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Abstract

The cell-dependent polymerization of intercellular fibronectin fibrils can stimulate cells to self-

assemble into multicellular structures. The local physical cues that support fibronectin-mediated 

cellular self-assembly are largely unknown. Here, fibronectin matrix analogs were used as 

synthetic adhesive substrates to model cell-matrix fibronectin fibrils having different integrin-

binding specificity, affinity, and/or density. We utilized this model to quantitatively assess the 

relationship between adhesive forces derived from cell-substrate interactions and the ability of 

fibronectin fibril assembly to induce cellular self-assembly. Results indicate that the strength of 

initial, rather than mature, cell-substrate attachments correlates with the ability of substrates to 

support fibronectin-mediated cellular self-assembly. The cellular response to soluble fibronectin 

was bimodal and independent of the integrin-binding specificity of the substrate; increasing 

soluble fibronectin levels above a critical threshold increased aggregate cohesion on permissive 

substrates. Once aggregates formed, continuous fibronectin polymerization was necessary to 

maintain cohesion. During self-assembly, soluble fibronectin decreased cell-substrate adhesion 

strength and induced aggregate cohesion via a Rho-dependent mechanism, suggesting that the 

balance of contractile forces derived from fibronectin fibrils within cell-cell versus cell-substrate 

adhesions controls self-assembly and aggregate cohesion. Thus, initial cell-substrate attachment 

strength may provide a quantitative basis with which to build predictive models of fibronectin-

mediated microtissue fabrication on a variety of substrates.
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1. Introduction

Modular tissue engineering is emerging as a “bottom-up” approach for the de novo 

fabrication of tissues and organs. In principle, the structural and functional features of 

complex tissues may be spatially recreated through the directed assembly of smaller, tissue-

like building blocks [1]. Fabricating biomimetic units for modular assembly requires 

developing methods to reproducibly recreate the microstructural features of native tissue. 

Extracellular matrices (ECMs) are complex networks of proteins and polysaccharides that 

normally provide the structural and functional framework for cells to organize into three-

dimensional (3D) tissue [2]. During embryonic development, cells spontaneously organize 

into multicellular 3D structures in the absence of applied external forces by a process termed 

cellular self-assembly [3]. Inducing cells to self-assemble in vitro recapitulates many aspects 

of native tissue formation by allowing cells to organize into 3D structures using the ECM as 

a natural scaffold [4]. As such, engineering approaches that utilize cellular self-assembly to 

promote the spontaneous organization of cells and ECM proteins into functional 3D 

microtissue units may provide a biologically inspired approach to modular tissue fabrication.

A complex, integrated balance of cell-cell and cell-matrix adhesive interactions generates 

the mechanical forces and chemical signals necessary to control cell activity and tissue 

morphology during cellular self-assembly [5-8]. Fibronectin is a principal component of 

interstitial ECMs and plays a fundamental role in cell adhesion and tissue formation during 

embryonic development [9]. ECM fibronectin fibrils can localize to either cell-cell [5, 

10-12] or cell-matrix [13] adhesions, where they stimulate Rho-mediated cell contractility 

[14, 15]. Fibronectin fibrils associated with intercellular adhesions support cellular self-

assembly by promoting the cohesion of cells into tightly packed 3D clusters [5, 11, 16]. 

Conversely, fibronectin fibrils that localize basally to cell-matrix adhesions are associated 

with the disassembly of cadherin-mediated cell-cell contacts [17], enhanced cell migration 

[18], and tumor cell metastasis [19], indicating a paradoxical role for fibronectin fibrils in 

cellular dyscohesion. As such, the global balance of forces and signals derived from 

fibronectin fibrils within either cell-cell or cell-matrix adhesions may be a central 

determinant of cellular self-assembly, tissue cohesion, and cell aggregate morphology.

The insoluble, fibrillar form of fibronectin is the biologically active conformation of the 

molecule [20]. The polymerization of inactive, soluble fibronectin protomers into 

biologically active ECM fibrils occurs via a tightly controlled, cell-dependent process [20]. 

The bioactivity of ECM fibronectin has been localized, in part, to a matricryptic, heparin-

binding site located within the first type III repeat of fibronectin (FNIII1) [21-23]. This 

bioactive site is inaccessible in soluble fibronectin, but becomes exposed upon 

polymerization into ECM fibrils [24]. Once assembled, highly elastic ECM fibronectin 

fibrils can be further remodeled in response to cell and tissue-derived forces [23, 25, 26]. 

Compressive, tensile and/or shear stresses exerted on polymerized fibronectin fibrils may 

subsequently alter the spacing and/or availability of cell and protein binding sites within 

fibronectin fibrils [27], giving rise to a dynamic range of structurally and functionally 

distinct forms of ECM fibronectin. How different structural or conformational forms of 

fibrillar fibronectin influence cell and tissue function is only beginning to be understood. 

Recent studies provide evidence that relaxed fibronectin fibrils are associated with reduced 
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α5β1 integrin activation [28], decreased cell proliferation [28], and increased cell cohesion 

[29]. In contrast, stretched/unfolded fibronectin fibrils are associated with enhanced cell 

proliferation [28] and migration [30], decreased adhesion [31], and enhanced growth factor 

secretion [31]. Further, manually stretched fibronectin fibers support increased osteogenic 

differentiation of mesenchymal stem cells [32].

To begin to understand how the balance of adhesive forces derived from conformationally-

labile fibronectin fibrils impacts cellular self-assembly, we developed a series of 

recombinant fibronectin fragments that mimic different conformational states of ECM 

fibronectin. These fibronectin fragments were produced by directly coupling the open, 

bioactive heparin-binding fragment of FNIII1 (FNIII1H) to varying portions of the central, 

integrin-binding domain of fibronectin [33]. In the present study, three different fibronectin 

matrix analogs were used as synthetic adhesive substrates to model cell-matrix fibronectin 

fibrils having different integrin-binding specificities and affinities. We utilized this model to 

investigate how adhesive forces derived from cell-ECM fibronectin adhesions influence the 

capacity of newly assembled fibronectin fibrils to induce cellular self-assembly. In turn, the 

impact of varying fibronectin fibril assembly parameters on cellular self-assembly and 

aggregate cohesion were determined.

