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The extracellular matrix (ECM) influences biological processes associated with tissue development 

and disease progression. However, robust cell-free techniques to control fiber alignment of 

naturally derived ECM proteins, such as fibronectin, remain elusive. We demonstrate that 
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controlled hydrodynamics of fibronectin solutions at the air/fluid interface of porous tessellated 

polymer scaffolds (TPSs) generates suspended 3D fibrillar networks with oriented alignment across 

multiple length scales (< 1 µm, 1 µm - 20 µm, extended to > 1 mm). The direction of the fluid field 

and the architecture of the polymeric supports influence protein solution flow profiles and, 

subsequently, the alignment of insoluble fibronectin fibrils. Aligned networks of fibrillar 

fibronectin characteristically alter fibroblast phenotype, indicated by increased directional 

orientation, enhanced nuclear and cytoskeletal polarity, and highly anisotropic and persistent cell 

motility when compared to nonaligned 3D networks and 2D substrates. Engineered extracellular 

matrices (EECMs) establish a critically needed tool for both fundamental and applied cell biology 

studies, with potential applications in diverse areas such as cancer biology and regenerative 

medicine. 
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1. Introduction 

The extracellular matrix (ECM) is a complex amalgam of biomacromolecules comprised of 

hundreds of proteins and glycans with various isotropic and anisotropic structural motifs depending 

on the tissue context. Central to tissue genesis, ECM composition and structure transform during 

healthy and pathobiological processes to characteristically impact function.[1–4] Aligned architecture 

is ubiquitous in ECM across various niches including soft tissue, skeletal muscle, cardiac tissue, 

and pathogenic tumor tissue.[5–8] On the macroscale, alignment guides load bearing in tendons, 

facilitates force transmission in muscle, and promotes healthy cardiac processes[4,7–9], while in 

cancer is correlated with poor prognosis.[10,11] In skin, local regions of anisotropic ECM fibers with 

an long range isotropy are characteristic of normal structure and mechanical stability, while the 

deposition of dense, highly aligned ECM is associated with aberrant scar tissue.[12–14] On the 

cellular scale, ECM anisotropy has nuanced influences in wound healing, electrical signal 

propagation, angiogenesis, and remodeled pathogenic tissue, [15–20] where the complex origin-effect 

relationship of aligned ECM is just beginning to be understood using two-dimensional (2D) culture 

models.[21] This manifests a need for engineered three-dimensional (3D) protein structures with 

tunable alignment to serve as robust in vitro models to help elucidate the complex role of ECM 

organization. 

Emerging studies into the architecture of ECM typically use synthetic materials, collagen gels, 

cell-secreted matrices or adsorbed protein layers deposited onto 2D substrates to model fibrillar 

structures.[22–26] Cell-secreted matrices model native fibrillar microenvironments, but these are 

complex amalgams of various deposited proteins and soluble factors.[27] Collagen gels are a 

prevalent biomaterial, where there exists several methods to create aligned networks in vitro 

including shear flow, magnetic fields, and mechanical strain.[23,28–32] Equivalent methods do not 

exist for other highly relevant ECM proteins, namely fibronectin (Fn). Fn is ubiquitous and 

A
ut

ho
r 

M
an

us
cr

ip
t



     

 This article is protected by copyright. All rights reserved 

indispensable for various processes in mammalian biology. It presents mostly as a large (~440 kDa) 

dimer in plasma and insoluble multimers in tissues.[33,34] Mounting evidence suggests that Fn has a 

significant role in governing cell orientation and motility.[25,26,34,35] Additionally, cancer associated 

fibroblasts secrete aligned Fn, among other macromolecules, which has been shown to promote the 

migratory behavior of tumor cells in vitro.[24,36]  

Cell-mediated Fn fibrillogenesis is a complex process that is believed to primarily occur through 

integrin binding of the solute dimeric protein followed by traction force-driven stretching that 

reveals conformationally active type III domains. These cryptic domains bind additional solute 

dimers via the 70 kDa N-terminus, leading to the formation of insoluble fibrillar networks.[37–39] 

Understanding the intricacies of native Fn assembly is a topic of ongoing investigation.[40–42] 

Despite its prevalence in mammalian biology, Fn’s adoption as a 3D biomaterial has been limited, 

in part, due to the difficulty of understanding and controlling its assembly into insoluble fibrillar 

networks. Early work utilized solution-denaturants and reducing agents to assemble insoluble 

fibronectin materials.[43,44] Solution extraction combined with fluid-forces produced large, dense, 

mats of oriented fibronectin via shearing through a syringe or on spinning impellers.[45–48]  

Recently, a solvent-based rotary spinning technique led to large-scale (centimeter-length), force-

induced nanofiber Fn mats that were used in wound healing.[14] Material surfaces can also be used 

to promote the assembly of insoluble fibrils.[49–52]  Notable examples include the demonstration of 

surface-detachable nanotextiles with precise control over x-y plane arrangement but with limited 

thickness (1 - 10 nm).[51] Importantly, Fn adsorption onto surfaces does not necessarily promote 

assembly of Fn that facilitates binding of certain type III domains.[53] Forces generated from the 

expansion of lipid monolayers in contact with physiological buffers can be used to assemble Fn.[54] 

Other techniques utilize force at a liquid-air interface to promote assembly, where micron-scale Fn 

fibrils can be drawn out of concentrated Fn droplets.[45,55,56] Aggregation of Fn at the air-solution 

interface can be combined with droplet-shearing across micro-engineered surfaces to create 
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suspended fibrils across small gap lengths (< 10 µm).[57,58] Critically, these techniques require 

manual manipulation to orient fibrils[45,55,56] with intrinsic length scale limitations that preclude 

formation of millimeter-length fibrillar networks with interconnected 3-dimensionality.[45,55–58]   

Recently, the creation of millimeter-scale suspended 3D fibrillar Fn networks compatible with 

conventional cell culture and analysis modalities were achieved;[53] however, they lacked precise 

control of fiber alignment.  

