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Bone metastasis frequently occurs in patients with advanced breast cancer and remains a 

major source of mortality. At the molecular level, bone is a nanocomposite composed of 

inorganic bone mineral deposited within an organic extracellular matrix (ECM). Although the 

exact mechanisms of bone metastasis remain unclear, the nanoscale materials properties of bone 

mineral have been implicated in this process. Bone apatite is closely related to synthetic 

hydroxyapatite (HAP, Ca10(PO4)6(OH)2) in terms of structural and mechanical properties. 

Additionally, although the primary protein content of bone is collagen I, the glycoprotein 

fibronectin (Fn) is essential in maintaining the overall integrity of the bone matrix. Importantly, 

in vivo, neither breast cancer cells nor normal bone cells interact directly with the bone mineral 

but rather with the protein film adsorbed onto the mineral surface. Therefore, we hypothesized 

that breast cancer cell functions were regulated by differential fibronectin adsorption onto 

hydroxyapatite, which led to pathological remodeling of the bone matrix and sustained bone 

metastasis. 

Three model systems containing HAP and Fn were developed for this thesis. In model 

system I, a library of synthetic HAP nanoparticles were utilized to investigate the effect of 

mineral size, shape, and crystallinity on Fn conformation, using Fӧrster resonance energy 

transfer (FRET) spectroscopy. In model system II, Fn-functionalized large geologic HAP 

crystals were used instead of HAP nanoparticles to avoid cellular uptake when investigating 



   

subsequent cell functions. Overall our FRET analysis (models I and II) revealed that Fn 

conformation depended on size, surface chemistry, and roughness of underlying HAP. When 

breast cancer cells were seeded on the Fn-coated HAP crystal facets (model II), our data 

indicated high secretion levels of proangiogenic and proinflammatory factors associated with the 

presence of unfolded Fn conformations, likely caused by differential engagement of cell 

receptors integrins with the underlying Fn. Finally, in model system III, Fn fibrillar structures 

(mimicking the bone matrix) were fabricated and characterized in presence of HAP nanoparticles, 

suggesting that the presence of microcalcifications found in tumorous/inflammed tissues affects 

both the structural and mechanical properties of the surrounding ECM.  

Collectively, our study of cellular behavior regulated by mineral/ECM interactions provides 

insights into the pathogenesis of breast cancer bone metastasis as well as other HAP-related 

inflammation.  
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Chapter 1. 

 

Introduction 

 
1.1 Background and motivation 

Bone is one of the primary metastatic sites for various common human cancers, including 

breast cancer and prostate cancer, and is the site of the most significant tumor burden in many 

patients at advanced stage [1,2]. In order to develop effective treatment for bone metastasis, it is 

important to understand what characteristics of the bone microenvironment (often radically 

different from that of the primary tumor) attract and support cancer metastasis, survival, and 

growth in bone. Bone is a nanocomposite material with hierarchical structure, composed of 

inorganic bone mineral deposited within an organic fibrillar extracellular matrix (ECM) [3]. This 

mineralized organic matrix is under constant remodeling by osteoclasts resorbing old matrix and 

osteoblasts depositing new matrix [4]. Cancer metastasis to bone induces pathological 

remodeling of the bone matrix by perturbing the balance between bone deposition and bone 

degradation. The presence of tumor cells alters cell-cell interactions in the bone 

microenvironment. In the case of breast cancer cells invasion of the bone tissue, osteolysis takes 

place, induced by suppression of osteoblasts and activation of osteoclasts [5–8]. A well-known 

model developed to explain this process is the ‘vicious cycle’ model: briefly, tumor cell secretion 

of growth factors enhances osteoclasts-mediated bone degradation, releasing new growth factors 

stored in the bone matrix, which further promotes tumor growth and secretion of more growth 

factors [9]. In addition to cell-cell interactions, it is well acknowledged that cell-matrix 

interactions also play a critical role in regulating tumor cell fate. There has been increasing 
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evidence that the nanoscale materials properties of bone apatite may modulate the pathogenesis 

of breast cancer bone metastasis [7,10,11]. However, the cellular and molecular mechanisms of 

this process, in particular whether and how the mineral/ECM interface is involved, remains 

unclear. 

Synthetic hydroxyapatite (HAP, Ca10(PO4)6(OH)2) has been widely used in previous studies 

to mimic bone apatite by recapitulating several of its materials properties, such as size, 

crystallinity, and carbonate substitution. Due to bone remodeling, the crystal size, chemical 

composition, and distribution of bone mineral vary as a function of age and disease progression. 

Compared with synthetic HAP, bone apatite has lower crystallinity and more substitution ions in 

the crystal lattice [12–15]. The presence of HAP in polymer scaffolds was reported to increase 

tumor cell adhesion, proliferation, and secretion of pro-inflammatory factor interleukin-8 (IL-8), 

which is a potential activator of osteoclast-mediated bone resorption [7,10]. Furthermore, HAP 

materials properties including nanoparticle size, crystallinity, carbonate incorporation, and 

morphology of mineral coating, all showed combined and/or individual effects on breast cancer 

cell growth and secretion [11,16]. However, it remains a challenge to deconvolute the roles of 

HAP surface chemistry and topography in regulating both cancer and bone cells functions. 

Furthermore, whether cells sense the mineral materials properties directly or indirectly (via 

interactions with the organic ECM) also requires investigation. 

The bone ECM is composed primarily of collagen I (90%), proteoglycans, and glycoproteins. 

We focused on the glycoprotein fibronectin (Fn), a 440 kDa dimeric glycoprotein composed of 

three types of repeating modules among which half of them are mechanically unstable and 

subject to drastic conformational changes (molecular unfolding) [17]. Fn is the first bone matrix 

protein deposited by osteoblasts; it plays an essential role in the subsequent deposition of 
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collagen I and later in maintaining the integrity of the collagen matrix [18–23]. Circulating 

plasma Fn molecules produced by the liver are also found in the bone matrix [24]. Plasma Fn 

actually represents the predominant source of Fn affecting bone mineralization and matrix 

properties, while osteoblast-derived Fn locally modulates osteoblast differentiation without 

appreciably changing matrix properties [24]. As a critical mechanotransducer, Fn is known to 

sense and respond to chemical, physical, and mechanical signals from the microenvironment 

[17,25]. More specifically, the force-induced conformational changes of Fn can regulate the type 

of binding sites that are exposed or disrupted on the protein. For example, the cell binding 

domain located on Fn-III9-10, which is recognized by cell surface receptors notably integrins, is 

very sensitive to mechanical strain and its unfolding will lead to differential integrin engagement 

[26–28]. These conformational-dependent binding events ultimately influence downstream 

cellular behaviors to regulate or dysregulate homeostasis in vivo [29–31]. Previous studies have 

shown that osteogenesis, osteoblast differentiation, and survival of matured osteoblast all depend 

on integrin-mediated interactions between osteoblasts and Fn [32,33].  

Fn mechanobiology also plays a critical role in regulating tumorigenesis [34]. The up-

regulation of Fn in the primary tumor microenvironment has been associated with increased 

mortality among patients with breast and prostate cancers [35]. As Fn has numerous binding sites 

for cells, other ECM proteins, and growth factors [20], the conformational changes of Fn can 

mediate a variety of cancer cell functions including adhesion, proliferation, and 

proangiogenic/proinflammatory secretion, but also migration and tissue invasion, which are 

crucial for cells to detach from the primary tumor and start their journey to a metastatic site. 

Cancer cell adhesion to the surrounding ECM is an essential step required for cell migration 

and invasion, a hallmark of the metastatic cascade. As a major ECM adhesive protein, Fn has 
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been implicated in modulating tumor cell migration, invasion, and apoptotic responses of breast 

cancer cells [36–38]. Transmembrane receptors notably integrins, a family of 24 ubiquitous α/β 

heterodimers, have been identified as key regulators in these processes. Each integrin binds to a 

specific set of extracellular ligands, transducing (in and out) biochemical, physical, and 

mechanical signals for cells to sense and respond to their microenvironment [39]. During cell 

attachment to ECM ligands, integrins cluster on the cell surface and act as a platform for 

recruiting cellular and signaling accessory proteins, forming structures called focal adhesions 

(FAs) that link the ECM to the actin cytoskeleton. The engagement of different integrins may 

either enhance or inhibit tumorigenesis during breast cancer progression [40]. For example, β1 

integrins play a specific role in regulating breast cancer cell adhesion and spreading, formation 

of FAs, and cell invasion through complex ECM environments [41]. Thus Fn conformational 

changes may regulate integrin binding and subsequent cell fate during breast cancer metastasis. 

During tumor progression, the formation of new blood vessels, a process called angiogenesis, 

is critical for tumor growth and metastasis [42]. Tumor cells promote angiogenesis by up-

regulating proangiogenic factors [43]. Dysregulated cell-ECM interactions and integrin signaling 

have been reported to be associated with altered signaling of a major proangiogenic factor, 

vascular endothelial growth factor (VEGF) [44–46]. A proinflammatory factor, interleukin-8 (IL-

8), can also promote angiogenic responses in endothelial cells, increase tumor cell survival and 

proliferation, and potentiate tumor cell migration and invasion. [10,47,48]. Moreover, IL-8 acts 

as a mediator of osteolysis induced by bone metastasis, and is dramatically up-regulated in breast 

cancer cells that preferentially metastasize to bone [7,10]. In fact, a strong correlation has been 

established between IL-8 expression and the metastatic potential of breast cancer cells [49]. 

Circulating plasma Fn was also shown to enhance blood vessel formation and facilitate tumor 
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growth by increasing soluble VEGF contents and VEGF-mediated signaling [35]. Finally, an 

integrin switch activated by Fn conformational changes that promotes VEGF secretion by breast 

cancer associated stromal cells has also been identified [45]. Thus Fn mechanobiology may 

underlie proangiogenic signaling pathways that promote tumor growth and metastasis.  

 To elucidate whether HAP materials properties alter cellular functions and whether Fn 

mediates these alterations, two types of cell culture platforms containing HAP and Fn were 

developed for this thesis. In the first platform developed, a library of HAP nanoparticles was 

synthesized to investigate the effect of nanoparticle size, shape, and crystallinity on the 

deposition and conformation of Fn molecules (determined via Fӧrster resonance energy transfer 

(FRET) mapping). In the second platform developed, geologic HAP crystal facets rather than 

nanoparticles were used for studying subsequent cellular behaviors to (i) avoid cytotoxicity due 

to cell uptake of nanoparticles, and (ii) deconvolute the effects of HAP surface chemistry and 

surface topography/roughness. Our findings indicate that HAP surface chemistry and 

topography/roughness have both individual and combined effects on adhesion as well as on 

proangiogenic and pro-inflammatory secretions of breast cancer cells, through Fn-mediated 

interactions. Osteoblast adhesion and FA assembly were also investigated to understand whether 

bone remodeling is likewise altered by HAP induced dysregulation of Fn. Our data show 

differential assembly of FAs depending on both surface chemistry and surface topography, while 

the latter seemed to play a predominant role. The larger size of FA complexes formed on rough 

HAP facets was associated with higher amounts of more compact Fn adsorbed, which is likely 

attributed to the interactions between Fn and osteoblasts surface receptors.   

 Collectively, our study of the regulation of cell functions (including cell survival, adhesion, 

FA assembly, and secretion) by inorganic/organic interactions provides insights into the 
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pathogenesis of cancer bone metastasis as well as other HAP-related inflammation. The altered 

organic matrix properties caused by interactions with inorganic minerals may provide niches for 

nurturing tumor cells that arrive at the secondary site, bone. In particular, we have shown that the 

unfolding of Fn molecules is correlated with upregulated proangiogenic and proinflammatory 

secretion by breast cancer cells, which can subsequently promote the formation of new blood 

vessels and induce altered pre-osteoblast activities. Together, these altered breast cancer and 

osteoblast cell functions mediate pathologic bone remodeling that could in turn result in further 

modifications of the mineral materials properties.  

 

1.2 Experimental design 

1.2.1 Source of hydroxyapatite 

Hydroxyapatite (HAP) is closely related to the mineral component of bone and teeth in both 

structural and mechanical properties [15]. It is also a naturally occurring geologic mineral that is 

ubiquitous in various rocks because of its wide stability in geological processes. The bone and 

teeth apatite have different properties from the geologic apatite because they are formed in 

different ways. For example, nano-sized bone apatite has higher solubility and lower crystallinity 

than macroscale geologic apatite. Both of them have substitution ions in the crystal lattice, 

although the species and concentration of these ions are different. Synthetic stoichiometric HAP 

nanoparticles resemble bone mineral in size, shape, and crystallinity, but lack substitution ions. 

Additionally, nanoparticles can be cytotoxic to cells due to potential cellular uptake, unless they 

are embedded in polymer scaffolds. Macroscale geologic apatite crystals not only helped solving 

this problem but also allowed us to control independently different materials properties. The 
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geologic apatite crystals used had similar substitution ions as bone apatite, although with much 

higher crystallinity. The preparation and characterization of synthetic HAP nanoparticles and 

geologic HAP facets will be discussed in Chapter 2 and Chapter 3, respectively. 

1.2.2 Source of fibronectin 

In vivo, fibronectin (Fn) is present in soluble molecular form in body fluids (300 µg/mL in 

plasma, less in other fluids) and in insoluble fibrillar form in tissue ECMs. There are two types 

of Fn, namely plasma Fn and cellular Fn. They are synthesized by different types of cells but are 

very similar in structure and properties. Cellular Fn contains variable amounts of either or both 

ED-A and ED-B alternative splicing regions that are absent in plasma Fn [50]. One major source 

of plasma Fn is hepatocytes in the liver, while fibroblasts and endothelial cells are major 

producers of cellular Fn [51]. Human plasma Fn used in this study was obtained from Invitrogen 

(Thermo Fisher Scientific), and reconstituted with DI water to 1 mg/mL stock solution stored at -

80 ˚C. The stock solution was diluted with 1x phosphate buffered saline (PBS) to desired 

concentrations before use. Fn solutions were used either to coat HAP surfaces for studying single 

molecule conformation (described in Chapter 2 and Chapter 3), or to manually pull Fn fibers for 

studying fiber level conformational and mechanical properties (described in Appendix A).  

1.2.3 Source of cells 

Two types of cells were used for this thesis: MDA-MB-231 (ATCC® HTB26™) human 

breast cancer cells, and MC3T3-E1 subclone 4 (ATCC® CRL2593™) mouse pre-osteoblast 

cells.  
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Breast cancer is heterogeneous, and could be classified into at least five subtypes: luminal A, 

luminal B, HER2, basal, and claudin-low, based on gene expression profiling and the immuno-

histochemical expression of oestrogen receptor (ERα), progesterone receptor (PR) and human 

epidermal growth factor receptor 2 (HER2) [52][53]. A number of breast cancer cell lines have 

been developed for in vivo and in vitro studies to understand breast carcinomas. The most widely 

used cell lines include MCF-7, T-47D, and MDA-MB-231 [54]. MDA-MB-231 cell line belongs 

to the claudin-low subtype, which lacks expression of ERα, PR, and HER2, and is associated 

with poor prognosis. They are highly invasive in vitro and relatively poorly invasive in vivo, and 

therefore often used as in vitro models for studying breast cancer metastasis. The population of 

this cell line is heterogeneous and distinct sub-populations can be obtained based on preferential 

metastatic site (bone or brain) [55].  

The MC3T3-E1 subclone 4 cell line is isolated from the cloned phenotypically heterogeneous 

MC3T3-E1 cell line (from mouse calvaria). Low subclone cell lines (e.g., subclone 4 and 14) 

exhibit high levels of osteoblast differentiation and form a well mineralized ECM after 10 days, 

while high subclone cell lines (e.g., subclone 24 and 30) exhibit low level of osteoblast 

differentiation and do not form ECM [56]. Thus the MC3T3-E1 subclone 4 cell line is a good 

model for studying in vitro osteoblast differentiation, particularly ECM signaling. Their 

behaviors are similar to primary calvarial osteoblasts. 

It needs to be noted that these cell lines may not fully reflect the in vivo response due to 

genetic modifications as compared with primary cells that are harvested directly from the tissue 

of interest. 
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1.2.4 Requirements for cell culture platform  

Standard cell culture conditions were used for cell behavior studies in this thesis. Basic 

environmental considerations for culturing cells include temperature, humidity, appropriate 

growth medium, pH, and osmolality. Typical culture medium contains amino acids, vitamins, 

inorganic salts, glucose, and serum as a source of growth factors, hormones, and attachment 

factors for cells, and should be optimized based on cell type [57]. In this thesis, cells were 

maintained at 37 ˚C and 5% CO2 in αMEM (Sigma Aldrich) supplemented with 10% fetal 

bovine serum (FBS, Atlanta Biologicals) and 1% penicillin/streptomycin (P/S, Quality 

Biological). αMEM is the α modification of Minimum Essential Medium (MEM), which 

contains amino acids, salts, vitamins and so on. FBS contains many growth factors that support 

embryonic growth, bovine serum albumin, glucose, as well as other defined and undefined 

components. The addition of P/S prevents bacterial contamination of cell cultures. The cell 

culture platforms developed in this thesis were all tested for good cell viability before cell 

function studies described in Chapter 4 and Chapter 5. 

 

1.3 Thesis overview 

The scope of this thesis was to develop cell culture platforms to investigate the role of 

HAP/Fn molecular interactions in mediating cellular behaviors during cancer bone metastasis. In 

order to control HAP materials properties, two strategies were used. The first strategy utilized 

synthetic HAP nanoparticles, and the second strategy utilized geologic apatite single crystals. 

FRET spectroscopy was used to probe differential Fn conformation and deposition as a function 

of HAP materials properties. Fn coated HAP facets generated using the second strategy were 
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then used for studying altered cellular behaviors to establish a correlation with differential Fn 

conformation and deposition mediated by HAP surface properties. 

In Chapter 2, the synthesis and characterization of a library of HAP nanoparticles are 

described. Using a two-step hydrothermal synthesis method, HAP nanoparticles with controlled 

size, shape, and crystallinity were obtained. FRET spectroscopy was used to quantify the 

deposition and conformation of Fn adsorbed onto HAP nanoparticles with various materials 

properties. Both single nanoparticles surface charge and particle agglomerates size and 

morphology were found to trigger differential Fn adsorption at the HAP surface.   

In Chapter 3, geologic HAP single crystals were cut along two specific crystallographic 

orientations and polished to two desired roughness levels to generate HAP facets with controlled 

surface chemistry and topography/roughness. This strategy allowed us to deconvolute the effects 

of surface chemistry and topography on Fn adsorption, and to avoid cytotoxicity due to eventual 

uptake of nanoparticles by cells. Fn deposition and conformation were analyzed via FRET, and 

the individual effects of surface chemistry and topography are discussed.  

In Chapter 4, using the Fn coated geologic HAP facets characterized in Chapter 3 as cell 

culture platforms, MDA-MB-231 breast cancer cells were introduced to evaluate cell viability 

and adhesion, FA assembly, and proangiogenic secretion of VEGF and IL-8. HAP surface 

chemistry and topography had both individual and combined effects on Fn-mediated breast 

cancer cell functions, in particular FA assembly and proangiogenic secretion.  

In Chapter 5, MC3T3-E1 pre-osteoblasts were seeded onto Fn coated geologic HAP facets to 

investigate early osteoblast adhesion and FA assembly. FA assembly, in particular FA size, was 

found to depend on both HAP surface chemistry and topography.  
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In Appendix A, fabrication of artificial Fn fibers and Fn-HAP nanocomposite fibers is 

described. HAP nanoparticles developed in Chapter 2 were either used to decorate the surface of 

Fn fibers or incorporated inside Fn fibers to form Fn-HAP composite fibers. Preliminary results 

for altered conformational and mechanical properties of Fn fibers in presence of HAP 

nanoparticles are discussed to provide implications for altered structural and mechanical 

properties of inflamed tissues. 

In Appendix B, FRET was used to measure Fn conformation adsorbed on mica as a function 

of surface curvature. Atomically smooth mica was glued on silica discs with various radii of 

curvature that were used for surface forces apparatus studies. Our results indicate that, at fixed 

concentration and nanoscale roughness, Fn conformation depends on the macroscopic curvature 

of the underlying surface. 

In Appendix C, the sequestration of VEGF within Fn fibers in cell deposited matrices was 

measured using a ratiometric method to investigate how Fn conformational changes affect VEGF 

binding. Our results indicate that Fn conformation in the ECM plays critical roles in mediating 

both the direct sequestration of growth factors by the ECM and the indirect (integrin-mediated) 

secretion of cells in contact with the ECM. 

 

1.4 Conclusions 

This thesis focuses on developing cell culture platforms containing HAP and Fn to elucidate 

the role of inorganic/organic interface in cancer bone metastasis and HAP-related inflammation. 

A combination of materials science and biochemical approaches was utilized to (i) quantify the 

effects of HAP materials properties on the deposition and conformation of Fn molecules; (ii) 
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determine the downstream behavior of breast cancer cells and osteoblast cells; (iii) measure 

altered conformational and mechanical properties of Fn fibers in presence of HAP. Overall, 

insights gained by these structural and mechanical studies not only increase our understanding of 

breast cancer bone metastasis and other HAP-related inflammation, but also have important 

implications for the design of safe biomaterials platforms for tissue regeneration applications.   
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Chapter 2.  

Differential Fibronectin Adsorption on Synthetic Hydroxyapatite 

Nanoparticles: Effect of Size, Shape, and Crystallinity 

Contributors: Debra Lin, Jin Ho Chang, Lara Estroff, and Delphine Gourdon. 