2. Materials and Methods

2.1. Recombinant proteins, reagents, and cells

Glutathione S-transferase (GST) and the GST-tagged fusion proteins, FNIII8-10, FNIII1H,

8-10, and FNIII1H,8RGD were produced in Escherichia coli and purified using glutathione-

Sepharose (GE Healthcare, Piscataway, NJ) affinity chromatography, as described 

previously [33]. His-tagged functional upstream domain (FUD) and the control peptide, 

del29 [34] were produced in Escherichia coli and purified using Nickel-Sepharose (GE 

Healthcare). Recombinant fibronectin proteins were produced using human fibronectin 

cDNA, as described previously [14]. The sequence homology for the same fibronectin type 

III repeat across multiple species is between ~80-90%. Mouse and human cell attachment 

domains (i.e., FNIII7-10) show 85% homology [35]; the mouse and human sequences for 

FNIII1H show 88% homology. No species-dependent differences have been observed when 

testing recombinant fibronectin proteins with mouse- or human-derived cells [17, 18, 36]. 

Similarly, ‘human’ recombinant fibronectin proteins have similar functional effects when 

tested in vivo in both mice and hamsters [23, 37]. Of note, cells obtained from various 

species (including mouse and human) polymerize fibronectin into insoluble fibronectin 

fibrils via similar cell-dependent mechanisms [20].

FNIII1HRGD was engineered by inserting the integrin-binding RGD loop between the F and 

G β strands of FNIII1H, analogous to its native location in FNIII10. FNIII1H is a carboxyl-

terminal fragment of the first type III repeat of fibronectin and is comprised of amino acids 

I597 – T673 (bases 1802-2032). The RGD chimera, FNIII1HRGD was produced using the 

following mutant sense primer: 5’-

GGTATACGAGGGCCAGCTCATATCGATTCAGGGCCGTGGAGACTCGCCGGCAA

GCCAAGAAGTGACTCGCTTTGAC-3’. Bases 1976 to 1987 (Q655 to H658) of FNIII1H 

were replaced with the underlined bases, which encode for amino acids G1491RGDSPAS 
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from FNIII10, leading to a net addition of 4 amino acids to FNIII1. The FNIII10 insert 

contains an engineered NgoMIV site as a marker. The BstZ17I site is shown in bold. The 

antisense primer for GST/III1HRGD (5'-

CCCGAATTCCTATGTGCTGGTGCTGGTGGTG;-3') contains a EcoRI site, shown in 

bold. The PCR product of this reaction was ligated into pGEX2T/III1H after removal of the 

corresponding BstZ17I and EcoRI fragment and cloned into DH5 α bacteria. DNA was 

sequenced to confirm the presence of the mutation.

Fibronectin was purified from outdated human plasma (American Red Cross, Rochester, 

NY) using gelatin-Sepharose (GE Healthcare) affinity chromatography [38]. Type I collagen 

was extracted from rat tail tendons, as described [11]. Anti-GST monoclonal antibody (clone 

DG122-2A7) was from Millipore; α5 (clone 5H10–27), αv (clone H9.2B8), β1 (clone 

Ha2/5), and β3 (clone 2C9.G2) integrin monoclonal antibodies, IgG and IgM controls were 

from BD Biosciences; anti-fibronectin polyclonal antibody was from Sigma; horseradish 

peroxidase-conjugated (HRP) goat anti-mouse antibodies were from Bio-Rad. Alexa 

Fluor488-conjugated goat anti-rabbit IgG was from Life Technologies.

Mouse embryonic fibronectin-null fibroblasts (FN-null MEFs) were cultured on type I 

collagen-coated dishes using a 1:1 mixture of Cellgro® (Mediatech) and Aim V (Life 

Sciences). These media do not contain fibronectin and do not require serum-

supplementation [39]. Tissue culture plates were coated with recombinant fibronectin 

fragments diluted in phosphate-buffered saline (PBS) at the indicated concentrations for 90 

min at 37°C. Unbound protein was removed, wells were washed with PBS and then blocked 

with 1% fatty acid-free bovine serum albumin (BSA) for 1 h at 37°C prior to seeding cells. 

Protein binding was assessed by enzyme-linked immunosorbant assays (ELISA), using the 

anti-GST antibody, as described [33]. In the absence of serum supplementation, FN-null 

MEFs do not adhere to non-coated or BSA-coated surfaces [39].

2.2. Cell adhesion assays

Static cell adhesion assays were performed by seeding FN-null MEFs (1.6 × 105 cells/cm2) 

onto tissue culture plates (96-well) pre-coated with recombinant fibronectin fragments at 

various concentrations. Cells were incubated for 4 h at 37°C, then washed and fixed with 1% 

paraformaldehyde. Cell number was quantified using crystal violet, as described previously 

[33].

Initial cell-substrate binding strength was measured using centrifugation adhesion assays 

[40, 41]. FN-null MEFs (1.6 × 105 cells/cm2) were seeded onto ice-cold tissue culture plates 

pre-coated with recombinant fibronectin fragments at various concentrations. Cells were 

immediately centrifuged into contact with the adhesive substrate for 3 min at 700 rpm (99 g) 

at 4° C. Plates were then inverted and centrifuged for 5 min at 1500 rpm (452 g) at 4° C. 