Here, we demonstrate control over the degree of alignment of 3D fibrillar Fn networks 

suspended across porous polymer support structures without the use of solution denaturants or 

solvents. These engineered extracellular matrices (EECMs) display cell relevant 3-dimensionality 

(~50 – 70 µm), suspension over large gap lengths (245 – 950  µm) and coverage over large areas 

(~25 mm2). We further propose a process whereby fibril assembly at the air-solution interface is 

guided by flow profiles that can be tailored through physical interactions between the solution and 

polymeric support scaffold. This novel system is applied to study the influence of Fn fiber 

directionality on fibroblast morphology and motility. This work establishes a cell-free technique to 

model 3D fibrillar networks of Fn with controlled orientation using the purified protein. To our 

knowledge, this constitutes the first report of such a Fn-based system.   

2. Results and Discussion 

2.1. Polymer scaffold geometry and orientation induces fibril alignment during 

hydrodynamically-induced fibrillogenesis 

We explored the hypothesis that tailored fluid flow profiles across the tessellated polymer 

support structures at the air/fluid interface will influence directional orientation of the fibril 

architecture during hydrodynamically-induced fibrillogenesis. Polymer scaffolds, comprised of SU-

8, were engineered using photolithography to contain extended rectangular pores with varying gap 

lengths of 248 µm ± 3.2 µm, 497 µm ± 5 µm, and 946 µm ± 2.6 µm, and with strut widths of 36 µm 

± 0.7 µm (Table S1). Scaffolds were engineered to be thin (112 µm ± 1.7 µm) in order to avoid 

limits in nutrient/oxygen diffusion, allow for efficient imaging, and provide sufficient free volume 
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to be filled in by the suspended Fn networks (~3.77 mm3). These rectangular pores (~0.25/0.5/0.95 

mm by ~5.8 mm) were tessellated across a length of ~5.8 mm, and act as a highly porous, free-

standing support structure for the suspended 3D fibrillar Fn networks. While SU-8 is not considered 

a bio-absorbable polymer, it has been demonstrated to have in vitro and in vivo utility as a 

biomaterial.[59–61] Therefore, it was used in this model system to allow for high fidelity to intended 

scaffold geometries, rapid fabrication, and mechanical robustness. Polymer scaffolds with pores of 

varying gap length are depicted in scanning electron micrographs (SEMs) (Figure 1A, Table S1). 

As indicated in Figure 1B, the Fn networks are 3D fibrillar networks suspended across a highly 

porous scaffold comprised of tessellated rectangular pores. These scaffolds are herein referred to as 

tessellated polymer scaffolds (TPSs). Using fluid modeling (COMSOL Multiphysics), we compared 

the flow characteristics across TPSs with pores oriented perpendicular or parallel to the inlet flow 

direction; see Figure S1 for a wireframe diagram to reference the scaffold geometry with respect to 

the flow direction. To inform the 3D model design, a two-phase, time-lapse 2D model was 

generated, (Figure S2, S3). With perpendicularly orientated pores, the flow was slower and resulted 

in generally straighter streamlines across the entire length of the TPS (Figure 1C). The streamlines 

also exhibited a slightly periodic nature with some recombining flow profiles from pore to pore 

(Figure S4).  When the fluid flow direction is parallel to the long axes of the pores, the flow tended 

to be faster with more vortices, which leads to warped streamlines across the length of the entire 

scaffold (Figure 1C, Figure S4). The modeling suggests that TPSs with perpendicularly oriented 

pores lead to a more coherently aligned fluid flow field across the length of the scaffold. 

Collectively, the modeling data suggest fluid flow profiles can be guided during hydrodynamically-

induced fibrillogensis as a function of interactions between the supporting TPS and the protein 

solution. If fibril assembly follows fluid flow profiles, hydrodynamically-induced fibrillogenesis 

perpendicular to the long axis of the TPS pores would give rise to aligned Fn fibril architecture, 

represented schematically in Figure 1B. Conversely, if the fluid is directed such that the flow is 
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parallel to the long axis of the pores, the fibrillar networks would be more disorganized and less 

oriented (Figure 1B). Throughout this manuscript, alignment refers to individual fibrils within a 

network of Fn that share a common directionality axis, where the axis of alignment is defined as the 

0° - 180° horizontal line. In aligned engineered extracellular matrices (aEECM), the fibrils share a 

directional axis, whereas significantly fewer of the fibrils in non-aligned engineered extracellular 

matrices (naEECM) share a common axis and lack overall organization.  