 

2.1 Abstract 

Hydroxyapatite (HAP, Ca10(PO4)6(OH)2) nanoparticles with controlled materials properties have 

been synthesized through a two-step hydrothermal aging method to investigate fibronectin (Fn) 

adsorption. Two distinct populations of HAP nanoparticles have been generated: HAP1 particles 

had smaller size, plate-like shape, lower crystallinity and more negative zeta potential than 

HAP2 particles. We then developed 2-dimentional (2D) platforms containing HAP and Fn and 

analyzed both the amount and the conformation of Fn via Förster resonance energy transfer 

(FRET) at various HAP concentrations. Our FRET analysis reveals that larger amounts of more 

compact Fn molecules were adsorbed onto HAP1 than onto HAP2 particles. Additionally, our 

data show that the amount of compact Fn adsorbed increased with increasing HAP concentration 

due to the formation of nanoparticle agglomerates. We propose that both the surface chemistry of 

single nanoparticles and the size and morphology of HAP agglomerates play significant roles in 

the interaction of Fn with HAP. Collectively our findings suggest that the HAP-induced 

conformational changes of Fn, a critical mechanotransducer protein involved in the 

communication of cells with their environment, will ultimately affect downstream cellular 

behaviors. These results have important implications for our understanding of organic-inorganic 
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interactions in physiological and pathological biomineralization processes, such as HAP-related 

inflammation. 

 

2.2 Introduction 

The adsorption of proteins onto surfaces is a common but complicated phenomenon in 

numerous biological processes and has promoted great research interest in various fields. For 

example, proteins adsorbed onto biomedical implants can trigger the complement cascade and 

cause inflammation [1]. In the biomineralization community, it is widely acknowledged that 

protein-crystal interactions also play important roles in controlling crystal nucleation and growth 

[2–4]. One biocompatible and bioactive material often used as implant coating for bone 

regeneration is hydroxyapatite (HAP, Ca10(PO4)6(OH)2), which is closely related to bone apatite. 

Bone apatite, as compared with geologic HAP, has lower crystallinity and carbonate ions 

substituting for some fraction of hydroxyl and phosphate ions. Furthermore, the size, 

crystallinity, and compositional heterogeneity of bone apatite change as a function of age and 

disease progression [5–7]. In this study, we focus on the interaction between HAP and 

fibronectin (Fn), a 440 kDa multimodular glycoprotein present both in soluble form (as single 

molecules) in the blood and in polymerized insoluble form (as macromolecular fibers) in the 

extracellular matrix (ECM) [8]. The HAP-Fn interface has received increasing attention due to 

the ubiquitous role of mineral-protein interactions both in the design of biomedical implants and 

in the understanding of physiological/pathological processes such as wound healing/calcification. 

However, the molecular mechanisms of interactions between HAP and Fn remain unclear; in 

particular, the effect of materials properties of HAP on the quantity and conformation of 
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adsorbed Fn is still not fully understood due to the intrinsic structural and chemical complexities 

of Fn.  

The conformation and quantity of proteins adsorbed onto a surface depend on numerous 

factors, which include: surface chemistry, roughness and local geometric characteristics such as 

curvature [9,10]. Specifically, electrostatic forces play an important role in governing 

interactions between proteins and biominerals [11]. For example, experiments have shown that 

Fn adsorbs preferentially onto purely ionic crystal faces of calcite with no surface bound water 

molecules [12]. A previous study using Förster resonance energy transfer (FRET) and Atomic 

force microscopy (AFM) further demonstrates that local changes in the electrostatic environment 

during the growth of calcium oxalate monohydrate can induce major alterations in Fn 

conformation [13]. Surface charge has been shown to regulate Fn conformation and integrin 

binding using model self-assembled monolayer substrates, where Fn molecules adsorbed onto 

negatively charged surfaces functionalized with carboxyl groups interact more strongly with α5β1 

integrins and induce efficient cellular adhesion as compared with Fn adsorbed onto neutral 

surfaces [14].  

With the rapid growth of nanotechnology over the years, engineered nanomaterials have been 

increasingly suggested for biomedical applications such as drug delivery and disease diagnosis. 

Thus, understanding interactions at the nanomaterial-biological interface becomes very important 

in designing safe biomaterials [15]. Previous experimental work has shown that nanoroughness 

of substrates enhances protein adsorption and induces conformational changes of proteins, such 

as Fn [14,16]. Additionally, local surface geometry of nanomaterials, such as curvature of 

nanoparticles and nanopores, can also significantly affect protein conformation, especially when 

the characteristic sizes of the nanomaterial and the protein are comparable [17,18]. Therefore, 
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both surface chemistry and morphology need to be carefully investigated when studying protein 

adsorption on nanomaterials. 

Although a lot of effort has been devoted to studying HAP interactions with mineral-

modulating proteins [3], there is still limited work on HAP-Fn interactions. Previous 

computational studies suggest that the adsorption of Fn-type III modules (either the single Fn-

III10 module or the Fn-III7-10 sequence) onto crystal faces of HAP is governed by electrostatic 

interactions and hydrogen bonds forming between the guanidine groups of arginine residues on 

Fn modules and the phosphate groups on HAP surface [19–21]. Experimental studies have 

demonstrated that Fn molecules adsorbed onto smooth HAP surfaces show higher availability of 

the cell binding domain (Fn-III9-10) and that cell spreading is enhanced as compared with Fn 

adsorbed onto smooth Au surfaces [22], possibly contributing to the biocompatibility of HAP 

implants [23,24]. AFM force spectroscopy has revealed that Fn molecules adsorbed onto HAP 

surfaces require higher total unfolding force than Fn adsorbed onto atomically smooth mica 

surfaces, indicating that Fn may have stronger interactions with HAP than with mica [25]. 

Additionally, UV/Vis spectrometry has shown that the crystallite size and specific surface area of 

HAP nanoparticles, together with protein bulk concentration, all affect the amount of Fn 

adsorbed [26]. However, the average conformation of Fn adsorbed onto HAP requires further 

investigation.  

The HAP-Fn interface has important physiological and pathological relevance, as it 

resembles the apatite-ECM interface in bone microenvironments and the microcalcification-

ECM interface in inflamed tissues including blood vessels and primary mammary tumors. The 

ECM is a fibrillar network composed mainly of collagen and Fn fibers and plays a vital role in 

regulating cellular responses to chemical and mechanical signals from the microenvironment 
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[27]. We are particularly interested in Fn, as it is the first protein deposited by cells in the ECM 

and as it regulates the deposition of other ECM components, such as collagen type I [28,29]. 

Furthermore, Fn is dramatically upregulated during inflammation [30]. As a critical 

mechanotransducer, the force-induced conformational changes of Fn can regulate the type of 

binding sites that are exposed or disrupted, in particular the integrin binding sites located on Fn-

III9-10 used for cell attachment. More importantly, these conformational-dependent binding 

events ultimately influence downstream cellular behaviors to regulate or dysregulate homeostasis 

in vivo [31–33].  

In this study, we have synthesized two distinct populations of HAP nanoparticles, HAP1 and 

HAP2, with controlled size, shape and crystallinity. HAP1 is more physiologically-relevant than 

HAP2, as it more closely resembles bone apatite in terms of size, shape, and crystallinity [5]. It is 

worth to note that bone-derived HAP particles have been reported to show negative zeta 

potential, which promotes attachment and proliferation of bone cells [34]. By combining Fn and 

HAP nanoparticles at various HAP concentrations, we have investigated how the materials 

properties of HAP nanoparticles affect the amount and conformation of adsorbed Fn using FRET 

spectroscopy [31,35]. Our results demonstrate that both the amount and the conformation of Fn 

are affected by (i) the size, crystallinity, and shape of single HAP nanoparticles, as well as by (ii) 

the size and morphology of nanoparticle agglomerates.  

 

2.3 Materials and Methods 

2.3.1 Hydroxyapatite nanoparticle synthesis  
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HAP nanoparticles with controlled size, crystallinity, and shape were synthesized through a 

typical wet precipitation reaction of a calcium salt with a phosphate salt followed by 

hydrothermal treatment for 0 or 6 days [36]. All chemicals for these reactions were obtained 

from Sigma Aldrich and used as received. A solution of (NH4)2HPO4 (300 mL, 10 mM) was 

added drop-wise into a solution of Ca(NO3)2 (500 mL, 10 mM) under rapid stirring at 4 °C in an 

ice-water bath for a final calcium to phosphate ratio of 1.67. The pH of the starting solution was 

adjusted to pH 10 with 0.1 M NH4OH. The reaction was allowed to proceed for 1 hr at 4 °C, and 

then stirred at 20 °C for 3 days. After 3 days, the resulting opaque suspension was divided into 

720 mL for concentration and 80 mL for further reaction. The 720 mL opaque suspension was 

allowed to settle until separation of white sediment from clear supernatant; after decanting the 

clear supernatant, the concentrated suspension (100 mL) was used to obtain HAP1 nanoparticles. 

The remaining 80 mL of the original opaque suspension was placed in a pressure vessel (Parr 

Instrument Company 4748) and heated at 180 °C in an oven for 6 days to obtain HAP2 

nanoparticles. The nanoparticle suspensions were then transferred into a Regenerated Cellulose 

tubular membrane (Cellu-Sep T1 5030-46, Nominal MWCO 3500) and dialyzed against 1x 

phosphate buffered saline (PBS) at pH 7.4 for 5 days. After dialysis, the nanoparticle 

suspensions were further concentrated by decanting the clear supernatant as described previously 

and stored in glass vials as stock solutions. To determine the concentration of nanoparticles in 

PBS, a known volume of the stock solution was concentrated by centrifugation (Thermo 

Scientific Sorvall Legend RT + Centrifuge, 3600 g, 7 min), washed with 0.15 M NH4OH twice, 

rinsed with acetone and dried at 20° C. The dried nanoparticles were then weighed to obtain 

concentration of the stock solution and used for characterization.  

2.3.2 Hydroxyapatite nanoparticles characterization 
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Powder X-ray diffraction (pXRD) was used to determine particle phase. Fourier Transform 

Infrared Spectroscopy (FTIR) was used to assess the crystallinity of the nanoparticles. The size 

and shape distributions of the nanoparticles were determined by Transmission Electron 

Microscopy (TEM). Zeta potential of the nanoparticles was measured using Laser Doppler 

Electrophoresis (LDE). Dried nanoparticles were examined by pXRD (Scintag Inc. PAD-X 

theta-theta X-ray Diffractometer, CuKα 1.54 Å, accelerating voltage 40 kV, current 40 mA, 

continuous scan, 1.0 deg/min). Scherrer analysis was used to determine crystalline domain sizes 

from the peak broadening of the {002} peak of HAP (25.88°) using an Al2O3 standard to correct 

for instrumental broadening (Software: JADE 9, Materials Data, Inc.). For FTIR (Mattson 

Instruments 2020 Galaxy Series FT-IR), dried particles were used to prepare KBr pellets and to 

acquire spectra (res 4.0 cm
-1

, 256 scans). Particle crystallinities were determined from the 

splitting factor obtained via normalizing the sum of the absorbance at 565 cm
-1

 and 603 cm
-1

 to 

the minimum between the doublet following Weiner and Bar-Yosef [37]. For TEM, a stock 

solution of dialyzed particles in PBS was diluted with PBS and dropped onto a carbon-coated 

copper TEM grid (Electron Microscopy Sciences). After 10 min, PBS was wicked away with 

filter paper and the sample was left to dry for another 10 min. Bright field TEM (FEI Tecnai T-

12 Spirit, 120 kV) images were analyzed through ImageJ (NIH) to determine the size and shape 

of particles. For zeta potential measurements, HAP stock solutions were diluted to various 

concentrations in PBS and measured in folded capillary cells using Zetasizer Nano-ZS (Malvern 

Instruments Ltd. ZEN3600), with 3 to 6 measurements and a total of 20 to 30 runs per sample. 

2.3.3 Fibronectin and FRET labeling 

Fibronectin (Fn) was obtained from Life Technologies, NY. AlexaFluor 488 succinimydyl 

ester and AlexaFluor 546 maleimide (Invitrogen, CA) were used to label Fn for intramolecular 
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FRET as previously described by Baneyx et al [35] and Smith et al [31]. Labeling ratios and Fn 

concentrations were determined using a DU®730 UV/Vis spectrophotometer (Beckman, IN) at 

280 nm, 495 nm, and 556 nm. Calibration of FRET labeled Fn in solutions was carried out in 

guanidine hydrochloride (GdnHCl) at concentrations of 0, 2 M and 4 M to obtain FRET ratios, 

defined as acceptor/donor intensity ratios (IA/ID), as a function of protein denaturation.  

2.3.4 Fabrication of 2D platforms 

2D platforms were fabricated using 8-well Lab-Tek chambers with borosilicate coverglass 

bottom (Thermo Fisher Scientific Inc.). Dialyzed nanoparticles in PBS were used to dilute stock 

solutions of Fn to 50 μg/mL. The diluted Fn solution contained 10% FRET labeled Fn and 90% 

unlabeled Fn to avoid intermolecular FRET, so that only intramolecular FRET was measured to 

assess conformation of single Fn molecules [31]. After mixing, the concentrations of the 

nanoparticles were 0.01 mg/mL, 0.05 mg/mL, and 0.1 mg/mL, while the concentration of Fn was 

kept to 50 μg/mL for all conditions. 130 μL of the mixture was added to each well and incubated 

at 4 °C for 24 hrs before imaging.  

2.3.5 FRET data acquisition 

2D platforms containing HAP and Fn were imaged with a Zeiss 710 confocal microscope 

(Zeiss, Munich, Germany).  16-bit z-stack images were acquired using the C-Apochromat water-

immersion 40x/1.2 objective, a pinhole of 1 AU, 488 nm laser with 30% laser power, pixel dwell 

time of 6.3 μs, PMT1 and PMT2 gains of 600 V, and z step size of 0.5 μm. FRET labeled Fn 

molecules were excited with a 488 nm laser line; emissions from donor and acceptor 

fluorophores were simultaneously collected in the PMT1 channel (514-526 nm) and the PMT2 

channel (566-578 nm), respectively. Meanwhile transmitted light images were acquired in the T-
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PMT channel (transmitted light detector). These z-stack images were analyzed with a customized 

Matlab code to generate FRET ratio (IA/ID) images and histograms, as well as mean FRET ratios 

for all z-slices in a z-stack.  

2.3.6 Statistical analysis  

One-way ANOVA with Tukey’s post test and Student’s t-test were used to determine 

statistical significance between conditions in GraphPad Prism (GraphPad Software, Inc., CA). In 

all cases, p < 0.05 is indicated by a single star, p < 0.01 by two stars and p < 0.001 by three stars.   

2.4 Results 

2.4.1 Hydroxyapatite nanoparticles characterization  

HAP nanoparticles were synthesized through a wet precipitation reaction of Ca(NO3)2 with 

(NH4)2HPO4 at low temperature. HAP1 particles were isolated directly and then dialyzed against 

PBS. HAP2 particles were formed by further hydrothermal treatment of the precipitate for 6 days 

followed by dialysis. Both HAP1 and HAP2 were confirmed to be pure HAP by pXRD (Figure 

2.1A). Domain sizes along the c-axis of the nanoparticles were determined from Scherrer 

analysis of the {002} peak of HAP (25.88°) to be 24 ± 2 nm for HAP1 and 65 ±7 nm for HAP2 

(Table 2.1). The pXRD pattern of HAP2 showed more clearly resolvable peaks at higher angles 

as compared with HAP1 particles suggesting an increase in crystallinity after hydrothermal 

treatment.  

FTIR spectra were acquired to confirm the increase in crystallinity of HAP2 particles after 

hydrothermal treatment (Figure 2.1B). The absorbance at 635 cm
-1

 is attributed to structural 

hydroxides in HAP and is known to increase with enhanced crystallinity [38]. This absorbance 
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was undetectable for HAP1, and increased in intensity for HAP2, confirming an increase in 

crystallinity of particles after hydrothermal treatment. Finally, the splitting factor quantifies the 

degree of splitting of the PO4 bond bending peaks (565 cm
-1

 and 603 cm
-1

) and is known to 

increase with increasing crystallinity [37]. HAP2 had a larger splitting factor than HAP1, as 

further confirmation of higher crystallinity (Table 2.1). 

 

 

Figure 2.1. (A) pXRD pattern of nanoparticles. The phase of both HAP1 and HAP2 was 

confirmed to be pure HAP, major peaks labeled with Miller indices. (B) FTIR spectra of HAP 

nanoparticles. Major HAP peaks are labeled. 
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Table 2.1. Summary of hydrothermal treatment times, sizes and splitting factors of the 

nanoparticles. 

 

                                                            
1 Domain sizes of the particles along c-axis were determined from pXRD by Scherrer analysis of 

the {002} peak. 
2 Particle sizes along c-axis obtained from TEM were presented as means with standard 

deviations. 
3 Splitting factors were obtained from FTIR spectra by normalizing the sum of the absorbance at 565 cm-1 

and 603 cm-1 from PO4 bond bending to the minima between the two peaks.  

 

ID 
Hydrothermal 

treatment time [d] 

Domain size along 

c-axis [nm] (pXRD)
1 

Particle size along 

c-axis [nm] (TEM)
2 

Splitting 

factor 

(FTIR)
3 

HAP1 0 24 ± 2 32 ± 8 3.95 

HAP2 6 65 ± 7 67 ± 25 6.97 
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Figure 2.2. TEM images of HAP nanoparticles synthesized through a wet precipitation method 

after dialysis: (A) HAP1 (B) HAP2 (hydrothermal treatment for 6 days). 

The shape and size distributions of particles were determined by TEM (Figure 2.2). Both 

HAP1 and HAP2 were elongated along the c-axis. HAP1 (Figure 2.2A) had a plate-like shape 

with an average length of 32 ± 8 nm (N=213) along the c-axis; HAP2 (Figure 2.2B) had the 

shape of a hexagonal prism with an average length of 67 ± 25 nm (N=688) along the c-axis 

(Table 2.1). Both HAP1 and HAP2 had narrow size distributions (Figure 2.3).  
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Figure 2.3. Size distributions along c-axis of HAP1 (top) and HAP2 (bottom) nanoparticles 

(TEM). 

 

In addition to physical and structural properties, we also characterized the surface chemical 

properties of the nanoparticles by measuring zeta potential. Zeta potential of the particles at 

various concentrations was measured in PBS at pH 7.4 (Figure 2.4). Both HAP1 and HAP2 had 

negative zeta potential. At all concentrations, HAP1 had more negative zeta potential than 

HAP2. Moreover, the magnitude of the zeta potential decreased with increasing HAP 

concentration for both HAP1 and HAP2. 
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Figure 2.4. Zeta potential of HAP nanoparticles at various concentrations in PBS. Data collected 

from 3 to 6 measurements and a total of 20 to 30 runs per sample. In all cases, p < 0.05 is 

indicated by a single star, p < 0.01 by two stars and p < 0.001 by three stars.  

 

Collectively, our characterization data indicate that we have two distinct populations of HAP 

particles, HAP1 and HAP2. Moreover, our zeta potential results suggest that the size and 

morphology of HAP agglomerates evolve with increasing HAP concentration. As surface charge 

of each individual nanoparticle should not vary with concentration, the changes measured in zeta 

potential suggest that nanoparticles form agglomerates, and that the zeta potential we measured 

reflect surface charge of agglomerates. The changes in surface charge of agglomerates further 

suggest they might have different sizes and/or morphologies. For example, particles might pack 

differently resulting in changes in surface charge density. We next assessed the effects of the 

materials properties of these nanoparticles on their interaction with Fn by investigating Fn 

adsorption at various HAP concentrations.  

2.4.2 Fibronectin deposition and conformation at various hydroxyapatite concentrations  
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To investigate whether HAP materials properties affect their interaction with Fn, confocal 

images of 2D platforms containing HAP nanoparticles and Fn were acquired to quantify both the 

amount and the conformation of Fn adsorbed onto HAP at various HAP concentrations. A 

diluted Fn solution (50 µg/mL, 10% FRET labeled) was used for incubation to ensure that only 

intramolecular FRET was measured to assess conformation of single Fn molecules [31]. Donor 

and acceptor fluorophores were imaged simultaneously (Figures 2.5A and 2.5B), along with a 

bright field image recorded in the transmission light channel (Figure 2.5C) for each field of 

view. FRET ratio was defined as acceptor/donor intensity ratio (IA/ID). The color-coded FRET 

ratio map and FRET ratio histogram were used to calculate mean FRET ratio for each field of 

view (Figures 2.5D and 2.5E). As determined in our FRET calibration (Figure 2.6), together 

with previously published circular dichroism data [31], FRET ratio is high when Fn has a 

compact conformation (0M GdnHCl), decreases as Fn opens up and becomes extended (0M ~ 

2M GdnHCl ), and further decreases when Fn starts losing tertiary structure (2M ~ 4M GdnHCl), 

i.e. when Fn type-III modules (magenta ovals/lines in Figure 3E schematics) start unfolding.  
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Figure 2.5. Confocal images for 0.05 mg/mL HAP1 nanoparticles incubated with Fn: (A) Donor 

channel, (B) acceptor channel, and (C) transmission light channel. (D) Color-coded FRET ratio 

map, with high FRET ratio color coded in red (compact Fn) and low FRET ratio in blue 

(unfolded Fn). (E) FRET ratio histogram for the same field of view, with schematics of Fn 

conformation correlated to the FRET calibration values reported in Figure 2.6 (compact, loss of 

quaternary structure when extended, and loss of tertiary structure when type-III modules 

represented by magenta ovals/lines start unfolding) [31]. Scale bars 50 μm. 
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Figure 2.6. Soluble calibration of FRET ratio (i.e., acceptor intensity/donor intensity) as a 

function of chemical denaturant (guanidine hydrochloride, GdnHCl) concentration. The 

schematics at left illustrate Fn conformations at various FRET ratios obtained via circular 

dichroism measurements [30]. Data shown as means and standard deviations, with 8 to 10 

measurements per sample.  