Cell-substrate binding strength was also quantified 24 h post-seeding in the absence and 

presence of plasma fibronectin. FN-null MEFs (4 × 104 cells/cm2) were seeded onto tissue 

culture plates pre-coated with fibronectin fragments at various concentrations. Plasma 

fibronectin (50 nM) or an equal volume of the vehicle control, PBS, was added to cells at 4 

h post-seeding and cells were incubated an additional 20 h at 37°C. Plates were then 

inverted and centrifuged for 5 min at 1500 rpm (452 g) at 25°C. After centrifugation, cells 
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were washed, fixed, and stained with crystal violet to quantify the number of adherent cells. 

Adhesion profiles were fit to a sigmoidal curve and the substrate coating concentrations that 

supported half-maximal adhesion (Cc50) were determined using GraphPad Prism. The 

parameter Cc50 represents an inverse adhesive affinity for the substrate and was used as a 

measure of adhesion strength to compare different substrates [42].

2.3. Cellular self-assembly assays

FN-null MEFs (2 × 104 cells/cm2) were seeded onto 35 mm tissue culture plates pre-coated 

with the recombinant fibronectin fragments at various concentrations. Cells were allowed to 

adhere for 4 or 24 h to allow cell adhesion strength to attain steady-state levels [43] before 

plasma fibronectin treatment. Aliquots of plasma fibronectin (6.25 - 100 nM) or an equal 

volume of the vehicle control, PBS, were added and cells were incubated at 37°C and 8% 

CO2 for various times. To determine the role of Rho, the p160-Rho-associated coiled kinase 

(ROCK) inhibitor, Y-27632 (10 μm, Tocris) [44], or an equal volume of the vehicle, PBS 

was added to cells immediately after seeding. To determine the role of fibronectin matrix 

assembly, FUD or del29 peptides (250 nM) were added to fibronectin-treated wells 72 h 

post-seeding. Phase contrast microscopy images were obtained using a MicroPublisher 

digital camera (QImaging) on an Olympus IX70 microscrope at various time points post-

seeding. Aggregate diameter was quantified using ImageJ (NIH) by measuring the major 

and minor diameter of each spheroid and determining the average value. For each 

independent experiment, at least 30 spheroids were measured per condition.

2.4. Immunofluorescence microscopy

FN-null MEFs (2 × 104 cells/cm2) were seeded onto protein-coated plates. Plasma 

fibronectin (25 nM) was added 4 h post-seeding. At various times, cells were then fixed with 

4% paraformaldehyde, and processed for immunofluorescence microscopy [21]. Fibronectin 

within flat cellular networks was visualized using a BX60 Olympus microscope and images 

were obtained using an EXi Blue Fluorescence Microscopy Camera (QImaging). 

Fibronectin within 3D aggregates was visualized using multi-photon microscopy, using an 

Olympus Fluoview 1000 AOM-MPM microscope (Olympus), as described previously [11].

2.5. Statistical analyses

Data are presented as mean ± standard error of the mean (SEM). Experiments were 

performed in triplicate a minimum of 3 times. Statistical comparisons were performed using 

one-way analysis of variance (ANOVA) followed by the Bonferroni post-test or Student’s t-

test for unpaired samples, as appropriate, with GraphPad Prism Version 4 software. Results 

were considered statistically significant when p < 0.05.

3. Results

3.1. Substrate-dependent effects on cellular self-assembly and aggregate size

Three recombinant fibronectin matrix mimetics (FNIII1H,8-10, FNIII1H,8RGD, and 

FNIII1HRGD; Fig. 1A) were used as defined adhesive substrates to model ECM fibronectin 

fibrils having different integrin-binding specificities and affinities. Common to all 3 

fibronectin constructs is the open, bioactive heparin-binding fragment of FNIII1 (FNIII1H) 
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that mediates effects of ECM fibronectin fibrils on cell and tissue function [22]. The 

integrin-binding capacity of the different fibronectin matrix mimetics was varied by 

selectively incorporating different portions of the central, integrin-binding domain of 

fibronectin (spanning modules FNIII8, FNIII9, and FNIII10 [45]) into the final construct 

[33]. Thus, only the basic αvβ3 integrin-binding RGD loop [46] is available to mediate cell 

adhesion in the smallest matrix mimetic, FNIII1HRGD (Fig. 1B). A larger construct, 

FNIII1H,8RGD, was produced by inserting the RGD loop into the analogous site in FNIII8. 

This construct provides a more complex integrin-binding surface [47, 48], yet still mediates 

cell adhesion via αvβ3-integrins [36]. The largest matrix mimetic, FNIII1H,8-10, contains 

all 3 integrin-binding modules (FNIII8, FNIII9, and FNIII10) and mediates cell adhesion 

selectively via α5β1 integrins [36]. Previous studies provide evidence that fibronectin fibril 

extension favors cell adhesion via αvβ3 over α5β1 integrins [31, 49], likely by increasing 

the interdomain distance between the FNIII9 and FNIII10 modules [50, 51]. Thus, 

FNIII1HRGD serves as a relatively simple, 2D model of extended-unfolded fibronectin 

fibrils with limited integrin binding potential, while FNIII1H,8-10 serves as a model of 

extended-compact fibrils with a fully exposed integrin-binding face.

All 3 fibronectin matrix mimetics bound to tissue culture wells with similar efficiency over a 

range of coating concentrations (Fig. 1C). Similarly, in static adhesion assays, all 3 matrix 

mimetic substrates supported cell adhesion to a similar extent, as no significant differences 

were observed in the number of cells adherent to wells pre-coated with the various proteins 

at concentrations ≥ 25 nM (Fig. 1D). The use of recombinant fibronectin substrates in 

combination with FN-null MEFs allows for precise control over the adhesive substrate, the 

amount of soluble fibronectin available to cells, as well as the matrix assembly process. This 

combined approach provides a well-defined background with which to investigate the 

relative contributions of cell adhesion parameters on fibronectin-mediated cellular self-

assembly.