2.2. Precisely aligned 3D fibronectin networks across the tissue length scale 

TPSs were coated with Fn at a concentration of 111 g mL−1  via rotation at 8 RPM following 

the procedure schematically represented in Figure 1B and described in the Experimental section and 

previously reported.[53] With this technique, fibrillogenesis does not occur in the absence of fluid 

flow (i.e., 0 RPM). [53]  We postulate the mechanism of fibril assembly occurs by a force-induced 

process at the solution/air interface across the TPS, which is likely similar to the fiber 

drawing/droplet shearing processes previously reported [45,55,57]. Additionally, these fibrillar Fn 

materials are insoluble to an overnight treatment in 1% deoxycholate, further indicating that they 

are assembled, multimeric Fn networks.[53]  SEMs of the TPS pores are overlaid in the upper right-

hand corner of the maximum intensity projections (MIPs) to indicate the orientation of the TPS 

pores at the time of hydrodynamically-induced fibrillogenesis with respect to the 0° fluid flow 

direction (Figure 2A,B).  These MIPs, captured via confocal laser scanning microscopy (CLSM), 

demonstrate that when TPS pores were oriented with the long axis perpendicular to the flow 

direction, the resultant fibronectin matrices were highly aligned (aEECMs), as confirmed by CLSM 

MIPs shown in Figure 2A. Given the large area of the scaffolds (~5.8 mm x ~5.8 mm) and thin 

scaffold height (~0.11 mm), the resulting suspended Fn matrices’ directional orientation (aligned or 

non-aligned) was predominantly observed in the x-y plane and not along the z-axis planes. 

Throughout the manuscript MIPs of confocal images are used for display purposes. To elucidate the 

3-dimensionality at the cellular-length scale, both a volume render of an EECM (Figure 2) and a 

confocal image with an MIP in the center and orthogonal views along the z-axis planes are provided 
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to demonstrate ~50-70 µm of fibrillar Fn EECM depth, where Figure S5 also demonstrates an 

EECM with cells integrating throughout the volume. These images demonstrate the EECMs are a 

relatively porous collection of interconnected fibrillar elements with cell-relevant 3-dimensionality. 

This is markedly different from other technologies employed in this space, which are often gel-

based systems that encapsulate and physically constrain cells within a volume of material.[62] Given 

the wide range of mammalian cell size (~10 - 100 µm in diameter), as well as tissue length scales 

(~100 µm – centimeters), Figure S6 defines the relative “tissue,” “cellular” and “subcellular” 

length scales when describing features and elements used in this manuscript.  

COMSOL modeling predicted that at an inlet velocity of 0.15 m s−1, lower gap lengths would 

lead to higher fluidic alignment (Figure S7A,B). Optimal gap length is likely a tradeoff between 

ideal flow conditions and Fn’s proclivity to self-assemble and align over that length. Our model was 

designed to investigate the former, and thus it is expected that optimal experimental conditions 

would deviate based on Fn’s self-assembly.  

Critically, as gap length (pore size) decreases, porosity also decreases. A 500 µm gap length was 

chosen as the optimal scaffold because it led to highly aligned EECMs, with a higher porosity 

(~94%) compared to the 245 µm gap length (~88%) (Table S1), indicating a minimization of the 

amount of synthetic material present in the composite structure post-fibrillogenesis.  Additionally, 

aEECMs produced from gap lengths of 950 µm were less aligned compared to 500 µm gap lengths, 

demonstrated qualitatively by CLSM MIPs and reflected in the modeling data (Figure 2A,B; 

S7A,B; S8C,D,). A gap length of 500 µm was chosen for the following studies. In Figure 2C,D, the 

orientation of fibrils and larger fibrillar bundles was assessed along the tissue length scale via large 

ROIs. These data represent the orientation of fibrils around the axis of alignment (0°), where the y-

axis displays the normalized power spectra resulting from a Fast Fourier Transform (FFT). This 

spectrum represents a convolution of both the number and intensity of the assessed fibers (Figure 

2C,D). Gaussian distributions were fit to the data and the full width at half max values (FWHM) 
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indicate narrowness of the distributions. Additionally, the area underneath the Gaussian curve were 

normalized by the area underneath the y-offset to define an alignment parameter (AP), wherein a 

higher value represents a higher degree of fibril alignment, see Figure S9. For TPSs with a 500 µm 

gap length and pores oriented parallel to fluid flow (0°), naEECMs were formed as demonstrated 

qualitatively (Figure 2B), whereas when TPS pores were perpendicular to flow (90°), fibrils were 

more highly aligned (Figure 2A). Quantitative analysis revealed a FWHM of 66.5 and an AP of 

0.37 (Figure 2D) for naEECM, compared to a FWHM of 33.9 and an AP of 0.98 in the aEECM 

group (Figure 2C). Additional analysis of the directionality data (Figure 2C,D) presents the 

summation of feature intensity of the normalized power spectra in directionality bins ( ±4°, ±8°, 

±16°) for aEECMs compared to naEECMs (represented in Figure 2E).  Expanded data with higher 

bins are reported in Figure S10. The directionality groups are represented graphically to the right of 

the figure for each respective subset. This analysis reveals that 20.4% of continuous features in the 

aEECMs fall into the narrow group of ±4° around the axis of alignment, compared to only 8.9% in 

the naEECMs. Additionally, nearly half of assessed features in aEECMs (48.6%) fall within the 

