDF-1α afforded a higher degree of cell infiltration in comparison to control 

scaffolds which have restricted cell infiltration and an acellular matrix appearance inside the 

scaffold architecture. 

Treatment of scaffolds with SDF-1α was highly successful in increasing stem cell 

participation at the scaffold interface and modulating the inflammatory response thereby 

reducing fibrotic encapsulation of the scaffold implants.  This was accompanied by an increase 

in cell infiltration beyond that normally observed with PLGA scaffolds [121, 160].  However, this 
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study investigated the responses due to a relatively short term low dose delivery of SDF-1α.  

We hypothesized that alternative delivery strategies may improve responses based on a few 

different observations from this study.  First, SDF-1α altered mast cell responses for a period of 

time consistent with the release duration expected from physical adsorption and soaking of the 

scaffold.  In addition, MSC responses were also increased for duration consistent with this 

period.  This led us to speculate whether controlled delivery may further improve host stem cell 

responses and modulate inflammation improving wound healing and reducing fibrosis. 

Alternatively, our results support that maximal biomaterial induced MSC response occur 

at approximately 1 week after implantation.  In the normal physiological response, SDF-1α 

levels reach a maximum tissue concentration post injury approximately 4-7 days after injury 

[180, 181], which hypothetically constitutes a major contributor to subsequent stem cell 

responses.  Given this, we also considered whether delaying SDF-1α release to correspond 

with the physiological mechanism may scale this response.  Based on mast cell responses to 

SDF-1α treated implants, and given that mast cell influence appears to predominate only during 

the first few days post implantation, delaying delivery until after mast cell response would also 

allow us to analyze the influence SDF-1α mediated mast cell responses. 

3.7 Influence of SDF-1α Dosing Time and Duration on Biomaterial Mediated Tissue Responses 

3.7.1 Purpose 

 The previous study confirms the utility of SDF-1α as a means to modulate host stem 

cell responses in the foreign body response to biomaterials.  Based on this study, some 

mechanistic hypothesis governing these responses emerged regarding delivery time post 

implantation and duration of delivery.  In this study, we set out to examine whether SDF-1α 

supplementation following mast cell responses led to a more prominent host response.  In 

addition, controlled release of SDF-1α at the implantation site over a 2 week period was 

investigated using slow release mini-osmotic pumps. 
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3.7.2 Materials and Methods 

 3.7.2.1 SDF-1α Scaffold Supplementation 

 To verify whether delayed delivery enhanced SDF-1α-mediated effects, PLGA scaffolds 

were implanted subcutaneous as previously described and Balb/C- scaffold bearing mice were 

then returned to housing.  Following implantation for 3 days, scaffolds were supplemented with 

100µL SDF-1α solution at 100ng/mL (noted in figures and graphs as D3).  Animal study 

procedures were otherwise as previously outlined.  After 7 days, scaffolds were removed and 

analyzed for cellular composition. 

 3.7.2.2 Controlled Delivery of SDF-1α from PLGA Scaffolds 

 To achieve long term release, 2 week delivery mini-osmotic pumps (Alzet Model 1002, 

Alza Corporation, Palo Alsot, CA) delivering SDF-1α at a rate of 0.25ng/hour were connected to 

the scaffold via a polyvinyl chloride catheter (Alzet, Durect Corporation, Cupertino, CA) were 

inserted into the center of the scaffold (5 x 5 x 5 mm). Control scaffolds received sterile saline 

via osmotic pump.  Pump-connected scaffolds were then implanted subcutaneous on the back 

of Balb/C mice with mice receiving only 1 scaffold treatment grouped at n=4 per treatment 

condition.  After 2 weeks implantation, scaffolds were recovered and analyzed.   

3.7.2.3 Histological and Immunohistochemical Evaluation of Scaffolds 

Recovered implants were embedded and cryosectioned as outline in previous sections.  

In addition to characterizations outline in previous sections, MSC phenotype [182] was further 

validated by examining immunofluorescent co-expression of CD90, CD44, CD105, CD73 (Santa 

Cruz Biotech, Santa Cruz, CA).  Vessel formation around and inside the scaffolds was verified 

using antibodies to laminin and CD31 to identify vessel basal lumina[183] and endothelial 

cells[163] respectively.  Endothelial progenitor cells were identified by co-expression of CD34 

and CD133 as previously described [184].  Masson Trichrome staining was used quantify 

collagen deposition and additionally was used to examine vessel formation by comparing stains 

with erythrocyte autofluorescence detected on FITC emission channel [185]. 
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3.7.2.4 Inflammatory Protein Array 

The profile of inflammatory protein production by implant-associated cells was 

determined using mouse cytokine antibody array III (Raybiotech, Norcros, GA) compared with 

control implants (n=3). Briefly, 30 slices of tissue sections from both control and treated groups 

were incubated with lysis buffer at -80°C 30 minutes followed by 30 minutes at room 

temperature for 3 cycles to extract proteins produced by cells adjacent to the implants.  The 

protein concentrations in each sample were then determined using bicinchoninic acid (BCA) 

assay (Thermo Fisher Scientific Pierce Protein Research Products, Rockford, IL) as 

recommended by the manufacturer. For the antibody array, 50 µg of each protein sample was 

used in the mouse cytokine antibody array III, following manufacture’s instruction. Finally, the 

slides were subjected to image analysis by Axon GenePix 4000B microarray scanner 

(Molecular Devices, Sunnyvale, CA) using Cy3 channel. The ratio of relative expression of SDF-

1α treated scaffolds was calculated after subtraction of the background intensity and 

comparison with untreated controls. The fluorescence ratio for each spot was further processed 

to identify the species of up-regulated and down-regulated cytokines/growth factors.    

3.7.3 Results 

 3.7.3.1 Effects of Delayed SDF-1α Delivery on Stem Cell and Inflammatory Cell 
Responses 
 

We first quantified the effects of delaying SDF-1α until after peak mast cell 

degranulation to more closely correspond with peak physiological injury responses.  Explant 

analysis at Day 7 reveals unexpectedly that delayed delivery leads to an intermediate response 

compared to control and scaffolds treated with SDF-1α prior to implantation (labeled as D0) 

(Figure 3.23).  SDF-1α treatment at Day 0 and Day 3 resulted in a significant increase in MSC 

engraftment at the scaffold interface compared to no treatment, though differences between 

SDF-1α treatment intervals were not significant.  However, delaying the chemokine until Day 3 

resulted in an intermediate CD11b+ inflammatory cell response, significantly less than control 

yet greater than treatment prior to implantation. 
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Figure 3.23 Delayed SDF-1α delivery results in intermittent MSC and inflammatory cell 
responses.  Delayed delivery of SDF-1α until day 3 improves SSEA-4+ CD45- density compared 
to no treatment.  In addition, CD11b+ cell density also appears reduced compared to controls.  

Quantification reveals that these increases were significant with respect to control (bracket with 
* represents significant ANOVA at P<0.05, Dunnet test for control comparison significance 
indicated by * above bar plot P<0.05), while delaying SDF-1α delivery resulted in similar 

recruitment compared to soaking before implantation (insignificant Bonferroni intergroup test).  
However, soaking before implantation resulted in a more dramatic decrease in CD11b cell 
responses compared to delayed delivery (significant Bonferroni intergroup test indicated by 

bracket between two data groups with *, P<0.05).   
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3.7.3.2 Controlled Release of SDF-1α from Scaffold Implants 

To analyze cellular and tissue response parameters beyond 7 days, scaffolds were 

implanted with either saline mini-osmotic pumps as control or pumps delivering SDF-1α at 

100ng/mL for 2 weeks.  As expected, the controlled delivery of SDF-1α was able to increase 

and extend the engraftment of MSC at the scaffold implantation site (Figure 3.24).  

Immunofluorescent staining also revealed a significant population of c-kit+ and CD34+ stem cells 

in the peri-implant region.  Since SSEA-4 expression is characteristic of embryonic-like stem 

cell isolated from the bone marrow [186, 187], we additionally examined markers more 

consistent with literature on MSC phenotype [182].  The interface of SDF-1α treated scaffold 

implants also contains significant quantities of cells co-expressing these markers.  

Quantification of MSC density revealed an increase more dramatic than pretreatment studies, 

with the density and percentage of MSC in the SDF-1α approximately 3X higher for both 

parameters (Figure 3.25).  Interestingly though, the density and percentage of c-kit+ was not 

altered between treatment groups at week 2 as observed in week 1 of pretreatment studies. 
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Figure 3.24 Stem cell expression at the interface of SDF-1α pump scaffolds.  MSC expression 

of SSEA-4 (FITC-green) and CD45 (Texas Red – red) showed significant accumulation of MSC 
at scaffold interfaces.  HSC expression of c-kit (FITC-green) and CD34 (Texas Red – red) 

showed cells expressing both HSC markers independently, as well as some with overlap of both 
markers.  MSC at the scaffold interfaces also overlapped for many other MSC markers including 

CD90 (FITC – green) with CD44 (Texas Red – red) and CD105 (FITC – green) with CD73 
(Texas Red – red).  
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Figure 3.25 Quantified stem cell responses in SDF-1α pump scaffolds.  Plotting the density and 
percentage of MSC reveals significant differences in both parameters after 2 weeks 

implantation (* indicates significant Student t tests, P<0.05).  However, there was little quantified 
variation in c-kit expression between treatment groups. 

 
Similar to pre-implantation soaking, we observe an altered mast cell response around 

the scaffold implants after 2 weeks.  In the absence of SDF-1α, control scaffolds were 

surrounded by degranulated mast cells.  However, the SDF-1α pump implants had a reduced 

total presence of mast cells and very few degranulated mast cells (Figure 3.26).  These 

differences were quantified as a 59% reduction in mast cell response and a 75% decrease in 

degranulated mast cells at day 14 with respect to control implants.   

Given that current models of biomaterial-mediated inflammatory responses suggest 

long-term effect of macrophages on foreign body reactions [16, 46, 72, 83], we used antibodies 

specific to murine macrophages as an additional comparison against the more general CD11b+ 

marker which may include other cell types such as neutrophils.  The density of CD11b+ cells at 

the implant interfaces is much higher in control scaffold compared to SDF-1α pumps (Figure 
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3.26), similar to pretreatment studies.  As expected, this trend is also apparent with regard to 

macrophages, as control scaffolds have a higher density of macrophages surrounding implants 

compared to SDF-1α scaffolds which have a lower density, with distribution restricted to small 

pockets long the skin side of the scaffold interface. 

We next examined the relationship which emerged in soaked studies between MSC 

responses and CD11b+ inflammatory cell responses.  Interestingly, the same stem cell : 

inflammatory cell trend was present in the pump implants as previously witnessed in 

pretreatment implants, where MSC density is elevated with reduced inflammatory cell density 

with respect to control at 2 weeks.  In addition, comparison of the inflammatory cell density 

between control saline and SDF-1α mini-osmotic pumps reveals a significant decrease with 

respect to untreated control. 
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Figure 3.26 Effects of controlled SDF-1α release on inflammatory cell responses.  Extended 

SDF-1α release was able to significantly reduce the density of both total and degranulated mast 
cells compared to control (* indicates significant Student t test, P<0.05).  The density of CD11b 
cells and macrophage (assessed by MOMA-2 expression) were also less prominent in SDF-1α 
group.  Plotting of CD11b and SSEA-4+ CD45- cells reveals an inverse trend similar to soaking 

studies, with significantly altered values (* indicates significant Student t test, P<0.05). 
 

Similar to the previous study, we next examined how these altered inflammatory cell 

response may be affecting the host response at the scaffold interface and interior.  Histological 

analyses show onset of granulation tissue in control implants with a multi-cell thick leukocyte 

and fibroblast layer forming between the implants and surrounding tissue (Figure 3.27).  In 

contrast, SDF-1α pump implants have reduced cell density and a less organized tissue capsule 

around the implants.  Interestingly, we also found a 35% reduction in capsule thickness (data 

not shown) and 60% reduction in capsular cell density in SDF-1α pump connected implants.  In 
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conjunction with the absence of this multi-cell thick granulation tissue, SDF-1α pump implants 

also had many vessels organized throughout the interface between the native tissue and the 

scaffold.  Notably, this vessel formation in the interface at 2 weeks was less evident in control 

scaffolds. 