The cell-mediated process of polymerizing soluble fibronectin into insoluble fibrils can 

trigger the coalescence of cells into multicellular aggregates when cells are either non-

adherent or adherent to highly compliant surfaces [5, 11]. In the present study, cells were 

seeded onto rigid tissue culture wells pre-coated with fibronectin matrix mimetics in order to 

eliminate the contribution of substrate compliance on cellular self-assembly. A range of 

substrate coating concentrations (12.5 nM – 800 nM) was tested to determine whether 

substrate ligand density contributes to self-assembly. No obvious differences in either cell 

attachment or spreading were observed microscopically at the time of fibronectin addition 

for the range of coating concentrations tested (not shown). In the absence of soluble full-

length fibronectin, FN-null MEFs adherent to FNIII1HRGD, FNIII1H,8RGD, or FNIII-1H,

8-10 remained as individual cells for at least 72 h post-seeding (not shown). In contrast, 

addition of soluble, full-length fibronectin (25 nM; 12.5 μg/ml) to cells 4 h after seeding 

triggered cellular self-assembly by a mechanism that was dependent on substrate coating 

density (Fig. 2). Both αvβ3 (FNIII1HRGD, FNIII1H,8RGD) and α5β1 (FNIII-1H,8-10) 

integrin-binding substrates supported cellular self-assembly (Fig. 2). However, the range of 

coating densities that supported self-assembly differed among the substrates. In response to 

fibronectin, cellular self-assembly was observed in wells coated with ≤ 400 nM 

FNIII1HRGD, ≤ 100 nM FNIII1H,8RGD, and ≤ 25 nM FNIII1H,8-10 (Fig. 2). For all 
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substrates, coating densities above these values led to the formation of flat, confluent 

monolayers (Fig. 2). Thus, an inverse relationship was observed between the number of 

integrin-binding motifs present in the adhesive ligand and the ligand densities that supported 

cellular self-assembly. These results suggest that on rigid (non-compliant) surfaces, a 

transition density exists for each adhesive substrate, below which soluble fibronectin can 

trigger cellular self-assembly, but above which, cells form 2D monolayers.

Aggregate diameter varied directly with both substrate ligand density and number of the 

integrin-binding motifs (Fig. 3). A dose-dependent increase in aggregate diameter was 

observed for coating concentrations of FNIII1HRGD that supported fibronectin-induced 

cellular self-assembly (Fig. 3A; 12.5 – 400 nM). Similarly, average aggregate diameter 

increased with increasing coating concentrations of FNIII1H,8RGD (12.5 - 100 nM) and 

FNIII1H,8-10 (12.5 and 25 nM) (Fig. 3B). Cellular aggregates that formed on wells coated 

with FNIII1H,8-10 were significantly larger than those formed at comparable coating 

concentrations of FNIII1HRGD and FNIII1H,8RGD (Fig. 3B). Similarly, at coating 

concentrations of 50 nM and 100 nM, cellular aggregates formed on FNIII1H,8RGD were 

significantly larger than those formed on FNIII1HRGD (Fig. 3B). For all substrates tested, 

aggregate diameter peaked at ~ 100 μm.

3.2. Initial cell-binding strength and cellular self-assembly

Thus far, data indicate that effects of substrate density on cellular self-assembly correlate 

with the number of integrin-binding motifs within the adhesive ligand. Hence, we sought to 

identify a quantitative parameter characteristic of the adhesive ligand that could be 

indicative of self-assembly behavior. A centrifugal cell adhesion assay was performed to 

determine the relative initial cell-binding strengths of the fibronectin matrix mimetics. Cells 

were centrifuged into contact with the adhesive substrate briefly, and then immediately 

subjected to a de-adhesion force of ~300 pN, shown previously to be sufficient to dislodge 

50% of fibrosarcoma cells from fibronectin-coated wells [41]. By holding the detachment 

force constant while varying substrate and substrate coating concentrations, the effects of 

substrate chemistry on cell-substrate attachment can be assessed [41]. At 4°C, cell 

attachment occurred at lower coating concentrations of FNIII1H,8-10 than FNIII1H,8RGD or 

FNIII1HRGD, and at lower coating concentrations of FNIII1H,8RGD than FNIII1HRGD (Fig. 

4). Thus, cell attachment became more efficient as the number of integrin-binding motifs 

within the adhesive ligand increased. A single quantitative value (Cc50) representing the 

inverse adhesive affinity was determined by calculating the coating concentration required 

for half-maximal adhesion (Table 1). The ‘initial’ Cc50 allows for comparisons of the initial 

cell attachment strength of substrates prior to cell spreading and cytoskeletal coupling [52]. 

Notably, the initial Cc50 value of each substrate fell between the coating concentrations at 

which fibronectin-treated cells transitioned from self-assembled 3D aggregates to flat sheets 

(shown in Fig. 2). Thus, initial adhesion strength may serve to predict the transition density 

for cellular self-assembly.

3.3. Fibronectin-dependent effects on cellular self-assembly and aggregate cohesion

We next evaluated how cellular self-assembly and substrate transition densities were 

affected as several different fibronectin fibril assembly parameters were varied. First, to 
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determine whether the amount of soluble fibronectin available to cells alters the substrate 

transition density for fibronectin-mediated cellular self-assembly, FN-null MEFs were 

seeded on plates pre-coated with the fibronectin matrix mimetics at concentrations above 

and below the initial Cc50. Cells were allowed to adhere and spread for 4 h and then treated 

with increasing concentrations of soluble fibronectin (6.25 nM - 100 nM). For all 3 adhesive 

ligands, substrate coating concentrations below the Cc50 supported cellular self-assembly at 

fibronectin concentrations > 12.5 nM (Fig. 5). In contrast, cells adherent to substrates coated 

above the Cc50 formed flat monolayers over the range of fibronectin concentrations tested 

(Fig. 5). These data reveal a bimodal response to fibronectin wherein a minimum level of 

soluble fibronectin was required to trigger cellular self-assembly. On surfaces permissive for 

self-assembly, higher fibronectin concentrations resulted in more cohesive aggregates, with 

a reduction in cell protrusions onto the substrate surface (Fig. 5).