 

We first used FRET to determine the conformation of Fn adsorbed onto HAP nanoparticles at 

various concentrations (Figure 2.7A). Fn adsorbed onto HAP1 particles had systematically 

higher FRET ratios than Fn adsorbed onto HAP2 particles at all HAP concentrations. These data 

suggest that, on average, Fn molecules were more compact when adsorbed onto HAP1 than onto 

HAP2. Additionally, FRET ratios increased with increasing HAP concentration for both HAP1 

and HAP2 particles, indicating that Fn molecules overall adopted more compact conformations 

as HAP concentration increased. Borosilicate coverglass and freshly cleaved mica were used as 

control surfaces: FRET ratios of Fn adsorbed onto coverglass and mica were 0.642 ± 0.008 and 

0.494 ± 0.007, respectively (data reported as mean ± standard deviation, n=8, same Fn 

concentration and volume of solution per ‘apparent’ surface area were used for all experiments, 

but Fn surface density after adsorption varied), suggesting that Fn unfolding increased slightly 
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upon adsorption onto coverglass and drastically upon adsorption onto atomically smooth mica, 

as compared with HAP. 

 

 

Figure 2.7. (A) FRET ratio and (B) amount of Fn adsorbed onto HAP1 and HAP2 at various 

HAP concentrations, after incubation at 4 °C for 24 hrs. All data shown were obtained from the z 

slice 2 µm above the bottom coverglass, with 5 to 8 fields of view analyzed per sample. As a 

comparison, FRET ratio and quantity of Fn adsorbed onto coverglass (in absence of HAP) are 

indicated by green arrows in (A) and (B), respectively. All sample conditions were repeated three 

times. In all cases, p < 0.05 is indicated by a single star, p < 0.01 by two stars and p < 0.001 by 

three stars. 

 

We next quantified the amount of Fn adsorbed per unit volume onto HAP particles by 

monitoring the sum of donor and acceptor fluorescence intensities (Figure 2.7B). The sum of 

donor and acceptor fluorescence intensities was larger for HAP1 particles at all concentrations, 

suggesting that there were systematically more Fn adsorbed onto HAP1 than onto HAP2 
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particles. Furthermore, the amount of Fn adsorbed onto HAP2 particles increased with increasing 

HAP concentration, whereas the amount of Fn adsorbed onto HAP1 particles reached a plateau 

at high (0.1 mg/mL) HAP concentration. The sums of donor and acceptor fluorescence 

intensities of Fn adsorbed onto coverglass and mica were 358 ± 8 and 221 ± 12, respectively 

(data reported as mean ± standard deviation, n=8), suggesting that more Fn was adsorbed onto 

coverglass than onto mica. In addition, the sums for both coverglass and mica were lower than 

those for HAP nanoparticles at all concentrations, suggesting that Fn adsorption was enhanced 

on HAP nanoparticles. Collectively, our data show that (i) larger amounts of more compact Fn 

molecules adsorbed onto HAP1 as compared with HAP2 particles, and (ii) more compact Fn 

tended to adsorb with increasing HAP concentration until the total amount of molecules 

adsorbed onto HAP reached a plateau.  

2.4.3 Size and Morphology of hydroxyapatite nanoparticle agglomerates  

The acceptor channels of z-stack confocal images of Fn adsorbed onto HAP nanoparticles 

were used to generate 3-dimensional (3D) reconstruction of nanoparticle agglomerates to analyze 

the size, number, and morphology of the agglomerates (Figures 2.8 and 2.9). Both HAP1 and 

HAP2 particles formed microscale agglomerates in PBS. At low HAP concentration (0.01 

mg/mL), the sizes of agglomerates were typically below 10 µm (Figures 2.8A and 2.9A). The 

fluorescence intensity is proportional to the amount of Fn adsorbed per unit volume; hence the 

low fluorescence intensity detected at low HAP concentration suggests that only a small amount 

of Fn molecules was adsorbed onto the surface of nanoparticles that were assembled in a few 

small agglomerates. At higher HAP concentration (0.05 mg/mL), both the number and size of 

agglomerates increased, reaching up to 35 µm in height (Figures 2.8B and 2.9B). The higher 

fluorescence intensity also suggests that more Fn molecules were adsorbed. Finally at 0.1 
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mg/mL, the size of agglomerates displayed a wide distribution, ranging from several microns to 

50 µm in height (Figures 2.8C and 2.9C). To exclude FRET signal from Fn adsorbed onto the 

bottom coverglass, we discarded the slice z=0 and used the slice z=2 µm (above the coverglass) 

to quantify Fn conformation and quantity adsorbed at various HAP concentrations (Figure 2.7).  

 

 

Figure 2.8. Confocal z-stack 3D reconstruction: size and morphology of HAP1 nanoparticle 

agglomerates at (A) 0.01 mg/mL, (B) 0.05 mg/mL, and (C) 0.1 mg/mL incubated with Fn in PBS.  
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Figure 2.9. Confocal z-stack 3D reconstruction: size and morphology of HAP2 nanoparticle 

agglomerates at (A) 0.01 mg/mL, (B) 0.05 mg/mL, and (C) 0.1 mg/mL incubated with Fn in PBS.  

   

When comparing the size and morphology of HAP1 and HAP2 agglomerates, they appeared 

to be similar at the same concentration (Figures 2.8 and 2.9). However, the fluorescence 

intensity of Fn was lower on HAP2 particles, confirming that less Fn molecules were adsorbed 

onto HAP2 than onto HAP1 particles (at equal HAP concentration), which is in agreement with 

results presented in Figure 2.7.  
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2.5 Discussion 

This study demonstrates that the size, shape, and crystallinity of single HAP nanoparticles as 

well as particle agglomeration collectively affect both the amount and the conformation of Fn 

adsorbed onto HAP. Two distinctive populations of HAP nanoparticles have been used, with 

HAP1 particles having smaller size, plate-like shape, lower crystallinity, and more negative zeta 

potential than HAP2 particles. Our results show that larger amounts of more compact Fn were 

adsorbed onto HAP1, while smaller amounts of more extended/unfolded Fn were found on 

HAP2. Additionally, increased adsorption of more compact Fn was observed at higher HAP 

concentration, when large agglomerates were more prone to form. We thus propose that both the 

surface chemistry of single HAP nanoparticles and the size and morphology of HAP 

agglomerates contribute significantly to Fn-HAP interactions in PBS. 
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Figure 2.10. Effect of HAP materials properties on Fn adsorption. (A) At low HAP 

concentration, denser surface charge of HAP1 (more negative zeta potential than HAP2) resulted 

in larger amounts of more compact Fn adsorbed onto the HAP1 surface. (B) At high HAP 

concentration, i.e. in presence of large HAP agglomerates, numerous Fn molecules were trapped 

(in compact conformation) within the interstitial sites between nanoparticles, which outweighed 

the number of molecules adsorbed onto the surface of the agglomerates (in extended/unfolded 

conformation). The ratio of surface-Fn to interstitial-Fn decreased with increasing agglomerate 

size, resulting in overall larger amounts of compact Fn adsorbed at higher HAP concentration. 

 

2.5.1 Effect of hydroxyapatite nanoparticle surface chemistry on fibronectin adsorption  
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The more compact conformation of Fn adsorbed onto HAP1 compared with HAP2 particles 

is attributed to HAP surface chemistry, which directly controls electrostatic interactions between 

single HAP particles and Fn in PBS (Figure 2.10A). In support of this proposal, there have been 

computational studies suggesting that the adsorption of acidic proteins such as osteopontin to the 

(100) face and Fn-III10 peptides to the (001) face of HAP is governed by electrostatics [19,20]. 

Given that our HAP nanoparticles are elongated along the c-axis, and that the (100) face has 

been shown to be the most favorable energetically in water [39], we speculate that the largest 

surface of our HAP nanoparticles is probably the (100) face. Between the two types of HAP 

nanoparticles, HAP1 particles with smaller size, plate-like shape and lower crystallinity show 

more negative zeta potential at all concentrations (Figure 2.4). The more negative zeta potential 

of HAP1 particles likely implies denser surface charge and thus stronger electrostatic interactions 

with Fn. Although Fn has an acidic isoelectric point [40], hence a net negative charge at pH 7.4, 

its numerous positively charged residues can readily interact with HAP surfaces through 

electrostatic interactions or hydrogen bonding.  

The larger amount of Fn adsorbed onto HAP1 particles as compared with HAP2 particles is 

in agreement with previous work showing a decrease in Fn adsorption with increasing size of 

HAP nanoparticles [26]. Adsorption of serum proteins has also been found to increase on 

polymer scaffolds containing smaller and less crystalline HAP nanoparticles [36]. It should be 

noted that our results in Figure 4B indicate the amount of Fn adsorbed per unit volume, and may 

not be relevant to Fn adsorbed per unit surface area onto the nanoparticles. Each voxel 

(0.4×0.4×1.0 µm
3
) can accommodate approximately 10K of HAP1 or 1K of HAP2 nanoparticles 

(assuming reasonable thickness). Additionally, single HAP1 particles have higher surface area to 

volume ratios than single HAP2 particles. Thus, the higher level of fluorescence measured for 
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HAP1 compared to HAP2 could result from both the larger quantity and larger surface area of 

HAP1 particles per voxel, even if the same amount of Fn adsorbed per unit surface area onto 

HAP1 and HAP2 particles. However, our FRET results in Figure 2.7A indicate that Fn adopts a 

more compact conformation and hence takes less space when adsorbed onto HAP1, suggesting 

that there is also likely more Fn adsorbed per unit surface area on HAP1 than on HAP2. 

Moreover, we observe a correlation between the quantity and the conformation of Fn 

adsorbed, with larger Fn amounts correlating systematically to more compact Fn conformations. 

This correlation can be attributed either to a reduced space available for each Fn molecule 

adsorbed, or to stronger protein-protein interactions that stabilize compact Fn conformation at 

high surface coverage (in particular on HAP1 surface). Our data are in agreement with previous 

work reporting a similar relationship between the interfacial concentration and conformation of 

Fn adsorbed onto hydrophobic polystyrene, in which the authors suggested that molecular 

packing and protein-protein interactions at high Fn bulk concentration reduced Fn molecular 

unfolding [41], even when the underlying hydrophobic surface would tend to induce Fn 

unfolding by exposure of the hydrophobic protein core. On hydrophilic surfaces, such as mica, 

the orientation and conformation of Fn have been shown to depend on surface coverage as well, 

where increasing specific interactions with collagen-related peptides is observed at higher 

surface coverage [42]. In fact, our FRET results show that Fn molecules adsorbed onto 

atomically smooth mica at very low bulk concentration (50 µg/mL) are mostly unfolded.  

2.5.2 Evolving size and morphology of hydroxyapatite agglomerates with increasing particle 

concentration  
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The stability of a colloidal system can be indicated by the magnitude of the zeta potential. 

Previous work has shown that a smaller magnitude of zeta potential indicates weaker 

electrostatic repulsion between nanoparticles and hence promotes the formation of agglomerates 

[43]. Our zeta potential results suggest that the size and morphology of HAP agglomerates 

evolve with increasing HAP concentration (Figure 2.4), as further confirmed by our 3D 

reconstruction of z-stack confocal images (Figures 2.8 and 2.9). According to Figures 2.8 and 

2.9, the morphology of HAP agglomerates is fractal-like and heterogeneous in both size and 

shape, as observed for other colloidal systems [44,45]. Although the size of agglomerates is 

widely distributed, larger agglomerates are more likely to form at higher HAP concentration, as 

suggested by the decrease in the magnitude of the zeta potential.  

2.5.3 Effect of hydroxyapatite agglomerate size and morphology on fibronectin adsorption  

We attribute the more compact conformation of Fn detected at higher HAP concentration to 

the varying size and morphology of HAP agglomerates (Figure 2.10B). At higher HAP 

concentration, the magnitude of the zeta potential of agglomerates decreases, implying that 

surface chemistry and electrostatic interactions might play less central roles in the overall Fn 

adsorption onto and within HAP agglomerates. Instead, the size and morphology of HAP 

agglomerates could be the dominant factors. Given that larger amounts of more compact Fn were 

measured at higher HAP concentration, i.e., when large agglomerates are more prone to form, we 

speculate that the enhanced Fn adsorption and stabilization of compact conformation correlate to 

the formation of large HAP agglomerates.  

We further suggest that the numerous interstitial sites between HAP nanoparticles in large 

agglomerates are responsible for trapping most Fn molecules in compact conformation within the 
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interstices of bulk agglomerates (Figure 2.10B). In support of this proposal, a previous study has 

demonstrated the stabilization of protein conformation within nanopores having an optimal size 

due to favorable confinement [17]. As the surface to volume ratio is proportional to 1/R 

(assuming spherical agglomerates, R being the radius), the ratio of surface-Fn to interstitial-Fn 

decreases with increasing agglomerate size. Therefore, the FRET signal detected at high HAP 

concentration comes mostly from interstitial-Fn (more compact) trapped within the volume of 

large agglomerates rather than from surface-Fn (more extended/unfolded). Although the exact 

size and shape of the interstitial sites between HAP nanoparticles are not known, increasing HAP 

concentration might result in smaller interstitial sites with dimensions comparable to the 

characteristic size of compact Fn, which is around 20 nm [40]. Alternatively, the local 

electrostatic environment within the interstitial sites, such as ionic strength, might also induce 

conformational changes of Fn.  

The mechanism proposed above can also explain the increase in FRET ratio as a function of 

z height at high HAP concentrations (Figure 2.11). At low HAP concentration (0.01 mg/mL), 

when the size and morphology of HAP agglomerates were similar at various z height (Figures 

2.8A and 2.9A), FRET ratios were independent of z height for both HAP1 and HAP2 particles. 

At higher HAP concentrations (0.05 mg/mL and 0.1 mg/mL), FRET ratio steadily increased with 

z height, suggesting that Fn conformation became more compact at higher z slices. Larger z 

height is associated with the presence of a larger fraction of big agglomerates, and the favorable 

stabilization due to interstitial sites contributes to the more compact Fn conformation on average. 

This effect is most evident at 0.1 mg/mL HAP nanoparticles. In addition, the lower FRET 

measured for Fn adsorbed onto coverglass at the bottom also contributes to this effect. 
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Figure 2.11. FRET ratios of Fn adsorbed as a function of z height at (A) 0.01 mg/mL, (B) 0.05 

mg/mL, and (C) 0.1 mg/mL HAP nanoparticles. Results were obtained from 3 to 4 fields of view 

per sample. All data shown as means and standard deviations.   

 

Consistently, the more compact conformation of Fn detected at higher HAP concentration 

again correlates to higher amounts of Fn adsorbed, as previously discussed (Figure 2.7). 

However, in the case of HAP1, the quantity of Fn measured per unit volume reached a plateau at 

high HAP concentration (0.1 mg/mL). The plateau does not necessarily indicate monolayer 

coverage, as Fn molecules could also be trapped between nanoparticles within agglomerates 

even if the HAP surface is saturated with a monolayer of Fn. One possible explanation is that at 

0.1 mg/mL of HAP1, there was a lack of available Fn molecules in the initial solution because of 

the very low bulk concentration (50 µg/mL).  Such effect is not visible on HAP2 because, as 

previously discussed, there are circa 10 times more HAP1 than HAP2 particles per unit volume. 

Our 2D platforms containing Fn adsorbed onto HAP nanoparticles provide a reliable tool to 

control the conformation of proteins by tuning the materials properties of nanoparticles onto 

which they are adsorbed. The materials properties of HAP nanoparticles, including size, shape, 

crystallinity, zeta potential, together with the conformation and amount of Fn adsorbed have 
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been well characterized. Thus these platforms are ready to be exploited for investigating cellular 

behaviors such as cell adhesion, secretion and migration as a function of Fn conformation and 

mineral materials properties. For example, our HAP1 particles closely resemble bone apatite in 

terms of size, shape, crystallinity and surface chemistry (negative zeta potential), and hence can 

be used for studying bone remodeling and cancer metastasis to bone [5,34]. In fact, the nanoscale 

materials properties of HAP have been shown to affect breast tumor cell adhesion, growth, 

secretion and migration [36,46]. In addition, HAP has been found in inflammation-associated 

calcifications whereby the materials properties of HAP change as a function of disease 

progression [47,48]. However, one major problem with using bare nanoparticles in cell culture 

platforms is potential cellular uptake, which may cause cytotoxicity [45,49]. This issue is 

addressed by using macroscale geologic crystals instead, as described in Chapter 3. 

We anticipate that the HAP-induced conformational changes of Fn will regulate several cell 

functions by modulating the type of binding sites that will be exposed or disrupted on Fn, in 

particular the integrin binding sites located on Fn-III9-10 used for cell attachment. Work by 

Boettiger et al. has shown that cell adhesion strength increases with surface density of Fn [50]; 

moreover, conformational changes of surface-bound Fn modulate integrin binding and control 

cell signaling, such as proliferation and differentiation [51,52]. Additionally, our recent studies 

also indicate that unfolding of Fn decreases cell adhesion while enhancing secretion of vascular 

endothelial growth factor by pre-adipocytes in both 2D [53] and 3D [54] environments, due to 

the favored use of αvβ3 (strain-insensitive) over α5β1 (strain-sensitive) integrins when cells 

interact with Fn. In the current study, the lower surface density and more unfolded conformations 

of Fn adsorbed onto HAP2 are expected to lead to similar cell behaviors, i.e., decreased cell 

adhesion and enhanced secretion of pro-angiogenic growth factors. In such a context, our 
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platforms can help us elucidate how HAP materials properties affect not only the biological 

function of Fn but also subsequent cell behaviors, providing insights into biological processes 

such as bone healing, osteoporosis, cancer metastasis to bone, and HAP-related inflammation 

[47,48,55,56].  

2.6 Conclusions 

We have combined nanoparticle synthesis with FRET spectroscopy to quantify the 

deposition and conformation of Fn adsorbed onto HAP nanoparticles with various materials 

properties. Our data reveal that larger amounts of more compact Fn molecules adsorbed onto 

HAP nanoparticles with smaller size, lower crystallinity, and more negative zeta potential, i.e., 

onto HAP that resembled bone apatite. Additionally, we report a systematic increase in the 

adsorption of compact Fn molecules with increasing HAP concentration, which was attributed to 

the formation of larger HAP agglomerates. Collectively, our findings suggest that both the 

surface chemistry of single HAP nanoparticles and the size and morphology of HAP 

agglomerates contribute to Fn adsorption [57]. Using our 2D HAP-Fn platforms, further studies 

of the role of Fn conformation in regulating subsequent cellular behavior, such as cell adhesion 

and growth factors secretion, will provide important insights into a wide range of physiological 

and pathological processes involving HAP-cell interactions. The major limitation of this platform 

is that cellular uptake of nanoparticles will affect cell viability and behaviors. Common strategies 

to address this problem include surface modification of nanoparticles [49] and embedding 

nanoparticles in polymer scaffolds [36]. In Chapter 3, large geologic apatite single crystals were 

used to bypass this issue and also to enable the deconvolution of surface chemistry and 

topography effects.   
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Chapter 3.  

Differential Fibronectin Adsorption on Geologic Apatite Crystal 

Facets: Effect of Surface Chemistry and Topography 

Contributors: Brian Gillis, Michael Rutzke, Lara Estroff, and Delphine Gourdon.  

 

3.1 Abstract 

Breast cancer preferentially metastasizes to bone and induces pathological tissue remodeling. 

The nanoscale materials properties of bone mineral are likely implicated in this (still unclear) 

process. In Chapter 2, we have demonstrated that several materials properties of hydroxyapatite 

(HAP, Ca10(PO4)6(OH)2) nanoparticles had significant effects on fibronectin (Fn) adsorption. 

However, it remains a challenge to deconvolute the roles of surface chemistry and surface 

topography of HAP in such phenomena. To tackle this problem, we used geologic apatite single 

crystals and investigated whether HAP surface chemistry and/or topography had individual 

effects on the mineral/extracellular matrix (ECM) interface in bone. First we cut and polished the 

geologic crystals to generate four types of HAP facets with two different crystallographic 

orientations (or surface chemistries), (100) and (001), each of them at two levels of surface 

roughness, 200 nm (rough) and 1 nm (smooth). Then we investigated the deposition and 

conformation of Fn adsorbed onto these HAP facets via Förster resonance energy transfer 

(FRET). Our FRET analysis reveals that, regardless of roughness, more compact Fn adsorbed 

onto (100) than onto (001) oriented facets, which was attributed to lower HAP/water interfacial 
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energy (more hydrophilic) and more negative zeta potential (denser surface charge) of (100) as 

compared with (001) facets in aqueous environment. Furthermore, higher HAP roughness 

resulted in increased Fn adsorption and more compact Fn conformations regardless of surface 

chemistry, which was attributed to stronger protein-protein interactions at high surface coverage 

and to confinement effects of Fn into the polishing grooves of rougher surfaces. Collectively, 

these results prove that both surface chemistry and roughness of HAP play individual roles in Fn 

adsorption, which likely contributes to pathological ECM remodeling and subsequent breast 

cancer cell behavior at the bone interface. 

 

3.2 Introduction 

Bone metastasis frequently occurs in patients at advanced stage of breast cancer and remains 

a major source of mortality in these patients [1,2]. Bone can be viewed as a nanocomposite 

material composed of inorganic bone mineral deposited within an organic extracellular matrix 

(ECM, predominantly collagen I). Due to bone remodeling, the crystal size, chemical 

composition, and distribution of bone apatite vary as a function of age and disease progression 

[3–6]. There has been increasing evidence that the materials properties of bone apatite likely 

modulate the pathogenesis of breast cancer bone metastasis [7–9]. Synthetic hydroxyapatite 

(HAP, Ca10(PO4)6(OH)2) has been widely used in previous studies to mimic bone apatite with 

various materials properties, such as size, crystallinity, and carbonate substitution. The presence 

of HAP increases tumor cell adhesion, proliferation, and secretion of both proangiogenic and 

proinflammatory factors (such as vascular endothelial growth factor (VEGF) and interleukin-8 

(IL-8), respectively) as compared with non-mineralized tumor models [8]. Furthermore, HAP 
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materials properties including size, crystallinity, carbonate incorporation, and morphology, all 

have combined and individual effects on breast cancer cell growth and secretion [9,10]. However, 

it remains a challenge to deconvolute the roles of HAP surface chemistry and topography in 

regulating tumor cell functions. 