 

Figure 3.27 Controlled SDF-1α delivery reduces interface density and increases interface 
vessel formation.  Similar to soaking studies, SDF-1α led to a decreased cell density at the 
interface, with less packed spindle shaped cells stacked above the scaffold interface.  In 

addition, budding vessels could be identified in close proximity to the scaffold interface in SDF-
1α scaffolds.  Quantification of the cell density at the interface revealed significant differences 

between treatment groups (* indicates significant Student t test, P<0.05). 
 



 

 104 

 Having seen decreased inflammatory cell density and increased angiogenesis at the 

scaffold interface, we expected to find an increase in cellular infiltration into the scaffold.  

Indeed, we find substantial vertical and horizontal cell infiltration into scaffold resulting in only a 

small central area of the scaffold acellular at week 2 (Figure 3.28).  Closer inspection reveals 

large bands of cells branching throughout the interconnected porosity of the scaffold.  These 

bands appear to seamlessly transition from the interface of the scaffold through surface 

porosity, as opposed to the termination of cell infiltration at the fibroblast layer surrounding 

control scaffolds. 

 

Figure 3.28 Histology of 2 week SDF-1α pump implants.  H&E staining of scaffold cross-
sections showing significant vessel formation and cell infiltration into the scaffold.  Magnified 

view of the scaffold core shows cells infiltrated throughout the porous structure of the scaffold.  
Magnified view of scaffold interface depicts a low density interface without hallmark signs of 

fibrotic encapsulation. 
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As previously mentioned, 2 week control implants were characterized by a thick 

encapsulating cell layer as part of the developing fibrotic tissue around the scaffold implants.  

However, SDF-1α consistently altered these cellular responses.  Specifically in all cases SDF-

1α administration from onset was accompanied by an increase in MSC at the interface and 

decrease in CD11b+ cells.  These implant interfaces are normally dominated by CD11b+ during 

the acute and chronic inflammatory responses.  These trends led us to consider that the 

differences in CD11b+ cell responses and macrophage responses may be due to altered 

activation of the macrophages, leading to macrophage participation in other aspects of wound 

healing.  Though we have previously investigated both CD11b+ cell responses and macrophage 

responses independently, and qualitatively noticed a smaller than usual percentage of 

macrophage relative to total CD11b+, we employed co-expression of the two markers to verify 

this finding (Figure 3.29).  Indeed we find that roughly half of the already reduced density of 

CD11b+ cells co-express the macrophage marker MOMA-2.  Recent evidence suggests that 

bone marrow-derived macrophages participate in angiogenesis and lymphogenesis at the sites 

of inflammation [50, 188].  We thus investigated the potential role of bone marrow-derived 

macrophages in scaffold-associated tissue responses based on the co-expression of CD11b+ 

VEGFR-1+ (mononuclear myeloid cells with the capacity to induce proangiogenic activities) [50] 

and CD11b+ LYVE-1+ (macrophages which participate in lymphangiogenesis in healing tissue) 

[188].  Interestingly, we observed little participation of these specialized CD11b+ VEGFR1+ 

macrophages in control implants.  However, at sites of vessel formation in SDF-1α treated 

implants we observe co-staining identifying these cells in the presence of budding vessels.  In 

addition, we see a few CD11b+ LYVE-1+ cells in control scaffolds, with these cells expressed at 

specific locations throughout the interface in SDF-1α treated implants.   
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Figure 3.29 Analysis of macrophage and macrophage phenotypes at the tissue interface.  The 
percentage of macrophages at the implant interface was visualized by double staining for 

CD11b and MOMA-2, representing dually expressed markers for macrophages.  These cells 
represent a slight majority of CD11b+ cells at the implant interface.  Further analysis of 

macrophage phenotype which participate in wound healing processes reveals prominent 
expression of CD11b (FITC – green) VEGFR1 (Texas Red – red) and CD11b (FITC – green) 

LYVE-1 (Texas Red – red) positive macrophages in SDF-1α treatment group.  
 

Since the interfaces of SDF-1α treated scaffolds showed increased vessel formation at 

the interface along with the presence of macrophage phenotypes linked with angiogenesis and, 

given previous literature studies which have suggested angiogenic properties of SDF-1α, we 

further investigated the presence of endothelial precursor cells.   These studies have shown that 

SDF-1α levels in peripheral tissue serve as a trap for angiogenic stem cells recruited to the 

circulation from the bone marrow [137, 164, 189].  Therefore, using 2 week SDF-1α pump 

implants from which we observe improved angiogenesis in histological analysis, we additionally 

analyzed interfaces for endothelial progenitor cell (EPC) engraftment (Figure 3.30).  First, 

interfacial vessels identified in H&E stains were tested for expression of laminin, a component of 

basal lamina.  As expected, vessel-like formations at the scaffold interface expressed laminin 

prominently within spherical rings of DAPI positive cells forming the vessel.  To verify that these 

cell formations were endothelial cells, CD31 expression was verified.  Additionally, CD31 
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expression was double stained against CD133, a marker expressed by endothelial progenitor 

cells which is lost after terminal differentiation [190].  CD31 positive endothelial cell formations 

contain cells co-expressing CD31 and CD133 consistent with EPC expression.  However these 

cells are not restricted to the interface.  Within the scaffold interior, vessel formation could be 

identified expressing even more plastic markers of EPC, specifically CD34 and CD133.     

 
Figure 3.30 Endothelial progenitor cell participation in interface vessel formation due to SDF-1α 
delivery.  The presence of properly structured vessels at the SDF-1α interface was verified by 
examining expression of laminin.  Endothelial cells in vessels was verified by CD31 staining 

(Texas Red – red).  The possible participation of EPC in vessel formation was examine using 
CD133 (FITC – green) overlapped with CD31 (Texas Red – red).  To further characterize EPC, 
CD34 (FITC – green) and CD133 (Texas Red – red) was examined.  In all cases targets could 

be identified consistently at the interface of SDF-1α treated scaffolds. 
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The balance between constructive remodeling and fibrosis was additionally assessed 

through quantification of collagen deposition around the exterior of the biomaterial.  Given that 

SDF-1α decreased inflammatory cell responses while still increasing MSC and EPC response, 

we hypothesized that these interactions may have affected this balance, away from fibrotic 

reactions.   We therefore examine the deposition of collagen around scaffold implant using 

Masson Trichrome staining.  Notably, through this stain, we were able to more clearly identify 

both the exterior and interior presence and structure of vessel formation in SDF-1α scaffolds 

(Figure 3.31).  In addition, control scaffolds show a characteristic 2 week fibrotic response with 

a thick layer of collagen deposition surround the scaffold implants (Figure 3.32).  In contrast, 

SDF-1α treated scaffolds had a very thin layer of collagen formation compared with controls.   
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Figure 3.31 Blood vessel formation at SDF-1α scaffold interfaces and intra-scaffold.  Masson 
Trichrome staining was able to clearly distinguish the structure of newly formed vessels by 

comparing stains with autofluorescent emission from erythrocytes within the vessels. 
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Figure 3.32 Collagen deposition at the interface of treated and untreated scaffolds.  Masson 
trichrome staining showed significant collagen deposition at the interface of control implants.  

However, collagen staining of SDF-1α pump scaffolds showed a substantially decreased 
presence of collagen at the interface, indicated by the lack of methylene blue staining. 
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Given that studies suggested a complex relationship between inflammatory cells, 

fibroblasts, and granulation tissue as well as subsequent fibrotic responses, and since SDF-1α 

release appears to alter these processes, we determined the characteristics of the local 

cytokine/chemokine environment using protein micro-arrays.  In agreement with histological 

evaluation, we have found that the presence of SDF-1α reduced the production of a variety of 

inflammatory cytokines and chemokines produced by a variety of cells during inflammation, 

including IL-13, IL-3Rβ, IL-4, IL-5, IL-9, Leptin R, L-selectin, Lymphotactin, MIP-3α/β, 

TCA3/CCL1, and TNF-α (Figure 3.33).  Specifically, in support of altered mast cell responses 

we find the mast cell growth factors IL-3, IL-4, and IL-9 are substantially downregulated. It 

should also be noted that the treatment with SDF-1α profoundly increased the release of 

several inflammatory cytokines produced during inflammation, including GCSF, GM-CSF, IL-6, 

KC/CXCL1, MIP-1α/CCL3, MIP-2/CXCL2, PF-4/CXCL4, sTNF RII/CD120b, TARC/CCL17, and 

TIMP-1.  

Interestingly, the treatment of SDF-1α was found to reduce the production of several 

pro-fibrotic cytokines, including IL-13, PF-4/CXCL4, and TIMP-1.  In addition, in support of SDF-

mediated angiogenic responses, we observe high upregulation of many cytokines related to 

angiogenic processes, including IGFBP-3, VEGF, and GM-CSF. Finally, treatment with SDF-1α 

appears to have significant influence on many other factors, including G-CSF, VEGF, and 

CXCL16, related to stem cell mobilization and homing. Surprisingly, the levels of tissue 

expression for SDF-1α are only slightly higher (< 2X increase) in the tissue and scaffold 

infiltrating cells of SDF-1α treated implants. 

Most convincing of these cytokine comparisons is the uniform decrease in cytokines 

associated with macrophage activation in SDF-1α scaffolds.  Cytokines involved in macrophage 

activation including CD40 (>2X), TNF-α (>2), IFN-γ (>1.5), IL-4 (>2), IL-10 (>2), IL-13 (>5), IL-

1β (>1.2), and Lymphotactin (>3) are decrease in SDF-1α scaffolds with respect to control. 
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Figure 3.33 Inflammatory cytokine expression in the scaffold and adjacent tissue.  Cytokine 
expression was quantified and compared to control scaffolds.  Values tabulated are 

multiplications increased or decreased for each cytokine examine. 
 

3.7.4 Discussion 

Though SDF-1α may not contribute to the degree of inflammatory cell infiltration as 

shown in some blockage studies [189], it may contribute to activation of macrophages along a 

particular phenotype as supported by our macrophage phenotypic analysis. 

The release of SDF-1α was also found to reduce many potent pro-inflammatory 

cytokines, including TNFα, IL-1β, MIP3α/β, lymphotactin/CXCL1, L-selectin, leptin receptor, IL-

9, IL-5, IL-10, Eotaxin-2, CTACK/CCL27, CRG-2/CXCL10, CD30L.  Reduction in these 
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cytokines may be responsible for the less destructive inflammatory reactions to scaffold 

implants [16, 191, 192]. Though interestingly, many proinflammatory cytokines which have been 

linked with stem cell responses and angiogenesis were highly upregulated in SDF-1α treated 

implants, specifically MIP-2 (120.6X), G-CSF (81.9X), GM-CSF (49.6X), KC (8.6X), MIP-1α 

(24.4X) and IL-6 (13.5X). In addition, decreases in inflammatory cell engraftment, 

downregulation in cytokines related to macrophage activation, and the presence of macrophage 

subsets related to angiogenesis and lymphangiogenesis suggests that stem cell interactions 

and the presence of SDF-1α is likely improving tissue responses to the biomaterial, thereby 

preferentially increasing tissue compatibility.  These results suggest a potentially complex 

interaction between SDF-1α, inflammatory responses and stem cell responses.   

Since biomaterial-mediated inflammatory responses are often followed by fibrotic tissue 

reactions [193], it is not surprising to find that SDF-1α treatment reduces not only inflammatory 

responses but also capsule formation surrounding scaffold implants. It is also possible that 

SDF-1α treatment may have a more direct influence on the extent of collagen production. 

Indeed, our protein array results have shown that IL-13, a cytokine implicated in fibroblast 

proliferation and collagen production [194], is substantially reduced in tissue exposed to SDF-

1α. In addition, our results have shown that SDF-1α treatment reduce Fas Ligand production 

(3.94x). It should be noted that Fas Ligand appears to be involved in biomaterial-mediated 

fibrosis [195], and reduced Fas Ligand has been shown to attenuate fibrotic tissue reactions 

[196, 197].  However, the molecular mechanisms governing SDF-1α-mediated reduction in 

fibrotic reactions to scaffold implants have yet to be determined.   