We next asked whether initiating fibronectin matrix assembly at later stages of cell adhesion 

and spreading affects the ability of fibronectin to induce cellular self-assembly. Cells were 

allowed to adhere on wells coated with various concentrations of FNIII1H,8RGD for either 4 

h or 24 h [22] prior to fibronectin addition. Addition of soluble fibronectin to cells 24 h after 

seeding did not alter the ability of fibronectin to induce self-assembly (Fig. 6; 24h, +FN). 

Moreover, substrate coating concentrations that supported fibronectin-mediated self-

assembly were identical for both treatment protocols (Fig. 6; 25 - 100 nM), indicating that 

the substrate transition density for cellular self-assembly did not shift upon formation of 

mature cell adhesions.

Finally, to determine whether continuous fibronectin matrix assembly is necessary to 

maintain aggregate cohesion, FN-null MEFs were seeded onto plates pre-coated with 

FNIII1HRGD and then treated with fibronectin for 3 days to allow for self-assembly. 

Fibronectin fibril formation over this time period was visualized using confocal 

immunofluorescence microscopy. As shown in Figure 7, fibronectin fibrils were present at 

all time points; fibronectin staining was also visible within the central region of the 3D 

aggregates (Fig. 7C,D). Upon formation of multicellular aggregates (Fig. 8; 72h), 

fibronectin matrix assembly was blocked by addition of a peptide inhibitor (FUD) and 

aggregate morphology was monitored for an additional 2 days. FUD peptides bind to soluble 

fibronectin, inhibiting fibronectin matrix assembly [34], and triggering turnover of 

previously established fibronectin fibrils [53]. Control wells were treated with the inactive 

peptide, del29 [34]. Inhibiting fibronectin matrix assembly resulted in the dispersal of cells 

from aggregates within 1 day of treatment (Fig. 8; +FUD, 96 h and 120 h). In contrast, 

aggregates remained cohesive in the presence of the inactive control peptide, del29 (Fig. 8; 

+del29). Taken together, these data indicate that fibronectin levels determine the extent of 

aggregate cohesivity and that continuous fibronectin matrix assembly is required to maintain 

aggregate cohesion.

3.4. Effect of fibronectin on cell-substrate binding strength

The balance of contractile forces within cell-cell and cell-matrix adhesions is thought to 

mediate cellular self-assembly [54]. If so, then fibronectin-mediated contraction within 

intercellular adhesions during the early stages of self-assembly should be accompanied by a 
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corresponding decrease in cell-substrate adhesion strength. To quantify effects of fibronectin 

on cell-substrate binding strength, centrifugal adhesion assays were performed 20 h after 

fibronectin addition (24 h after initial cell seeding), prior to the formation of 3D structures. 

Addition of fibronectin to cells caused a rightward shift of cell adhesion curves only at 

coating concentrations that were permissive for self-assembly, i.e., at concentrations less 

than the initial Cc50 (Fig. 9; dotted lines denote initial Cc50). In contrast, no significant 

differences in cell adhesion in response to fibronectin were observed at coating 

concentrations that were not permissive for self-assembly, i.e. concentrations greater than 

the initial Cc50 (Fig. 9).

Cell adhesion strength at 24 h was quantified for cells cultured in the absence or presence of 

fibronectin on each of the fibronectin matrix mimetic substrates; results are shown in Table 

1. In the absence of fibronectin, 24 h Cc50 values of cells adherent to FNIII1H,8RGD and 

FNIII1HRGD were less than their initial Cc50 values, demonstrating an increase in adhesion 

strength over time, as observed previously [43]. Moreover, addition of fibronectin for 20 h 

to cells adherent to FNIII1H,8RGD and FNIII1HRGD resulted in a significant increase in the 

24 h Cc50, demonstrating an overall reduction in cell adhesion strength with fibronectin 

treatment. In contrast, the initial Cc50 for FNIII1H,8-10-coated substrates was not 

significantly different from values obtained at 24 h, either in the absence or presence of 

fibronectin, consistent with the inability of this substrate to support self-assembly behavior 

at all but the lowest coating concentrations (Fig. 2).

Rho-mediated contraction contributes to the assembly of non-adherent cells into cohesive 

aggregates [7] and fibronectin fibril assembly has been shown to stimulate Rho-mediated 

cell contractility [14]. To determine whether Rho activity is necessary for fibronectin-

dependent cellular self-assembly, cells were seeded onto wells coated with FNIII1HRGD at 2 

different concentrations below the initial Cc50. The chemical inhibitor Y-27632 was used to 

inhibit rho-associated protein kinase (ROCK), a downstream effector of Rho [44]. Addition 

of Y-27632 inhibited aggregate formation in response to fibronectin (Fig. 10; A-D). The 

inhibition of self-assembly was not due to an inhibition of fibronectin matrix 

polymerization, as Y-27632-treated cells assembled intercellular fibronectin fibrils to a 

similar extent as non-treated cells (Fig. 10; E, F). These data indicate that Rho activity is 

necessary for fibronectin-dependent cellular self-assembly and suggest that fibronectin 

fibril-mediated Rho activation within intercellular adhesions leads to cell-substrate 

detachment and drives self-assembly on adhesive surfaces.