±16°, compared to 27.4% in the naEECMs. Differences in means between naEECMs and aEECMs 

at ≤ ±33°, displayed in Figure 2E, S10A were statistically significant. The differences observed at > 

±33° were not statistically significant. This analysis further elucidates that pore architecture during 

the coating process influences the flow profiles, and subsequently the orientation of the insoluble 

fibronectin fibrils. Higher-magnification SEMs confirm the presence of submicron fibrillar 

elements, as well as their aligned directional orientation at this length scale (Figure S6). This also 

points toward a probable likelihood of EECMs in inducing topographically mediated cell-

phenomena. 

These EECMs are suspended across large gap lengths (245 – 950  µm) that span multiple 

millimeters, as demonstrated in Figure 2A,B, which is achieved using aqueous buffers and does not 

rely on the use of solution denaturants or solvents.[14,43–47] This marks an improvement over past 
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reports of oriented fibrils across ~4 µm gap lengths.[57,58] Additionally, these EECM constructs are a 

robust free-standing composite material that is easily handleable.   Table S2 overviews the 

characteristics of other fibrillar Fn biomaterials, as they compare to EECMs. The ROIs for 

directionality analysis at the tissue length scale are quite large, see Experimental Methods. 

Importantly, the perceived degree of alignment of an interconnected fibrillar network can be 

impacted by the length scale of observation, where areas larger than the length of entanglements 

appear more randomly oriented.[62]  

Collectively, these data demonstrate that control over the polymer-Fn solution fluid interface 

enables a precise, cell-free method to create engineered fibrillar Fn networks with controlled 

fibrillar alignment of subcellular features to larger fibrillar elements across the several millimeters. 

2.3. Aligned fibronectin networks influence fibroblast orientation and polarity 

To evaluate the topographical impact of the EECMs at the cellular length scale, CLSM imaging 

of individual cells was performed at higher magnification. To evaluate changes in contact guidance 

in response to the topography of the Fn EECM, NIH-3T3 fibroblasts were cultured for 24 h. F-actin 

staining revealed fibroblasts cultured on the aEECMs were more elongated compared to naEECMs 

(Figure 3A,D). Analysis of cell directionality based on the F-actin staining at the cellular length 

scale reveals a similar FWHM (49.4) on aEECMs (Figure 3B) compared to the naEECMs (FWHM 

49.7) Figure 3E; however, the AP values were separated by a 10-fold margin: 0.80 and 0.08. 

Additional summation of the features of the F-actin directionality of cells seeded on aEECMs 

(Figure 3G), revealed 19.4% within ±8° of the directionality axis, and 35.3% within ±16°, 

compared to 11.3% and 21.2% for those cells seeded on naEECMs, respectively. Mirroring the 

analysis on the Fn networks, significantly higher amounts of F-actin features ≤ ±16° for cells 

seeded on aEECMs compared to naEECMs (Figure S10B). The CLSM MIPs shown in Figure 3A,D 

confirm an excellent correlation between fibrillar alignment and cell directionality for aEECMs.  

Additionally, the aspect ratios of both cell nuclei and their cytoskeletons significantly increased 
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when seeded on aEECMs compared to naEECMs Figure 3C,F. F-actin channels of CLSM MIPs 

were analyzed using a previously published MATLAB script to identify and quantify the presence 

of actin stress fibers (SFs), where representative analysis images are shown in Figure S11.[63] A 

significantly higher number of SFs was observed in cells seeded on naEECMs (Figure 3H), which 

may indicate that cells seeded on aEECMs are migrating more than those seeded on naEECMs. 

Evidence suggests SFs are more prominent and in higher number in stationary cells, as migrating 

cells have to continuously break and reform their adhesions sites.[64,65] To further characterize 

EECMs at the cellular length scale, fibril diameters (Figure S12) of the Fn channel of CLSM 

images were assessed using a previously published open source software (GTFiber2, GitHub).[66] 

Examples of segmented images are provided in Figure S13. These data revealed very similar, right-

skewed distributions for both aEECMs and naEECMs with a mean of 4.3 µm and 4.1 µm, 

respectively. The range between the – 1 standard deviation and the + 1 standard deviation was 2.4 

µm – 7.5 µm for aEECM and 2.3 µm – 7.2 µm for naEECM.  

To determine whether EECM topography impacts cell growth, proliferation on aEECMs and 

naEECMs was assessed over 6.5 days. The rate of proliferation was very similar and not 

significantly different for all time points, Figure S14.  Cell saturation on the EECMs occurred at 

5.5d, where 360,000 ± 62,000 and 391,000 ± 13,000 cells were estimated on naEECMs and 

aEECMs, respectively. Furthermore, EECMs are remarkably stable in cell culture conditions, as 

shown by imaging of an aEECM over 4 days of cell culture (Figure S15). Figure S15 indicates no 

appreciable differences in the fibrillar Fn network integrity despite nearly complete cell coverage, 

which is displayed in the differential interference contrast (DIC) counter image.  