It is well established that inflammatory products play an essential role in promoting 

tissue regeneration and angiogenesis [198, 199]. Thus, wound healing responses were 

impaired when treated with anti-inflammatory agents, such as Dex [200].  However, our results 

show that SDF-1α can not only reduce inflammatory responses, but also promote tissue 

regeneration/angiogenesis. Many recent results may shed some light on this interesting 
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phenomenon. First, it was shown that SDF-1α is involved in the recruitment of CXCR4+ 

VEGFR1+ hematopoietic progenitors (hemangiocytes) which accelerate revascularization [201].  

Second, SDF-1α regulates adhesion of stem cells in vitro and in vivo and promotes 

differentiation of CD34+ cells to endothelial progenitor cells [202].  Finally, a recent study has 

shown MSC secrete SDF-1α in culture and that MSC conditioned media concentrated and 

delivered to a wound site resulted in accelerated wound healing [165].   

As previously mentioned, though long-term cytokine delivery is commonly included in 

TE designs, little consideration is generally given to the mechanisms governing their observed 

responses in lieu of long term histological responses.  Although various cytokines (including 

VEGF, PDGF, and FGF) have been incorporated into scaffolds to enhance angiogenesis [22, 

203, 204], these investigations have not explicitly focused on how factors such as these may 

affect the cascade of the inflammatory and wound healing responses. Here we show that 

delivery of SDF-1α not only enhanced MSC and HSC migration, but also EPC (CD34+ CD133+) 

engraftment near the scaffold.  In addition, many budding vessel formations identified in H&E 

stains can be identified through subsequent tissue sections and routinely labeled for CD31, α-

SMA, and Laminin, in support of evidence which suggests EPC differentiation in angiogenesis 

to CD31+ and α-SMA+ cells [205].  The ability of SDF-1α to generate a pro-angiogenic 

environment is well supported by the results of a protein assay performed on the scaffolds and 

surrounding tissue after two weeks of implantation.  Though the participation of recruited cells in 

angiogenesis was not determined, our findings here may provide a novel strategy to improve 

host responses to biomaterials though recruiting autologous stem cells for tissue regeneration, 

while providing a suitable environment for transplanted cell-containing scaffold with a reduced 

fibrotic capsule and improved angiogenic environment.   
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CHAPTER 4 

THE INFLUENCE OF MAST CELL RESPONSES ON THE RECRUITMENT OF FIBROCYTES 
AND FACTORS DICTATING THEIR SUBSEQUENT PARTICIPATION IN BIOMATERIAL-

MEDIATED FIBROTIC RESPONSES 
 

4.1 Introduction 

Despite substantial improvements in biomaterial design, almost all biomaterial implants 

initiate inflammatory and fibrotic responses [179].  These responses are characterized by 

inflammatory cell adherence to the biomaterial over the first week, subsequently leading to 

fibroblast proliferation and encapsulation of the implant followed by development of a 

collagenous matrix [206].  This matrix separates the biomaterial from the native tissue and 

ultimately contributes to failure of the biomaterial to more naturally integrate with native tissue 

and regenerate tissue matrix, as shown in previous chapters.   

These responses are initiated almost immediately after implantation, when mast cells 

infiltrate and degranulate near the biomaterial implant (biomaterial-mediated foreign body 

response summarized Figure 4.1), presumably mediated by the soluble complement 

components C3a and C5a [41].  Histamine released from degranulated mast cells has 

previously been linked with subsequent inflammatory cell diapedisis and adherence to 

biomaterial implants [40].  As time progresses, the mast cell response diminishes around the 

implant, in conjunction with the progression of macrophage and fibroblast responses, which 

over time develops into the fibrotic capsule [207].  Additional evidence suggests that the degree 

of fibrotic reactions may be linked to mast cell production of IL-4 [208], IL-13 [206], FGF-2, TGF-

β, and TNF-α [209] as well.  However, mast cell release of other chemokines/cytokines in 

granular contents or by other secretions in relationship to biomaterial mediated responses is not 

well understood [210, 211]. 
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Though data on mast cell responses governing biomaterial mediated responses is 

limited [40, 212], there is evidence to show that mast cell activation may be dependent upon 

biomaterial physical or chemical properties, specifically related to the manner in which 

opsonizing proteins (complement and fibrinogen) interact with the implant [212].  In fact, the 

long term presence of mast cells at the implantation site may be related to the degree of fibrotic 

encapsulation [209]. 

 

Figure 4.1 Biomaterial-mediated fibrotic responses.  Protein interactions with the biomaterial 
lead to mast cell activation, resulting in the recruitment of leukocytes, fibrocytes, and host 

derived stem cells.  Cytokines release from degranulated mast cells and activated macrophages 
presumablely represent the source of the chemokines which recruit fibrocytes and host derived 

stem cells. 
 

We hypothesized that mast cell responses are directly associated with the fibrotic 

pathogenesis of biomaterial implants.  Specifically, we hypothesized that in addition to mast cell 

influence on downstream inflammatory cell chemotaxis, they may also dictate fibrocyte 
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recruitment, differentiation, and host derived stem cell recruitment to the implantation site.  Our 

group has recently found that biomaterials appear to initiate a predictable host derived SSEA-4+ 

CD45- mesenchymal stem cell response peaking at 1 week after implantation of the biomaterial 

in the subcutaneous cavity [44].  This response can be manipulated through incorporation of 

stem cell chemokines (in our case, SDF-1α) with the scaffold, resulting in increased MSC 

engraftment and improved inflammatory and fibrotic outcomes [44].  Many groups have reported 

on the effects of MSC on inflammatory responses, suggesting a beneficial cell:cell and/or 

paracrine influence [124].  However, recent work on the mechanisms of fibrosis has led to the 

discovery of the fibrocyte, a CD34+ CD45+ blood leukocyte which arrives at injury sites within 

the first week after injury [151, 213-215], which may use the same SDF-1α/CXCR4 axis [216].  

However, some conflicting observation on the primary chemotactic regulator of fibrocyte 

responses exists [217, 218].  Regardless of their homing axis, after arrival fibrocytes (CD45+ 

collagenI+) participate in fibrotic reactions through differentiation to myofibroblasts (α-SMA+) and 

secretion of collagen I, vimentin, and other proteins which influence the developing fibrotic 

matrix [214, 216, 217, 219]. 

Unfortunately, very little is understood regarding the participation of host derived stem 

cells and fibrocytes in biomaterial mediated host responses.  However, our hypothesis is that 

there may be a relationship between fibrocyte and stem cell responses.  Given the response to 

a particular biomaterial, the relationship between these cells may provide clues as to the 

downstream fibrotic potential of a biomaterial mediated response as well as therapeutic targets 

to modify these responses.  In addition to previously mentioned fibrocyte responses in fibrosis, 

recent evidence suggests that modulation of Thy-1 (CD90) expression [220], present on both 

MSC and fibroblasts, particularly decreased expression, may signal a progression toward 

fibrosis.  Thy-1- fibroblasts have been shown to have increased myofibroblast  differentiation 

potential, a greater proliferative and fibrotic response to inflammatory cytokines (TNF-α and 

TGF-β), increased collagen deposition, and resistance to apoptosis in a contracting collagen 
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matrix [221].  Interestingly, Thy-1 knockout mice appear to generate a greater fibrotic response 

when challenged despite similar inflammatory cell responses [222].  In our previous study of 

host-derived MSC recruitment to biomaterial implants [223], MSC recruited to the implantation 

site through incorporation of a MSC chemokine increased MSC recruitment and decreased 

fibrosis.  Thy-1 expression has been well characterized for MSC and is commonly used in 

conjunction with other markers to identify MSC in vivo [182].  However, the link between Thy-1 

expression and myofibroblast differentiation has yet to be determined.  We believe these 

findings support possible interactions between fibrocytes and MSC in the pathogenesis of 

biomaterial-mediated fibrotic reactions. 

Fibrocytes in wounded skin models traffic into wound sites expressing CD34 and CD45 

in combination with markers of mesenchymal cells, including Collagen I (prolyl hydroxylase) and 

vimentin [151, 224].  As their progression shifts toward myofibroblast differentiation, expression 

of CD34 and CD45 is diminished with increasing expression of α-SMA [216, 225, 226].  We 

hypothesize that interactions between upstream inflammatory cells, recruited host-derived MSC, 

and fibrocytes may be linked with the degree of myofibroblast differentiation and density at the 

implantation site and the loss of Thy-1 expression in fibroblasts near the implantation site. 

Therefore, this study was designed to investigate the potential influence of mast cells 

on host-derived stem cell and fibrocyte responses.  In order to analyze these responses, PLGA 

(a commonly employed, FDA approved biomaterial) films were incorporated with mast cell 

destabilizing or stabilizing chemicals in addition to unmodified films.  Films were incorporated 

with either Compound 48/80 or Cromolyn, both having well documented mast cell interactions, 

to generate variable biomaterial-independent mast cell responses.  Downstream host 

interactions to the films were then monitored with regards to inflammatory and fibrotic 

outcomes. 
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4.2 Characterization of the Cell Populations which Constitute the Granulation and Fibrotic 
Tissue in Biomaterial Implants 

 
4.2.1 Introduction 

 Fibrocytes have been shown to mediate many pathological fibrotic conditions [226].  

However, their potential involvement in biomaterial-mediated responses has not been well 

established.  However, we hypothesized that they are the likely source of α-SMA producing 

cells, which tend to gather near the biomaterial interface shortly (about 1 week) after 

implantation.  Interestingly, this arrival period coincides with the arrival of macrophages to the 

implantation site, bringing into question (a) the possibility of similar cascades leading to 

macrophage and α-SMA expressing cell recruitment, and (b) the question of whether fibrocytes, 

the progenitor cell which differentiates to α-SMA producing cells, may arrive in the context of 

macrophage recruitment or prior to macrophage recruitment.  Our hope in proposing these 

experimental questions is to identify potential targets to modulate their recruitment and 

activation to improve biomaterial mediated fibrotic responses.  Additionally, we are interested in 

reporting the possibility of coordination or correlation between fibrocyte recruitment and host 

stem cell recruitment, as shifts in the balance of these two cells may dictate downstream wound 

healing verses fibrosis. 

4.2.2 Materials and Methods 

 4.2.2.1 Biomaterial film fabrication and implantation 

 PLGA films were fabricated using the solvent casting technique.  Briefly, PLGA (75:25, 

113kDa, Medisorb Inc., Birmingham, AL) was dissolved at 10% w/v in dichloromethane (Sigma 

Aldrich, St Louis, MO).  Films were then cast into Teflon molds with the solvent allowed to 

evaporate overnight in a chemical fume hood.  For all film conditions, the resulting film had a 

thickness of ~ 1mm.  Films were cut into 5mm disks and stored at -20°C until implantation.  C57 

mice (Jackson Labs) were selected for equal age and sex prior to housing by implantation 

condition.  Biomaterial implantations were performed as previously described.  Briefly, each 

mouse (n=3 for all studies) was implanted with two films of equal treatment condition, with films 
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placed laterally on either side of the dorsal incision tucked into the subcutaneous space 

approximately 15mm away from the midline incision.  The incision was closed with surgical clips 

and the mice returned to housing.  The mice were monitored daily for irritation around the 

implantation for 1 week until explantation.   

 4.2.2.2 Histological evaluation of the inflammatory and fibrotic cells at the biomaterial 
interface. 
 

Implant recovery, cryosectioning, and histological and immunohistochemical analyses 

were performed as described in previous chapters.  The recruitment of specific cell populations 

was monitored through immunofluorescence staining of interface cells.  Specifically, the 

presence of macrophages was monitored using MOMA-2 antibody (Serotec, Oxford, UK).  

Myofibroblasts were estimated via detection of α-SMA (Santa Cruz Biotech, Santa Cruz, CA) 

expressing cells inside the interface.  MSC were monitored by positive expression for SSEA-4 

and CD90 (Santa Cruz Biotech, Santa Cruz, CA).   