4. Discussion

In this study, we show that fibronectin-mediated cellular self-assembly can be stimulated on 

rigid, adhesive surfaces under conditions defined by the initial cell attachment strength. An 

inverse relationship was observed between the number of integrin-binding motifs present 

within the underlying adhesive substrate and the ligand densities that supported cellular self-

assembly. Cellular self-assembly occurred on both αvβ3 and α5β1 integrin-binding 

substrates. Thus, the integrin-binding avidity of the adhesive substrate, rather than the 

integrin-binding specificity, contributes to self-assembly behavior. A transition ligand 

density, quantified in the present study as the initial Cc50, was identified for each adhesive 
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ligand, below which soluble fibronectin triggered cellular self-assembly into 3D 

multicellular structures, and above which, cells remained as 2D monolayers. Neither the 

amount of soluble fibronectin available to cells nor the time at which fibronectin matrix 

assembly was initiated altered the substrate transition density for self-assembly. Thus, the 

initial cell-substrate adhesion strength, derived from centrifugal adhesion assays, appears to 

serve as a simple, quantifiable parameter with which to determine substrate densities that 

support fibronectin-mediated cellular self-assembly. Aggregate diameter varied directly with 

both substrate ligand density and number of the integrin-binding motifs, suggesting that 

tuning initial substrate adhesion strength may serve to produce microtissue units of defined 

diameter. These microtissue units are easily removed from the initial adhesive substrate by 

mechanical dissociation and can be reseeded onto new adhesive substrates or into non-

adhesive wells. Three-dimensional microtissues are emerging as physiologic, 3D organ 

models (e.g., “organ-on-a chip”) for basic science research and high-throughput drug 

screening. Additionally, embedding multiple microtissue units into hydrogel scaffolds to 

form small tissues is emerging as a potential method for repairing small tissue defects, and 

may eventually find wide-spread use in whole organ printing [55]. Our results provide key 

design criteria that can be incorporated into a variety of cell culture platforms to produce 

microtissue units of defined dimensions. Specifically, we have shown that initial cell-

substrate adhesion strength and fibronectin matrix assembly are cooperative parameters that 

can be modulated to influence both the formation and dimension of microtissue units.

In the present study, the cellular response to soluble fibronectin concentration was bimodal 

and similar on all substrates tested, with fibronectin concentrations as low as 12.5 nM (6.25 

μg/ml) stimulating 3D aggregate formation. Increasing fibronectin concentration above this 

level resulted in smaller areas of peripheral cell extensions onto the adhesive substrate, 

confirming that fibronectin concentration plays a role in determining the level of microtissue 

cohesion [5, 11]. The reported dissociation constant for the initial binding of the amino-

terminus of fibronectin to the cell surface ranges from 1.5 – 4 ×10−8 M [56]. Thus, the 

concentration of soluble fibronectin required to initiate cellular self-assembly is in close 

agreement with that required to initiate fibronectin matrix assembly. Continuous fibronectin 

fibril assembly was necessary to maintain aggregate cohesion, as inhibiting fibronectin 

matrix assembly in pre-formed aggregates led to cell dispersal onto the adhesive substrate. 

For these studies, we utilized mouse embryonic fibroblasts that do not produce fibronectin in 

order to control the amount of exogenous fibronectin to which the cells are exposed and the 

timing of the fibronectin polymerization process. Fibronectin-dependent cellular self-

assembly is emerging as a common morphological process, as it has been observed in 

several cell types, including primary fibroblasts [16], a variety of cell lines [5, 54], as well as 

mixed cell populations [57]. Recent studies have demonstrated a role for fibronectin matrix 

assembly in mesenchymal stem cell condensation [58], while other studies suggest that 

disruption of fibronectin-mediated cohesion may play a role in tumor metastasis [59]. As 

such, understanding how cell-substrate adhesion parameters cooperate with fibronectin 

matrix assembly to dynamically regulate the level of tissue or tumor cohesion or 

dyscohesion has implications in a variety of physiological and pathological processes, and 

may provide new avenues for therapeutic intervention.
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Fibronectin fibrils associated with 3D cell aggregates localize to intercellular spaces [29] via 

an α5β1 integrin-dependent process [5]. Thus, non-cadherin-based cell-cell adhesions can be 

formed via pericellular fibronectin fibrils that indirectly link adjacent cells together via 

integrin receptors. However, continuous assembly of fibronectin fibrils is necessary to 

maintain these atypical cell-cell connections. Fibronectin fibril polymerization is an active 

process that undergoes successive rounds of fibril assembly, maturation, and turnover [60], 

while the rate and extent of fibronectin formation can also be rapidly up- or down-regulated 

[20]. These dynamic properties may provide a mechanism for cells to transition fluidly from 

2D to 3D states and visa versa, as shown in Supplemental Figure and Video 1.

Fibronectin-induced cellular self-assembly has been observed previously using either non-

adhesive cell culture platforms [5] or compliant collagen gels to mediate cell attachment [11, 

16]. Here, we demonstrate that fibronectin-mediated cellular self-assembly can also be 

induced on rigid adhesive substrates if the substrate coating concentration is adjusted to 

produce an initial cell-substrate adhesion strength that is approximately half the maximum 

value. For all substrates tested, cell-substrate adhesion strength increased to similar levels 

after a 24 h period, consistent with previous studies demonstrating that cell adhesion 

strength reaches a steady state within 4 hours of seeding [43]. In contrast, the coalescence of 

cells into fully 3D aggregates was not apparent until ~24-36 h after fibronectin addition 

(Supplemental Video 1). Importantly, addition of soluble fibronectin to adherent cells 

reduced cell adhesion strength by 24 h for substrate coating concentrations that were 

permissive for self-assembly, providing evidence that polymerization of fibronectin fibrils at 

intercellular spaces reduces cell-substrate adhesion strength prior to the transition to 3D. The 

ability of the ROCK inhibitor to block fibronectin-induced 3D aggregate formation suggests 

that Rho-mediated contractility, generated at sites of cell-cell contact by fibronectin fibrils 

[14], exerts a force sufficient to overcome cell-substrate bonds at nascent adhesions. Once 

3D clusters begin to form, cohesive forces between non-adherent cells are shared, while 

cells that remain adherent to the underlying substrate exert stronger attractive forces upon 

their nearest neighbors on the adhesive surface. Thus, surface tension generated upon 3D 

cell cluster formation may provide additional de-adhesive forces that break cell-matrix 

attachments. On permissive surfaces, spheroid diameter increased with increasing ligand 

density and increasing initial adhesion strength, providing evidence that spheroid size is 

determined by the difference between cell-substrate bonds at nascent adhesions and the 

collective strength of cell-cell cohesive forces.