Based on our previous work (Chapter 2) indicating differential fibronectin (Fn) adsorption as 

a function of HAP nanoparticle materials properties, we hypothesized that HAP surface 

properties would consequently influence breast cancer cell fate via Fn-mediated pathways. As a 

critical mechanotransducer, Fn undergoes conformational changes that may activate or disrupt its 

binding sites, such as those for cell surface receptors notably integrins, and ultimately regulate 

cellular responses to chemical, physical, and mechanical signals from the microenvironment 

[11–15]. Although skeletal ECM is primarily composed of collagen I, Fn is the first bone matrix 

protein synthesized by osteoblasts and is required for subsequent deposition of collagen I [16–

19]. Moreover, the continuous presence of Fn is essential for maintaining the integrity of the 

collagen matrix [20,21]. In terms of bone metabolism, it has been demonstrated that 

osteogenesis, induction of osteoblast differentiation, and survival of osteoblasts, all depend on 

integrin-mediated interactions between osteoblasts and Fn [22,23]. In addition to cellular Fn 

originating from osteoblasts, circulating plasma Fn produced by the liver is also incorporated in 

the bone matrix. Interestingly, it is the circulating plasma Fn that represents the predominant 

source of Fn affecting bone mineralization and matrix properties, while osteoblast-derived Fn 

isoform seems to modulate osteoblast differentiation locally without appreciably changing matrix 

properties [24]. Interestingly, a high staining intensity for Fn in tumors has been associated with 

increased mortality among patients with breast and prostate cancers; moreover, circulating 

plasma Fn enhances blood vessel formation and facilitates tumor growth by increasing VEGF 
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secretion levels and VEGF-mediated signaling. [25]. Nevertheless, further studies are required to 

elucidate the complex function of Fn in bone, especially in the context of cancer bone metastasis.  

Biological bone apatite has a platelet-like shape with (100) being the primary face, and it 

interacts strongly with water [26]. Synthetic HAP also develops other faces, such as the (001) 

and (101) faces, although (100) is still the prevalent face. Similarly, geologic HAP usually 

develops the largest area of (100), and smaller area of (001) or (101). It has been demonstrated 

that a hydration layer is present on HAP surface in aqueous environment, and that water 

molecules interact differentially with (100) and (001) faces. This hydration layer can 

significantly affect the adsorption of biomolecules, such as Fn, onto the crystal facets. 

Specifically, Fn adsorbs preferentially onto ionic facets as compared with those decorated with 

lattice water molecules [27]. Work by Ugliengo et al. shows that the first solvation layer of water 

molecules adsorbs as disassociated hydroxyl groups onto (100) whereas it adsorbs as lattice 

water molecules onto (001) [28]. Other work by Sahai et al. reports that the hydrogen bonds 

network in the first hydration layer is less disturbed, and that lateral water diffusion is less 

impeded on (100) face as compared with the (001) face [29]. These computational studies 

implicate preferential Fn adsorption onto (100) as compared with onto (001) facets. 

Both surface chemistry (electrostatic interactions) and surface topography have been widely 

shown to play important roles in protein adsorption, as discussed previously in Chapter 2. 

However, synthetic HAP nanoparticles usually present multiple faces and tend to form 

agglomerates, which renders difficult to deconvolution of the effects of face-specific surface 

chemistry and surface topography. This problem is tackled in this chapter by utilizing large 

geologic HAP crystals to generate surfaces with defined surface chemistry (by controlling crystal 
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orientation) and topography (by controlling surface roughness). This strategy allows us to 

understand how surface chemistry and topography individually modulate Fn adsorption. 

 

 

3.3 Materials and Methods 

3.3.1 Geologic HAP crystals  

Geologic apatite crystals with natural crystal termination faces were from Madagascar (Etsy, 

Inc). To determine the phases and elemental compositions of apatite crystals, a small portion was 

cut out of each crystal and ground into powders for powder X-ray diffraction (pXRD) and 

inductively coupled plasma atomic emission spectrometry (ICP-AES) analysis, respectively. The 

major phase of each crystal was determined to be HAP by pXRD (Scintag Inc. PAD-X 

theta−theta X-ray diffractometer, Cu Kα 1.54 Å, accelerating voltage 40 kV, current 40 mA, 

continuous scan, 1.0 deg/ min). For elemental composition analysis, 3 mg of powders were 

dissolved in 25 mL 5% HNO3 at 80 °C overnight. The solutions were then diluted 1:5 and 

analyzed using an ICP-AES spectrometer (Spectro, Ametek Material Analysis Division).  

3.3.2 HAP facets preparation 

HAP crystals were cut along natural faces to generate two types of facets, (100) and (001), 

using a wafer cutting diamond saw. The crystallographic orientations of the facets were 

determined via XRD. These facets were then polished with a precision polisher (Allied High 

Tech, MultiPrep™ System) to obtain two types of morphology/roughness. Rough HAP facets 

100R and 001R were polished using 30 µm diamond lapping films, resulting in a uniform array 
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of grooves on the crystal surface. Smooth HAP facets 100S and 001S were polished using 30 µm, 

9 µm, 1 µm diamond lapping films in sequence, and finished with 20 nm colloidal silica 

nanoparticles to smoothen any groove created by the lapping films. Lastly the smooth facets 

were polished against a polishing cloth in water for 5 min to remove the remaining silica 

nanoparticles. All lapping films, polishing cloths, and colloidal silica nanoparticles were 

obtained from Allied High Tech, Inc. 

3.3.3 HAP surface chemistry and roughness characterization 

The surface chemistry of HAP facets was characterized by measuring their surface zeta 

potential using phase analysis light scattering with Zetasizer Nano-ZS (Malvern Instruments Ltd. 

ZEN3600) [30]. The facets were mounted on a dip cell, immersed in aqueous buffer containing 

polystyrene latex standard at pH 9 (Malvern, DTS1235 ZP Transfer Standard, -42 +/- 4.2 mV), 

and placed between the electrodes of the cell. The mobility of tracer particles in the vicinity of 

the charged surface was measured at 5 positions (surface displacements from 125 µm to 625 µm), 

with 3 measurements per position, and fitted with linear regression to extrapolate the surface zeta 

potential at the HAP facet surface. The roughness of rough HAP facets 100R and 001R were 

measured with an optical profiler (ADE phase shift microXAM optical interferometric profiler), 

using a 50x objective. The roughness of smooth HAP facets 100S and 001S were measured via 

atomic force microscopy (AFM, Veeco Dimension 3100), using silicon cantilevers holding 

tetrahedral silicon tips of radius 7 nm (Olympus, spring constant 26 N/m), in tapping mode, by 

scanning areas of 10 µm by 10 µm (512 samples/line).  

3.3.4. Fibronectin FRET labeling and adsorption  
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Fibronectin (Fn) was obtained from Life Technologies, NY. AlexaFluor 488 succinimydyl 

ester and AlexaFluor 546 maleimide (Invitrogen, CA) were used to label Fn for intramolecular 

FRET as previously described by Baneyx et al. [31] and Smith et al [11]. Labeling ratios and Fn 

concentrations were determined using a DU®730 UV/Vis spectrophotometer (Beckman, IN) at 

280 nm, 495 nm, and 556 nm. Calibration of FRET labeled Fn in solution was carried out in 

guanidine hydrochloride (GdnHCl) solution at concentrations of 0, 2 M and 4 M to obtain FRET 

ratios, defined as acceptor/donor intensity ratios (IA/ID), as a function of protein denaturation.  

Stock solutions of Fn were diluted to 50 μg/mL using phosphate buffered saline (PBS) and 

then used for coating HAP facets. For FRET experiments, the diluted Fn solution contains 10% 

FRET labeled Fn and 90% unlabeled Fn to avoid intermolecular FRET, so that only 

intramolecular FRET was measured to assess conformation of single Fn molecules. A droplet of 

50 µL diluted Fn solution was incubated on each HAP facet (surface area approximately 0.4 cm
2
) 

for 24 h at 4 °C. Lab-Tek 8-well chambered coverglass (Thermo Scientific, IL) was used as 

control, where 130 µL diluted Fn solution was added per well, for 24 h at 4 °C. After incubation, 

the facets and control coverglass were washed 3 times with PBS and kept immersed in PBS.  

3.3.5. FRET data acquisition 

Samples were imaged with a Zeiss 710 confocal microscope (Zeiss, Munich, Germany).  16-

bit z-stack images were acquired using the C-Apochromat water-immersion 40x/1.2 objective, a 

pinhole of 2.4 AU (2 µm section), 488 nm laser with 5% laser power, pixel dwell time of 6.3 μs, 

PMT1 and PMT2 gains of 700 V, and z step size of 1 μm. FRET labeled Fn molecules were 

excited with a 488 nm laser line, emissions from donor and acceptor fluorophores were 

simultaneously collected in the PMT1 channel (514-526 nm) and the PMT2 channel (566-578 



62 
 

nm), respectively, while brightfield images were acquired in the T-PMT channel (transmitted 

light detector). These z-stack images were analyzed with a customized Matlab code to generate 

FRET ratio (IA/ID) images and histograms, as well as mean FRET ratios for all z-slices in a z-

stack. Only Fn regions in focus were analyzed in each z slice (our Matlab code allowed us to 

exclude out of focus regions in each image) to calculate mean FRET ratio for each field of view.  

3.3.6 Statistical analysis  

One-way ANOVA with Tukey’s post test and Student’s t-test were used to determine 

statistical significance between conditions in GraphPad Prism (GraphPad Software, Inc., CA). In 

all cases, p < 0.05 is indicated by a single star, p < 0.01 by two stars and p < 0.001 by three stars.  

 

3.4 Results 

3.4.1 Apatite crystal bulk properties 

The elemental compositions of apatite crystals were characterized by ICP-AES (Figure 

3.1A). Major elements in all apatite crystals were found to be Ca and P. The Ca/P ratios were 

determined as 1.74, 1.70, and 1.64 for G1, G2, and G3, respectively, which were comparable to 

Ca/P ratio of stoichiometric HAP (1.67). Less abundant elements such as Si, S, and Mg were also 

present. Elements with concentrations lower than 0.01 mg/L are not shown in graph. All apatite 

crystals contained rare earth elements (Ce, La, Yb, and Y) that could result in laser-induced 

luminescence (data not shown) [32]. The intensity of laser-induced fluorescence from all three 

apatite crystals used was found to be negligible compared with signal from FRET labeled Fn 

later in our FRET study.  
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The phases of these apatite crystals were determined by pXRD (Figure 3.1B). The major 

phase of each crystal was identified to match the best with HAP, as compared with other apatite 

phases, such as chlorapatite and fluorapatite, although chloride and fluoride substitutions were 

also likely present. The peak at 29.4 degree suggested the presence of a minor phase, probably 

calcite, whose strongest peak is located at 29.6 degree. Further analysis is required to confirm the 

presence of calcite inclusion, which is out of the scope of this study. 

 

Figure 3.1 (A) Elemental compositions of geologic apatite crystals G1, G2, and G3 were 

determined by ICP-AES analysis. Only elements with concentrations larger than 0.01 mg/L are 

shown. (B) pXRD patterns of G1, G2, and G3. Strong peaks of hydroxyapatite (HAP) are 

marked with black dash lines and labeled with crystal indices (ICDD PDF no. 09-0432). The 

peak at 29.4 degree marked with a green dash line probably originates from small amount of 

calcite inclusion. 

3.4.2. HAP facets with controlled surface chemistry and roughness 
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HAP facets were cut along natural faces of HAP crystals and two crystallographic 

orientations, (100) and (001), were identified by XRD (data not shown). These facets were 

polished to generate two types of topography/roughness. Smooth facets 100S and 001S were 

characterized by AFM (Figure 3.2A), while rough facets 100R and 001R were analyzed with an 

optical profiler (Figure 3.2B). The surface chemistry of HAP facets was characterized by 

measuring their surface zeta potential in aqueous buffer. Average roughness and surface zeta 

potential results are summarized in Table 3.1.  

Smooth facets 100S and 001S both had average roughness levels lower than 1 nm, with 

sparse cracks present on large ultra-smooth areas. This sub-nanometric roughness was chosen for 

smooth facets, as it compares with the size of individual modules comprising the Fn molecules (2 

to 3 nm). Rough facets 100R and 001R both had average roughness levels around 200 nm, with 

parallel arrays of polishing grooves covering the entire surface. Such roughness was picked as it 

is on the order of the contour length of an extended Fn molecule. In terms of surface chemistry, 

(100) facets had more negative surface zeta potential than (001) facets, regardless of roughness. 

Moreover, smooth facets showed more negative surface zeta potential than rough facets, for both 

(100) and (001) orientations. 
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Figure 3.2 Representative (A) AFM image of a smooth HAP facet and (B) optical profiler image 

of a rough HAP facet, with the line profile of a cross section marked in green shown at the 

bottom of each image. 
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Table 3.1 Summary of surface roughness and surface zeta potential of HAP facets.  

Sample ID Average Roughness Ra [nm]* Surface zeta potential [mV]** 

100S 0.71 ± 0.38 -42.4 ± 3.0 

001S 0.54 ± 0.26 -32.1 ± 3.5 

100R 198.3 ± 35.4 -28.1 ± 2.8 

001R 233.7 ± 34.4 -21.8 ± 1.7 

 

*All data represented as means and standard deviations, N = 7 for smooth facets 100S and 001S, 

N = 14 for rough facets 100R and 001R. 

** Surface zeta potential uncertainty was defined as the 95% confidence interval of the Y-

intercept (apparent zeta potential) in each linear regression fit (Figure 3.3). Experiments were 

repeated three times showing consistent trends, and only results from one experiment were 

shown here. 
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Figure 3.3 Linear regression fit for zeta potentials measured as a function of surface 

displacement. Y intercept at zero displacement of each linear regression fit was subtracted from 

zeta potential of tracer particles to extrapolate the surface zeta potential for each HAP facet. 

Experiments were repeated three times showing the same trend. 

 

3.4.3 Fn deposition and conformation on HAP facets 

To investigate the effect of HAP surface roughness and chemistry on Fn adsorption, FRET 

confocal imaging was performed to quantify both the conformation and the amount of Fn 

adsorbed onto four types of HAP facets, 100S, 001S, 100R, and 001R. A diluted Fn solution (50 

µg/mL, 10% FRET labeled) was used for incubation to ensure that only intramolecular FRET 

was measured to assess conformation of single Fn molecules [11]. Donor and acceptor 

fluorophores were imaged (z-stacks) simultaneously (Figures 3.4A and B), while associated 

bright field images were recorded in the transmission light channel (Figure 3.4C). FRET ratio 

was defined as acceptor/donor intensity ratio (IA/ID), and mean FRET ratios were calculated for 
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each image using the color-coded FRET ratio map and FRET ratio histograms (Figures 3.4D 

and E). As determined in our FRET calibration (Figure 3.5) and correlated with previously 

published Fn circular dichroism data [11], FRET ratio is high when Fn has a compact 

conformation (0M GdnHCl), decreases as Fn becomes extended (0M ~ 2M GdnHCl ), and 

deceases further when Fn starts losing tertiary structure (2M ~ 4M GdnHCl), i.e. when Fn type-

III modules (magenta ovals/lines in Figure 3.4E schematics) start unfolding.  

 

 

Figure 3.4 Confocal images for a rough HAP facet coated with FRET labeled Fn: (A) donor 

channel, (B) acceptor channel, and (C) transmission light channel. (D) Color-coded FRET ratio 

map, with high FRET ratio color coded in red (compact Fn) and low FRET ratio in blue 

(unfolded Fn). (E) FRET ratio histogram with schematics of Fn conformation correlated to the 

FRET calibration values reported in Figure 3.5 (compact, loss of quaternary structure when 
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extended, and loss of tertiary structure when type-III modules represented by magenta ovals/lines 

start unfolding). Scale bars 50 μm. Confocal images and FRET analysis of a smooth HAP facet 

coated with FRET labeled Fn are shown in Figure 3.6. 

 

 

Figure 3.5 Soluble calibration of FRET ratio (i.e., acceptor intensity/donor intensity) as a 

function of chemical denaturant (guanidine hydrochloride, GdnHCl) concentration. The 

schematics at left illustrate Fn conformations at various FRET ratios obtained via circular 

dichroism measurements [11]. Data shown as means and standard deviations, with 10 to 12 

measurements per sample. 
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Figure 3.6 Confocal images for a smooth HAP facet coated with FRET labeled Fn: (A) donor 

channel, (B) acceptor channel, and (C) transmission light channel. (D) Color-coded FRET ratio 

map for region of analysis (region in focus), with high FRET ratio color coded in red (compact 

Fn) and low FRET ratio in blue (unfolded Fn). (E) FRET ratio histogram for region of analysis, 

with schematics of Fn conformation correlated to the FRET calibration values reported in Figure 

3.5 (compact, loss of quaternary structure when extended, and loss of tertiary structure when 

type-III modules represented by magenta ovals/lines start unfolding). Scale bars 50 μm. 

 

First we quantified the conformation of Fn adsorbed onto HAP facets via FRET analysis 

(Figure 3.7A). FRET ratios of Fn adsorbed onto (100) facets were higher than those onto (001) 

facets regardless of roughness, suggesting that Fn adsorbed in more compact conformations onto 
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(100) oriented HAP surfaces. Additionally, FRET ratios increased with increasing roughness 

regardless of crystal orientation, suggesting that Fn conformation became more compact when 

adsorbed onto rougher HAP surfaces. 8-well Lab-Tek
TM

 chambered coverglass (Thermo 

Scientific) with sub-nanometer surface roughness was used as control in all experiments. 

 

 

Figure 3.7 (A) FRET ratios and (B) amount of Fn adsorbed onto HAP facets with varied surface 

chemistry and roughness, after incubation at 4 ˚C for 24 h. Data shown were obtained from 9−10 

fields of view per sample. Coverglasses coated with FRET labeled Fn were used as control 

surfaces in all experiments. In all cases, p < 0.05 is indicated by a single asterisk, p < 0.01 by two 

asterisks, and p < 0.001 by three asterisks. 

 

Next we quantified the amount of Fn adsorbed per unit volume onto HAP facets by assessing 

the sum of donor and acceptor fluorescence intensities (Figure 3.7B). The sums of donor and 

acceptor fluorescence intensities were larger for rough facets than smooth facets, regardless of 

surface chemistry, suggesting that there were more Fn adsorbed onto rougher HAP facets. 
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Additionally, the amount of Fn adsorbed seemed to be independent of surface chemistry (no 

significant difference was noted). It should be noted that our results in Figure 3.7B indicate the 

amount of Fn adsorbed per unit volume, and may not be relevant to Fn adsorbed per unit surface 

area when comparing rough and smooth facets. The higher level of fluorescence measured for 

rougher facets could result from the larger surface area of HAP per voxel (0.4×0.4×1.0 µm
3
), 

instead of the larger quantity of Fn adsorbed per unit surface area. Nevertheless, Fn conformation 

results in Figure 3.7A suggested that Fn adopted more compact conformations and hence took 

less space when adsorbed onto rougher facets, implying that there could be more Fn adsorbed per 

unit surface area onto rougher facets. Collectively, our FRET data show that (i) more compact Fn 

molecules adsorbed onto (100) than onto (001) facets, and (ii) larger amount of more compact Fn 

adsorbed onto rougher HAP facets. 

 

3.5 Discussion 

In this chapter we utilized geologic apatite crystal facets to independently vary surface 

chemistry and topography for investigating protein adsorption, which we believe mediate various 

breast cancer cell functions. Previously, cell culture platforms utilizing synthetic HAP, including 

2D HAP coatings and 3D polymeric scaffolds containing HAP nanoparticles, have demonstrated 

effects of HAP materials properties on serum protein adsorption and cellular behaviors [7–10]. 

However, the use of synthetic HAP does not allow to independently vary chemical and physical 

materials properties and the observed effects usually result from a combination of several 

materials properties. For example, increasing carbonate substitution also leads to changes in 

surface roughness of HAP coatings [10]. To obtain surfaces with homogeneous structural and 



73 
 

chemical properties, Geiger el al. synthesized calcium-(R,S)-tartrate single crystals substrates 

that were tens of microns large for the study of epithelial cells adhesion [33,34]. Later, geologic 

calcite single crystals with identical surface chemistry but different surface roughness were used 

as model substrates for studying nano-topography sensing by osteoclasts [35]. Herein, using 

geologic apatite crystals we were able to independently vary surface chemistry and topography. 

Specifically, we have shown that both HAP surface chemistry and roughness could 

independently alter the mineral/ECM interface (Fn conformation and deposition). 

Four types of facets with two types of surface chemistry, (100) and (001) crystal orientations, 

at two levels of surface roughness, smooth and rough, were generated from geologic apatite 

crystals. Geologic apatite is ubiquitous in various rocks because of its overall stability in 

geological processes. All green apatite crystals used in this study were from Madagascar, with 

similar Ca/P ratios (Section 3.4.1). Many minor and trace elements can substitute in the apatite 

lattice (Figure 3.1), and the degree of substitution affects the color and stability of the lattice 

[36,37]. The primary natural termination faces of these crystals were identified by XRD to be 

(100) and (001). Computational studies have shown that in aqueous environment at pH 5 to 10, 

the (100) face is the most favorable energetically (lowest interfacial energy), as compared with 

less hydrophilic (001) face [29,38]. The hydrogen bond network in the first hydration layer is 

less disturbed, and lateral water diffusion is relatively free on (100) face [29]. This agrees with 

experimental observation of the preferred growth in the [001] direction resulting in a larger 

surface area of (100) compared to other faces in synthetic HAP [39].  
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Figure 3.8 Common facets observed in hexagonal hydroxyapatite crystal. {100} and {001} 

facets are equivalent in the hexagonal lattice.  