4.2.2.3 Recovery, characterization, and culture of tissue fibrocytes 

Fibrocytes were recovered using a subcutaneous wound chamber system, and cultured 

as previously described [151].  Modifications to this system were employed as previously 

described in Chapter 3.  Conduits were sterilized and implanted subcutaneously as described 

for PLGA films.  After 1 week implantation, C57 mice were anesthetized and conduits were 

flushed aseptically with PBS to recover cells inside the conduits.  The exudate was centrifuged 

to obtain cells and the remaining supernatant was stored at -20°C.  Cells were also obtained by 

cardiac puncture as previously described [151].  The heparinized blood collected or implant 

exudates were centrifuged and recovered cells cultured in DMEM containing 20% FBS.  Non-

adherent cells were removed after 48hrs and media replaced subsequently every third day.  

Cells were detached using a cell scraper and replated into new 75cm2 flasks weekly for 4 weeks 

prior to verification of phenotype by FACS array and immunofluorescent staining of cells 

adhered to coverslips.  Fibrocytes were verified via expression of a hematologic marker CD45 
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with connective tissue matrix synthesis markers collagen I and vimentin on cell seeded 

coverslips (Santa Cruz Biotech, Santa Cruz, CA). 

4.2.3 Results 

First, we characterize the tissue response to PLGA implants in C57 mice (Figure 4.2).  

H&E staining of the biomaterial interface after 1 week implantation reveals an accumulation of 

cells at the interface between the material and native skin tissue.  In addition, Masson 

Trichrome staining for collagen indicates prominent staining of the interface.  As expected, this 

layer is well infiltrated with cells staining positive for MOMA-2 indicating a macrophage 

phenotype consistent with presence of leukocyte morphology cells in H&E stains.  Since 

developing fibrotic tissue contains contractile α-SMA+ cells, the collagen staining region at the 

interface was investigated for expression.  These fibroblast-like cells are also present, in 

random distributions, throughout the interface.  Also present in this interface are cells with a 

fibroblast morphology expressing CD45 and CI consistent with a fibrocyte phenotype.  Since 

fibrocytes could be identified at the biomaterial interface, we analyzed expression of CD45 and 

α-SMA consistent with expression of fibrocyte-derived myofibroblasts.  These cells could also 

be prominently visualized at the biomaterial interface.  Finally, using DAPI to assess the total 

cells at the interface, the percentage of each of these cell populations was quantified at the 

interface.  Quantification revealed that roughly 54% of the cells at the interface where 

macrophages and approximately 29% expressed α-SMA.  In addition, about 12% of the cells 

showed fibrocyte expression while 16% had markers consistent with fibrocyte-derived 

myofibroblasts.     

Finally, we examined CD90 expression in both MSC and α-SMA expressing cell 

populations (Figure 4.3), as a progressive loss of CD90 expression in the granulation tissue has 

been linked with the generation of fibroblasts with a high fibrotic potential.  We find expression 

that roughly 22% of the cells at the interface express SSEA-4 alone while 35% of cells express 
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CD90 alone.  Interestingly, we find also found that only roughly 32% of SSEA-4+ cells also 

express CD90.  In addition, only 28% of α-SMA+ cells still show expression of CD90.   

 

Figure 4.2 Characterization of cells in the fibrotic tissue surrounding biomaterial implants.  
PLGA scaffolds were implanted for 1 week and stained using H&E and Masson Trichrome 

(inset) to examine the infiltrated cell layer and quantify collagen deposition.  
Immunofluorescence showed cells in the interface expressing markers characteristic of 

macrophages, myofibroblasts, and MSC.   
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Figure 4.3 Characterization of stem cell and myofibroblast CD90 expression at the biomaterial 
interface.  We used SSEA-4 CD90 and CD90 α-SMA expression to analyze the potential 

contribution of myofibroblasts and stem cells as the predominant cells with expression of CD90 
at the biomaterial interface. 

 
 

4.2.4 Discussion 

Though we are developing a more complete understanding of biomaterial mediated 

host responses [206, 227, 228], strategies to control inflammatory and fibrotic responses while 

maximizing integration and regeneration are limited due to complex interactions between both 

processes [229, 230].  Our previous work has established the importance of mast cell 
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responses in controlling phagocyte chemotaxis to the site of biomaterial implantation [39, 40].  

Downstream from this event, others have shown that the nature of the macrophage response 

can influence the balance between regenerative and fibrotic responses to biomaterial implants 

[52, 64, 206].  Controlling this balance may ultimately determine the success of both biomaterial 

and TE strategies [227].  Though many have investigated strategies to control biomaterial-

mediated fibrotic responses (reviewed in [47]), thus far these strategies have been extremely 

limited in their effectiveness.  Modifying cellular responses by altering implant surface chemistry 

have shown limited downstream effects [60, 193].  Anti-inflammatory treatments, while 

successful at reducing inflammation (reviewed in [47]), stall wound healing responses, delaying 

regeneration of the damaged tissue [123].  These examples point to the fact that our 

understanding of the biomaterial-mediated fibrotic mechanisms and thus strategic targets may 

not be sufficient. 

Our recent study using the chemokine SDF-1α to improve host derived stem cell 

participation in wound healing was conducted under the hypothesis that MSC could improve 

fibrotic responses by improving regenerative responses and stimulating biomaterial integration.  

Though our results were promising, SDF-1α appeared to exert influence on the development of 

a full-scale inflammatory response, specifically through stabilizing mast cell responses shortly 

after implantation [223].  Additionally, literature supports the potential role of the SDF-

1α/CXCR4 axis in fibrocyte recruitment to injury sites, and the subsequent role of the fibrocyte 

in facilitating fibrotic responses [226].  However, potentially due to SDF-1α-mediated mast cell 

effects or MSC influence, PLGA scaffolds treated with SDF-1α showed significant reduction in 

fibrotic responses [223].  Current literature characterization of MSC and fibrocytes shows that 

MSC prominently express Thy-1 [182, 231] while fibrocytes do not [232, 233].  However, wound 

sites have been characterized as being constituted by both Thy-1+ and Thy-1- fibroblasts [234], 

though the factors regulating their differentiation in vivo are not completely delineated.  

However, in vitro shedding of Thy-1 may be related to fibroblast exposure to IL-1β and TNF-α 
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exposure [234].  In fact, the ability to fully differentiate into a myofibroblast may be related to 

Thy-1 expression [235].  It is possible that these different fibroblasts phenotypes arise from 

differential inflammatory stimuli in vivo, and possibly different progenitor sources.    This led us 

to consider the role of the mast cell in facilitating biomaterial-mediated fibrotic responses 

through fibrocyte interactions.  However, literature regarding biomaterial-mediated fibrocyte 

responses is extremely limited.  And though PVA sponges have been used to induce fibrocyte 

infiltration in wound chamber studies, no further characterizations of this response were 

investigated [214]. 

We first characterized the interface of PLGA films to establish a baseline for fibrotic 

responses to the biomaterial.  As many groups have shown, macrophages prominently 

characterize implant interface within 1 week of implantation [16, 44, 46, 57, 199].  During this 

period, the initial deposition of collagen occurs at implant interface, based on our previous 

murine biomaterial implantation studies in the subcutaneous space [44].  In addition, our recent 

studies have also identified that stem cell are recruited to participate in these interactions, 

though their participation seems to be ineffective with regards to fibrosis, as most biomaterial 

implants generate a collagenous capsule which surrounds the implant [44].  Possibly the 

influence of collagen producing cells, present at only slightly higher concentrations in the 

interface may be swaying influence toward fibrosis.  Though previous studies in different 

pathological conditions suggest this process may be influence by fibrocytes [151, 213, 218, 219, 

225, 226], their participation has yet to be verified in biomaterial-mediated responses. 

To investigate these responses, we first verified participation of fibrocytes in biomaterial 

mediated responses.  Indeed, we observe the recruitment of fibrocytes, peaking at 1 week after 

implantation as shown in previous induced injury studies [151, 217].  These cells could be 

identified through expression of leukocyte markers such as CD34, CD45, and CD11b (for which 

data was not presented here but expression was verified by FACS array) along with co-

expression of collagen I and vimentin [214, 216, 217, 225, 232].  Additionally, culture of these 
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implant recruited cells maintained expression of these markers after detachment and media 

changing cycles to remove contaminating cells. 

Interestingly, we find that SSEA-4, a marker we have employed to identify cells with 

mutlipotent characteristics recruited to the biomaterial interface, shows relatively low levels of 

CD90 expression.  Expression of CD90, and therefore the potential to lose expression, is much 

more characteristic of α-SMA positive cells in the developing fibrotic tissue [234, 235].  Given 

their prominence with respect to the MSC expressing cells (roughly 3-4X more cells), this 

suggests they are the likely target of cells which may alter CD90 expression in vivo.  It appears 

that upon reaching the implantation site MSC, which do not express CD34 and CD45, may lose 

CD90 expression. However SSEA-4 expression remains as a marker of MSC lineage.  A small 

percentage of cells remain which express both markers.  Fibrocytes, which express CD34 and 

CD45 prominently [225, 232], do not express CD90, therefore it is difficult to ascertain whether 

shedding of CD90 by fibroblast like cells is directly related to fibrocytes .  The contribution of 

recruited MSC to the injury site which then subsequently lose CD90 expression may be a more 

prominent possibility. 

4.3 Influence of Inflammatory Cytokines on Fibrocyte Recruitment In Vitro and In Vivo 

4.3.1 Introduction 

 Despite their characterization in many pathological conditions, there is still some debate 

regarding the chemokine responsible for fibrocyte chemotaxis [217, 218, 226].  However, a very 

limited pool of chemokines are thought to be potential primary contributors to fibrocyte 

chemotaxis.  These chemokines are SDF-1α [226, 236-239], CCL21 [238, 240, 241], and MCP-

1 [241-243].  Previous studies have shown that fibrocytes express the receptors necessary to 

respond to these chemokines, CXCR4 [215, 226, 244], CCR7 [218, 226, 240], and CCR2 [218, 

225] respectively.  Unfortunately, many of these studies have focused on fibrocyte chemotaxis 

to the lungs and liver and involve processes involves with many diverse clinical manifestations 

[215, 218, 225, 226, 232, 237, 239, 244].  The purpose of this study was to investigate 
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biomaterial-derived fibrocyte chemotaxis in vitro using a panel of implicated cytokines and their 

respective neutralizing antibodies.  Following identification of the most potent chemokines, in 

vivo neutralization studies were undertaken to examine whether blocking the receptor in vitro, 

following by injection into implant bearing mice blocked fibrocyte homing to the implantation site. 

4.3.2 Materials and methods  

4.3.2.1 Fibrocyte Recovery and Chemotaxis 

Fibrocytes were recovered using a biomaterial wound chamber system and culture in 

DMEM with 20% FBS as described for the previous experiment.  Non-adherent cells were 

removed after 48hrs and media replaced subsequently every third day.  Cells were detached 

using a cell scraper and replated into new 75cm2 flasks weekly for 4 weeks prior to verification 

of phenotype by expression of CD45 coexpressed with collagen I and vimentin on seeded 

coverslips. 

Fibrocyte chemotaxis was examined using wound chamber exudates in transwell plates 

(8μm pore, Corning Costar, Corning, NY).  Fibrocytes were starved overnight in serum free 

DMEM, then detached using cold 0.05% EDTA and seeded onto transwell inserts at 5 x 104 

cells per insert and allowed 6hrs to attach.  Exudate from wound chamber studies was heated 

to 37°C and divided into four groups:  untreated exudates (positive control), SDF-1α neutralized 

exudates, CCL21 neutralized exudate, MCP-1 neutralized exudates, and PBS alone (negative 

control).  All neutralizing antibodies were purchased from R&D Systems (Minneapolis, MN).  