Results of our study imply that both the local density and conformation of fibronectin fibrils 

within cell-matrix adhesions impact the location and subsequent function of newly 

polymerized fibronectin fibrils. Addition of fibronectin to adherent cells decreased cell-

substrate binding strength, but only on low-adhesion substrate coating concentrations that 

permitted self-assembly. These data suggest that when local microenvironmental conditions 

are conducive to developing nascent adhesions of low binding strength, cells localize 

fibronectin fibrils preferentially within intercellular junctions, where Rho-mediated 

contraction strengthens cell-cell contacts and exerts a de-adhesive force on cell-substrate 

contacts. Conversely, cells subjected to conditions of high nascent adhesion-strength 

localize fibronectin to cell-substrate adhesions, strengthening cell-matrix contacts and 

reducing cell-cell contacts [17]. Similar to the process of fibronectin matrix polymerization, 
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cell-substrate adhesions undergo successive rounds of initiation and maturation, beginning at 

the leading edge of the cell [61]. Thus, the tight correlation between initial cell attachment 

strength and cellular self-assembly suggests that as cells begin to organize in 2D, newly 

formed nascent cell adhesions at the leading edge of the cell are those most likely to be 

disrupted by contractile forces generated during the polymerization of fibronectin fibrils; the 

repeated disruption of leading edge contacts can be clearly observed in Supplemental Video 

1. Importantly, our studies demonstrate that the polymerization of fibronectin fibrils can 

initiate cellular self-assembly under a range of adhesion conditions. Moreover, the 

attachment strength of initial/early adhesions may determine whether fibronectin fibrils and 

α5β1 integrins localize to cell-cell or cell-matrix adhesions, and function therein, possibly 

through changes in cell signaling that are associated with the transition to 3D [62].

5. Conclusion

Substrate ligand composition and density play cooperative roles with cell-mediated 

fibronectin matrix polymerization to control the transition of cells from 2D monolayers into 

3D multicellular aggregates. The strength of initial cell-substrate attachment, determined 

from centrifugal adhesion assays and defined by the initial Cc50, correlated with the ability 

of adhesive substrates to support fibronectin-dependent cellular self-assembly. Three-

dimensional microtissues are emerging as physiologic models for basic science research and 

high-throughput drug screening, and may provide a bottom-up approach for de novo tissue 

fabrication. Results of the current study provide a quantitative basis with which to build 

predictive models of microtissue assembly, as well as a simple cell-culture platform to 

produce uniform biomimetic units for modular tissue engineering.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Fibronectin matrix mimetics. (A) Schematic representation of a fibronectin subunit and 

fibronectin fusion proteins. (B) FN-null MEFs were seeded (1.6 × 105 cells/cm2) onto wells 

pre-coated with FNIII1HRGD (100 nM) in the presence of integrin function-blocking 

antibodies, isotype-matched control antibodies, or EDTA. Cell adhesion was determined as 

described in “Methods”. Data are presented as mean fold difference compared to IgG (α5, 

αv, β3) or IgM (β1) controls ± SEM of 3 experiments performed in triplicate. *Significantly 

different from +IgG, p < 0.05 (ANOVA). (C) Tissue culture plates were coated with 

increasing concentrations of proteins. The relative amount of protein bound to wells was 

determined by ELISA. Data are presented as mean absorbance of triplicate wells ± SEM and 

represent of 1 of 4 experiments performed. (D) FN-null MEFs were seeded (1.6 × 105 

cells/cm2) onto protein-coated wells and allowed to attach for 4 h. The number of adherent 

cells was determined as described in “Methods”. Data are presented as mean absorbance of 

triplicate wells ± SEM and represent of 1 of 3 experiments performed. *Significantly 

different from FNIII1H,8RGD and FNIII1H,8-10, p < 0.05 (ANOVA).
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Fig. 2. 
Fibronectin matrix mimetics support cellular self-assembly. FN-null MEFs were seeded (2 × 

104 cell/cm2) on tissue culture plates pre-coated with FNIII1HRGD, FNIII1H,8RGD, or 

FNIII1H,8-10 at coating concentrations ranging from 12.5 – 800 nM. Soluble plasma 

fibronectin (25 nM) was added 4 h post-seeding. Phase contrast microscopy images were 

taken at 72 h post-seeding. Images represent 1 of 3 experiments performed. Scale bar, 50 

μm.

Brennan and Hocking Page 17

Acta Biomater. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Effect of substrate density on aggregate diameter. FN-null MEFs were seeded (2 × 104 

cell/cm2) on wells pre-coated with indicated coating concentrations of FNIII1HRGD (A, B; 

black bars), FNIII1H,8RGD (B; grey bars) or FNIII1H,8-10 (B; white bars). Soluble plasma 

fibronectin (25 nM) was added 4 h post-seeding. Phase contrast microscopy images were 

obtained 72 h post-seeding, capturing at least 30 aggregates per sample. Spheroid diameter 

was quantified from images using ImageJ. Data are presented as mean aggregate diameter ± 

SEM of 3 experiments. (A) *Significantly different from 12.5 nM, p < 0.05; (B) 

*Significantly different, p < 0.05 (ANOVA).
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Fig. 4. 
Initial cell-substrate binding strength of fibronectin matrix mimetics. Tissue culture plates 

(96-well) were pre-coated with increasing concentrations of FNIII1HRGD, FNIII1H,8RGD, or 

FNIII1H,8-10. FN-null MEFs (1.6 × 105 cell/cm2) were added to wells on ice and 

centrifugal adhesion assays were performed as described in “Methods”. GraphPad Prism 

was used to fit a sigmoidal curve to the data. Data are presented as mean absorbance of 

triplicate wells ± SEM and represent 1 of at least 3 independent experiments performed.
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Fig. 5. 
Bimodal response to soluble fibronectin. FN-null MEFs were seeded (2 × 104 cells/cm2) on 

tissue culture plates pre-coated with fibronectin matrix mimetics at concentrations above and 

below the initial Cc50 value (400 nM and 800 nM for FNIII1HRGD; 100 nM and 400 nM for 

FNIII1H,8RGD; 25 nM and 50 nM for FNIII1H,8-10). Four h after seeding, cells were 

treated with various concentrations of soluble fibronectin (6.25 – 100 nM). Microscopy 

images were taken at 72 h post-seeding. Images represent 1 of 3 experiments performed. 