Collectively, the data presented in Figure 3 support the notion that fibroblasts respond to the 

topography of EECMs, wherein fibril alignment does not impact proliferation rate, but over short 

periods of time causes a significant increase in cell alignment, an increase in cytoskeletal/nuclear 

elongation, as well as a decrease in actin SFs.  Recent work where Fn was adsorbed onto a 2D 
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surface using microcontact printing, revealed that alignment of contact printed lines of solute Fn 

had a substantial impact on cell morphology, polarization and migration.[25]  In 3D fibrillar Fn 

networks, alignment also substantially impacted the polarization and orientation of cells.  

2.4. Aligned fibronectin guides fibroblast motility  

To further elucidate the influence of Fn architecture on fibroblast motility, time lapse microscopy 

studies were performed. To quantify cell motility in our 3D suspended Fn EECMs, time-lapse 

fluorescent microscopy was performed on NIH-3T3 fibroblasts containing a H2B-RFP nuclear 

reporter in an incubator chamber over 20 h with 20 min imaging intervals. Spontaneous migration 

occurs on EECMs of different topographical alignment in the absence of chemotactic gradients and 

other external cues. The data generated from the nuclei tracking analysis were then fit to the 

anisotropic persistent random walk (APRW) model published by Wu et al. to quantify metrics of 

anisotropic index, persistence time and speed in the primary (p) and non-primary (np) directions.[67] 

Qualitatively, cells migrated straighter and displaced further on aEECMs as seen in representative 

images of migration tracks overlaid on a brightfield image of the initial frame (Figure 4A,D,G). 

The wind-rose plots shown in Figure 4B,E,H quantitatively indicate that a larger population of 

migratory cells displaced in the direction of the axis of alignment (0 - 180 line). These findings 

are corroborated by cell tracks plotted as walk plots (Figure 4C,F,I). Critically, the metrics 

generated via the APRW model suggest a significant increase in directionally persistent cell 

migration on aEECMs compared to naEECMs and 2D control substrates (Figure 4J,K). Both 

persistence time and anisotropic migration were increased in the 3D system compared to 2D, 

confirming findings by Wu et al. and underlining the importance of studying cell phenomena like 

directionally persistent cell migration in 3D systems.[68] As expected, most of the cells on 2D 

surfaces had lower persistence time with a third quartile value of 37 min (~2 intervals) for the 

distribution (Figure 4J). In stark contrast, also shown in Figure 4J, persistence times of cells seeded 

on naEECMs revealed a third quartile of 111 min (~5.5 intervals) while the third quartile of the 
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persistence time distribution of cells seeded on aEECMs was 177 min (~9 intervals) Figure 4J. The 

distinct differences in fibroblast motility on 2D substrates, naEECMs and aEECMs are also 

reflected in the anisotropic indices of the primary cell direction, where the third quartiles were 5.1, 

20.6, and 60.7, respectively (Figure 4K). The anisotropic index values on aEECMs are substantially 

higher than a previous report of primary mouse fibroblasts assessed in a 2D scratch wound assay, 

which was 2.4.[69]   Values of speed were higher on 2D compared to 3D, Figure 4L, which is 

consistent with reports from Wu et al. Interestingly, cell speed was not significantly different 

between aEECM and naEECM Figure 4L. While studies of cell-secreted matrices point to Fn as a 

key player in anisotropic cell migration, the findings in this manuscript demonstrate the ability to 

model these migratory phenomena and point to aligned fibrillar Fn as playing a key role in 

directionally persistent cell migration.  

To evaluate suitability of EECMs to be applied in other biological contexts, a proof of concept 

study was performed to assess the attachment and/or expansion of pluripotent stem cells and breast 

cancer cell lines, Figure S16. EECMs facilitated the attachment, rapid flattening and expansion of 

human embryonic stem cell colonies, as well as the attachment of single induced pluripotent stem 

cells (iPSCs) that were reliably expanded to confluence over 14 days. Furthermore, EECMs 

facilitate the attachment and growth of various cancer cell lines (MDA-MB-231s, SUM-159s, 

MCF7s) Figure S16, S5, as well as primary patient tumor cells.[53]  

Cell migration processes are critical in embryogenesis, wound healing, as well as cancer 

metastasis,[70,71]but are inherently different in 3D environments compared to 2D due to the fact that 

cells access environmentally mediated motility modes.[62,72] While anisotropic cell migration 

induced from chemotactic and mechanical gradients has been well studied, topographically 

mediated migration is less understood and predominately studied in engineered 2D systems.[73–75] 

Using adsorbed Fn on 2D surfaces, certain domains have been implicated in directing persistent cell 
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migration,[35,76] while our findings underscore alignment of Fn networks as a major factor of 

directionally persistent migration in the absence of other known external cues.  

Considering the importance of directional motility in wound healing, embryogenesis, as well as 

tumor progression, these Fn EECMs provide a novel 3D platform for future studies to better 

understand the role Fn has in governing cell migration in various tissue contexts.  