Neutralizing antibodies were added to 600µL of exudate at x µg/ml (SDF-1α), x µg/ml (CCL21), 

and x µg/ml (MCP-1).  All transwell treatments were incubated for 30min prior to addition to the 

lower chamber.  After addition, plates were incubated for 4hrs, after which cells on the upper 

surface were removed with a cotton swab, membranes were fixed in cold methanol, H&E 

stained, and quantified as cells per 40X view field on the lower surface of the membranes.  
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4.3.3 Results  

4.3.3.1 Chemokines governing biomaterial mediated fibrocyte recruitment in vitro 

To analyze what chemokines may be responsible for fibrocyte recruitment to the 

biomaterial interfaces, exudates from wound chamber studies were treated with different 

neutralizing antibodies.  Neutralized exudates were compared against untreated exudate as 

positive control and PBS as negative control (Figure 4.4).  Interestingly, SDF-1α neutralization 

resulted in a significant, approximately 50% reduction in fibrocyte chemotaxis.  Neutralization of 

MCP-1 and CCL21 separately was able to slightly reduce chemotaxis, though values were 

insignificant from unneutralized exudate. 
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Figure 4.4  Fibrocyte expression and chemotaxis.  After identification at the interface, PLGA 
conduits implanted for 1 week were flushed and purified for adherent cells from the exudates.  
These cells also expressed CD45 CI and CD45 vimentin after purification in culture.  In Vitro 

fibrocyte chemotaxis to biomaterial implant exudate and chemokine neutralized exudates was 
then quantified.  Fibrocytes exhibited significant migration toward control biomaterial exudate.  

However, neutralization of chemokines decreased fibrocyte migration.  Anti-CXCL12 
significantly reduced fibrocyte chemotaxis, while anti-CCL21 and anti-MCP-1 had moderate 

effects on fibrocyte chemotaxis (bracket and * represent significant ANOVA at P<0.05, * above 
groups represents significant Dunnett test comparing all groups to control exudates at P<0.05). 



 

 130 

4.3.4 Discussion  

Though several axes have been implicated in fibrocyte chemotaxis [213, 217, 218], 

data is limited regarding their homing in foreign body responses.  Therefore, using exudate from 

biomaterial implants, we investigated neutralizing different chemokines to identify which of a 

limited group of implicated chemokines may be facilitating fibrocyte chemotaxis to biomaterial 

implantation sites.  In agreement with some of these reports [215, 226], we find neutralization of 

SDF-1α was able to substantially inhibit recruitment of fibrocytes to biomaterial wound chamber 

exudates.  Several previous investigations have established fibrocyte expression of CXCR4 and 

shown their propensity to use the SDF-1α/CXCR4 axis in chemotaxis and have verified 

expression and utility of the axis in vivo [215, 226].  However, some studies have also identified 

fibrocytes which do not express CXCR4, yet express CD45 and CI [226].  This may explain why 

SDF-1α did not completely abolish migration, in addition to CCL21 and MCP-1 having some 

effectiveness in reducing migration.  Recently, studies of induced lung fibrosis have brought 

about additional chemokines which may influence fibrocyte recruitment, including MIP-1 (CCL3) 

and MCP-5 (CCL12) in mice [217, 218].  

 Given that SDF-1α appears to be a prominent target in the biomaterial-mediated 

response, we proceeded with in vivo studies designed to limit inflammatory responses to assess 

the effects on fibrocyte-mediated responses. 

4.4 Effects of Dexamethasone Treatment on Fibrocyte Responses 

4.4.1 Introduction 

 Recently tissue engineering approaches have seen an increase in design 

methodologies which attempt to induce repair in vivo by influencing inflammatory and stem cell 

populations to influence the balance between regeneration and fibrosis [245, 246].  In these 

preliminary investigations, we and others have identified the potential for links between 

inflammation and stem cell responses in a potentially similar relationship to inflammatory cell 

responses and fibrotic stimuli [44, 247, 248].  However, our investigations of SDF-1α roles in 
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MSC and fibrocyte chemotaxis bring up some potential points of conflict.  SDF-1α production 

after injury has been linked to platelets, endothelial cells and fibroblasts [144, 146].  This 

potentially suggests that both the injury stimulus (platelets and endothelial cells) and 

biomaterial:blood interactions  as well as the inflammatory response (endothelial cells and 

fibroblasts) may play a role.  However, fibrotic stimuli have been causatively linked with many 

activated macrophage responses [72, 110, 217].  In addition, inflammatory growth factors such 

as TNF-α may render these cells more responsive to chemokines [138].  

 Dex has previously been shown to inhibit leuokocyte infiltration to inflammation sites 

[123, 230].  In addition, local release of Dex has been shown to be effective in mediating this 

effect in biomaterial-mediated inflammatory responses [230].  Interestingly though, some data 

suggests that Dex actually upregulates CXCR4 expression [249].    However, information is not 

readily available regarding the consequences of this treatment on MSC and fibrocyte 

responses.  In order to establish a link between leukocyte responses due to biomaterial-

mediated responses, we released Dex locally from PLGA films in the subcutaneous space in 

order to evaluate two responses specifically.  The first was to evaluate whether Dex-mediated 

reduction of infiltrating CD45+ leukocytes to the biomaterial interface may directly or indirectly 

affect the behavior of fibrotic cells.  Since Dex may not affect fibrocyte chemotaxis, we instead 

analyzed the interface composition of α-SMA cells as a measure of myofibroblasts, whose 

differentiation and functionality are more directly linked with leukocyte responses.  Our second 

aim was to analyze whether Dex effected the composition of MSC and Thy-1 (CD90) cells at the 

implant interface. 

4.4.2 Materials and methods 

4.4.2.1 PLGA film fabrication, Dexamethasone loading, and implantation 

PLGA films were incorporated with Dex (Sigma Aldrich, St Louis, MO) at 1mg/kg body 

wt/day to decrease leukocyte responses to biomaterial implants and examined against no 

treatment unmodified PLGA films.  The elution of dexamethasone from PLGA films was 
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approximated based on previous release studies using PLGA fabricated by similar methods 

[250, 251] and used to set loading values established for anti-inflammatory treatments based on 

previous murine studies [230, 252].  Control PLGA films were fabricated as desecribed in 

previous studies.  For Dex embedded films, Dex was mixed with the polymer solution, cast into 

molds, and evaporated as per control films. C57 mice (Jackson Labs) were selected for equal 

age and sex prior to housing by implantation condition.  For implantation, mice were 

anesthetized and a dorsal midline incision created as previously described [223].  Briefly, each 

mouse (n=3 for all studies) was implanted with two films of equal treatment condition as 

described in previous studies.  Mice were monitored daily for irritation around the implantation 

for 1 week until explantation.   

4.4.2.2. Immunohistochemical analysis of interface cell populations 

After 1 week implantation, biomaterials were recovered and processed as outlined in 

previous chapters.  Cross sections of the tissue and film were cut at 7µm.  Leukocytes were 

detected using CD45 antibodies (Santa Cruz Biotech, Santa Cruz, CA).  Macrophages were 

detected using MOMA-2 antibody (Serotec, Oxford, UK).  Myofibroblasts were detected via 

expression of α-SMA (Santa Cruz Biotech, Santa Cruz, CA).  MSC were detected via co-

expression of SSEA-4 with CD90 (Santa Cruz Biotech, Santa Cruz, CA).  Cell percentages for 

each marker were assessed at the interface per total DAPI staining nuclei.   

4.4.3. Results 

4.4.3.1 Effects of dexamethasone on leukocyte and myofibroblast responses 

As expected, implant incorporation with Dex appeared to reduce the amount of 

infiltrated macrophages at the interface of the PLGA films (Figure 4.5).  In addition the 

percentage of CD45+ leukocytes was also substantially reduced.  However, there was no 

significant change in the percentage of α-SMA+ cells.  In accordance with this finding, the 

percentage of fibrocyte-derived myofibroblasts was also unaltered between treatment groups 
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after assessing CD45+ α-SMA+ cells.  Fibrocyte infiltration (CD45+ CI+) was also unaltered due 

to Dex treatment. 

 

Figure 4.5 Characterization of inflammatory and fibrotic cells in response to Dex.  Dex 
was able to effectively limit macrophage infiltration (MOMA-2 – top left) as well as leukocytes 

(CD45 labeled with FITC – green, top-middle).  However, the number of fibrocytes (CD45 
labeled with FITC and CI labeled with Texas Red – red, top-right) per total cells was apparently 
unaltered.  Comparison of each cell grouping to controls revealed significant reductions in only 

macrophages and leukocytes (One-tailed Student t test, brackets and * represent significance at 
P<0.05).  
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Figure 4.6 Effects of dex on interface cell MSC marker expression.  The expression of MSC 
markers was unaltered between dex treatment groups.  

  
 In the second series of assessments, we analyzed whether Dex downregulation of 

macrophage responses at the biomaterial interface may have an effect on host derived MSC.   

As per our previous studies, we find a small percentage of SSEA-4 Thy-1 double positive MSC 

at the implantation site of both control and Dex treated implants (Figure 4.6).  In dex treated 

implants, we see no significant differences between these cell populations between treatment 

conditions. 
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4.4.4 Discussion 

Given in vitro chemotaxis results, we speculated as to whether reducing inflammation 

through biomaterial treatment with Dex may have any effects on fibrocyte responses.  We 

hypothesized limited influence since although Dex may limit leukocyte infiltration [123, 230, 

249], processes resulting from tissue damage and subsequent biomaterial mediated protein 

interactions may play an equally important role in fibrotic cell recruitment.  Though we find 

reduced cell infiltrate, and more specifically reduced macrophage and leukocyte infiltration, the 

number of α-SMA cells was nearly unaltered.  Though Dex appears to be effective in treating 

pulmonary fibrosis [253], the short-term success appears related to anti-inflammatory effects.  

Unfortunately, these effects are relatively ineffective at reducing fibrosis due to the persistence 

of myofibroblasts [254].  In agreement with this finding, we find that Dex is ineffective at 

reducing myofibroblast populations in developing fibrotic tissue surrounding biomaterial 

implants.  However, there are some studies in pulmonary fibrotic models which do show slight 

reductions in the number of myofibroblasts [255].  As such, the effectiveness of Dex treatment 

to reduce myofibroblast accumulation in these models is still controversial based on the model 

employed and experimental techniques.  This is supported by the fact that Dex only partially 

inhibits leukocyte recruitment chemokine pathways [256].  However, it is well understood that 

Dex can reduce levels of TGF-β1 which is necessary for initiation of the profibrotic functions of 

myofibroblasts [255].  As such, Dex likely alters the activation of myofibroblasts pending its 

continuous bioavailability to prevent the activation cascade from resuming. 

Since our previous results support SDF-1α-mediated effects on stem cell recruitment to 

sites of peripheral tissue injury [44], we hypothesized that Dex treated may have some effect on 

host derived stem cell recruitment.  However, we find no significant differences in stem cell 

recruitment.  Dex functions by inhibiting many cytokines related to inflammatory cell chemotaxis 

and diapedesis, including RANTES [257, 258], IL-6 [259, 260], TNF-α [261, 262], and GM-CSF 

[263, 264].  Though MSC have shown limited chemotactic responses to many inflammatory 
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chemokines including MCP-1, MIP-1, and RANTES, responsiveness to these chemokines may 

be enhanced by TNF-α [138].  TNF-α is believed to be one of the factors prominently effected 

by Dex treatment, though results are controversial [265].  Our group has previously observed a 

decrease in the recruitment of host-derived MSC to the subcutaneous space bearing 

microparticle implants combined with Dex treatment (unpublished observations).  However, 

experimental deviations and the possible over-estimation of MSC using SSEA-4 alone may 

have contributed to these differences.  SDF-1α and other chemokines have been shown to 

increase the recruitment of tissue committed stem cells to participate in wound healing [266].  It 

may be possible that SSEA-4+ CD90- stem cell populations may represent tissue committed or 

differentiated stem cells.  Regardless of this hypothesis, recent papers have shown that SSEA-

4+ Oct-4+ stem cells are recruited to sites of tissue injury [187].  Unfortunately, a change in 

expression and, more generally, the fate of stem cells recruited to the biomaterial implantation 

site is not well defined. 

The ineffectiveness of Dex at inhibiting myofibroblast and stem cell percentages led us 

to speculate whether neutralization of SDF-1α in vivo may lead to a more prominent decrease in 

fibrocyte recruitment in biomaterial mediated responses.  Therefore, we took a more direct 

approach based on our in vitro investigations of fibrocyte chemotaxis, specifically by 

incorporating Chalcone-4 to neutralize CXCL12 in vivo. 