Scale bar, 50 μm.
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Fig. 6. 
Fibronectin-induced cellular self-assembly at early and late stages of cell spreading. FN-null 

MEFs were seeded (2 × 104 cells/cm2) on tissue culture plates pre-coated with FNIII1H,

8RGD at various concentrations (25 - 800 nM). At either 4 h or 24 h after seeding, cells were 

treated with soluble fibronectin (25 nM). Phase contrast microscopy images were taken at 72 

h post-seeding. Images represent 1 of 3 experiments performed. Scale bar, 50 μm.
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Fig. 7. 
Fibronectin fibril formation within 3D aggregates. FN-null MEFs were seeded (2 × 104 

cells/cm2) onto plates pre-coated with 400 nM FNIII1HRGD, allowed to adhere for 4 h, and 

then treated with 25 nM fibronectin. Cells were processed for immunofluorescence 

microscopy at 24 (A), 48 (B), or 72 (C,D) h post-seeding and immunostained for 

fibronectin. Images were collected along the z-axis at 1μm intervals using two-photon 

microscopy. Image in (C) is a representative slice taken 40 μm above the surface of the 

culture plate. (D) Z-slice images were reconstructed in 3D and projected along the x-y plane. 

Images represent 1 of 3 experiments performed. Scale bars, 50 μm.
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Fig. 8. 
Fibronectin matrix assembly maintains aggregate cohesion. FN-null MEFs were seeded (2 × 

104 cells/cm2) onto plates pre-coated with 400 nM FNIII1HRGD. At 4 h post-seeding, 25 nM 

fibronectin was added to initiate aggregate formation. At 72 h post-seeding, phase contrast 

microscopy images were obtained, and FUD peptides (250 nM) were added directly to wells 

to inhibit fibronectin matrix assembly. Control wells received the inactive control, del29 

(250 nM). Samples were incubated for an additional 2 d and images were obtained on each 

day, at 96 h and 120 h post-seeding. Images represent 1 of 3 experiments performed. Scale 

bars, 50 μm.
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Fig. 9. 
Fibronectin decreases cell-substrate attachment strength during cellular self-assembly. FN-

null MEFs were seeded (4 × 104 cells/cm2) onto tissue culture plates pre-coated with 

increasing concentrations of FNIII1HRGD, FNIII1H,8RGD, or FNIII1H,8-10 and allowed to 

adhere for 4 h. Cells were then incubated in the absence (−sFN) or presence (+sFN) of 

soluble fibronectin (50 nM) for an additional 20 h. Centrifugal cell adhesion assays were 

performed and the number of cells that remained adherent was determined, as described in 

“Methods”. Data are presented as mean absorbance ± SEM of at least 3 separate 

experiments, each performed in triplicate. *Significantly different from corresponding 

‘−sFN’, p < 0.05 (t-test). The dotted lines denote the initial Cc50 values.
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Fig. 10. 
Effect of Rho inhibition on fibronectin-mediated cellular self-assembly. FN-null MEFs were 

seeded (2 × 104 cells/cm2) onto tissue culture plates pre-coated with 200 nM (A, B) or 400 

nM (C-F) FNIII1HRGD, in the presence of either 10 μM Y-27632 (B, D, F) or an equal 

volume of the vehicle, PBS (A, C, E). At 4 h post-seeding, cells were treated with 25 nM 

soluble fibronectin (+sFN) and incubated for up to 3 d. At 72 h post-seeding, phase contrast 

microscopy images were obtained (A-D). At 24 h post-seeding, some wells were processed 

for immunofluorescence microscopy and fibronectin fibrils were visualized using polyclonal 

anti-fibronectin antibodies (E, F). Images represent 1 of 3 experiments performed. Scale 

bars, 50 μm.
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Table 1

Cell-substrate binding strengths for fibronectin matrix mimetics. Values representing the inverse adhesive 

affinity for full-length fibronectin and various fibronectin fragments were determined by determining the 

coating concentration required for half-maximal adhesion (Cc
50; nM) in centrifugal adhesion assays. Initial 

adhesion strength (Cc
50, initial) was determined by centrifuging cells into contact with substrates for 3 min at 

4°C. Adhesion strength was also determined at 24 h post-seeding for cells cultured in the absence (−sFN) and 

presence (+sFN) of soluble fibronectin (50 nM). Data are presented as mean coating concentration (nM) ± 

SEM and were determined from at least 3 independent experiments performed in triplicate.

Substrate Cc
50, Initial Cc

50, 24 h, −sFN Cc
50, 24 h, +sFN

FNIII1HRGD 499 ± 44.2* 43.8 ± 2.00
82.5 ± 10.6

+

FNIII1H,8RGD 177 ± 11.1* 40.6 ± 2.72
55.5 ± 5.00

+

FNIII1H,8-10 36.1 ± 5.90 35.0 ± 4.04 46.1 ± 7.76

FNIII8-10 24.4 ± 3.54 n.d. n.d.

Fibronectin 22.6 ± 2.38 n.d. n.d.

n.d., not done.

*
Initial Cc50 values are significantly different from ‘Fibronectin’, p<0.5 (ANOVA);

+
Significantly different from corresponding Cc50, 24 h, −sFN, p<0.05 (unpaired t-test);
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