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Abstract: We previously reported that corneal fibroblasts within 3D fibrin matrices secrete, bind, 

and organize fibronectin into tracks that facilitate cell spreading and migration. Other cells use 

these fibronectin tracks as conduits, which leads to the development of an interconnected 

cell/fibronectin network. In this study, we investigate how cell induced reorganization of fibrin 

correlates with fibronectin track formation in response to two growth factors present during 

wound healing: PDGF BB, which stimulates cell spreading and migration; and TGFβ1, which 

stimulates cellular contraction and myofibroblast transformation. Both PDGF BB and TGF 

stimulated global fibrin matrix contraction (P < 0.005), however cell and matrix patterning were 

different. We found that during PDGF BB induced cell spreading, fibronectin was organized 

simultaneously with the generation of tractional forces at the leading edge of pseudopodia. Over 

time this led to the formation of an interconnected network consisting of cells, fibronectin and 

compacted fibrin tracks. Following culture in TGFβ1, cells were less motile, produced significant 

local fibrin reorganization, and formed fewer cellular connections as compared to PDGF BB (P < 

0.005). Although bands of compacted fibrin tracks developed in between neighboring cells, 

fibronectin labeling was not generally present along these tracks, and the correlation between fibrin 

and fibronectin labeling was significantly less than that observed in PDGF BB (P < 0.001). Taken 

together, our results show that cell-induced ECM reorganization can occur independently from 

fibronectin patterning. Nonetheless, both events seem to be coordinated, as corneal fibroblasts in 

PDGF BB secrete and organize fibronectin as they preferentially spread along compacted fibrin 

tracks between cells, producing an interconnected network in which cells, fibronectin and 

compacted fibrin tracks are highly correlated. This mechanism of patterning could contribute to the 

formation of organized cellular networks that have been observed following corneal injury and 

refractive surgery. 
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1. Introduction 

Following injury in most vascularized tissues, one of the first steps in wound healing is the 

formation of a provisional extracellular matrix (ECM) that is rich in fibrin. This matrix is essential to 

promote cell migration and invasion into the wounded area [1]. Fibrin fibers form a network that 

functions as a scaffold to provide the initial matrix for cells to attach, migrate, proliferate, and 

differentiate [2]. Fibronectin binds fibrin and contains binding sites for other ECM proteins, growth 

factors, and cells [3]  Most cells require fibronectin in order to bind to fibrin, and fibronectin is 

generally required for cells to migrate from the surrounding collagen matrix into the wound area 

[4,5]. Over time cells degrade and replace this provisional ECM network with fibrotic tissue that is 
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ultimately remodeled into a permanent ECM. In the case of the wound healing in the cornea, which 

is avascular, the early stage of wound repair can also involve the deposition of a provisional matrix 

that functions as scaffold for cells to migrate [6], and fibrin and fibronectin are among the proteins 

present in provisional ECMs [7-9]. 

Following injury to the cornea, there are releases of prostaglandins, platelet-activating factor, 

growth factors and cytokines followed by apoptosis of the keratocytes adjacent to the wound [10]. 

Peptide growth factors such as IGF, PDGF BB, FGF, IL-1 and TGF [11-14] play an important role 

in modulating the keratocyte phenotype during in vivo corneal wound healing. Quiescent 

keratocytes residing in the well-organized collagen stroma adjacent to a wound proliferate and 

differentiate into migrating fibroblasts to repopulate the provisional ECM [15]. Fibroblastic cells 

invading the wound area transform into myofibroblasts that remove and synthesize new ECM, 

express alpha smooth muscle actin, and exert strong contractile forces [16-18]. The replacement of 

stromal keratocytes by fibrotic tissue produced by myofibroblasts alters corneal transparency, 

resulting in corneal haze and vision impairment [19,20]. TGF plays a central role in myofibroblast 

transformation of corneal keratocytes during wound healing [21-23]. In vivo studies of corneal 

injuries have shown an accumulation of fibronectin in the stroma during corneal fibrosis [21], and 

corneal myofibroblasts are known to express and organize fibronectin [24-26]. Remodeling of this 

fibrotic tissue is critical to restoring corneal transparency [27], however the mechanisms that direct 

the assembly and remodeling of the extracellular matrix following injury are not well understood. A 

better understanding of the processes governing the biomechanical interactions of corneal 

fibroblasts with their surrounding ECM could ultimately lead to more effective approaches to 

modulating the wound healing process in vivo.  