4.5 Effects of SDF-1α Neutralization on Fibrocyte Recruitment and Collagen Deposition 

4.5.1 Introduction 

 While Dex was effective at limiting leukocyte infiltration and macrophage percentages at 

the implantation site, it was ultimately ineffective at limiting fibrocyte responses and 

myofibroblast responses.  Given our in vitro findings, we next were interested in examining 

whether neutralization of SDF-1α in vivo could limit fibrocyte infiltration and collagen deposition 

in the biomaterial-mediated foreign body response.  Previous investigations in lung fibrosis 

models has shown potential of CXCL12 neutralization [215, 267], however this has not been 
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established in model of foreign body responses.  These models could possibly differ in 

effectiveness, given that populations of fibrocytes have been identified in fibrotic lung models 

which do not express CXCR4, and thus their migration was minimally effected by CXCR4 

neutralization [268], though this represented a small percentage of total fibrocytes.  We have 

also established the importance of SDF-1α in biomaterial-mediated wound healing responses 

through increased recruitment and retention of MSC and other multipotent cells at the 

implantation site to participate in these interactions [44].  It is unclear what effect CXCL12 

neutralization will have on these responses. 

 To neutralize SDF-1α in vivo, we have developed PLGA films which can release 

Chalcone-4.  Chalcone-4 binds to a portion of CXCL12 effectively inhibiting its biological 

functions in interacting with its receptor CXCR4 [269].  We then investigated the effectiveness of 

this inhibitor in reducing fibrocyte recruitment and collagen deposition, as well as potential side-

effects related to SSEA-4+ and SSEA-4+ CD90+ cell populations to the implant interface. 

4.5.2 Materials and Methods 

4.5.2.1 PLGA films fabrication and drug loading 

PLGA films were fabricated as described in previous experiments.  Films were 

incorporated with SDF-1α (CXCL12) inhibitor Chalcone 4 (Sigma Aldrich, St Louis, MO) at 

350µmol/kg body wt/day as per previous studies [269] or no treatment unmodified PLGA films.  

Compound release from PLGA was estimated as decribed for Dex studies.  PLGA films were 

fabricated using the solvent casting technique.  Briefly, PLGA (75:25, 113kDa, Medisorb Inc., 

Birmingham, AL) was dissolved at 10% w/v in dichloromethane (Sigma Aldrich, St Louis, MO).  

Films were cast as described in previous sections.  For Chalcone-4 embedded films, Chalcone-

4 was dissolved in dimethylsulfoxide (Sigma Aldrich, St Louis, MO) and the solution mixed with 

the polymer solution prior to casting.  For all film conditions, the resulting film had a thickness of 

~ 1mm.  Films were cut into 5mm disks and stored at -20°C until implantation. 
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4.5.2.2 Implantation studies 

C57 mice (Jackson Labs) were selected for equal age and sex prior to housing by 

implantation condition.  Implantation procedures were identical to those of the previous section 

of this chapter. 

4.5.2.3 Evaluation of drug loaded films 

Implant recovery and analysis were identical to the previous section with exception to 

the following.  Fibrosis was assessed using both Masson Trichrome (Sigma Aldrich, St Louis, 

MO) and Picosirius Red (Sigma Aldrich, St Louis, MO) staining.  Picosirius Red staining was 

visualized using polarized light microscopy.  The degree of collagen I in the fibrotic layer was 

quantified using Image J to measure the percentage of red/yellow birefringence per total 

interface area (between the implant and hypodermis). 

4.5.3 Results 

 4.5.3.1 Effect of Chalcone-4 on development of fibrotic tissue and fibrocyte recruitment 

 We first examined the histology of the implant interface using H&E staining (Figure 4.7).  

Treatment with Chalcone-4 resulted in a reduction in the infiltration of inflammatory cells after 

one week implantation.    However, we were interested in whether Chalcone-4 could limit the 

deposition of collagen at the implant interface.  We assessed this parameter using Masson 

Trichrome staining.  The amount of collagen in the interface was investigated further using 

Picosirius Red to compare and quantify the area percentage of collagen I fibers.  In agreement 

with Masson Trichrome staining, the deposition of collagen I fibers is drastically different 

between treatment groups.  Finally, we stained the sections to examine co-expression of CD45 

and vimentin consistent with a fibrocyte phenotype.  As expected, there are also substantial 

differences between these cells at the interfaces between treatment groups.  As a result, the 

thickness of the granulation was significantly different between treatment groups.  As expected, 

we find a substantial reduction in the amount of collagen deposited around the biomaterial films.  
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Finally, we quantified the percentage of collagen I coverage between treatment groups and also 

quantified a significant difference due to treatment group. 

 

Figure 4.7 Characterization of the fibrotic response to Chalcone-4 loaded PLGA films.  H&E 
staining comparing the buildup of inflammatory cells at the material interface.  Masson 

Trichrome staining to identify the deposition of total collagen around the implant.  Picosirius red 
staining of collagen I fibers inside the fibrotic capsule.  CD45 (FITC – green) Vimentin (Texas 

Red – red) immunofluorescent staining of fibrocytes inside the collagenous interface.  
Histological parameters of interface thickness, collagen layer thickness, and percent coverage 

of interface by collagen I all reveal significant decreases in the Chalcone-4 treatment group 
(Student t test, bracket and * represent significance at P<0.05). 

 
4.5.3.2 Influence of Chalcone-4 on inflammatory and fibrotic cell composition of the 

interface 
 

  We next sought to link cell responses in the interface to the observed changes in 

collagen deposition.  We quantified the percentages leukocytes (CD45), myofibroblasts (α-

SMA), and fibrocytes (CD45 CI and CD45 vimentin) in the interface tissue.  Interestingly, the 

percentage of CD45 positive cells was significantly reduced after Chalcone-4 treatment (Figure 
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4.8).  However, the percentage of α-SMA positive cells was unaffected by CXCL12 inhibition.  

The percentage of CD45 CI positive fibrocytes was also significantly decreased and the 

percentage of CD45 vimentin positive fibrocytes also decreased but not to a significant degree. 

 

Figure 4.8 Compositional changes in fibrocyte density at the interface of Chalcone-4 implants.  
The percentage of interface cells expressing CD45 (leukocytes), α-SMA (myofibroblasts) and 
co-expressing CD45 CI and CD45 vimentin (fibrocytes) were quantified per total DAPI cells.   

 

We next analyzed co-expression of CD45 and α-SMA as a measure of fibrocyte 

differentiation.  We find cells in the biomaterial interface decreasing in a trend from control > 

Dex > Chalcone-4 though the differences between steps are insignificant (Figure 4.9). 
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Figure 4.9 Effects of fibrocyte intervention on differentiation of fibrocytes to myofibroblasts.  
ANOVA testing reveals no significant differences between treatment groups, though Dex and 
Chalcone-4 did reduced the percentage of fibrocyte-derived myofibroblasts and substantially 

reduce the number of total cells at the interface.   
 

4.5.4 Discussion 

 Having established that fibrocytes were recruited to biomaterial implantation site and 

migrated predominantly via SDF-1α in vitro, we hypothesized that limiting inflammatory cell 

interactions via Dex would limit fibrocyte recruitment and α-SMA positive cell responses.  

However, we found that limiting inflammatory cell influx had little effect on fibrocyte percentages 

or myofibroblast-like cells at the interface.  In addition, our previous studies have shown that 

SDF-1α is not significantly altered between low inflammatory and high inflammatory biomaterial 

reactions (unpublished observations).  Therefore, we considered the possibility that biomaterial-

mediated inflammatory cytokine responses may not be the predominant mechanism leading to 

fibrocyte infiltration, but rather may affect their activation status and differentiation after arrival. 

 Therefore, to attempt to limit fibrocyte infiltration, we investigated the effect of 

combining a CXCL12 inhibitor with the PLGA film.  The inhibitor was able to substantially 
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decrease inflammatory cell infiltration as observed in H&E stained cross-sections.  SDF-1α has 

been implicated with HSC migration to peripheral tissue [44, 130, 137, 164, 201] as well as 

many inflammatory cells [176], both of which prominently express CD45.  SDF-1α has been 

shown to have many anti-apoptotic effects on HSC and other myeloid cells [135], and thus 

neutralization of the chemokine in the local peripheral tissue may affect the behavior of these 

cells as evident in the reduced percentage of CD45+ cells.  As witnessed in the Dex study, we 

would expect that in addition to potential effects on fibrocyte chemotaxis, the decrease in 

inflammatory stimuli produced by these cells may contribute to altered TGF-β1 levels and thus 

effect collagen deposition. 

Several studies in lung fibrotic models have shown that neutralization of CXCL12 and 

blocking CXCR4 can reduce, but not completely eliminate, fibrosis [176, 226, 239, 244].  

Therefore, in lungs, several redundant pathways likely exist [218, 225, 238, 240, 243, 267].  In 

biomaterial-mediated fibrosis, the understanding of factors governing these responses is much 

less prevalent.  Though tissue injury and the inflammatory response, which lead to both the 

accumulation of cells and production of many target chemokines, proceed by similar 

mechanisms, differences in the activation of these cells may alter recruitment redundancies to 

increase or decrease complexity [81, 103, 161].  For instance, in our recent study of methods to 

improve MSC chemotaxis, increasing stem cell responses via SDF-1α actually reduced fibrosis, 

potentially by increasing mesenchymal stem cell responses and overriding fibrocyte mediated 

interactions [44].  Here, by neutralizing CXCL12, we were able to reduce fibrotic responses by 

pushing the axis in the opposite direction.  

Interestingly, though fibrotic collagen deposition appeared significantly altered, the 

percentage of fibrocytes in the local tissue was only slightly decreased using one marker 

convention (CD45 vimentin) and significantly reduced using another (CD collagen I).  However, 

similar to Dex treatment, no difference in α-SMA positive cells was observed.  Fibrocytes begin 

to express α-SMA in the peripheral tissue under the influence of TGF-β1 while also reducing 
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their expression of CD34 and CD45 [219].  TGF-β1 was not directly assessed in these 

investigations, but a more detailed cytokine evaluation in vivo may be necessary to quantify why 

Dex and Chalcone-4 were ineffective at reducing α-SMA positive cells at the implant interface. 

To provide some insight into this issue, we examined co-expression of CD45 and α-

SMA as a measure of fibrocyte differentiation through staining fibrocyte-derived α-SMA as 

previously described [151].  Previous results show that approximately 40% of cells in full 

thickness wounded tissue after 7 days express CD45 and α-SMA, which represent 

myofibroblasts which have differentiated from fibrocytes [151].  Using this as a benchmark for 

comparison, we find approximately half this percentage of cells in the biomaterial interface in a 

trend decreasing from control > Dex > Chalcone-4 though the differences between steps are 

insignificant.  Though the treatments were ineffective at limiting myofibroblast infiltration, it 

appears that they were able to affect fibrocyte infiltration and differentiation with increasing 

effectiveness up to CXCL12 neutralization. 

Since treatment with Dex did not appear to influence fibrocyte infiltration or α-SMA 

reactivity and Chalcone-4 had some influence on these parameters, we decided to move further 

upstream to assess what influences may dictate these parameters.  Specifically we were 

interested in analyzing a cellular response which could correlate with cytokine release or 

cascades leading to inflammatory cytokine release which could possibly substantially influence 

fibrocyte responses.  Our previous work and that of a few other groups have highlighted the 

importance of mast cells in initiating and influencing the biomaterial-mediated foreign body 

responses [15, 16, 39, 40, 212].  More importantly, some other groups have presented work 

which appears to show a link between mast cell responses and the degree of fibrotic 

encapsulation [44, 177, 208, 270, 271].  However, studies of fibrotic potential using liver and 

lung disease models in mast cell deficient animals did not verify this link [272, 273], though 

these models may significantly differ from biomaterial-mediated foreign body responses.  

Therefore, we set out to analyze a condition where biomaterial properties were held constant, 
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while a variable mast cell response was generated in order to analyze downstream effects on 

fibrocytes and fibrotic outcomes. 