The face-specific HAP surface chemistry contributes to differential Fn conformation and 

deposition onto (100) and (001) facets. Fn adsorbed in more compact conformation onto (100) 

than onto (001) facets (Figure 3.7A). This can be partially attributed to the lower energy barrier 

for water to diffuse away and for charged side chains of Fn molecules to penetrate the hydration 

layer and interact with surface ions of (100), as compared with (001) facets [29]. The favored 

kinetics of Fn adsorption on (100) suggests that more Fn molecules could adsorb per unit area in 

a given time, so that Fn conformation would be constrained by the surface area available per 

molecule. Whereas on (001), slower adsorption kinetics leads to less Fn molecules per unit area, 

and therefore they may have enough space to lay down and adopt a more extended conformation. 

From a thermodynamic perspective, the exposure of more hydrophobic core of Fn modules may 

also serve as driving force for Fn to extend and/or unfold on the more hydrophobic (001) facets. 

Additionally, the more negative zeta potential suggests denser surface charge for (100), and 

therefore stronger electrostatic and polar interactions with Fn. As Fn carries negative net charge 

in PBS at pH 7.4 [40], the macroscopic electrostatic interaction discourages Fn adsorption onto 

negatively charged surfaces. However, microscopic polarization of proteins, Debye force, and/or 
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other short-range interactions such as hydrogen bonding, can facilitate Fn adsorption (via its 

numerous positively charged lysines and various polar residues) onto negatively charged 

surfaces with high surface charge density [41]. Therefore, denser surface charge of (100) may 

present more binding sites for interacting with charged/polar residues on Fn, leading to enhanced 

adsorption and more compact Fn conformation. On the other hand, local electrostatic interactions 

may also affect the availability of binding sites on Fn. For example, the Fn-III9 and III10 modules 

(essential for cell adhesion, as described in Chapter 4) carry more negative charge than the 

surrounding sequences, and thus could be more accessible when adsorbed onto densely 

negatively charged surfaces due to electrostatic repulsion [42].  

As surface roughness increases, both surface structure and chemistry become heterogeneous, 

which could result in smaller differences in interfacial energy and surface charge density 

between facets, yet the mechanisms proposed above could still help explain the differential Fn 

adsorption between 100R and 001R. Additionally, nanoscale roughness has been observed to 

enhance protein adsorption on substrates [43], which may explain the larger amount of more 

compact Fn molecules adsorbed onto rough than onto smooth facets (Figure 3.7B). On one hand, 

when larger amounts of Fn are present, stronger protein-protein interactions can help stabilizing 

the compact Fn conformation observed at high surface coverage [44]. On the other hand, the 

spatial confinement/trapping of Fn molecules within the polishing grooves of rough facets may 

also contribute to their compact conformation. Although Fn adopted more extended/unfolded 

conformations on (001) than on (100) facets, which means a larger surface area occupied per Fn 

molecule, no significant difference was noted between Fn amounts adsorbed on (001) and (100) 

facets.  



76 
 

 

 

Figure 3.8 Schematic of how surface chemistry or topography affect Fn conformation and 

deposition.  

 

3.6 Conclusions 

Using geologic HAP single crystals, we were able to deconvolute the effects of surface 

chemistry and topography on Fn adsorption. Our results indicate that lower interfacial energy 

and more negative surface charge of (100) oriented facets favored more compact Fn 

conformations. Adsorption kinetics, thermodynamics, local electrostatic, and/or polar 

interactions played important roles in this process. Our data also suggest that increasing surface 

roughness enhanced Fn adsorption and promoted more compact Fn conformation due to protein-

protein stabilization and/or confinement effect of surface features (polishing grooves). The 

mechanisms proposed above are in agreement with our previous results in Chapter 2 where 

denser surface charge (HAP 1) and topographic confinement effects (presence of agglomerates) 

led to enhanced Fn adsorption and more compact Fn conformation. The differential Fn 
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conformation and deposition is expected to have major effects on cellular behaviors via integrin-

Fn mediated pathways, which is now discussed in Chapter 4 and Chapter 5. Importantly, it needs 

to be noted that surface chemistry properties such as surface ion species and hydration layer are 

likely different between our geologic HAP crystals and biologic HAP nanoparticles [45]. 

Therefore the results we present with geologic HAP might not fully recapture the cell response in 

the bone microenvironment.  
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Chapter 4.  

Fibronectin-Mediated Breast Cancer Cells Interactions with 

Geologic Apatite Crystal Facets 

Contributors: Weisi Chen, Nicole Marroquin, Claudia Fischbach, Lara Estroff, and Delphine 

Gourdon. 

 

4.1 Abstract 

Geologic hydroxyapatite (HAP) facets with controlled surface chemistry and topography 

were functionalized with (physisorbed) fibronectin (Fn) and seeded with MDA-MB-231 breast 

cancer cells for studying cellular functions, including cell viability, cell adhesion, focal adhesion 

(FA) assembly, and secretion of proangiogenic and proinflammatory factors. Our results show 

that breast cancer cell viability and adhesion after either 6 h or 24 h were similar on all four types 

of facets tested: smooth 100S and 001S, and rough 100R and 001R. However, FA formation, in 

particular number of FAs per cell and FA size, were strongly dependent on underlying Fn layer 

and HAP surface properties. Cells seeded on 001S developed higher numbers of larger FAs (per 

cell) than FAs assembled by cells on 100S. Moreover, cell secretions of both vascular endothelial 

growth factor (VEGF) and interleukin-8 (IL-8) were significantly higher on smooth facets than 

on rough facets after 24 h. These cellular behaviors’ variations are likely associated with the 

engagement of different integrins (cell surface receptors) with Fn, which affects the recruitment 

of FA accessory proteins and triggers modified intracellular signaling cascades. Collectively, our 
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data suggest that Fn could play a critical role in breast cancer cells’ sensing of bone mineral 

(closely related to HAP) materials properties. These results have important implications for our 

understanding of the mechanisms driving breast cancer bone metastasis. 

 

4.2 Introduction 

In this chapter, we investigated whether the HAP-induced differential adsorption of 

fibronectin (Fn) (characterized in Chapter 3) would impact breast cancer cell functions, in 

particular their integrin-mediated adhesion and proangiogenic/proinflammatory secretions.  

Cancer cell adhesion to the surrounding extracellular matrix (ECM) is an essential step 

required for cell migration and particularly tissue invasion, a hallmark of the metastatic cascade. 

Transmembrane receptors notably integrins, a family of 24 ubiquitous α/β heterodimers, have 

been identified as key regulators of this process. Each integrin binds specifically to a defined set 

of extracellular ligands, transducing biochemical, physical, and mechanical signals for cells to 

sense and respond to their microenvironment [1]. During cell attachment to ECM ligands, 

integrins cluster at the cell surface and act as a platform for recruiting numerous intracellular 

accessory proteins to form structures called focal adhesions (FAs) that link the ECM to the actin 

cytoskeleton. FAs contain hundreds of different proteins with conserved nanoscale protein 

organization and spatially segregated protein-protein interactions [2]. Among these proteins 

vinculin is often used as a marker for FA because it is ubiquitous in FA complexes, and it is an 

essential accessory protein for promoting the formation of FAs [3], facilitating ECM 

mechanosensing [4], and regulating actin cytoskeletal dynamics [5]. Cell-ECM interactions via 

integrins have been widely indicated to mediate cell adhesion, migration, and invasion through 
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remodeling of the ECM [3]. For example, the β1 integrins family was shown to play a specific 

role in regulating breast cancer cell adhesion and spreading, formation of FAs, and cell invasion 

through complex ECM environments [4]. As a major ECM protein possessing binding sites for 

various types of integrins and as a critical mechanosensor, Fn has been implicated in integrin-

mediated pathways that may modulate tumor cell migration, invasion, and apoptotic responses of 

breast cancer cells [5–7]. However, whether and how Fn-HAP interactions could mediate 

integrin binding and subsequent cell functions during breast cancer metastasis remain unclear. 

During tumor progression, the formation of new blood vessels, a process called angiogenesis, 

is critical for primary tumor growth and metastasis [8]. Tumor cells promote angiogenesis by up-

regulating proangiogenic factors [9]. Dysregulated cell-ECM interactions and integrin signaling 

have been indicated in the altered signaling of a major proangiogenic factor, vascular endothelial 

growth factor (VEGF) [10–12]. A proinflammatory factor, interleukin-8 (IL-8), can also promote 

angiogenic responses in endothelial cells, increase tumor cell survival and proliferation, and 

potentiate tumor cell migration and invasion. [13–15]. Moreover, IL-8 acts as a mediator of 

osteolysis due to bone metastasis, and is dramatically up-regulated in breast cancer cells that 

preferentially metastasize to bone [13,16]. In fact, a strong correlation has been established 

between IL-8 expression and the metastatic potential of breast cancer cells [17]. Interestingly, a 

high staining intensity for Fn in tumors has been associated with increased mortality among 

patients with breast and prostate cancers; moreover, circulating plasma Fn enhances blood vessel 

formation and facilitates tumor growth by increasing soluble VEGF contents and VEGF-

mediated signaling [18]. Thus HAP-mediated alterations of Fn mechanobiology (both 

mechanosensing and mechanotransduction) may regulate proangiogenic signaling pathways that 

promote tumor progression and metastasis to bone.  
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We hypothesized that Fn might act as a functional link for breast cancer cells to sense and 

respond to materials properties of bone mineral. To test our hypothesis, we utilized the geologic 

HAP crystal facets described in Chapter 3 instead of HAP nanoparticles so that we could (i) 

independently control HAP surface chemistry and topography, and (ii) avoid cytotoxicity linked 

with cell capability of uptaking nanoparticles. Specifically, we seeked to understand whether 

differential Fn adsorption controlled by HAP surface chemistry and topography impacted breast 

cancer cell functions, in particular cell adhesion, FA assembly, and secretion of VEGF and IL-8. 

In Chapter 3, our FRET analysis revealed that HAP surface chemistry and topography had 

individual effects on Fn adsorption: for example, 001S surfaces characterized by low surface 

charge density and low roughness level would favor unfolded Fn conformations. Here we present 

cell culture studies that correlate these findings with subsequent altered FA formation and 

increased proangiogenic and proinflammatory secretion by breast cancer cells when they interact 

with the unfolded Fn adsorbed onto 001S HAP facets. 

 

4.3 Materials and Methods 

4.3.1 Cell culture and seeding  

We developed a HAP/Polydimethylsiloxane (HAP/PDMS) system for cell culture studies 

(Figure 4.1). First, HAP facets were embedded inside PDMS slabs and inserted in PDMS 

sample holders. Next, PDMS wells containing HAP/PDMS slabs were incubated with 

SuperBlock (Thermo Scientific, IL) for 1 h at room temperature to block nonspecific binding, 

washed 3 times with DI water, and dried in air. Then, each HAP surface (approximately 5 mm by 

7 mm in size, 2 mm in thickness) was exposed by removing the PDMS thin layer that covered 
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the HAP crystal in the PDMS slab. After sterilizing the HAP/PDMS system with UV lamp for 1 

h, HAP surfaces were washed with sterile PBS three times, and a droplet of 50 µL of Fn solution 

(50 µg/mL, unlabeled Fn) was incubated on each HAP surface for 24 h at 4 ˚C. For control 

sample (8-well Lab-Tek chambered borosilicate coverglass, Thermo Fisher Scientific), 130 µL 

Fn solution (50 ug/mL, unlabeled Fn) was added per well. After washing 3 times with PBS, these 

Fn coated surfaces were used for cell culture experiments.  

MDA-MB-231 breast cancer cells (ATCC® HTB26™) were cultured in α-MEM media 

supplemented with 10% FBS and 1% P/S at 37 ˚C in 5% CO2, with media refreshed every 48 h. 

At approximately 80% confluency, cells were detached with trypsin-EDTA and used for cell 

seeding. A droplet of 50 µL cell solution containing 12,000 MDA-MB-231 cells was added onto 

each Fn coated HAP facet (seeding density 3 × 10
4
 /cm

2
). After 30 min of cell adhesion, 

additional 650 µL α-MEM media supplemented with 1% FBS and 1% P/S was added into each 

well, resulting in a total volume of 700 µL media per well. For control sample, 114 µL cell 

solution containing 27, 000 MDA-MB-231 cells were added per well (seeding density 3 × 10
4
 

/cm
2
); after 30 min, additional 286 µL media was added leading to a total volume of 400 µL 

media per well. After culturing at 37 ˚C in 5% CO2 for either 6 h or 24 h, cell viability and 

adhesion were analyzed, and culture media were collected for secretion quantification. 
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Figure 4.1 Preparation of HAP/PDMS system for cell culture studies. 

 

4.3.2 Cell viability and adhesion 

Cell viability was examined with a LIVE/DEAD® Viability/Cytotoxicity Kit (Molecular 

Probes, OR) based on the simultaneous determination of live and dead cells with calcein AM and 

ethidium homodimer (EthD-1), respectively. Nonfluorescent cell-permeant calcein AM converts 

to intensely green fluorescent calcein, which is membrane impermeable, after cleaved by 

intracellular esterase in live cells. EthD-1 can only enter damaged membranes of dead cells and 

produces a bright red fluorescence upon binding to nucleic acids. After collecting culture media, 

samples were washed once gently with warm PBS, and incubated in Live/Dead working 

solutions (PBS containing 2 µM calcein-AM and 4 µM EthD-1) for 30 minutes at 37 ˚C in 5% 

CO2. Then images were acquired in phenol red free DMEM/F12 media with an epifluorescence 

microscope (Zeiss, Munich, Germany), using a 2.5x objective. The entire surface area of each 

HAP facet was imaged and the number of live cells was used to quantify cell adhesion. For 
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larger control samples, 5 fields of view were acquired to estimate the total number of cells 

adhered per well. 

4.3.3 Immunostaining and confocal imaging 

For immunostaining, cells seeded on each HAP facet (embedded in PDMS slabs) were 

cultured in 800 µL α-MEM with 1% FBS and 1% P/S at 37 ˚C in 5% CO2 in 24-well plates. 

After 24 h, samples were washed three times with 800 µL (200 µL for control) warm PBS and 

fixed in 50 µL (200 µL for control) 3.7% formalin for 1 hour at 4 ˚C. To permeabilize cell 

membranes, samples were washed twice with 50 µL 0.05% Triton-X in PBS (PBS-X, Thermo 

Scientific, 200 µL for control) for 5 min each time, and then blocked for 30 min at room 

temperature with 50 µL (200 µL for control) PBS-X/1% SuperBlock (Thermo Scientific). To 

immunostain for vinculin, samples were incubated with 50 µL primary mouse anti-vinculin 

antibodies (1:1000, clone VIN115, Sigma-Aldrich) in PBS/1%SuperBlock (125 µL for control) 

at 4 ˚C overnight. Samples were then washed twice with 50 µL PBS-X (200 µL for control) for 5 

min each time, and incubated with 50 µL (200 µL for control) goat anti-mouse IgG1 (γ1), 

CF™555 secondary antibodies (1:1000, Sigma-Aldrich) and DAPI (1:1000, Life Technologies) 

in PBS/1%SuperBlock at room temperature for 1 hr. Finally samples were washed twice with 50 

µL PBS (200 µL for control) for 5 min each time and kept in PBS at 4 ˚C until imaging. 

Z-stack images were acquired with a Zeiss LSM880 inverted confocal microscope (Zeiss, 

Munich, Germany) using a C-Achroplan water-immersion 32x/0.85 objective, zoom-in 1.3x, a 

pinhole of 2AU (2 µm section), and a z step size of 1 µm. DAPI was excited with a 405 nm laser 

set at 5% laser power, and CF™555 was excited with a 561 nm laser set at 5% laser power. For 

nuclei counting, a Fluar 5x/0.25 M27 objective was used, and tiling images were acquired with 
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10% overlap between adjacent images. All immunofluorescence images were analyzed in ImageJ 

(NIH). 

4.3.4 VEGF and IL-8 secretion 

The media collected after culturing for 6 h or 24 h were centrifuged for 15 min at 13500 rpm 

and supernatants free of cell debris were utilized to quantify VEGF and IL-8 contents with 

commercial VEGF and IL-8 ELISA kits (Life Technologies). The media collected at 6 h time 

point were concentrated 6 fold with 10K centrifugal filter devices (Amicon® Ultra, 10,000 

NMWL) for measuring VEGF, or 3 fold with 3K centrifugal filter devices (Amicon® Ultra, 

3,000 NMWL) for measuring IL-8. The media collected at 24 h time point were used without 

further concentrating for measurement. VEGF and IL-8 amounts were normalized by the number 

of live cells for each corresponding sample. 

4.3.5 HAP facets cleaning 

After each experiment, cells were removed from HAP facets by washing three times with 

PBS and then incubating in 0.5% trypsin in PBS at 37 ˚C for 30 min. After washing three times 

with PBS, remaining cell residues were cleaned by cell scrapers. HAP facets were then immersed 

in PBS containing 5% sodium dodecyl sulfate (SDS) overnight, sonicated in 0.1 M NaOH, and 

rinsed with DI water and ethanol. 

4.3.6 Statistical analysis  

One-way ANOVA with Tukey’s post test and Student’s t-test were used to determine 

statistical significance between conditions in GraphPad Prism (GraphPad Software, Inc., CA). In 

all cases, p < 0.05 is indicated by a single star, p < 0.01 by two stars and p < 0.001 by three stars.  
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4.4 Results 

4.4.1 Breast cancer cell viability 

To determine whether HAP surface chemistry and topography affect breast cancer cell 

functions via Fn mediated interactions, we seeded MDA-MB-231 human breast cancer cells onto 

Fn coated HAP facets with controlled chemistry and topography. MDA-MB-231 cells were 

chosen because these cells are known to be highly invasive both in vitro and relatively poorly 

invasive in vivo [19]. First we examined the viability and adhesion of breast cancer cells via 

Live/Dead assay. The entire HAP surface was imaged to count the number of live (green) and 

dead (red) cells for each sample (Figure 4.2). Results show that on average 95% cells were alive 

on all five samples including control up to 24 h after initial cell seeding (Figure 4.3). Average 

cell viability decreased to circa 75% after 48 h on smooth facets, but remained circa 95% on 

rough facets (data not shown), suggesting that tumor cell viability is dependent on underlying Fn 

conformation and deposition. We chose the 6 h and 24 h time points for subsequent adhesion and 

secretion experiments to avoid the complexity of interpreting results due to cell apoptosis. 
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Figure 4.2 Merged fluorescence image acquired for Live/Dead assay. Live cells were stained in 

green and dead cells were stained in red. 
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Figure 4.3 MDA-MB-231 breast cancer cell viability after seeding for either (A) 6 h or (B) 24 h 

on Fn coated HAP facets and control coverglass, as quantified via Live/Dead assay. N = 4 for 6 h, 

N = 3 for 24 h. 

4.4.2 Breast cancer cell adhesion 

The number of live cells were also used to quantify cell adhesion as a function of HAP 

surface properties. More cells tended to adhere on rougher facets, although no statistical 

significance was detected between (100) vs. (001) facets or between smooth vs. rough facets 

(Figure 4.4). Overall fewer cells adhered onto HAP facets after 24 h than after 6 h. However, it 

should be noted that cells used for the 6 h experiments were at passage 36 ~ 40, while those used 

for the 24 h experiments were at passage 4 ~ 8, which may cause variability in cell adhesion 

when comparing 6 h with 24 h results. 
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Figure 4.4 MDA-MB-231 breast cancer cell adhesion after initial seeding for either (A) 6 h or 

(B) 24 h on Fn coated HAP facets and control coverglass, as quantified by the number of live 

cells via Live/Dead assay. Mean ± SD. N = 5 for 6 h, and N = 4 for 24 h. 

 

4.4.3 Focal adhesion formation 

To investigate whether the assembly of FAs depends on underlying Fn layer and HAP 

surface properties, cells were stained for nuclei and FAs were identified by immunofluorescence 

staining of vinculin. Confocal fluorescence images were analyzed to determine FA features. 

Representative immunofluorescence images show that, in addition to vinculin localized in well-

defined FA plaques at the cell membrane-ECM interface, considerable amounts of vinculin were 

also present within the central regions of cell cytoplasm, i.e., not associated with FAs (Figure 

4.5). These cytoplasm vinculin signals were excluded in our FA feature analysis.  
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Figure 4.5 Representative confocal images of immunostained vinculin in MDA-MB-231 cells 

seeded on Fn coated (A) (100)S, (B) (001)S, (C) (100)R, and (D) (001)R HAP facets, after 24 h 

in culture. Scale bars 50 µm. 

Our FA feature analysis results are summarized in Figure 4.6. Both the number (per cell) and 

the size of FAs depended on HAP surface chemistry and topography. According to the 

distribution histograms shown in Figure 4.7, HAP surface chemistry influenced the area of FAs 

by increasing the length of FAs (lager fraction of longer FAs on (001)), while HAP surface 

roughness seemed to affect the area of FAs by increasing the width of FA plaques (larger 
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fraction of wider FAs on rough facets). Both the number of FAs per cell (although not 

significantly different) and their area were larger on 001S than on 100S. When comparing 100-

oriented smooth and rough facets, we observed similar numbers of FAs that were significantly 

larger on 100R than on 100S, which could be associated with higher levels of compact Fn 

molecules adsorbed onto 100R. (Chapter 3, Figure 3.7). However, although higher levels of 

compact Fn molecules were also detected on 001R than on 001S, FAs number per cell was 

smaller on 001R than on 001S, while FA area was similar on both facets.  