We previously demonstrated that ECM composition can modulate corneal behavior in 3-D 

culture in response to PDGF BB, which stimulates corneal fibroblast spreading and migration [28-32]. 

Specifically, whereas corneal fibroblasts generally move independently within 3-D collagen matrices, 

fibrin induces a switch to an interconnected, collective mode of cell spreading and migration that is 

independent of differences in ECM stiffness [33,34]. Furthermore, leading edge cells secrete and 

organize fibronectin into tracks during migration into 3-D fibrin matrices. These fibronectin tracks 

are used as conduits by the cells behind them, which leads to the development of an interconnected 

cell/fibronectin network [35]. Interestingly, networks of interconnected fibroblasts are also observed 

during in vivo corneal wound healing [7,36-39], and it is hypothesized that these networks may 

facilitate or enhance wound repopulation and contraction. However, the interrelationships between 

cell spreading, cell-induced ECM reorganization, and ECM deposition that may underlie network 

formation have not been determined. Furthermore, the effects of TGF on corneal keratocyte 

differentiation and mechanical behavior in 3-D fibrin matrices have not been assessed previously. In 

the present study, we use a fluorescent fibrin labeling technique and high resolution 

multi-dimensional imaging to explore the correlation between cell patterning, cell-induced fibrin 

ECM remodeling and fibronectin track formation by corneal fibroblasts in response to PDGF BB and 

TGF.  

2. Materials and Methods 

2.1. Materials 

Dulbecco's modified Eagle medium (DMEM) and 0.25% trypsin/EDTA solution were 

purchased from invitrogen (Gaithersburg, MD).  Platelet-derived growth factor BB isotype (PDGF 

BB) was obtained from Upstate Biotechnology, Inc. (Lake Placid, NY).  Fetal bovine serum (FBS), 

fatty acid-free and fraction V bovine serum albumin (BSA), Hepes, Sodium bicarbonate, Thrombin 

from human plasma, and Anti-fibronectin antibody were obtained from Sigma-Aldrich (St. Louis, 

MO). Penicillin-streptomycin-amphotericin B was obtained from lonza, Inc. (Walkersville, MD). 

Fibrinogen was obtained from Enzyme Research Laboratories (South Bend, IN). Alexa Fluor 

Phalloidin 546 was obtained from Molecular Probes, Inc. (Eugene, OR). RNase (DNase free) was 

purchased from Roche (Indianapolis, IN). For immunostaining, a rabbit anti-human fibronectin 
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polyclonal antibody (sc-9068) and a mouse anti-human fibronectin monoclonal antibody were used 

(Santa Cruz Biotechnology, Inc., Santa Cruz, CA). FITC conjugated goat anti-rabbit and goat 

anti-mouse secondary antibodies were obtained from Jackson ImmunoResearch (West Grove, PA). 

For fibrin labeling, 5% Alexa fluor 405 carboxilic acid ester was obtained from Thermo fisher 

scientific (Waltham, MA). FITC and Rhodamine fibronectin were obtained from Cytoskeleton Inc 

(Denver, CO). GFP-Actin (rAV LifeAct, CMV, adenoviral vector) was purchased from ibidi USA 

(Madison, WI). 