3. Conclusion 

Controlled hydrodynamics of a Fn solution over TPSs induces protein fibrillogenesis, wherein 

alignment of 3D fibrillar Fn networks can be modulated by engineering the direction of the fluid 

profiles, in the absence of solution denaturants or solvents. Collectively, these data demonstrate Fn 

fibril alignment as a major ECM factor in directing cell orientation, where engineered fibrillar Fn 

networks induce fibroblast polarity and serve as contact guidance “highways” that cause a dramatic 

increase in directionally persistent motility. Building off of previous literature in 2D model systems, 

these results were gathered using a 3D in vitro system composed of purified fibronectin.  While 

engineered 2D and 2.5D systems provide remarkable control over the presentation of topographical 

information for studying cell migration, in tissues the role of ECM topography is inextricably 

linked to composition. Hence, 3D protein-based in vitro models offer an attractive option for 

decoupling these matrix properties; however, controlling the assembly and structure of 

proteinaceous materials is a significant challenge where oriented EECMs constitute an 

advancement. This is especially important in the context of Fn because it is a known 

mechanosensitive protein with conformationally active binding domains, and future work would 

benefit from utilizing EECMs to decouple Fn-specific cues.  

The potential utility of these constructs in tissue engineering is widespread given they are easily 

handleable, well-plate compatible, porous, optically translucent and compositionally defined. They 

allow for efficient cell seeding, recovery and imaging. These characteristics make them compatible 

with many conventional cell analysis and imaging modalities as is demonstrated in this manuscript 
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as well as our previous work.[53] Future work would benefit from extending the concepts outlined in 

this manuscript to create aligned Fn matrices with biodegradable polymers via the utilization of 

advanced 3D printing techniques such as 3D jet-writing or melt-electrospinning as the supporting 

scaffold in order to access in vivo application spaces.[77,78]  

This novel technology provides a critical link between biologically derived and synthetic 

biomaterials and will enable a broad range of studies on ECM-driven cell phenomena in aligned 

matrices.  With further work, these hydrodynamically-induced fibrillar networks may lead to novel 

in vitro models for studying ECM-mediated phenomena in healthy and diseased tissue states. 

4. Experimental Methods 

     Materials: Polymer scaffolds were made of SU-8 2050 (Kayaku Advanced Materials, 

Westborough, MA, USA) using a photolithography lift-off procedure described previously[60,79]. 

Briefly, three layers of OmniCoat (Kayaku Advanced Materials, Westborough, MA, USA) were 

spun onto 4-inch silicon wafers and transferred to a hot plate at 200°C for 1 min after each coating. 

SU-8 2050 was spun to the desired thickness, allowed to degas overnight, before UV curing per the 

manufacturer’s recommendations. Following lift-off in SU-8 developer (Kayaku Advanced 

Materials, Westborough, MA, USA), scaffolds were extensively rinsed (7-10 times) with fresh 

isopropyl alcohol and allowed to dry for at least 1 week before use in cell culture. SU-8 scaffolds 

were then attached to custom stainless-steel frames before the applying the protein coating.  

Protein Coating: Polymer scaffolds were coated with human fibronectin (Corning Inc, Corning, 

NY) that was diluted to a concentration of 111 g mL−1  in calcium/magnesium free Dulbecco’s 

phosphate buffered saline (DPBS) for 2 h, as described previously.[53] Briefly, TPSs were 

suspended with the center of the scaffold at the solution/air interface, and with the steel-

frame/scaffold construct centered on the long-axis of a low-binding microcentrifuge tube (Biotix, 

San Diego, CA, USA). The TPSs were then gently sheared in an Eberbach EL655.I Incubator 

tumbler (Eberbach Corp., Belleville, MI, USA) at 8 rotations per minute (RPM) and 30°C.  
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Fluid Flow Modeling: COMSOL 5.3a was used in order to simulate fluid flow during the 

fibronectin coating process. Solidworks 2018 SP 4.0 was used to create a dimensionally accurate 

CAD model of the SU-8 scaffolds mounted on a frame with a cuboidal inlet/outlet (with a cross-

sectional area matching that of the centrifuge tube) underneath the scaffold illustrated in Figure S1.  

The polymer scaffold was drawn dimensionally accurate: the struts were 35 m wide with gap 

lengths of 245 m, 500 m, and 950 m. The 3D model was approximated as steady state, laminar 

flow. The SU-8 polymer was modeled as nylon and the dilute fibronectin solution as water from 

COMSOL’s material library.  The scaffold material was treated as a no-slip boundary, and the air-

liquid interface was treated as a slip-boundary. A separate, 2D, time-dependent COMSOL model 

consisting of an air and liquid phase in a tube (geometrically similar to the microcentrifuge tube 

used for the hydrodynamically-induced coating), at an angular velocity of 8 RPM was used and to 

elucidate the velocity at the inlet of the 3D model Figure S2,3. Based on this 2D model, an inlet 

velocity of 0.15 m s−1  was used in the 3D model. COMSOL’s streamlines and velocity slice 

analysis functions were used to create the plots of flow behaviors around the scaffolds shown 

throughout the paper. 

Cell Culture: NIH-3T3s were cultured in high-glucose Dulbecco’s Modified Eagle Medium 

(DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS) and 1% (v/v) antibiotic-

antimycotic (ThermoFisher Scientific, Waltham, MA, USA). Cells were tested and confirmed 

negative for mycoplasma before studies were performed using a Lonza MycoAlert™ kit (Lonza, 

Basel, Switzerland) in accordance with the manufacturer recommendations.   