 

 

Figure 4.6 Focal adhesion (FA) analysis of MDA-MB-231 cells on Fn coated HAP facets after 

culturing for 24 h: (A) the number of FAs formed per cell, (B) FA area, (C) FA length, and (D) 

FA width. FA area, length, and width were obtained by fitting ellipse for each FA (ImageJ). 
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Vinculin was immunostained for visualizing FAs. Number of cells analyzed: N = 20, 17, 18, 14 

and 14 for 100S, 001S, 100R, 001R, and control, respectively. Number of FAs analyzed: n = 274, 

312, 267, 114, and 466, for 100S, 001S, 100R, 001R, and control, respectively. In all cases, p < 

0.05 is indicated by a single asterisk, p < 0.01 by two asterisks, and p < 0.001 by three asterisks. 

Mean ± SD. 

 

Figure 4.7 Frequency distributions of (A) FA area, (B) FA length, and (C) FA width in MDA-

MB-231 cells seeded on Fn coated HAP facets, after 24 h in culture.  

 

4.4.4 VEGF secretion 

We then evaluated the proangiogenic capability of MDA-MB-231 cells via quantification of 

VEGF secretion. To assess secretion per cell, all our data (VEGF and IL-8 levels) were 

normalized by the number of live cells for each sample. After 6 h, VEGF secretion by tumor 

cells tended to be higher on smooth than on rough facets, independently of crystal orientation 

(Figure 4.8A). After 24 h, VEGF levels were not only significantly higher on smooth than on 

rough 001-oriented surfaces but they also tended to be higher on 001S than 100S, indicating a 
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likely dependence on surface chemistry too (Figure 4.8B). In addition, the quantity of secreted 

VEGF drastically increased from 6 h to 24 h for all samples, especially for HAP surfaces. After 6 

h, VEGF level on HAP surfaces was similar to that of control; whereas after 24 h, it was 

equivalent to 4 ~ 6 times that of control. Together with our cell adhesion results, these data 

indicate that that tumor cells seeded on HAP surfaces exhibit slower proliferation but much more 

active proangiogenic capability than those seeded on control coverglass, although both Fn 

conformation and quantity adsorbed were similar for control and rough HAP surfaces (Chapter 3, 

Figure 3.7). 

 

 

Figure 4.8 VEGF secretion by MDA-MB-231 breast cancer cells as analyzed via ELISA assay 

of media collected either (A) 6 h or (B) 24 h after initial seeding on Fn coated HAP facets and 

control coverglass. Values were normalized by the number of live cells adhered. In all cases, p < 

0.05 is indicated by a single asterisk, p < 0.01 by two asterisks, and p < 0.001 by three asterisks. 

Mean ± SD. 

 

4.4.5 IL-8 secretion 
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We also evaluated the proinflammatory and osteolytic capability of MDA-MB-231 cells via 

quantification of IL-8 secretion. IL-8 secretion followed a similar trend as VEGF secretion, with 

lower IL-8 levels secreted by tumor cells on rougher facets (Figure 4.9). Moreover, after 24 h, 

significantly higher levels of IL-8 were measured on 001S than on 100S, suggesting that surface 

chemistry plays an important role in differential IL-8 secretion by tumor cells when HAP 

surfaces are smooth. This surface chemistry effect was not observed when comparing 100R with 

001R, probably due to the chemical heterogeneity of rough facets. Additionally, IL-8 secretion 

increased drastically from 6 h to 24 h for all samples, especially for HAP surfaces. Moreover, the 

overal quantity of IL-8 secreted by tumor cells was much higher than that of VEGF (circa four 

times that of VEGF at 24 h). 

 

 

Figure 4.9 IL-8 secretion by MDA-MB-231 breast cancer cells as analyzed via ELISA assay of 

media collected (A) 6 h and (B) 24 h after initial seeding on Fn coated HAP facets and control 

coverglass. Values were normalized by the number of live cells adhered. In all cases, p < 0.05 is 

indicated by a single asterisk, p < 0.01 by two asterisks, and p < 0.001 by three asterisks. Mean ± 

SD. 
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Collectively, our results reveal that, although the number of live cells was similar on all HAP 

samples, the number and size of FAs developed by cells varied as a function of HAP surface 

properties (mediating adsorbed Fn amounts and conformations). Additionally, tumor cells 

appeared to be (i) sensitive to HAP roughness to regulate both their VEGF and IL-8 secretion 

levels and (ii) reactive to HAP surface chemistry to control their IL-8 secretion, in particular 

when interacting with smooth HAP surfaces. 

 

4.5 Discussion 

First we investigated whether cell adhesion is regulated by Fn conformation and deposition 

onto HAP surfaces. Surprisingly, the number of breast cancer cells adhered was independent on 

underlying Fn conformation, although there were slightly more cells present on rougher HAP 

facets, probably due to larger amounts of Fn adsorbed associated with increased ligand density 

(Figure 4.4) [20]. Cells typically express multiple types of integrin receptors and some receptors 

share the same ligand with different affinities. Fn conformational changes can significantly affect 

the spatial arrangement and accessibility of its binding sites for integrins. In the case of two 

predominant receptors involved in binding ECM molecules with RGD domains: α5β1 integrins 

require the close vicinity of the RGD domain on Fn-III10 and the synergy PHSRN site on Fn-III9 

for engagement and activation, while αvβ3 integrin only requires the RGD loop [21]. In addition, 

activation state of α5β1 also affect its binding affinity for Fn [22,23]. Therefore, cells can utilize 

αvβ3 integrins but not α5β1 integrins to bind to extended/unfolded Fn when the spatial 

arrangement (relative angles and distance) between RGD loop and synergy site is disrupted [24]. 



101 
 

Nevertheless, previous work has demonstrated that MDA-MB-231 cell adhesion onto Fn coated 

2D surfaces actually increased modestly after depletion of either β1 or β3 integrins, suggesting 

that each integrin can compensate for the loss of the other in ligand-binding [4]. Thus, our 

observation that MDA-MB-231 cell adhesion (or rather live cells number per sample) is not 

sensitive to Fn conformation may be explained by the high level of expression of either β1 or β3 

integrins in these cells that can compensate for each other when binding to Fn in a variety of 

conformations. This differential engagement of integrins with Fn likely propagates downstream 

and triggers altered intracellular signaling cascades that subsequently regulate secretion among 

other cell functions.  

Although live cell numbers were similar on all four types of HAP facets, both the number of 

FAs per cell and FA size were affected by HAP surface chemistry and roughness. On smooth 

facets with homogeneous surface chemistry, cancer cells formed a higher number of larger FAs 

when seeded on 001S with respect to 100S. The 001S facet is coated by small amounts of mostly 

unfolded Fn (Chapter 3, Figure 3.7), which seems to be the best substrate to promote FA 

formation. This effect may be attributed to both loss of active binding sites and exposure of 

cryptic binding sites when Fn unfolds. The exposure of the Fn synergy site has been shown to 

trigger different FA assemblies in fibroblasts [25]. Moreover, surface charge of a substrate may 

also affect the availability of Fn binding sites, such as the RGD/synergy site for α5β1 integrin, 

and phosphorylation of focal adhesion kinase via electrostatic interactions [26]. The availability 

of Fn binding sites probably affects FA formation through differential integrin engagement. 

Previous work shows that loss of β1 but not β3 integrins in MDA-MB-231 cells leads to increased 

spread cell area and FA number in cells as well as decreased cell migration on Fn functionalized 
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2D substrates [4]. Thus the integrin switch from β1 to β3 integrin may explain the enhanced FA 

formation in cells adhered on extended/unfolded Fn adsorbed onto (001)S. 

However, on rough facets with heterogeneous surface chemistry, the number of FAs per cell 

was larger on 100R than on 001R. Additionally, increasing roughness led to larger FA area 

formed on (100) facets, but not on (001) facets. Moreover, the number of FAs per cell decreased 

on 001R as compared with on 001S. Thus surface roughness introduced additional complexity in 

regulating FA assembly. These results suggest that effects of surface chemistry and roughness 

may cooperatively regulate both availability (Fn conformation) and surface density (Fn quantity) 

of ligands, leading to differential FA formation on these surfaces. It is likely that the total FA 

area per cell is the key parameter that indicates cell adhesion strength. On 001S, where Fn was 

unfolded and the synergy site might not be accessible, cells upregulated both the number of FAs 

per cell and FA area to engage efficiently with the underlying surface.  

The differential engagement of integrins with Fn may also explain the higher level of VEGF 

secretion by breast cancer cells when interacting with smooth rather than rough HAP facets 

(Figure 4.8). We propose that the more extended/unfolded Fn adsorbed on smooth facets could 

enhance VEGF secretion as cells utilize αvβ3 integrin to compensate for α5β1. On rough facets 

coated with compact Fn, cells may predominantly engage with Fn via α5β1 integrin; while on 

smooth facets coated with unfolded Fn, the disrupted RGD/synergy binding site disables α5β1 

binding and favors αvβ3 binding. In fact, higher engagement of αvβ3 has been shown to increase 

VEGF secretion in many types of cells [10,11,27]. Although a clear trend is visible, this 

functional difference is not significant when comparing (100) with (001) smooth HAP, possibly 

due to the differential sequestration of VEGF within the Fn layer. Additionally, the heterogeneity 

of the integrin expressing level in MDA-MB-231 population should be noted, with 25~50% of 
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the population expressing αvβ3 integrins [28]. These results suggest that VEGF secretion by 

MDA-MB-231 cells is more sensitive to differential Fn adsorption induced by HAP surface 

topography than by surface chemistry. 

IL-8 secretion follows the same general trend as VEGF secretion, but seems to be more 

sensitive to Fn conformational changes induced by HAP surface chemistry (Figure 4.9). The 

highest level of IL-8 secretion was measured on 001S, which is associated with the lowest FRET 

intensity detected, i.e. the smallest amounts of most extended/unfolded Fn conformations. These 

results suggest that the up-regulated IL-8 secretion can also be attributed to varied integrin 

engagement with Fn, which agrees with previous studies [12,13]. The observation that VEGF 

secretion is not as dramatically affected as IL-8 secretion by the microenvironment cues, in 

particular integrin engagement, has also been observed in other 2D and 3D culture platforms [12]. 

Together, the up-regulation of IL-8 and VEGF, and their interplay, is likely critical in promoting 

tumorigenesis through increased angiogenesis and in facilitating bone metastasis through 

enhanced osteolysis. 

Our results indicate that crucial breast cancer cell functions such as adhesion and 

proangiogenic/proinflammatory secretion are mediated by the conformation and deposition of Fn 

films imposed by HAP surface properties, probably via differential integrin engagement. More 

specifically, fewer amounts of more extended/unfolded conformations of Fn were associated 

with enhanced FA assembly and elevated VEGF and IL-8 secretion levels by breast cancer cells. 

Thus HAP surface properties may contribute to breast cancer adhesion and angiogenesis through 

Fn-integrin engagement mediated pathways. The importance of integrins in mediating tumor 

progression makes them targets for cancer therapy, and some integrin antagonists have been 

tested in clinical trials with promising results [29]. It should be noted that the Fn conformation 
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and deposition may be remodeled by cancer cells after initial cell seeding, especially at the 24 h 

time point, thus our FRET results in Chapter 3 is only relevant when interpreting initial cell 

responses to the underlying Fn layer. Additionally, cellular behaviors in 2D culture platforms can 

be very different from those in 3D compliant scaffolds, although the rough facets present 3D 

surface features [4,12,30]. Nevertheless, the simplicity of 2D culture platforms allows the 

capability to separate effects of surface chemistry and topography in how HAP materials 

properties affect Fn-mediated breast cancer cell functions and provide important implications for 

our understanding of bone metastasis. In future work, the use of 3D scaffolds and biologic 

apatite will provide better implications for in vivo responses of breast cancer cells. The 

mechanism of integrin-mediated FA assembly and secretion proposed above can be validated by 

immunostaining or blocking specific integrins, such as α5β1 and αvβ3.  

 

 

4.6 Conclusions 

In this chapter, we utilized the Fn coated geologic HAP facets characterized in Chapter 3 as 

cell culture platforms to demonstrate that HAP surface chemistry and topography have both 

individual and combined effects on Fn-mediated breast cancer cell functions, in particular FA 

assembly and proangiogenic/proinflammatory capability. Specifically, 100S facets with high 

density of surface charges favor high amounts of adsorbed Fn at the HAP surface, adopting 

overall compact conformations that result in low levels of VEGF and IL-8 secretion per cell. In 

contrast, more hydrophobic 001S facets (with low density of surface charges) lead to lower 

amounts of adsobed Fn at the HAP surface, adopting overall extended/unfolded conformations. 
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Such unfolded Fn coating provides the most favorable platform for FA development (more FAs 

per cell and larger FA sizes) and triggers the highest levels of VEGF and IL-8 secretions by 

breast cancer cells among all four types of HAP facets, suggesting that altered integrin 

specificity may underlie these secretion changes. Additionally, increasing surface roughness 

promotes Fn adsorption in more compact conformation and decreases levels of VEGF and IL-8 

secretion, which is consistent with less VEGF and IL-8 secreted on 100S than on 001S. However, 

increasing surface roughness has different effects on FA assembly in cells seeded on (100) and 

(001) facets: while larger FA sizes were measured on 100R than on 100S, fewer FAs per cell 

were observed on 001R than on 001S. The complicated effect of surface roughness may be due 

to changes not only in Fn conformation (ligand availability) but also in Fn quantity (ligand 

density). Additionally, the topography itself may be another important factor in regulating cell 

behaviors [31–34]. These findings can help us better understand the role of mineral/ECM 

interface in regulating breast cancer bone metastasis.  
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Chapter 5. 

Osteoblast-like Cell Functions on Fibronectin-coated Geologic 

Apatite Crystal Facets 

Contributors: Weisi Chen, Nicole Marroquin, Lara Estroff, and Delphine Gourdon. 

 

5.1 Abstract 

Geologic hydroxyapatite (HAP) facets with controlled surface chemistry (or crystallographic 

orientation) and topography/roughness were functionalized with physisorbed fibronectin (Fn) 

and seeded with MC3T3-E1 pre-osteoblasts to investigate their early stage adhesion and focal 

adhesion (FA) assembly. Although no significant difference was observed in the number of cells 

adhered on all samples, a systematic increase in the size of FA complexes was measured (i) on 

all rough HAP facets as compared with smooth HAP facets, and (ii) on 100-oriented facets as 

compared with their 001-oriented counterparts, in the case of rough HAP. This enhanced FA 

assembly was associated with higher amounts of Fn adsorbed and to more compact Fn 

conformations present at the 100 rough HAP surface. We propose that the differential Fn 

adsorption on HAP surfaces may regulate FA assembly by modulating the specificity of surface 

receptors, in particular integrins and glycosaminoglycans (GAGs), that pre-osteoblasts utilize to 

adhere to the underlying surface. Both the higher number and the higher accessibility of ligand 

binding sites on more compact Fn seems to promote assembly of larger FAs. Our findings 

suggest that this early stage alteration of FA assembly, likely induced by differential engagement 
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of surface receptors, may persist over time and influence late stage osteoblast proliferation, 

differentiation, and secretion. The altered osteoblast behaviors will in turn affect osteoclast 

activities and together modulate pathological remodeling of the bone matrix.  

 

5.2 Introduction 

Cancer metastasis to bone induces pathological remodeling of the bone matrix, perturbing the 

balance between new bone deposition by osteoblasts and old bone degradation by osteoclasts. 

Cancer bone metastasis is generally divided into two categories: (i) osteoblastic metastases 

caused by the factors that stimulate osteoblast proliferation, differentiation and bone formation, 

and (ii) osteolytic metastases caused by osteoclast-activating factors. For example, breast cancer 

bone metastasis is predominantly osteolytic, resulting in bone loss (or osteolysis), increased bone 

fragility, and pathological fractures, while prostate cancer bone metastasis is usually osteoblastic, 

resulting in bone formation [1,2]. However, in most cases the site of metastasis have both 

osteolytic and osteoblastic characteristics, as bone resorption and bone formation are usually 

coupled [3]. In fact, osteoblasts play a critical role in mediating osteoclast differentiation and 

activation [4]. Moreover, cell-cell interactions are altered as breast cancer cells enter the bone 

microenvironment. The presence of breast cancer cells has been shown to impair osteoblasts 

viability, suppress their differentiation and expression of proteins required for bone formation [5], 

while enhancing secretion of pro-inflammatory cytokines by osteoblasts such as IL-8 [5,6], 

which may be a potential activator of osteoclast-mediated bone resorption [7]. The formation of 

actin stress fibers and focal adhesion plaques are also reduced in osteoblasts due to cytokines 
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secreted by breast cancer cells [8]. Thus osteolysis induced by breast cancer metastasis is due to 

both activation of osteoclasts and suppression of osteoblasts.  

A lot of efforts has been devoted to studying how breast cancer secretion of parathyroid 

hormone-related protein (PTHrP) [9], cytokines (IL-6, IL-8, IL-11, etc) [5,7,8], and bone-derived 

growth factors (TGF-β, etc) [10] affect osteoblast functions and osteoclast activation, but the 

cell-matrix interactions has been more rarely investigated. Since matrix properties are 

significantly altered in the tumor microenvironment [11,12], we hypothesize that these 

alterations will also impact bone cell functions through modified cell-matrix interactions. The 

bone extracellular matrix is composed primarily of collagen I (90%), proteoglycans, and 

glycoproteins. We focus on glycoprotein fibronectin (Fn) because it is the first bone matrix 

protein deposited by osteoblasts. Fn also plays an essential role in the subsequent deposition of 

collagen I and in maintaining the integrity of the collagen matrix [13–18]. In addition to cell-

derived Fn, circulating plasma Fn has also been found in the bone matrix. In fact, plasma Fn 

represents the predominant source of Fn affecting bone mineralization and matrix properties, 

while osteoblast-derived Fn locally modulates osteoblast differentiation without appreciably 

changing matrix properties [19]. Additionally, Fn is a critical mechanotransducer known to 

regulate cellular responses to chemical, physical, and mechanical signals from the 

microenvironment [20,21]. Previous studies have shown that osteogenesis, osteoblast 

differentiation, and survival of matured osteoblast all depend on integrin-mediated interactions 

between osteoblasts and Fn [22,23]. In addition to integrins, cell surface proteoglycans or 

glycosaminoglycans (GAGs), in particular heparin sulfate, can also bind to the heparin-binding 

domains of Fn and this binding event has been shown to be necessary for initial osteoblasts 

attachment to Fn-coated surfaces [24]. Therefore, osteoblast attachment and subsequent cell fate 
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may be regulated by differential Fn conformations via altered engagement of integrins (e.g., with 

RGD and its synergy site) and/or GAGs (e.g., with the heparin binding domains).  

In Chapter 3, we have shown that hydroxyapatite (HAP) surfaces of controlled roughness and 

surface chemistry can induce differential Fn adsorption. Therefore these Fn coated HAP surfaces 

represent ideal ready-to-use platforms for studying interactions between osteoblasts and Fn. We 

choose to specifically investigate osteoblasts because previous studies have reported that their 

activities are highly sensitive to Fn conformational changes, surface chemistry, and topography 

of underlying substrates [25–30]. Since HAP is widely used as a bioactive material to promote 

bone regeneration and enhance integration of implants, there have been various studies on how 

HAP materials properties affect osteoblasts functions. For example, carbonated apatites with a 

high carbonate content (decreased surface charge and crystallinity) tend to enhance osteoblast 

adhesion and support high cell proliferation [31]. In physiological environment, the surface of 

implants is readily decorated with extracellular matrix (ECM) proteins such as Fn. The presence 

of Fn was reported to enhance osteoblast adhesion and spreading, and to promote the formation 

of focal adhesions and stress fibers on various substrates [32,33]. Fn adsorption force has also 

been shown to regulate late osteoblast adhesion, reorganization of the adsorbed Fn, and 

fibrillogenesis of endogenous Fn on self-assembled monolayers (SAMs) [26]. The integrin-

mediated Fn fibrillogenesis is also important for osteoblast compaction, an early step during their 

differentiation [34]. Moreover, Fn-substrate interactions may persist to affect long-term 

osteoblast responses, in particular collagen deposition and matrix mineralization on 

microgrooved stainless steel surfaces [35]. However, whether the differential Fn adsorption 

induced by HAP surface properties will affect osteoblasts behaviors is unclear.  
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In this chapter, we focused on the initial adhesion of osteoblasts on Fn coated HAP facets to 

investigate whether early steps of the adhesion process, in particular the assembly of the first 

focal adhesion (FA) complexes were influenced by Fn coated HAP surface properties. Our 

results indicate that while neither the number of cells adhered nor the number of FAs per cell 

differed significantly on all HAP facets, the size of FA complexes varied as a function of Fn 

deposition and conformation induced by underlying HAP surface properties. Specifically, larger 

FAs systematically formed on rough HAP facets where larger amounts of more compact Fn were 

detected. Additionally, larger FAs were also measured on 100R as compared with 001R but, 

surprisingly, such surface chemistry effect was not observed on smooth facets.  

 

5.3 Materials and Methods 

5.3.1 Cell culture and seeding  

MC3T3-E1 Subclone 4 (ATCC® CRL2593™) pre-osteoblast cells were cultured in α-MEM 

media supplemented with 10% FBS and 1% P/S at 37 ˚C in 5% CO2, with media refreshed every 

48 h. At approximately 80% confluency, cells were detached with trypsin-EDTA and used for 

cell seeding (passage number 4 ~ 13).  