2.2. Cell Culture 

A previously published human corneal fibroblast cell line (HTK cells) [18] as well as primary 

cultures of rabbit corneal keratocytes (NRK cells) were used. HTK fibroblasts were maintained in 

tissue culture flasks with DMEM containing 10% FBS, supplemented with 1% penicillin, 1% 

streptomycin and 1% amphotericin B. NRK cells were isolated from the corneal stroma of rabbit eyes 

obtained from a slaughterhouse (Pel Freez, Rogers, AR, USA) as previously described [32,40]. NRK 

cell suspensions were seeded into tissue culture flasks and cultured in basal serum-free media for up 

to seven days prior to plating for experiments. Basal media consisted of DMEM containing pyruvate, 

HEPES, 1% RPMI vitamin mix, 1% 100x MEM non-essential amino acids, 100 μg/mL ascorbic acid 

and 1% penicillin/streptomycin/amphotericin B [40,41]. 

2.3. 3D Matrix Model 

 Cell spreading and patterning were assessed in fibrillar fibrin matrices. In this model, 150 µ l of 

fibrin (1 mg/ml) containing 5x105 cells was poured onto glass bottom dishes (MatTek, model 

P35GC-1.5-14-C, Ashland, MA). Fibrinogen was warmed for 20 minutes and mixed with DMEM to 

achieve a final concentration of 1 mg/ml, and the solution was mixed with 0.5 U/ml thrombin to 

initiate polymerization. To label fibrin fibers, 5% Alexa Fluor™ 405 NHS Ester (Succinimidyl Ester) 

was mixed with fibrinogen before warming [42]. Samples were then placed for 30 minutes in a 

humidified incubator (37°C, 5% CO2) to polymerize. Matrices were then gently rinsed twice with 

DMEM to remove any excess thrombin and NHS ester. Next, 2 ml of serum-free basal media, or 

basal media supplemented with either PDGF BB (50 ng/ml) or TGF1 (5 ng/ml) was added to the 

dishes and samples were cultured for 2-4 days. 

 

2.4 Fluorescent Labeling and Static Imaging of 3-D Constructs 

For Fluorescent labeling, constructs were fixed with 3% paraformadehyde in phosphate buffer, 

PBS, for 10 min, and permeabilized with 0.5% Triton X-100 in PBS for 15 min. Samples were blocked 

with 1% BSA fraction V in PBS for 1 hour. Samples were then washed three times, 20 minutes per 

wash. For fibronectin labeling of HTK cells, samples were incubated for 120 minutes with a rabbit 

anti-human fibronectin polyclonal antibody at a ratio of 1:100, washed for 60 minutes with PBS, and 

then incubated for 60 minutes with FITC conjugated goat anti-rabbit secondary antibody. For 

fibronectin labeling of NRK cells, samples were incubated for 120 minutes with a mouse anti-human 

fibronectin monoclonal antibody at a ratio of 1:100, washed for 60 minutes with PBS, and then 

incubated for 60 minutes with FITC conjugated goat anti-mouse secondary antibody. For -SM 

labeling of both HTK and NRK cells, samples were blocked with 1% BSA fraction V in PBS for 1 hour 

following permeabilization. Samples were then washed three times, 20 minutes per wash, and then 

incubated with primary mouse anti-human α-SMA antibody (1:600, Sigma, St. Louis, MO, USA) for 

2 hours at 37°C. Cells were then washed three times, 20 minutes per wash, and then incubated with 

FITC conjugated goat anti-mouse secondary antibody (1:200). After immunolabeling, samples were 

washed for 30 minutes, incubated with Alexa Fluor 546 Phalloidin (1:150 ratio) for 60 minutes and 

then washed for an additional 30 minutes. All staining procedures were carried out in the same 

culture plates to avoid cell or matrix distortion.  
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Fluorescence Images were collected with a laser confocal microscope (Leica SP8, Heidelberg, 

Germany). A UV laser (405 nm) was used to image fibrin, an Argon laser (488 nm) was used for 

fibronectin and a GreNe (543 nm) laser was used for F-actin. Images were acquired sequentially to 

avoid cross talk between the channels. A stack of optical sections was acquired by changing the 

position of the focal plane in the z-direction with a step size of 1 or 2µm, using a 63X oil immersion 

objective or 25X water immersion objective, respectively. 