4.6 Influence of Different States of Mast Cell Activation on Fibrocyte Responses and Collagen 
Deposition 

 
4.6.1 Introduction  

Prior to investigating mast cell influence, we have examined whether Dex treatment to 

reduce inflammatory cell responses and local distraction of the SDF-1α axis with SDF-1 inhibitor 

Chalcone-4 in vivo obstructed fibrocyte responses.  We found that Dex reduced infiltrating 

CD45 positive cells, but had little influence on the presence of α-SMA positive cells or 

fibrocytes.  In addition, Dex did not appear to influence fibrocyte differentiation to α-SMA 

positive cells based on CD45 α-SMA expression.  Chalcone-4 embedded into PLGA films was 

able to substantially reduce collagen deposition at the biomaterial interface, possibly through 

limiting fibrocyte infiltration into the developing granulation tissue. 

If fibrocyte responses were unaffected by leukocyte infiltration, yet local inhibition of 

SDF-1α was effective, we hypothesized that stabilizing or destabilizing mast cell responses may 

potentially be more effective.  Mast cell responses are critical in initiating leukocyte infiltration in 

biomaterial-mediated inflammatory responses.  In addition, kinetic analysis of fibrocyte 

infiltration seems to support that leukocyte and fibrocytes arrive at a similar time point (4 days), 

suggesting a common mechanism may be leading to their infiltration, even if the implicated 

chemokines differ [151].  Therefore, we hypothesized that in comparison to the normal 

biomaterial-mediated response, creating variable levels of mast cell influence to the same 

biomaterial implant may vary the infiltration of fibrocytes and the degree of fibrosis at the 

biomaterial interface.   

We approached this design by incorporating mast cell stabilizing (Cromolyn) and 

destabilizing (Compound 48/80) agents into the polymer.  This allows us to validate the normal 

response, in addition to a response with substantially reduced mast cell influence and also with 

exaggerated mast cell influence. 
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4.6.2 Materials and Methods 

4.6.2.1 PLGA film fabrication and drug loading 

PLGA films were fabricated to incorporate drugs and chemicals for three separate 

treatment groups to study variable mast cell responses.  Films were incorporated with the mast 

cell stabilizing agent cromolyn (Sigma Aldrich, St Louis, MO) supplemented at 640 μg/kg body 

wt/day, mast cell destabilizing agent compound 48/80 (Sigma Aldrich, St Louis, MO)  at 1 mg/kg 

body wt/day, or no treatment unmodified PLGA films.    PLGA films were fabricated using the 

solvent casting technique.  Briefly, PLGA (75:25, 113kDa, Medisorb Inc., Birmingham, AL) was 

dissolved at 10% w/v in dichloromethane (Sigma Aldrich, St Louis, MO).  Films were then cast 

into Teflon molds with the solvent allowed to evaporate overnight in a chemical fume hood.  For 

cromolyn embedded films, cromolyn salt was mixed with the polymer solution and cast into 

molds and evaporated as per control films.  For compound 48/80 embedded films, 10mg of 

compound 48/80 was dissolved in dimethylsulfoxide (Sigma Aldrich, St Louis, MO).  The 

solution was then blended with the polymer solution and cast into molds.  For all film conditions, 

the resulting film had a thickness of ~ 1mm.  Dosing values were set based on previous studies 

[274, 275] and delivery parameters estimated as previously described.  Films were cut into 5mm 

disks and stored at -20°C until implantation. 

4.6.2.2 Film implantation 

C57 mice (Jackson Labs) were selected for equal age and sex prior to housing by 

implantation condition.  For implantation, mice were anesthetized and a dorsal midline incision 

created as previously described [223].  Briefly, each mouse (n=3 for all studies) was implanted 

with two films of equal treatment condition, with films placed laterally on either side of the dorsal 

incision tucked into the subcutaneous space approximately 15mm away from the midline 

incision.  The incision was closed with surgical clips and the mice returned to housing.  The 

mice were monitored daily for irritation around the implantation for 1 week or 2 weeks until 

explantation. 
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4.6.2.3 Histological evaluation of drug loaded films 

Biomaterials were recovered and process for histological and immunohistochemical 

staining as described in previous section.  Primary antibodies were used to detect inflammatory 

and fibrotic cells as described in the previous sections.  Finally, quantification of histological 

parameters related to interfacial responses, total collagen deposition, and collagen percentages 

were described in previous sections. 

4.6.3 Results  

4.6.3.1 Correlation between mast cell responses, implant histology, and collagen 
deposition 

 
H&E staining of the implants reveals some significant differences related to both the 

organization and thickness of the infiltrated cell layer at the interface (Figure 4.10).  Unmodified 

PLGA films have a dense layer of spindle-shaped cells next to the implant ~5 cells thick with a 

less dense area of cells above the fibroblast layer.  Films embedded with Compound 48/80 

have a uniformly dense, thick cell layer with a mix of cells of rounded and spindle-shaped 

morphology throughout.  Cromolyn embedded films have an interface cell mixture similar to that 

of Compound 48/80 implants, but of lower density and thickness.  The thickness of the infiltrated 

cell layer was measured from implant surface dorsal to the hypodermal layer of non-

inflammatory cell infiltrated tissue.  Compound 48/80 treatment to induce mast cell 

degranulation results in a significant 2X thickening of the infiltrated cell layer in comparison to 

other treatments.  However, there were only minor differences in the total cell density. 

We next examined whether the degree of mast cell response correlated with 

downstream fibrotic reactions at 2 weeks (Figure 4.10).  Masson Trichrome staining was used 

to stain collagen at the interface.  As expected, the interface of PLGA films stains lightly, but 

uniformly for collagen from the implant dorsal to the hypodermis.  Compound 48/80 treatment 

results in a more prominent collagen staining, with more developed collagen formation observed 

as thick bands of collagen staining darker shade of blue.  Collagen deposition in Cromolyn 

treated implant more closely resembles unmodified films with a uniform, light staining for total 
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collagen from implant to hypodermis.  The thickness of the collagen staining layer was 

measured and resembles the trend for total cell infiltrate thickness, with Compound 48/80 

initiating a thicker collagen layer surrounding the implants. 

The layering of collagen I in fibrotic tissue provides a measure of the degree of fibrosis.  

In order to compare fibrotic degree among implants, Picosirius red staining was used under 

polarized light microscopy to view collagen I fibers (Figure 4.10).  Unmodified films had 

discontinuous collagen I deposition, pronounced near the implant interface becoming 

segmented away from the implant with a mix of collagen III.  Compound 48/80 embedded 

implants had a continuous, well formed layer of collagen I extending from the implant surface 

throughout the interface tissue with no evident collagen III. Cromolyn embedded implants had a 

thin collagen I layer which was segmented similar to PLGA unmodified films with a mix of 

collagen III throughout the interface.  Interfaces of each treatment condition were characterized 

for the percentage of collagen I area per interface area.  Compound 48/80 embedded implants 

had a significantly higher percentage of collagen I deposition (95%), significantly higher than 

both PLGA unmodified (80%) and Cromolyn embedded films (55%).  In addition, Cromolyn 

embedded implants had significantly reduced collagen I deposition compared to PLGA 

unmodified films.   
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Figure 4.10 Interfacial responses and collagen deposition in the context of variable mast cell 

responses.  H&E stains show differential cellular composition at the interface, further evident in 
quantification of the thickness of cells at the interface though the density is similar.  Masson 

Trichrome staining for total collagen reveals differences in the nature of the fibrotic response, for 
which quantification of the thickness of the collagen layer reveals significant differences 

between treatment groups.  Examination of collagen I content with Picosirius Red shows nearly 
100% coverage in the Compound 48/80 group decreasing through control to Cromolyn 

treatment (All statistics are ANOVA with Dunnett intergroup comparison to control values, 
bracket with * and * above groups represent significant tests at P<0.05). 

 

4.6.3.2 Mast cell responses affect fibrocyte and macrophage responses while also 
influencing Thy-1 and MSC responses 

 
As mentioned previously, our studies have linked the degree of phagocyte responses to 

the degree of mast cell degranulation.  Therefore, we would expect that a variable mast cell 

response would correlate directly with a variable macrophage response given this link.  As 

expected, we see a high density of macrophages at the interface of Compound 48/80 

embedded films compared to other treatment groups (Figure 4.11).  Quantification reveals that 

the density of macrophage is significantly higher in Compound 48/80 treated films, while the 

percentage of macrophages per total cells is significantly reduced in cromolyn treated films. 
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Thus far, we have observed that mast cell response appears to correlate with the 

fibrotic outcome.  Since fibrocytes participate in fibrotic reaction, we would expect to find 

differences in their responses to a biomaterial with variable mast cell effector tendencies.  We 

therefore assessed the fibrocyte response by examining the density of CD45+CI+ fibrocytes at 

the biomaterial:tissue interface.  Indeed we observe that the dispersion of these cells at the 

biomaterial interface is inconsistent between treatment groups, with the mast cell stabilizer 

cromolyn appearing to have reduced the recruitment of fibrocytes to the biomaterial implantation 

site (Figure 4.11).  To quantify these responses, we examine both the density and percentage 

of fibrocytes at the biomaterial interface.  Indeed we find that implant combination with the mast 

cell stabilizer cromolyn was able to significantly reduce the recruitment density and percentage 

of fibrocytes to the PLGA films. 

We next examined Thy-1 expression, as loss of Thy-1 expression has been linked with 

a terminal differentiation state of fibroblasts and participation in fibrosis.  In agreement with 

fibrotic histology assessments, we see more prominent expression of Thy-1 in less fibrotic 

condition and decreased Thy-1 expression in more fibrotic conditions, specifically higher 

expression in PLGA and lower expression in Compound 48-80 (Figure 4.11).  In addition, 

Cromolyn treated implants also had higher Thy-1 expression.  The percentage of Thy-1+ cells at 

the interface was higher in PLGA and Cromolyn groups compared with Compound 48-80.   

Though there is no established mechanism for biomaterial-mediated recruitment of host 

derived stem cells, based on our previous observations we hypothesized that mast cell behavior 

may contribute to the degree of MSC recruitment.  In addition, a reduction in the number of Thy-

1+ cells may represent conditions in which a reduced number of MSC (which express Thy-1) 

would have been recruited from host stores.  Consistent with our previous observations, we 

observe a small percentage of cells at the biomaterial interface expressing markers of 

multipotent MSC (Figure 4.11).  Though we qualitatively observe a higher number of cells at the 

interface of Compound 48/80 embedded implants, the number of host derived MSC is lower 
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than that of untreated controls.  In contrast, Cromolyn embedded implants appear similar to 

unmodified PLGA implants, with a considerable percentage of MSC present at the biomaterial 

interface.  The percentage of MSC for each treatment condition was compared and reveals that 

the percentage of MSC was significantly lower than unmodified and Cromolyn embedded 

implant groups. 
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Figure 4.11 Fibrocyte, macrophage, CD90, and stem cell responses due to variable mast cell 
responses.  Cromolyn treatment appeared to reduce the infiltration of fibrocytes into the 

interfacial tissue, which could be verified by examining both the density and percentage of 
fibrocytes.  In addition, the macrophage response was also altered, with macrophage buildup 
highest in Compound 48/80 treatment groups and lower number by percentage in Cromolyn 
treatment group.  In addition, the expression of Thy-1 was altered between treatment groups 

with percentage lowest due to Compound 48/80 treatment.  Finally, the MSC response 
assessed by SSEA-4 expression was also reduced due to Compound 48/80 treatment.  All 

statistics were ANOVA with Dunnett intergroup comparison to control, with brackets and * and * 
above treatment group representing significant tests at P<0.05. 

 

 Finally, we examined the cell populations at the interface in a similar format to previous 

sections.  Interestingly, as seen in our previous studies, treatment for variable mast cell 

responses significantly altered the macrophage response, however at the 2 week time point 

imparted little influence over CD45 cells at the interface (Figure 4.12).  In addition, we find a 

slight decrease in the number of total α-SMA positive cells at the interface.  In conjunction with 

this, we observe significant decreases in the percentage of fibrocyte-derived myofibroblasts as 
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well as fibrocyte.  Cromolyn significantly reduced fibrocyte-derived myofibroblasts with respect 

to control while also decreasing fibrocyte percentages with respect to compound 48/80 

treatment. 