Cell Elongation Imaging: 100,000 unlabeled NIH-3T3 fibroblasts were seeded on the aligned 

versus non-aligned Fn matrices in a 100 L droplet for 1h at 37C in an ultra-low adhesion 24-well 

plate (Corning Inc, Corning, NY, USA). They were then topped off with 1 mL of fresh culture 

medium and allowed to spread for 24 h. They were then fixed overnight at room temperature in 4% 

paraformaldehyde, then washed three times with DPBS and prepared for staining. Cytoskeleton 
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aspect ratio values represent the cell length divided by cell width.  Nuclear aspect ratio values were 

generated using ImageJ to fit an ellipse and are the long axis divided by the short axis. EECMs 

(aligned vs non-aligned) were produced in triplicate. 7 ROIs within each EECM was assessed for a 

total of 42 multi-channel images. 

Cell proliferation assay: 100,000 NIH-3T3s were seeded in 1mL of complete media on EECMs. 

A resazurin-based assay, Tox8 (Sigma-Aldrich, St. Louis, MO, USA), was employed to assess 

metabolic activity. Cells were incubated with 10% (v/v) Tox8 reagent in complete media for 1h. The 

supernatant was removed, spun at 800 xg for 5 min to pellet any potential detached cells, and the 

fluorescent intensity was measured (excitation 560 nm, emission 590 nm) using a Molecular 

Devices SpectraMax M5e plate reader (Molecular Devices, LLC, San Jose, CA). Measurements 

were normalized to the initial timepoint at 13.5 h. To estimate the cell number on the scaffolds, a 

serial dilution of a known number of cells were seeded onto 24-well plates, allowed to attach for 5 

h, then treated with the same Tox8 protocol. A simple linear regression was fit to the data (R2 = 

0.9938) in order to correlate the fluorescence intensity values to cell number using Graphpad 

Prism (v 8.4.3, San Diego, CA, USA).  

Fluorescence staining: In order to visualize the fibronectin for directionality analysis, 

unmodified Fn was blended with Dylight-650 conjugated Fn (5.6% v/v). The dye used was an 

NHS-ester DyLight-650 and was prepared in accordance with manufacturer recommendations 

(ThermoFisher Scientific, Waltham, MA, USA). In the cell spreading assay, nuclei were stained 

with Hoechst 33342 (ThermoFisher Scientific, Waltham, MA, USA), and actin with Alexa FluorTM 

488 phalloidin (ThermoFisher Scientific, Waltham, MA, USA).  The Fn matrices were stained with 

anti-fibronectin polyclonal antibody F3648 (Sigma-Aldrich, St. Louis, MO, USA).   

Live Cell Migration Assay: NIH-3T3 were engineered with a H2B-RFP reporter to visualize the 

nuclei for live cell tracking. Images were taken using an Olympus-IX83 with a humidified live cell 

incubator, at a temperature of 37C with 5% CO2. Cells were seeded at 50,000 in 1 mL of complete 
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media and allowed to attach for 1 h before acclimating to microscope incubator for 1 h and imaged 

for 20 h. Image sets were processed using Imaris (Bitplane, Belfast, United Kingdom) to render cell 

position over time by tracking cell nuclei. Each trace set was manually inspected to ensure the 

traces were accurately representing cell motility. Hence, given the imaging modality, the cell 

migration patterns are 2D projections of migration within the 3D EECMs.  Data was then fit to the 

APRW model where persistence (P) and speed (S) along the primary (p) and non-primary (np) 

directions was calculated on a single-cell basis.  

Directionality Analysis: The directionality of both Fn fibrils across the tissue length scale and 

actin staining at the cellular length scale were analyzed using the Directionality plugin in Fiji 

(ImageJ) with the Fourier components method on CLSM MIPs. The “amount” represents the 

relative fraction of intensity in a given angle bin normalized by all the power spectrum intensity. 

Notably, with this methodology, intensity associated with the off-axis events include the width of 

well aligned features and should not be taken as a pure count of unaligned fiber (i.e. intensity is 

feature intensity-based, not count-based). When assessing Fn fibrils at the tissue length scale, 9-10 

Regions of interest (ROIs) with an average size of ~1,300,000 µm2 were chosen within SU-8 gap 

length across the length of the scaffold and accrued over 3 replicates. Using OriginPro (v. 2019, 

OriginLab Corp., Northampton, MA, USA), a Gaussian distribution was fit to the histograms and 

the full width at half max (FWHM) values were reported as an indication of how wide or narrow 

the distributions were. Additionally, an alignment parameter (AP) was defined as being the area 

under the Gaussian curve, normalized by the area under the y-offset. See supporting information for 

further details and Figure S9 for a graphical representation.  