 

2.5. Live Cell Imaging 

 For dynamic imaging of cytoskeletal dynamics, cell-induced fibrin reorganization and 

fibronectin patterning, cells were prepared for live-cell imaging as follows. For visualization of 

F-actin, cells were incubated for 48 h with the LifeAct adenoviral vector (1 L/mL). LifeAct is a 

17-amino acid peptide that stains filamentous actin (F-actin) structures in living or fixed eukaryotic 

cells and tissues. It has a TagGFP2 marker to allow visualization of the labeled F-actin using FITC 

optics. For visualization of fibronectin, 5 mg/ml Rhodamine fibronectin (rhodamine molecules 

covalently linked to pure fibronectin) was added to the media 60 minutes prior to the start of 

time-lapse imaging. For imaging of these fluorescently labeled samples, a Leica SP8 confocal 

microscope with an environmental chamber (Life Imaging Services, Basel, Switzerland) was used. A 

UV laser (405 nm) was used to image fibrin, an argon laser (488 nm) was used for imaging F-actin 

and a GreNe (543 nm) laser was used for Rhodamine fibronectin. 3-D stacks of 10 - 15 images (1-2 

micron steps) of labeled fibrin, fibronectin and F-actin were taken at 20 minutes intervals using a 63X 

oil immersion objective. Live cell imaging was carried out beginning 6-24 hours after cell plating 

depending on the experimental condition.  

2.6. Global Matrix Contraction 

To calculate the percentage of cell-induced fibrin matrix contraction, immediately after media 

was added, the height of the fibrin matrix was measured and recorded. After 48 hours of incubation, 

the height of the fibrin matrix was measured again and recorded. To measure matrix height, we used 

a calibrated phase contrast inverted microscope with a 10X objective (Nikon TE300; Nikon, Tokyo, 

Japan). Measurements were made on at least four matrices for each experimental condition. 

 

2.7. Image Processing, 3D Reconstruction, Cell Connectivity and Morphometric Analysis 

For images collected from fixed and labeled samples, image processing and 3D reconstruction 

of z-stacks were carried out using MetaMorph software. Maximum intensity projection images were 

generated from the image stack from each channel, and combined using the color overlay function. 

The 3D reconstruction function was then applied in some cases to allow visualization of cell-ECM 

interactions over a range of projection angles. For time-lapse experiments, maximum intensity 

projection images were generated from a subset of planes within the z-stack collected at each time 

point, and combined to from a single time-lapse movie. 

To calculate the percentage of cells that were in contact with other cells, the 3D reconstructed 

sample was viewed while rotating over 360 degrees. If cell extensions from two different cells were 

overlapping (touching) for the entire 360 degree rotation, this counted as a positive connection. The 

percentage of cells with at least one connection with another cell was then calculated. 

Cell morphology measurements were made using MetaMorph (version 7.7, Molecular Devices, 

Sunnyvale, CA). Projected cell length, breadth and area were calculated by outlining the maximum 

intensity projection image of a cell (generated from the f-actin z series), thresholding, and applying 

the Integrated Morphometry Analysis (IMA) routine. The length is calculated by IMA as the longest 

cord between any two points in the cell, and the breadth is the width perpendicular to that cord. 
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2.8. Correlation Between F-actin, Fibrin and Fibronectin Patterning 

To quantify the relationships between F-actin, fibronectin, and fibrin patterning, images were 

collected from samples that were fixed and labeled as described above. Using a 25X water 

immersion objective, stacks of optical sections were acquired by changing the position of the focal 

plane in the z-direction with a step size of 2µm. Maximum intensity projection images were 

generated from the image stack from each channel. Using Image J software, lines were traced 

between neighboring cells and across the cell body, using the same x-y coordinates for each channel 

(Supplemental Figure 1). Subsequently the pixel intensity values along the traced lines for each 

channel were loaded into an Excel file. Using the Correlation function in Excel, the pixel intensity 

values from each channel were then compared (Actin-fibronectin, Actin-Fibrin, fibronectin-fibrin) 

and the corresponding correlation coefficient (R) calculated.  