For cell seeding, HAP facets with controlled surface chemistry and roughness were 

embedded in PDMS slabs, as previously described in Chapter 4.3. Briefly, HAP/PDMS slabs 

were blocked with SuperBlock (Thermo Scientific) for 1 h and dried in air. Then a thin layer of 

PDMS sheet was removed to expose HAP surface area of approximately 5 mm by 7 mm. After 

UV sterilization for 1 h, HAP surfaces were washed three times with sterile PBS and a droplet of 
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50 µL Fn solution (Invitrogen, diluted to 50 µg/mL in PBS) was incubated on each HAP surface 

at 4 ˚C for 24 h in 24-well plates. For control sample, 130 µL Fn solution was added per lab-tek 

chambered well. After washing three times with PBS, a droplet of 50 µL cell solution containing 

circa 7,000 MC3T3-E1 cells was added onto each Fn coated HAP facet (in serum-free α-MEM 

supplemented with 1% P/S, seeding density 2 × 10
4
 /cm

2
). After 30 min of initial cell adhesion, 

additional 750 µL serum-free α-MEM supplemented with 1% P/S was added into each well, 

resulting in a total volume of 800 µL media per well. For control sample (8-well Lab-Tek 

chambered borosilicate coverglass, Thermo Fisher Scientific), 114 µL cell solution containing 

circa 16, 000 cells was added per well (seeding density 2 × 10
4
 /cm

2
); after 30 min, additional 

286 µL media was added leading to a total volume of 400 µL media per well. After culturing at 

37 ˚C in 5% CO2 for 2 h post initial cell seeding, culture media were collected and cells were 

stained for viability and adhesion analysis. 

5.3.2 Cell viability and adhesion 

Cell viability was examined with a LIVE/DEAD® Viability/Cytotoxicity Kit (Molecular 

Probes, OR) based on the simultaneous determination of live and dead cells with calcein AM and 

ethidium homodimer (EthD-1), respectively. Nonfluorescent cell-permeant calcein AM converts 

to intensely green fluorescent calcein, which is membrane impermeable, after cleaved by 

intracellular esterase in live cells. EthD-1 can only enter damaged membranes of dead cells and 

produces a bright red fluorescence upon binding to nucleic acids. After collecting culture media, 

samples were washed once gently with warm PBS, and incubated in Live/Dead working solution 

(PBS containing 2 µM calcein-AM and 4 µM EthD-1) for 30 minutes at 37 ˚C in 5% CO2. Then 

images were acquired in phenol red free DMEM/F12 media with a Zeiss LSM880 inverted 

confocal microscope (Zeiss, Munich, Germany), using a Fluar 5x/0.25 M27 objective. Calcein 
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was excited with a 488 nm laser set at 2% laser powder, and EthD-1 was excited with a 561 nm 

laser set at 2% laser power. Tiling images were acquired with 10% overlap between adjacent 

images over the entire sample surface. Images were analyzed in ImageJ (NIH). 

5.3.3 Immunostaining and imaging 

For immunostaining, samples were washed with 800 µL (200 µL for control) warm PBS for 

three times and fixed in 50 µL (200 µL for control) 3.7% formalin for 1 h at 4 ˚C. To 

permeabilize cell membranes, samples were washed twice with 50 µL 0.05% Triton-X in PBS 

(PBS-X, Thermo Scientific, 200 µL for control) for 5 min each time, and then blocked for 30 

min at room temperature with 50 µL (200 µL for control) PBS-X/1% SuperBlock (Thermo 

Scientific). To immunostain for vinculin, samples were incubated with 50 µL (125 µL for control) 

primary mouse anti-vinculin antibodies (1:1000, clone VIN115, Sigma-Aldrich) in 

PBS/1%SuperBlock at 4 ˚C overnight. Samples were then washed twice with 50 µL PBS-X (200 

µL for control) for 5 min each time, and incubated with 50 µL (200 µL for control) goat anti-

mouse IgG1 (γ1), CF™555 secondary antibodies (1:1000, Sigma-Aldrich) and DAPI (1:1000, 

Life Technologies) in PBS/1%SuperBlock at room temperature for 1 h. Finally samples were 

washed twice with 50 µL PBS (200 µL for control) for 5 min each time and kept in PBS at 4 ˚C 

until imaging. 

Z-stack images were acquired with a Zeiss LSM880 inverted confocal microscope (Zeiss, 

Munich, Germany) using a C-Achroplan water-immersion 32x/0.85 objective, zoom-in 1.3x, a 

pinhole of 2AU (2 µm section), and a z step size of 1 µm. DAPI was excited with a 405 nm laser 

set at 5% laser power, and CF™555 was excited with a 561 nm laser set at 5% laser power. For 
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nuclei counting, a Fluar 5x/0.25 M27 objective was used, and tiling images were acquired with 

10% overlap between adjacent images. Images were analyzed in ImageJ (NIH). 

5.3.4 HAP facets cleaning 

After each experiment, cells were removed from HAP facets by washing three times with 

PBS and then incubating in 0.5% trypsin in PBS at 37 ˚C for 30 min. After washing three times 

with PBS, any remaining cell residues were cleaned by cell scrapers. HAP facets were then 

immersed in PBS containing 5% sodium dodecyl sulfate (SDS) overnight, sonicated in 0.1 M 

NaOH, and rinsed with DI water and ethanol. 

5.3.5 Statistical analysis  

One-way ANOVA with Tukey’s post test and Student’s t-test were used to determine 

statistical significance between conditions in GraphPad Prism (GraphPad Software, Inc., CA). In 

all cases, p < 0.05 is indicated by a single star, p < 0.01 by two stars and p < 0.001 by three stars.  

 

5.4 Results 

5.4.1 Pre-osteoblast cell viability 

First we investigated the viability of pre-osteoblast cells on Fn coated geologic HAP facets, 

as quantified by the percentage of live cells (live cells in green, dead cells in red, Figure 5.1). 

After culturing for 2 h, cell viability was found to be 92.9%, 92.4%, 90.2%, 92.7%, and 93.6% 

for 100S, 001S, 100R, 001R, and control coverglass, respectively. Thus cell viability was not 

affected after culturing for 2 h on Fn-coated HAP facets. 
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Figure 5.1 Live/Dead confocal images acquired for (A) 100S, (B) 001S, (C) 100R, and (D) 

001R after culturing for 2 h. Live cells were stained in green and dead cells in red. Only one 

representative confocal tile image is shown for each HAP facet. Scale bars 200 µm.  

5.4.2 Pre-osteoblast cell adhesion 

Next we investigated whether the number of live cells adhered depends on the differential Fn 

adsorption on HAP facets. Our results show that cell numbers were similar on all HAP facets and 

control coverglass (Figure 5.2). 
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Figure 5.2 Number of pre-osteoblasts adhered per unit area after culturing for 2 h on Fn coated 

HAP facets and control coverglass. Data collected from three independent experiments. Mean ± 

SD. 

5.4.3 Focal adhesion assembly 

To investigate whether the initial formation of FAs depends on underlying Fn properties 

induced by HAP substrates, pre-osteoblasts were then stained for nuclei and FA complexes were 

identified by immunofluorescence staining of vinculin. Confocal images were next analyzed to 

determine FA features. Representative images are shown in Figure 5.3. Compared with MDA-

MB-231 breast cancer cells (Chapter 4, Figure 4.5), there was overall less vinculin present 

within the central regions of MC3T3-E1 osteoblast cells cytoplasm, i.e., vinculin not associated 

with FAs. 
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Figure 5.3 Representative confocal images of immunostained vinculin in MC3T3-E1 pre-

osteoblast cells seeded on Fn coated (A) 100S, (B) 001S, (C) 100R, and (D) 001R HAP facets. 

Scale bars 50 µm. 

 

Our analysis of FA features is summarized in Figure 5.4. The number of FAs per cell 

seemed to be independent on underlying Fn and HAP surface properties. However, after only 2 h 

in contact with HAP facets, MC3T3-E1 cells developed nearly twice the number of FAs per cell 



121 
 

as that of MDA-MB-231 cells after 24 h, while only a small increase in FA number was 

observed for MC3T3-E1s on control samples (Chapter 4, Figure 4.6). These results suggest that 

HAP is a more suitable substrate for adhesion of pre-osteoblast cells as compared with breast 

cancer cells. 

Moreover, the size of FA complexes strongly depended on both surface roughness and 

surface chemistry of HAP facets (Figure 5.4). Increasing surface roughness resulted in an 

increase in both FA area and FA width, regardless of surface chemistry. The length of FAs also 

increased on 100R as compared with 100S. The frequency distribution histograms consistently 

showed a higher fraction of large and wide FAs on rough HAP facets (Figure 5.5). Interestingly, 

surface chemistry only influenced FA area and FA length on rough facets (in spite of the 

heterogeneity of surface chemistry due to the presence of polishing grooves): an increase in both 

FA area and FA length was observed on 100R as compared with on 001R, as also reflected in the 

frequency distribution histograms. 
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Figure 5.4 Focal adhesion (FA) analysis of MC3T3-E1 pre-osteoblast cells after culturing for 2 

h on Fn coated HAP facets and control coverglass: (A) number of FAs per cell, (B) FA area, (C) 

FA length, and (D) FA width. Immunofluorescence of vinculin was used to identify and 

characterize FAs. Data collected from three independent experiments. Number of cells analyzed: 

N = 31, 27, 27, 21 and 30 for 100S, 001S, 100R, 001R, and control, respectively. Number of FAs 

analyzed: n = 1094, 1089, 921, 691, and 1177, for 100S, 001S, 100R, 001R, and control, 

respectively. In all cases, p < 0.05 is indicated by a single asterisk, p < 0.01 by two asterisks, and 

p < 0.001 by three asterisks. Mean ± SD. 
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Figure 5.5 Frequency distributions of (A) FA area, (B) FA length, and (C) FA width of MC3T3-

E1 pre-osteoblast cells seeded on Fn coated HAP facets after culturing for 2 h. 

 

 

5.5 Discussion 

The number of MC3T3-E1 cells adhered to HAP was independent on underlying Fn 

conformation or HAP surface properties, similar to what was observed for MDA-MB-231 cells 

in Chapter 4 (Figure 4.4). Although different HAP surface chemistry and topography trigger 

changes in Fn conformation (Chapter 3, Figure 3.7A) leading to either exposure or disruption of 

binding sites for various cell ligands such as integrins, pre-osteoblasts may express multiple 

types of integrins on cell surface that compensate for each other. Indeed, it has been shown that 

osteoblasts express α5β1, α3β1, α8β1, and αvβ3 integrins at early stage of culture (3 days), although 

expression levels of α3β1 and α8β1 are possibly down-regulated at late stage of osteoblast 

differentiation [22]. All these types of integrins recognize the RGD binding site located on Fn-

III10 [36], while α5β1 integrins require the additional synergy site located on Fn-III9 for 
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concomitant engagement of both Fn-III9 and Fn-III10, which makes their binding highly 

dependent on Fn conformation [37]. Thus when unfolding of Fn disrupts the binding region for 

α5β1 integrins (either because the distance between Fn-III9 and Fn-III10 is too large or because the 

relative angle between modules is altered), other types of integrins can compensate for the loss of 

α5β1 [38]. Since α5β1 integrins have been shown to mediate critical osteoblast-Fn interactions that 

are required for both bone morphogenesis and osteoblast differentiation, differential integrin 

engagement with Fn may exhibit more significant effects at later stage of osteoblast 

differentiation [22,28].  

Additionally, although higher amounts of Fn could adsorb on rough HAP facets (Chapter 3, 

Figure 3.7B), this increased Fn quantity (hence increased ligand density) was not associated 

with enhanced pre-osteoblasts adhesion. This may be explained by the concept of ‘minimum Fn 

active density’ observed in previous studies: a minimum active/functional Fn ligand density 

(measured by HFN7.1 antibody binding) is required to achieve maximum 3T3-E1 osteoblast 

adhesion, regardless of surface chemistry of underlying substrates [25]. Thus, although there 

were less Fn molecules adsorbed onto smooth HAP facets, the level of active Fn ligand density 

might have reached the minimum requirement for maximum cell adhesion, which is 

approximately 20 ~ 200 ng/cm
2
 (maximum Fn coating concentration 20 µg/mL) for SAMs with 

various functional groups [25], while we used a much higher Fn coating concentration (50 

µg/mL, approximately 7 µg/cm
2
). 

In addition to the integrin family of receptors, cell surface GAGs such as heparan sulfate are 

also known to interact with Fn via heparin-binding domains. In fact, it has been shown that the 

participation of cell-surface GAGs is necessary for initial human osteoblast attachment, in 

addition to integrin binding [24]. The major binding site for heparin-like GAGs is the C-terminal 
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Hep-2 binding domain located on Fn-III13-14  (with highest affinity for heparin and heparan sulfate 

[39,40]. Since Fn-III13 carries a clump of positively charged residues [41], it may interact with 

negatively GAGs via electrostatic interactions, which could interfere with quaternary structure of 

the module and expose cryptic binding sites. Moreover, the underlying negatively charged HAP 

surfaces (Chapter 3, Table 3.1) could also affect the accessibility of binding sites in both 

positively charged Fn-III13-14 (GAGs binding) and negatively charge Fn-III9-10 (integrin binding) 

modules. These competing effects may together regulate osteoblast adhesion onto Fn coated 

HAP facets. As the Fn-III12-14 domain also binds to a variety of growth factors, including 

vascular endothelial growth factors [42], the conformational changes in this domain will regulate 

sequestration and presentation of growth factors in Fn matrix [43]. For example, the binding of 

heparin to Fn has been shown to co-regulate Fn conformation with mechanical strain in matrix 

Fn fibers [44], and subsequently affect human mesenchymal stem cells osteogenic differentiation 

[45].  

The assembly of FAs, in particular FA sizes, seem to depend on both HAP surface chemistry 

and topography/roughness, probably mediated by cell-Fn interactions. Regarding FA assembly 

on Fn coated substrates, there have been debatable results reported in previous studies utilizing 

SAMs. Previous work by García et al using Fn coated SAMs have shown that surface chemistry 

modulate the localization of clustered α5β1 and αv integrins (probably αvβ3) within FAs of 

MC3T3-E1 cells: while –COOH surfaces support binding of both α5β1 and αv integrins, –OH and 

–NH2 surfaces selectively recruited α5β1 [25]. Later their study shows that surface chemistry also 

influence the organization of vinculin as well as other components in FAs. In particular, vinculin 

is localized to large mature FA complexes on the charged –NH2 and –COOH surfaces, while 

forming smaller, more punctate nascent clusters on the neutral –OH surfaces, and poorly defined 
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structures on the hydrophobic –CH3 surfaces, although a different trend was observed for other 

FA components [29]. However, another study using Fn coated SAMs demonstrated larger FA 

areas formed in MC3T3-E1 cells on –OH surfaces (with less amount of Fn adsorbed but better 

accessibility of cell binding domain located on Fn-III9-10 in agreement with [25,29]) than on –

NH2 and –CH3 surfaces [26]. Since these studies used different Fn coating concentrations, it may 

suggest that FA assembly not only depends on surface chemistry induced Fn conformational 

changes, but also on surface Fn density. We propose that the larger FA sizes we observed with 

increasing surface roughness may be correlated with better accessibility of the cell binding 

domain, as suggested by the more compact Fn conformation measured via FRET (Chapter 3, 

Figure 3.7A). The recruitment of specific integrins in the FAs remains to be further investigated. 

Furthermore, the assembly of FAs by 3T3-E1 cells, in particular FA sizes, seems to be more 

sensitive to HAP topography/roughness than to surface chemistry induced Fn conformational 

changes. Similarly, previous work has shown that 3T3-E1 osteoblast adhesion and metabolic 

activity were more sensitive to surfaces roughness than to the type of proteins adsorbed on HAP 

substrates [46]. They also showed that HAP substrates with higher surface roughness and more 

negative zeta potential enhanced Fn adsorption, revealing increased accessibility of Fn cell 

binding domains, which is in agreement with our FRET results in Chapter 3 (Figure 3.7). Other 

work has suggested that specific substrate topographical features may mediate osteoblasts 

responses via different intracellular signaling pathways, which could possibly explain why 

differences in FA area and length induced by surface chemistry were observed on rough HAP 

facets but not on smooth HAP facets [47]. 

Collectively, these results and previous results in Chapter 4 suggest that HAP surface 

chemistry and topography/roughness can regulate FA assembly in both pre-osteoblast cells and 
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breast cancer cells via different mechanisms. While MDA-MB-231 cells are more sensitive to 

surface chemistry, MC3T3-E1 cells seem to better respond to surface topography/roughness of 

HAP facets. Moreover, the number of FA complexes per cell increased with HAP surface 

roughness for MC3T3-E1 cells, but decreased on 001R vs. 001S for MDA-MB-231 cells. Thus 

the roles of surface chemistry and topography/roughness of HAP in regulating cellular behaviors 

are cell-type dependent, and differential engagement of ligands with underlying Fn may be 

responsible for varied cell-HAP interactions.  

In future experiments, investigating pre-osteoblasts seeded on HAP facets without Fn will 

help us elucidate whether the differential FA assembly by these cells is mediated by 

integrin/GAGs engagement or by surface roughness of HAP itself. Additionally, the use of 3D 

culture systems instead of 2D substrates will provide more suitable platforms for deciphering in 

vivo cellular behaviors.  

 

5.6 Conclusions 

In summary, using geologic HAP facets we are able to investigate individual effects of HAP 

surface chemistry and topography on Fn-mediated early osteoblast adhesion. We observed high 

efficiency of initial cell attachment on all samples (much higher than for breast cancer cells), 

probably due to the high Fn concentration used and therefore high ligand density. The 

differential assembly of FAs depended on both surface chemistry and surface topography, while 

the latter seemed to play a predominant role. The larger size of FA complexes formed on rough 

HAP facets was associated with higher amounts of more compact Fn adsorbed. The interactions 

between Fn and osteoblasts surface receptors, in particular integrins and GAGs, were probably 
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involved in this process. It should be noted that both surface chemistry and topography can 

directly induce altered FA assembly, cell adhesion, and differentiation, without the presence of 

Fn [48,49]. Further investigations are required to elucidate whether Fn mediates or simply 

amplifies the effects of HAP surface chemistry and topography on initial osteoblasts attachment. 
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Chapter 6. 

Conclusions & Future Directions 

 

The aim of this thesis was to develop cell culture platforms to investigate the role of HAP/Fn 

interactions in mediating subsequent cellular behaviors with possible implications in cancer bone 

metastasis. We first combined nanoparticle synthesis with FRET spectroscopy to quantify the 

deposition and conformation of Fn adsorbed onto HAP nanoparticles with various materials 

properties (Chapter 2). Our data reveal that larger amounts of more compact Fn molecules 

adsorbed onto HAP nanoparticles with smaller size, lower crystallinity, and more negative zeta 

potential, i.e., onto HAP that resembled normal bone apatite. Additionally, the adsorption of 

compact Fn molecules systematically increased with increasing HAP concentration, which was 

attributed to the formation of large HAP agglomerates. Collectively, these results suggest that 

both the surface chemistry of single HAP nanoparticles and the size and morphology of 

agglomerates forming at HAP high concentration contribute to Fn adsorption [1]. The major 

limitations of this Fn/HAP nanoparticles platform were (i) that cellular uptake of nanoparticles 

could affect cell viability and behaviors, and (ii) that it was difficult to deconvolute the effects of 

surface chemistry and morphology/topography of HAP. 

Consequently, we next utilized large geologic apatite single crystals both to avoid cellular 

update of nanoparticles and to enable the deconvolution of surface chemistry and topography 

effects of the mineral (Chapters 3 & 4). Our data indicated that HAP surface properties induced 

changes not only in Fn conformation (ligand availability) but also in the amount of Fn adsorbed 

(ligand density). Additionally, among all four types of HAP facets investigated, the smooth (001) 
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facet coated with the most unfolded Fn triggered the highest levels of proangiogenic (VEGF) and 

proinflammatory (IL-8) secretions by MDA-MB-231 breast cancer cells. These findings suggest 

that Fn conformation regulates early cell signaling independently of other variables typically 

associated with altered ECM deposition (e.g., composition, rigidity) [2], and that variations in 

integrin binding specificity may underlie these changes. Further experiments are required to 

confirm this mechanism of integrin binding, for example, blocking specific integrins individually 

and concomitantly to see if it affects cell functions. The importance of integrins in regulating 

tumor progression makes them appealing targets for cancer therapy, and some integrin 

antagonists have been tested in clinical trials with promising results [3]. Our results are 

consistent with previous studies, where HAP nanoparticles that least resembled normal bone 

minerals (smaller size, lower crystallinity, plate-like shape) were found to induce the most 

unfolded Fn conformations and correlate with the highest IL-8 secretion of breast cancer cells 

[1,4].  

Our geologic HAP/Fn platform can readily be used to evaluate other cell types composing 

the metastatic microenvironment (e.g., osteoblasts, endothelial cells, immune cells) that may be 

similarly responding to Fn conformational changes. Our preliminary results suggest that HAP 

surface chemistry and topography have individual effects on Fn-mediated early osteoblast 

adhesion (Chapter 5). We observed much higher efficiency of initial osteoblast attachment on all 

samples compared to that of breast cancer cells. Although the differential assembly of FAs 

depended both on surface chemistry and on surface topography, the latter seemed to play a 

predominant role. The larger size of FA complexes formed on rough HAP facets was associated 

with higher amounts of more compact Fn adsorbed. The interactions between Fn and osteoblasts 

surface receptors, in particular integrins and GAGs, were probably involved in this process. It 
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should be noted that both surface chemistry and topography, without the presence of Fn, can 

directly induce altered FA assembly, cell adhesion, and differentiation [5,6]. Further 

investigations and control experiments are therefore required to elucidate whether Fn mediates or 

simply amplifies the effects of HAP surface chemistry and topography on initial osteoblasts 

attachment. For example, bare HAP facets without Fn coating can be used as control surfaces to 

study whether HAP surface chemistry and topography have similar effects as in presence of the 

Fn layer on initial cell adhesion and FA assembly.  

Our highly controlled 2D model system can help us better understand the role of 

mineral/ECM interface in regulating cell functions during breast cancer bone metastasis. It needs 

to be noted that surface properties such as surface ion species and hydration layer are probably 

different between our geologic HAP crystals and biologically relevant HAP nanoparticles [7]. 