Statistics: Three or more replicates were used to generate the data throughout the paper unless 

otherwise noted. For statistical analyses either custom Python script or Graphpad Prism (v 8.4.3, 

San Diego, CA, USA) were used. The Shapiro-Wilks Test was used to determine whether the data 

follow a normal distribution. Equal variance was assessed using Levene’s test. When comparing 
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three or more groups, if the data are not normal or do not have equal variance between groups, then 

the Kruskal-Wallis H-test (n > 5) followed by post-hoc analysis with the Dunn’s multiple 

comparisons test was performed to assess levels of statistical significance among the groups. For 

comparing two groups, the Mann-Whitney U Test was performed if the data were non-parametric 

and a T-test if data were parametric or the Holm-Sidak Multiple t-test. Throughout the manuscript: 

p ≤ 0.05 * , p ≤ 0.01 ** , p ≤ 0.001 *** . 
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Figure Caption Text 
 

 

 

Figure 1: Polymer scaffold geometry and orientation induces fibril alignment during hydrodynamically-induced 

fibrillogenesis. A: SEMs rectangular pore geometries made from SU-8 via photolithography. Scale bars are 500 µm. B: 

illustration depicting how TPSs are coated via hydrodynamically induced fibrillogenesis to produce aligned or non-

aligned 3D Fn matrices. C: Top-down view of COMSOL model revealing flow profiles when TPS pore direction is 

perpendicular or parallel to flow direction. Black arrows indicate the direction of fluid flow on the inlet side. 

Streamlines are shown in black and plotted over the velocity profile which is depicted via color from 0 m s−1  to 0.018 

m s−1.  
 

Figure 2: Precisely aligned 3D fibronectin networks across the tissue length scale. A,B: CLSM MIPs with SEMs of 

polymer scaffolds overlaid in the upper right-hand corner to illustrate the orientation of polymer pores with respect the 

0° flow direction. Left column: aEECM. Right column: naEECM. Scale bars are 500 µm. C,D: directionality 

histograms of CLSM MIPs for aEECM and nEECM, respectively. Gaussian fits are overlaid in black. FWHM are 

reported to indicate narrowness of the distribution, as well an alignment parameter AP which indicates increases in 

aligned fibrils with higher values. E: summation analysis of histogram data from C,D to assess the amount of features 

within different angle bins. The circular diagrams to the right of the graph graphically represent the boundaries of the 

bin (black lines), and the 0 – 180º line (dashed blue line). F: volume render of an aEECM (two coatings). The volume 

boundaries in the image are 193.633 µm (x,y) and 62.725 µm (z). The Holm-Sidak Multiple t-test was used to assess 

significance. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.    

 

Figure 3: Aligned fibronectin networks influence fibroblast orientation and polarity on the cellular length scale. 

NIH-3T3s align with fibronectin fibrils on aEECM significantly compared to naEECM. A,D: Confocal MIPs of NIH-

3T3s. Green: Fn, red: F-actin, blue: nuclei. A gamma correction of 0.5 was applied to the actin channel for visualization 

purposes. Scale bars: 50 µm. B,E: Actin directionality analysis histograms. Gaussian fits are overlaid in black. FWHM 

are reported to indicate narrowness of the distribution, as well an alignment parameter AP which indicates increases in 

aligned fibrils with higher values. C,F: aspect ratio analysis of actin morphology and nuclear morphology, respectively. 

G: Binning analysis of histogram data from B,E to assess the fraction of the fibrils falling within different angle bins. 

The circular diagrams to the right of the graph graphically represent the boundaries of the bin (black lines), and the 0 – 

180º line (dashed blue line). H: actin stress fiber analysis of F-actin images displays the number of stress fibers per cell 
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in the y-axis. The Mann-Whitney U and Holm-Sidak Multiple t-test were performed to compare groups and assess 

statistical significance. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 

 

Figure 4: Aligned fibronectin guides fibroblast motility. Live Cell migration analysis on aEECM (A,B,C), naEECM 

(D,E,F), and 2D (G,H,I), which reveals significant directionally persistent migration along aligned fibrils compared to 

non-aligned fibrils and 2D. A,D,G: Representative cell track images are overlaid onto brightfield images (t = 0). Scale 

bars = 100 µm. The time reference bar indicates increasing time from blue to red. B,E,H: Wind rose plots display the 

number of cells (length of bar from the origin) and their respective direction from 0° to 360° in 10° bins. C, F, I: walk 

plots displaying individual cell paths from their origin as a function of distance in the x-y directions. J: box plot of cell 

persistence time assessed in the primary direction, extracted from the APRW model. K: box plot of cell movement 

anisotropic index data was calculated from persistence time and speed, see Experimental section. L: box plot of cell 

speed, as determined from the APRW model. The Kruskal-Wallis test and post-hoc analysis via a Dunn’s multiple 

comparisons test were performed to assess statistical significance. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 

 

 

 

 

 

 

 

 

 

 

 

Aligned Networks of Engineered Fibrillar Fibronectin Guide Cellular Orientation and 

Motility.  

 

In this article, Neale, D.B. and co-workers describe the production of highly aligned 3D fibrillar 

fibronectin networks suspended across hyperporous polymeric scaffold supports. Orientation of 3D 

protein networks was achieved through control of the fluid flow profiles across the scaffold 

supports at the air-protein solution interface during hydrodynamically induced fibrillogenesis in the 

absence of solution denaturants or harsh solvents. This alignment is conserved across multiple 

length scales (submicron to multi-millimeter). Aligned 3D networks of fibronectin were found to 

guide the orientation, elongation, and general motility of fibroblasts cultured on the substrate. 

Relative to non-aligned substrates of the same composition, aligned networks promote highly 

directionally persistent fibroblast migration. 
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