 

2.9. Statistical Analysis 

Statistical analyses were performed using SigmaPlot (version 12.5, Systat Software, Inc., San 

Jose, CA). P-values for proportions were calculated using chi-square analysis. For comparison of 

mean values of two samples, a two tailed t-test was used. For comparisons between more than two 

sample means ANOVA was used for paramtetric data and ANOVA on ranks was used for 

non-parametric data. 

 

3. Results 

3.1. Cell-Induced Matrix Contraction in Response to PDGF BB and TGF 

In order to compare global cell-induced matrix contraction in response to PDGF BB and TGF, 

we measured the decrease in matrix height after 48 hours of incubation. Figure 1A shows the 

percentage of 3D fibrin matrix contraction for PDGF BB, TGF, and no growth factor (basal media). 

The amount of fibrin matrix contraction was similar between PDGF BB or TGF, and was 

significantly greater than that produced by basal media (*P < 0.005). However, the pattern of 

cell-matrix interactions were different. As shown in Supplemental Video 1, cells in PDGF BB actively 

extended and retracted pseudopodial processes during the first 24 hours after plating, and this 

produced transient tractional forces on the fibrin ECM at the leading edge of pseudopodia. In 

contrast, cells in TGF were much less motile (Supplemental Video 2), and appeared to exert 

contractile forces across the entire cell body (from end to end). Over time, cells in PDGF BB 

continued to elongate and interconnect with neighboring cells (Figure 1E), whereas cells in basal 

media (Figure 1D) and TGF (Figure 1F) were more compact and isolated. Quantitative analysis 

demonstrated that the percentage of connections between neighboring cells was significantly higher 

in PDGF BB as compared to basal media and TGF (Figure 1B, P < 0.005). As shown in Figure 1C, 

this increase in connectivity was not due to a higher cell density in PDGF BB as compared to TGF. 

In fact, cell density at 48 hours was higher for both TGF and PDGF BB as compared to basal media, 

most likely due in part to increased matrix compaction in these conditions. This difference reached 

statistical significance for TGF (P < 0.05).  Similar results were obtained using NRK cells (not 

shown). 
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Figure 1. A) Percentage of cell-induced fibrin matrix contraction after 48 hours of incubation. Both 

PDGF BB and TGF stimulate significant global matrix contraction (as indicated by a decrease in 

matrix height) as compared to basal media (* P < 0.005, ANOVA with Holm-Sidak multiple 

comparison procedure). Data are the mean + SD of the % decrease in height from four experiments. B) 

The percentage of connections between neighboring cells is significantly higher in PDGF BB as 

compared to basal media and TGF (* P < 0.005, ANOVA with Holm-Sidak multiple comparison 

procedure). The percentage of interconnected cells (cells connected to at least one neighboring cell) 

was quantified from maximum intensity projections of 100 m thick z-scans viewed over a 360 

degree range of projection angles. The results are the mean + SD from four separate matrices for each 

condition. C) The cell density after 48 hours of culture is significantly higher in TGF1 as compared 

to basal media (* P < 0.05, ANOVA with Holm-Sidak multiple comparison procedure). Cell densities 

were measured by counting nuclei in 100 m thick z-scans. The results are the mean + SD from four 

separate matrices for each condition. D-I) Representative maximum intensity projections of F-actin 

organization in HTK cells cultured for 48 hours in 3-D fibrin matrices showing differences in cell 

connectivity and morphology following culture in basal media (D&G), PDGF BB (E&H) and TGF 

(F&I). Note that cells are more elongated and more interconnected in PDGF BB as compared to basal 

media or TGF. Scale bar = 75 m. 