Additionally, the thin Fn film adsorbed onto HAP surfaces is likely remodeled by cancer cells, 

especially at later stage after initial cell adhesion. Thus our FRET results are mainly relevant 

when interpreting initial cell responses to the underlying Fn layer. Finally, cellular behaviors in 

2D culture platforms can be very different from those in 3D compliant scaffolds, although rough 

HAP facets present 3D microstructured features [8–10]. Nevertheless, the simplicity and high 

control achieved in our 2D model systems allowed us to deconvolute the effects of HAP surface 

chemistry and nanoscale/microscale topography on Fn-mediated cell functions, enhancing our 

knowledge of apatite-induced cell-ECM early interactions that may be implicated in bone 

metastasis.  In future work, the use of 3D collagen scaffolds containing Fn and biologically 

relevant apatite will provide better implications for in vivo cell responses.  
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Appendix A. 

Altered Conformational and Mechanical Properties of Fibronectin 

Fibers in the Presence of Hydroxyapatite Nanoparticles 

Contributors: Michael Rothstein, Lara Estroff, Delphine Gourdon. 

 

A.1 Introduction 

Inflammation widely occurs in physiological and pathological conditions, such as would 

healing and cancer. Inflamed tissue have altered structural and mechanical properties associated 

with altered composition, protein conformation, and fiber network stiffness/density of the 

extracellular matrix (ECM) [1–3]. Meanwhile, the presence of micro-calcifications (usually 

calcium phosphates or oxalates) is indicative of inflammation in various tissues, including blood 

vessels, muscles, and skin [4–6]. It has been shown that matrix stiffness can regulate 

calcification by valve interstitial cells and their differentiation into pathological phenotypes [7]. 

However, it is unclear whether or how the formation of micro-calcifications will in turn affect 

matrix properties. To this end, we focus on mammary micro-calcifications, in particular 

hydroxyapatite, which occurs in breast cancer ductal carcinoma and is associated with a poor 

prognosis for certain breast cancer patients [8].  

Mammary micro-calcifications occur in a significant proportion of breast cancer cases and 

constitute one of the most important early diagnostic markers of breast lesions. Two types of 

mammary micro-calcifications have been identified, calcium oxalate and hydroxyapatite (HAP), 
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while only the latter has been associated with malignant tumors [8]. It has been shown that the 

presence of HAP could promote a pro-inflammatory microenvironment by upregulating 

inflammatory cytokine IL-Iβ in human breast cancer cell lines [9]. HAP could also assist breast 

cancer cell invasion into surrounding tissues by upregulating a variety of matrix 

metalloproteinases [10]. There have also been studies suggesting that the chemical nature of 

HAP micro-calcifications is associated with tumor progression. For example, HAP calcifications 

formed in malignant duct contain larger amounts of proteins and less calcium carbonate than 

those formed in benign ducts [11]. Furthermore, the decrease in carbonate content of micro-

calcification has been correlated with increasing lesion grades, or malignancy of breast tumor 

[12]. Therefore, the presence of HAP micro-calcifications and their materials properties could 

play a critical role in breast tumor progression. 

Fibronectin (Fn) is a major fibrillar ECM protein and regulates a wide range of cellular 

behaviors via binding sites for ECM proteins, cells, and growth factors. Cells deposit Fn fiber 

matrix by applying forces on their surroundings to initiate assembly of Fn molecules into fibers 

[13,14]. The porous structure of Fn fibers makes them chemical reservoirs for growth factors that 

could be released from the pores when fibers are stretched (by cells). The ligand density on 

surface of the fiber also varies with fiber strain, which influences binding of growth factors and 

integrin clustering during cell attachment. Moreover, the stiffness of the fibers can be directly 

sensed by cells via attachments to the fibers [15].  

We hypothesize that the presence and materials properties of HAP could induce altered 

structural and mechanical properties of the ECM, which will subsequently affect breast cancer 

cell functions. Specifically, HAP nanoparticles developed in Chapter 2 were used to study 

whether and how the presence and materials properties of HAP alter the conformational and 
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mechanical properties of Fn fibers. Fn fibers were manually pulled in presence or absence of 

HAP nanoparticles and then deposited on chemically treated polydimethylsiloxane (PDMS) 

trenches mounted on a customized strain device [16]. The conformation and the elastic moduli of 

these fibers were determined using Förster resonance energy transfer (FRET) mapping and 

Micro-electro-mechanical system (MEMS), respectively. FRET analysis allows detecting Fn 

conformation at the molecular level, while MEMS allows measuring mechanical properties at the 

fiber level. Preliminary results showed differential binding of HAP nanoparticles onto Fn fibers 

at various strain states. In addition, the incorporation of HAP nanoparticles into Fn fibers 

induced changes in Fn molecular conformation and mechanical properties of Fn fibers. These 

results provide implications for understanding the functional link between micro-calcifications 

and ECM structural and mechanical properties in inflamed tissues. 

 

A.2 Materials and Methods 

A.2.1 HAP nanoparticles synthesis and characterization 

Refer to Chapter 2, section 2.3.1 and 2.3.2.  

A.2.2 Fabrication of Fn fibers and Fn-HAP composite fibers 

Pure Fn fibers were manually pulled from a droplet of Fn solution (0.3 mg/mL Fn in PBS) at 

the air-water interface with a pipette tip. Fn-HAP composite fibers were pulled from solutions 

containing 0.3 mg/mL Fn mixed with HAP nanoparticles at concentrations ranging from 0.1 to 

8.4 mg/mL in PBS.  
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A.2.3 PDMS surface modification and strain device 

PDMS trenches were fabricated following a previously published protocol [17]. Briefly, 

arrays of trenches (20 µm deep and 50 µm wide trenches spaced 75 µm apart) were patterned on 

silicon wafers using photolithography. The silicon wafer was then coated with SIGMACOTE® 

(Sigma Aldrich) and dried with N2 gun. PDMS replica trenches were made by pouring degassed 

PDMS (1:10 curing agent to base monomer, Sigma Aldrich) onto the silicon wafer, and cured at 

60 ˚C for 1 h. The PDMS sheet with trenches was peeled off the wafer and plasma treated for 1 

min. Then the PDMS surface was functionalized with amino groups by incubation with 3% 3-

aminopropyltriethoxysilane (Sigma-Aldrich) in DI water for 15 min, and washed three times 

with DI water. Lastly the PDMS sheet was immersed in 1% glutaraldehyde (Sigma-Aldrich) in 

DI water for 30 min, rinsed three times with DI water and dried with N2 gun.  

The surface functionalized PDMS sheet was then mounted on a customized strain device. Fn 

fibers and Fn-HAP fibers were deposited on the PDMS sheet so that fibers adhered to the top of 

the trenches via chemical bonds. PDMS sheet was pre-strained to about 70% before fiber 

deposition and relaxed until about 50% of the deposited fibers began to sag (fully relaxed state). 

Fibers were immersed in PBS and equilibrated for at least 15 min before measurement.  

A.2.4 FRET confocal imaging 

For FRET analysis, 10% FRET-labeled Fn was mixed with 90% unlabeled Fn. The PDMS 

sheet with fibers deposited on it was clamped onto the strain device and mounted on the stage of 

the microscope. 16-bit z-stack confocal images were acquired with a Zeiss 710 confocal 

microscope (Zeiss, Munich, Germany), using the EC Plan-Neofluar 10x/0.3 objective (zoom in 

2x), a 488 nm laser set at 15% laser power, a pinhole of 1 AU, pixel dwell time of 3.15 μs, 
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PMT1 and PMT2 gains of 600 V, and z step size of 1 μm. Emissions from donor and acceptor 

fluorophores were simultaneously collected in the PMT1 channel (514-526 nm) and the PMT2 

channel (566-578 nm), respectively, along with bright field images acquired in the T-PMT 

channel (transmitted light detector). Images were analyzed with a customized Matlab code to 

generate FRET ratio (IA/ID) images and histograms, as well as mean FRET ratios for all z-slices 

in a z-stack.  

A.2.5 MEMS device 

The mechanical properties of fibers were measured with a MEMS device (CCMR). 

Suspended fibers (over the trenches) were stretched by a tungsten tip glued onto the MEMS 

force sensor (Femto Tools) that proceeds in the transverse direction along the PDMS trenches. 

Videos were acquired using a camera. The force-displacement profile was recorded to obtain 

stress strain curve for each measurement. Fibers were immersed in PBS during measurement. 

A.2.6 TEM imaging 

The distribution of HAP nanoparticles within Fn fibers was characterized using the Spirit 

TEM (FEI), with an accelerating voltage of 120 kV. Fibers were deposited onto carbon TEM 

grids (Electron Microscopy Sciences), washed three times by immersing in DI water, and dried 

in air. 

 

A.3 Results and Discussion 

A.3.1 Altered Fn conformations in Fn-HAP1 composite fibers 
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First, using FRET mapping we investigated whether the conformations of Fn molecules are 

altered when HAP1 nanoparticles are incorporated into Fn fibers, while the strain states of the 

fibers are controlled by stretching the underlying PDMS sheet with the strain device. Fiber strain 

was calculated by (L-Lo)/Lo*100%, where L is the fiber length at each strain state, and Lo is the 

fiber length at fully relaxed state, measured from confocal bright field images. Results show that 

FRET ratios decreased with increasing strain for both pure Fn fibers and Fn-HAP1 composite 

fibers, suggesting that Fn conformation became more extended/unfolded at higher strain, which 

agrees with previous studies [16,18]. At low strains (less than 50%), the FRET ratios of Fn-

HAP1 composite fibers were higher than those of pure Fn fibers, suggesting that the 

incorporation of HAP1 nanoparticles might hinder the unfolding of Fn molecules. This could be 

probably attributed to the strong electrostatic/polar interactions between Fn molecules and HAP1 

particles, as previously discussed in Chapter 2. At high strains (more than 100%), there were not 

enough data to make comparison, but it seemed that the two curves started to converge, which 

would suggest similar Fn conformations in pure Fn fibers and Fn-HAP1 composite fibers. 

Therefore, the interactions between HAP1 nanoparticles and Fn molecules within the fibers 

might be strain-dependent.   
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Figure A.1 Fn conformational changes as a function of fiber strain for pure Fn fibers and Fn-

HAP1 composite fibers. Fn-HAP1 fibers were pulled from solution containing 0.3 mg/mL Fn 

and 0.7 mg/mL HAP1 nanoparticles. Three to eight fibers were measured for each data point. 

Mean ± SD. 

 

A.3.2 Altered mechanical properties of Fn-HAP1 composite fibers 

The mechanical properties of fibers were measured with MEMS by recording the force-

displacement profile to extract stress-strain curve for each fiber. Based on the geometry shown in 

Figure A.2, fiber strain is calculated using Equation 1: 

ε = (L-Lo)/Lo = L/Lo -1 = x-1 = (1/25)*SQRT(625+D
2
) – 1 

where L is the fiber length at each strain state, Lo is the fiber length at fully relaxed state, x is the 

fold of extension, D is the displacement, or the distance that the tip has traveled. Assuming that 

the measured force F is applied by the tip symmetrically when pulling in the middle of the fiber, 

then the force acting on each fiber segment, f, can be derived from Equation 2 [17]: 
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f = F/SQRT(1-1/x
2
) 

where F is the force (µN) measured by the force sensor, and x is the fold of extension, which can 

be obtained from Equation 1. Assuming that the volume of the fiber remains constant during 

stretching, then the stress acting on the fiber is obtained using Equation 3 [17]: 

σ = f*x/Ao 

where Ao is the cross sectional area of the fiber at fully relaxed state, and is obtained using the 

average fiber diameter at fully relaxed state, do, measured in confocal bright field images 

(distribution of fiber diameters are shown in Figure A.3), assuming spherical cross section:  

Ao = (1/4)πdo
2
 

The use of average fiber diameter is because fiber diameters cannot be accurately measured 

using the low magnification microscope and camera coupled to the MEMS in real time. There is 

no significant difference in average fiber diameter between pure Fn fibers and Fn-HAP1 

composite fibers, when 2 mg/mL HAP1 nanoparticles were used (Figure A.3). Since diameters 

of these fibers can range from 1 to 6 microns, using average diameter for all fibers could 

introduce inaccuracy in the stress-strain curve obtained, especially for very thin and very thick 

fibers. In addition, the starting position of the tip, defined as just in contact with the fiber, could 

not be very accurately controlled due to the low magnification microscope coupled to the MEMS. 
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Figure A.2 Schematic of a fiber (yellow) suspended over a trench pulled by the tip on the force 

sensor. Displacement is the distance that the tip travels. 

 

Figure A.3 Fiber diameter measured using confocal bright field images. Fn-HAP1 composite 

fibers are pulled from solution containing 2 mg/mL HAP1 nanoparticles. 

 

Using the above equations, force-strain profile of a Fn-HAP composite fiber is shown in 

Figure A.4. At circa 230% strain, the adhesion contact between Fn fiber and the glutaraldehyde 

functionalized PDMS surface was disrupted (slippage). Fiber finally fractured in the middle at 
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around 370% strain. However, this fracture strain is overestimated since slippage resulted in 

partial relaxation of the fiber. Thus the stress-strain curve of this fiber is shown up till the 

occurrence of slippage (Figure A.5). Then this stress-strain curve is fitted using a cubic model 

[17], and Young’s modulus is obtained by differentiating the fitted curve (Figure A.6). Young’s 

modulus increased nonlinearly with fiber strain, suggesting that the fiber became stiffer at higher 

strain.  

 

 

Figure A.4 Representative force-strain profile for a Fn-HAP1 composite fiber pulled from 

solution containing 0.3 mg/mL Fn and 8.4 mg/mL HAP1 nanoparticles. Displacement rate 1 

µm/s. 
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Figure A.5 Stress-strain profile for the same Fn-HAP1 composite fiber as shown in Figure A.4 

before slippage occurred. 
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Figure A.6 Young’s modulus of the same Fn-HAP1 composite fiber as shown in Figure A.5 

before slippage occurred. 

 

However, the Young’s modulus we obtained was much higher than that obtained for pure Fn 

fibers in previous study [17]. To test if this discrepancy is due to the presence of HAP 

nanoparticles, we compared stress-strain profiles between pure Fn and Fn-HAP composite fibers. 

Figure A.7 shows that in fact there was a slight decrease in stiffness when HAP1 nanoparticles 

were incorporated, although this effect might not be significant. Therefore the higher Young’s 

modulus we obtained is due to factors other than HAP particles. Together with the Fn 

conformation results, it seemed that the incorporation of HAP1 nanoparticles impeded Fn 

molecular unfolding and reduced the stiffness of Fn-HAP1 composite fibers, although the 

mechanism is unclear.  
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Figure A.7 Stress-strain curves of pure Fn and Fn-HAP composite fibers. Fn-HAP fibers were 

pulled from solution containing 0.3 mg/mL Fn and 1 mg/mL HAP1 nanoparticles. The rate of 

displacement is either 1 µm/s (r1) or 0.5 µm/s (r0.5).   

 

Next we investigated whether HAP materials properties affect Fn fiber mechanics. Our 

results showed no significant difference between Fn-HAP1 and Fn-HAP2 composite fibers 

(Figure A.8). Additionally, the displacement rates tested (1 µm/s and 0.5 µm/s) didn’t seem to 

affect fiber mechanics either, for both pure Fn and Fn-HAP composite fibers.  
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Figure A.8 Stress-strain curves of pure Fn and Fn-HAP composite fibers. Fn-HAP fibers were 

pulled from solution containing 0.3 mg/mL Fn and 1 mg/mL HAP1 nanoparticles. The rate of 

displacement is either 1 µm/s (r1) or 0.5 µm/s (r0.5).   

 

A.3.3 Distribution of HAP1 nanoparticles within Fn-HAP1 composite fibers 

Lastly the distribution of HAP1 nanoparticles within Fn fibers was investigated using TEM 

(Figure A.8). Highly inhomogeneous distribution of HAP1 within Fn fibers was observed at 

both low (0.01 mg/mL) and high (2 mg/mL) HAP1 concentrations. This is not surprising since 

we already observed the formation of HAP nanoparticle agglomerates in PBS, as well as 

increasing agglomerate size with HAP concentration (Chapter 2), which explains the larger 

clumps formed within Fn fibers at high HAP1 concentration. Due to this inhomogeneous 
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distribution, the mechanical properties measured are expected to depend on the local 

concentration of HAP nanoparticles. Therefore, measurement performed on one section of the 

entire fiber length might not be representative of the average mechanical properties of the entire 

fiber length, and a large population of fibers needs to be averaged to obtain statistically 

convincing results.   

 

 

Figure A.9 TEM images of Fn-HAP1 composite fibers pulled from solution containing 0.3 

mg/mL Fn and either (A) 0.01 mg/mL HAP1 particles or (C) 2 mg/mL HAP1 particles. (B) and 

(D) are zoomed in images of (A) and (C), respectively. 
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A.4 Outlook  

Collectively, preliminary results obtained show that the incorporation of HAP nanoparticles 

could affect conformational and mechanical properties of Fn fibers, although further analysis is 

required to confirm these findings. Challenges that need to be resolved include inhomogeneous 

distribution of particles within Fn fibers, accurate measurement of fiber diameter in real time, 

and obtain new force sensors adapted to our system. The first challenge could be solved by 

surface modification of HAP nanoparticles, or sonication of the mixed Fn and HAP solution 

before pulling fibers. The second challenge could be addressed by coupling the MEMS to a 

confocal microscope. The last issue requires consulting with the company (Femto Tools) that 

fabricates these MEMS sensors.  
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Appendix B. 

Fibronectin Conformation on Mica Surfaces as a Function of 

Curvature  

Contributors: Roberto C. Andresen Eguiluz, and Delphine Gourdon. 

 

B.1 Introduction 

Fibronectin (Fn) coated mica surfaces glued on silica discs were used for investigating the 

role of Fn in mediating enhanced wear protection of lubricin during shear, using surface forces 

apparatus (SFA) [1]. The conformation of Fn adsorbed onto mica surfaces were measured via 

FRET. The aim of this experiment was to assess whether the use of silica discs with various 

curvatures would influence Fn conformation, and help elucidate the interactions between Fn and 

components of the synovial fluid, such as lubricin, hyaluronan, and serum albumin, which are all 

believed to contribute to joint lubrication.  

 

B.2 Materials and Methods 

B.2.1 Preparation of mica surfaces 

Freshly cleaved mica surfaces were glued onto half cylindrical silica discs with various 

curvature (flat, radius of curvature R = 2 cm, 1 cm, or 0.5 cm) with UV curing glue (Norland 61, 

Cranbury, NJ) and exposed for 45 min under UV lamp in laminar flow cabinet. 
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B.2.2 FRET imaging and analysis 

For FRET analysis, 100 μL of Fn solutions (50 μg/mL) containing 10% FRET labeled Fn 

(Batch K1, refer to Chapter 2, Figure 2.6) and 90% unlabeled Fn in PBS were incubated on mica 

surfaces glued on silica discs. Fn-coated mica surfaces were incubated at 4 °C for 24 h, rinsed 

three times with PBS, and kept immersed in PBS.16-bit z-stack confocal images were acquired 

with a Zeiss 710 confocal microscope (Zeiss, Munich, Germany), using the C-Apochromat 

40x/1.20 W objective, a 488 nm laser set at 30% laser power, a pinhole of 2 AU, pixel dwell 

time of 6.3 μs, PMT1 and PMT2 gains of 600 V, and z step size of 1 μm. Emissions from donor 

and acceptor fluorophores were simultaneously collected in the PMT1 channel (514-526 nm) and 

the PMT2 channel (566-578 nm), respectively, along with bright field images acquired in the T-

PMT channel (transmitted light detector). Images were analyzed with a customized Matlab code 

to generate FRET ratio (IA/ID) images and histograms, as well as mean FRET ratios for all z-

slices in a z-stack.  

B.2.3 Statistical analysis 

One-way ANOVA with Tukey’s post test and Student’s t-test were used to determine 

statistical significance between conditions in GraphPad Prism (GraphPad Software, Inc., CA). In 

all cases, p < 0.05 is indicated by a single star, p < 0.01 by two stars and p < 0.001 by three stars.   

 

B.3 Results and Discussion 

FRET ratios of Fn adsorbed on mica surfaces increased with increasing curvature of mica, 

suggesting that Fn conformation became more compact when adsorbed on mica surfaces with a 
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larger curvature. Previous studies have shown that nanoroughness of substrates enhances protein 

adsorption and induces conformational changes of proteins, such as Fn [2,3]. Additionally, local 

surface geometry of nanomaterials, such as curvature of nanoparticles and nanopores, can also 

significantly affect protein conformation, especially when the characteristic sizes of the 

nanomaterial and the protein are comparable [4,5]. However, it is surprising that centimeter-scale 

curvature could also induce Fn conformational changes. According to the FRET calibration 

curve for the FRET-Fn used in this experiment (Chapter 2, Figure 2.6), most Fn molecules 

adopted unfolded conformations when adsorbed on mica surfaces, regardless of surface 

curvature. It should be noted that Fn conformation adsorbed on mica has been shown to depend 

on surface coverage [6]. Therefore, more compact Fn conformations may be observed when 

using higher Fn concentration for incubation. 

 

Figure B.1 FRET ratios of Fn molecules adsorbed on freshly cleaved mica surfaces at 4 ˚C for 

24 h: either flat mica or mica surfaces with radius of curvatures of 2 cm (r2), 1 cm (r1), and 0.5 

cm (r0.5) were used. N = 5. In all cases, p < 0.05 is indicated by a single star, p < 0.01 by two 

stars and p < 0.001 by three stars.   
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B.4 Outlook 

Our results show that the centimeter-scale curvature of mica surfaces could significantly 

affect conformation of adsorbed Fn molecules. More compact Fn conformations were detected 

on mica surfaces with higher curvatures. However, the mechanism of this surface curvature 

effect is still unclear. These results suggest that Fn conformation is not only sensitive to surface 

chemistry, nanoscale, and micro-scale topography/morphology, but also to macroscale curvature 

of underlying surfaces. Future experiments using various Fn coating concentrations, and other 

types of surfaces will help us better understand whether this curvature effect is dependent on 

surface coverage, and if it is a ubiquitous phenomenon on many types of surfaces.  
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