 

Figure 4.12 Effect of mast cell response on cell populations at the biomaterial interface.  
Cromolyn treatment effectively reduced inflammatory cells and fibrotic cells at the biomaterial 

interface in comparison to other treatment groups (ANOVA bracket and * P<0.05, Bonferroni or 
Dunnett intergroup tests, dashed brackets P<0.05).   
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4.6.4 Discussion 

Based on the fact that both leukocyte responses were minimally involved in fibrocyte 

responses and CXCL12 neutralization was only slightly effective, this led us to consider the role 

of the mast cell in facilitating biomaterial-mediated fibrotic responses through fibrocyte 

interactions.  However, literature regarding biomaterial-mediated fibrocyte responses are 

extremely limited [214]. 

We based this hypothesis on the assumption that though Dex may limit leukocyte 

infiltration [123, 230], processes resulting from peripheral tissue damage and subsequent 

biomaterial mediated protein interactions may play a more prominent role [35, 37, 72, 82].  

Though we find reduced cell infiltrate, and more specifically reduced macrophage and leukocyte 

infiltration, the number of fibrocytes was nearly unaltered.  This supported our assumption that 

mast cells may play a more decisive role in dictating fibrocyte recruitment, and subsequently 

implant-mediated fibrosis.  Prior to investigating mast cell influence, we examined whether local 

distraction of the SDF-1α axis with SDF-1 inhibitor Chalcone-4 in vivo would obstruct fibrocyte 

responses.  As expected, we found that Chalcone-4 embedded into PLGA films was able to 

substantially reduce collagen deposition at the biomaterial interface, likely through limiting 

fibrocyte chemotaxis and activation in the developing granulation tissue through SDF-1α-

dependent interactions. 

If fibrocyte responses were unaffected by leukocyte infiltration, yet local inhibition of 

SDF-1α was effective, we hypothesized that stabilizing or destabilizing mast cell responses in 

comparison to the normal biomaterial-mediated response, creating variable levels of mast cell 

influence to the same biomaterial implant, should vary the infiltration of fibrocytes and the 

degree of fibrosis at the biomaterial interface.  In line with our hypothesis, stabilizing the mast 

cell response was able to reduce macrophage infiltration, reduce fibrocyte infiltration, and 

significantly decrease the thickness of the collagen encapsulating layer while limiting the 

deposition of collagen I fibers at the interface.   
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Previous results have suggested that mast cells may be critical determinants of the 

fibrotic potential of a given biomaterial, especially, given their critical role in inflammatory cell 

recruitment to the sites of biomaterial implantation [24, 40, 208, 212].  It is plausible that mast 

cell release of histamine and tryptase as well as cytokines such as TNF-α, GM-CSF, IL-4, IL-6, 

IL-10, IL-13, IL-16 and chemokines MIP-1α, MCP-1 may result in the proper signals to initiate 

significant fibrocyte infiltration around 4 days after implantation based on tissue injury and 

fibrotic model studies [40, 276].  In fact, a recent study suggests that mast cell tryptase may be 

linked to autocrine TGF-β1 signaling which initiates α-SMA expression [277]. 

TGF-β1 has been linked to fibrocyte differentiation to myofibroblasts, detected by 

expression of α-SMA in conjunction with a decrease in CD45 and CD34 expression.  The 

influence of mast cells on this response appears to result in both insuffiecient stimuli for normal 

fibrocyte infiltration and significant reductions in the presence of α-SMA+ myofibroblasts.  These 

alterations were linked to decreases in cell infiltration at the implant interface, decreased total 

collagen at the interface, and a significant disruption in collagen I synthesis and organization at 

the implant interface.  Though SDF-1α production has not been directly linked with mast cells, 

several mast cell dependent processes, including fibroblast activation and cytokine production 

as well as endothelial cell activation, has been linked and these cells have been implicated in 

SDF-1α production.  As we have previously shown, downstream modulation of SDF-1α by 

inactivating through local release of Chalcone-4 was also able to significantly alter collagen 

deposition at the interface.   

In summary, this aim has established that fibrocytes and fibrocyte-derived 

myofibroblasts are responsible for collagen deposition at the implant interface.  Mast cell 

activation as a result of biomaterial-mediated protein interactions initiates an influx of 

inflammatory cells and fibrotic progenitors.  The degree of fibrocyte and inflammatory cell influx 

could be varied by altering the degree of mast cell activation, which additionally altered the 

deposition of collagen at the implantation site.  The recruitment of fibrocytes to the implantation 
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site is co-dependent upon both inflammatory chemokines as well as SDF-1α, which was able to 

reduce fibrocyte chemotaxis in vitro as well as reduce collagen deposition in vivo.  However, 

treatment with Dex to reduce inflammatory responses did not significantly alter the recruitment 

of fibrocytes, however, likely influenced the activation of fibrocytes based on TGF-β1 dependent 

processes through reduction of macrophage and leukocyte responses.  Therefore, the mast cell 

response appears to be a primary target for reducing biomaterial-mediated foreign body 

responses. 
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CHAPTER 5 

SUMMARY AND CONCLUSION 

5.1 Summary 

In this dissertation, two promising strategies to reduce biomaterial-mediated foreign 

body responses were investigated.  The first of these strategies, modification of the biomaterial 

surface to increase wetability, was able to moderately influence inflammatory cell interactions 

with the scaffolds.  Exposure of macrophages to surface modified scaffolds in vitro altered 

cytokine secretion as analyzed through macrophage chemotaxis to preconditioned media.  In 

addition, in vivo scaffold modification was able to slightly alter inflammatory cell influx to the 

biomaterial interface dependent upon surface functional group.  Surface modification to 

increase hydrophilicity also influenced the penetration of cells into the scaffold with time as well 

as infiltration density and matrix production.  However surface modification exerted only minor 

influence over the thickness of the fibrotic capsule surrounding the biomaterial implants. 

The second approach was primarily focused on increasing the participation of host-

derived stem cells using stem cell chemokines to reduce biomaterial-mediated fibrotic 

responses.  The increase in host-derived stem cells was able to significantly alter the deposition 

of collagen at the biomaterial interface.  In addition, SDF-1α dependent recruitment of 

angiogenic progenitors was also increased, resulting in better vasculogenesis accompanied by 

improved cell infiltration into the scaffolds.   In addition, inflammatory cytokine analysis revealed 

drastic changes in the implant cytokine environment.  These changes were accompanied by 

shifts in macrophage phenotype, revealing the participation of macrophage shown to selectively 

participate in wound healing responses.  In searching for a primary influence of SDF-1α on 

these responses, the mast cell emerged as a critical parameter which was influenced almost 

immediately after implantation.  Based on the delivery duration of the chemokine, these 
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responses appear to be continually modulated over the course of biomaterial-mediated host 

reaction. 

Interestingly, when delivery of SDF-1α was delayed until after primary biomaterial-

induced mast cell degranulation, the effect of SDF-1α supplementation was less substantial.  

This led us to consider whether the mast cell responses were primarily regulating the 

biomaterial-mediated fibrotic response.  To test this hypothesis, we first identified what cells at 

the biomaterial interface where primarly contributing to the deposition of collagen, from which 

the fibrotic progenitor cells (fibrocytes) and the downstream fibrotcyte-derived myofibroblast 

were primarily implicated.  Based on their implication in several disease conditions as primary 

contributors to fibrosis, we proceeded in indentifying their arrival at the implantation site and 

chemokines which may be governing their arrival.  Interestingly, we found that fibrocytes 

recovered from the biomaterial implantation site appeared to predominantely migrate in 

response to SDF-1α, prominently produced in the weeks following tissue injury.  Using this 

target, we investigated downregulation of the inflammatory response using the drug Dex. 

Though this greatly affected inflammatory cell influx, the percentage of recruited fibrocytes and 

the generation of myofibroblasts was not significantly influenced.  We therefore, directly 

targeted SDF-1α in vivo to reduce fibrocyte infiltration. 

In agreement with in vitro chemotaxis studies, SDF-1α neutralization was able to 

significantly reduce the influx of fibrocytes as well as the generation of fibrocyte-derived 

myofibroblasts in addition to reducing inflammatory cell influx.  This condition led to a significant 

reduction in fibrotic responses at the conclusion of the first week of implantation.  Since mast 

cells influence the acute inflammatory response to biomaterial implants, we hypothesized that 

creating different degrees of mast cell responses to the same implant would result in 

differentiatal stimulation of cells responsible for producing SDF-1α in addition to reducing 

inflammatory stimuli.  We further suspected this would influence not only inflammatory cell 
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recruitment and fibrocyte recruitment, but substantially alter the generation of fibrocyte-derived 

myofibroblasts and the degree of fibrotic responses. 

Analysis of biomaterial implants two weeks after implantation showed that reducing the 

mast cell response with Cromolyn was able to significantly reduce macrophage influx in addition 

to fibrocyte and fibrocyte-derived myofibroblast influx to the biomaterial interface.  As expected, 

Cromolyn treatment was therefore able to significant reduce fibrotic encapsulation and collagen 

I structure around the biomaterial, implicating mast cells as the initiator of the fibrotic response 

to biomaterial implants. 

Based on these results, we propose the following hypothetical sequence of events 

leading to the formation of fibrotic tissue around biomaterial implants.  Shortly following 

implantation, direct protein interactions and protein interactions leading to release of soluble 

mediators lead to mast cell activation.  This results in the degranulation of mast cells, leading to 

activation of endothelial cells and recruitment of inflammatory cells and fibrotic progenitors.  

Through local influence of implant activated macrophage nd mast cells, fibrocytes differentiate 

into myofibroblasts which align at the biomaterial interface and begin to produce collagen.  This 

collagen production results in fibrotic encapsulation of the implant. 

5.2 Conclusion 

Mast cells, which have been less significantly investigated in biomaterial-mediated 

responses, appear to control many aspects of downstream host responses.  Their behavior can 

be linked to both inflammatory and fibrotic progenitor responses, through which modulation of 

the mast cell response appears to significantly influence both of these parameters.  Despite 

links between SDF-1α mediated recruitment of fibrocytes in this process, SDF-1α 

supplementation was able to significantly improve the host-derived stem cell response, and 

thereby improve the integration of the scaffold by reducing fibrotic encapsultation.  However, 

this process appeared be to be linked with selective modulation of mast cell responses, 

resulting in a decrease in mast cell activation.  Therefore, here were able to identify both the 
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critical involvement of the mast cell response in biomaterial-mediated fibrosis, as well as identify 

a strategy to reduce mast cell activation while improving host-derived stem cell responses to 

improve the response to biomaterial scaffolds in the subcutaneous space. 

5.3 Future Prospectives 

Controlling the host response to biomaterial implants is of great interest to both 

biomaterial scientists and tissue engineers moving forward.  Pending the arrival of a broader 

selection of clinically applicable biomaterials, methods to alter the host response to available 

biomaterials is critically important.  Here we have begun to investigate the influence of 

improving host-derived stem cell response to improve these parameters.  Though successful, 

the pleitrophic effects of chemokines especially with regard to inflammatory and fibrotic 

response must be fully appreciated.  We must continue to seek a balance between modulation 

of the factors which control unregulated fibrotic response and those which enhance tissue 

integration.  Identification of these factors will open up possibilities to altering cell responses 

potentially through protein and surface interactions, which may reduce the need for recombinant 

cytokine therapy, increasing the translatability of biomaterial designs. 

The following questions remained to be addressed regarding the biomaterial-mediated 

fibrotic responses.  There is still some debate as to source of fibrotic progenitor cells, 

specifically regarding their phenotype prior to and after signaling to home to the implant 

interface.  Though SDF-1α appears to be primarily involved based on our results, several other 

chemokines have been implicated in other models, which may implicate a redundant, more 

complicated pathway of chemotaxis.  In addition, fibrocytes which do not express CXCR-4 have 

been identified which highlights our incomplete understanding of fibrotic progenitors.  While the 

influence of inflammatory cells on fibrocytes has been thoroughly investigated, the influence of 

host-derived stem cells, with regards to both their potential involvement as source of fibrosis 

and potential paracrine influence over fibrocyte differentiation has not been well investigated.  In 

addition, the potential interactions of novel biomaterials designed to reduce mast cell responses 
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has not been well developed and represents an interesting new track for biomaterial 

development to reduced fibrotic host responses to polymeric scaffolds implants. 
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