 Quantitative assessment of cell morphology was carried out to evaluate the apparent 

differences in cell spreading between culture conditions. As shown in Table 1, cell area, cell length 

and the length/breadth ratio were all significantly higher in HTK cells cultured in PDGF BB as 

compared to basal media or TGF. This is consistent with our qualitative observations that PDGF 

BB stimulates cell spreading and elongation of corneal fibroblasts. Similar results were obtained for 

NRK cells (supplemental Table S1). 
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Table 1: HTK Cell Morphology 

  Basal Media PDGF BB TGF Basal 
Media vs 
PDGF BB 

Basal 
Media vs 

TGF 

PDGF BB 
vs TGF N (cells analyzed) 79 74 58 

*Cell Area (m2) 
517  

(318, 721) 
1284 

(889, 1638) 
527 

(396, 861) 
P < 0.01 NS P < 0.01 

*Cell Length (m) 
81.6 

(25.9, 115.1) 
162.5 

(126.6, 210.5) 
65.5 

(37.4, 100.3) 
P < 0.01 NS P < 0.01 

*Length/Breadth 
4.4 

(1.4, 6.7) 
4.9 

(2.9, 9.0) 
3.1 

(1.4, 5.8) 
P < 0.05 NS P < 0.01 

*Non-parametric data are presented as: Median (25th percentile, 75th percentile);  

P values are from ANOVA on Ranks; NS = not statistically significant 

For each condition, cells from four different matrices were combined for the analysis 

3.2. Fibrin Reorganization and Fibronectin Patterning during PDGF BB Induced Cell Spreading 

We previously reported that cells interacting with fibrin matrices form fibronectin “tracks” [35].  

These fibronectin secretions are required for cell attachment to the fibrin ECM and organized by cells 

during migration. Fibronectin tracks subsequently promote the development of interconnected 

streams of cells that result in collective cell migration. In order to determine whether cell-induced 

fibrin fiber reorganization plays a role in mediating fibronectin track formation and/or cell 

patterning, we applied a technique for fluorescently labeling fibrin fibers in our 3D matrices [42]. 

The Alexa Fluor™ 405 NHS Ester is a dye that labels the primary amines of proteins and can 

therefore conjugate to virtually any protein. We used the NHS 405 to label the fibrinogen used for 

our 3-D fibrin matrices. The blue emission spectrum of the NHS 405 allowed us to preserve the red 

and green spectrum for imaging other cell/ECM proteins of interest such as fibronectin and F-actin. 

To experimentally verify that the fluorescent signal from the NH3 ester dye was specific to fibrin 

labeling, we compared the labeling patterns of fibrin, fibronectin and F-actin at high magnification in 

several samples. As shown in supplemental Figure S2, there is no indication that there is any 

residual NH3 ester dye that is labeling the cell secreted fibronectin or binding to the cell membrane. 
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Figure 2. Corneal fibroblasts organize fibronectin along compacted lines of fibrin fibers. HTK cells 

were cultured in a fluorescently labeled 3D fibrin matrix for 48hr in media containing PDGF BB (to 

stimulate cell spreading). Subsequently, cells were fixed and labeled for F-actin and fibronectin. 

Images are maximum intensity projections of z-series from each individual channel. Fibrin is 

compacted and aligned in front of the pseudopodial extensions, presumably due to tractional force 

generation. Fibronectin is organized into lines that colocalize with the compacted fibers (arrows). 

Scale bar is 20 µm. 

 

Figure 2 shows the relationship between F-actin organization and fibrin and fibronectin 

patterning for an isolated HTK cell following cell spreading. In this experiment, cells were cultured 

for 48 hours in media supplemented with PDGF BB, then fixed and labeled with phalloidin (for 

F-actin) and an anti-fibronectin antibody. Note that at the leading edge of the cell, fibrin fibers have 

been pulled into alignment with the pseudopodial process, and cell-secreted fibronectin is 

colocalized with these fibrin fibers (arrows). 

We previously showed that tracks of fibronectin are found between neighboring corneal 

fibroblasts cultured in PDGF BB, resulting in an interconnected cell/fibronectin network [35]. To 

assess cell-cell interactions and fibrin/fibronectin network formation, we used a lower magnification 

objective to collect images showing groups of neighboring cells. Figure 3 is a lower magnification 

image showing the relationship between F-actin, fibronectin and fibrin fibers for both HTK (A) and 

NRK (B) cells, following incubation for 48 hours in media containing PDGF BB. Fibronectin is 

observed both around and between cells. In addition, fibrin fiber reorganization by cells results in 

the formation of an interconnected network of compacted lines of fibrin fibers. Importantly, 

fibronectin tracks co-localize with these compacted lines of fibrin (arrows). However, fibrin matrix 

compaction was sometimes observed without corresponding fibronectin labeling (B, arrowhead). 
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These findings suggest that cells activated with PDGF BB pull and organize fibrin fibers as they 

spread and interconnect with one another, while simultaneously secreting and organizing 

fibronectin. Once cells move away, these fibrin/fibronectin tracks remain. To assess the dynamic 

interactions which lead to this organization, time-lapse imaging was used. As shown in 

Supplemental Video 3, during cell spreading in media containing PDGF BB, fibronectin (red in 

overlay on left panel, also shown alone in right panel) is deposited and organized simultaneously 

with the generation of tractional forces at the leading edge of pseudopodia (arrows). This is 

observed in cells with and without LifeAct expression (green in left panel). Note that in one area a 

cell lays down fibronectin during spreading, and the fibronectin remains after the processes retract 

(circle). In addition, cell spreading and fibronectin deposition is observed along compacted fibrin 

tracks (cyan in left panel) between cells (arrow head). 
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Figure 3. Fibronectin tracks colocalize with compacted lines of fibrin fibers between cells. HTK cells 

(A) or NRK cells (B) were cultured in a fluorescently labeled 3D fibrin matrix for 48 hr in media 

containing PDGF BB (to stimulate cell spreading). Subsequently, cells were fixed and labeled for 

F-actin and fibronectin. Images are maximum intensity projections of z-series from each individual 

channel. For both HTK and NRK cells, a network of fibronectin tracks is observed along and between 

groups of migrating cells. When present, fibronectin tracks colocalize with lines of fibrin compaction 

(arrows). In one area, fibrin matrix compaction is observed without corresponding fibronectin 

labeling (B, arrowhead). Scale bars are 150 µm. 
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3.3. Fibrin Reorganization and Fibronectin Patterning during TGF Induced Cell Contraction 

In order to gain more insights into the relationships between cell spreading, ECM patterning 

and fibronectin network formation, we used TGFβ1, which is known to activate the contractile 

machinery of corneal keratocytes without inducing significant cell spreading and migration [43,44]. 

As shown in Figure 4A, significant compaction and alignment of fibrin is present at both the front 

and rear of HTK cells cultured in TGF (arrows). In contrast, fibronectin labeling is limited to the 

cell area. Compacted fibrin was co-aligned with prominent intracellular F-actin stress fibers.  

 

 

 

 

Figure 4. Representative image of a living HTK cell showing fibronectin and fibrin organization in a 

3 dimensional fibrin matrix. LifeAct-transfected cells were cultured overnight with media containing 

TGF1 to stimulate cell contractility. One hour before cells were placed in microscope for recording, 

fluorescent fibronectin was added to the media. Maximum intensity projections of z-series collected 

one hour after the start of the time-lapse are shown. Significant fibrin fiber compaction and 

alignment are present at both the front and rear of the cell (arrows). Compacted fibrin is coaligned 

with the intracellular F-actin stress fibers. Fibronectin labeling is limited to the cell area. Scale bar is 

40 µm. 

 

To assess cell-cell interactions and fibrin/fibronectin network formation by cells cultured in 

TGF, we used a lower magnification objective to collect images showing groups of neighboring 

cells. Figure 5 shows HTK (A) and NRK (B) cells fixed after 48h of incubation with TGF and 

labeling for F-actin and fibronectin. Neighboring cells created a pronounced interconnected network 

of compacted fibrin fibers (cyan). Although fibronectin labeling was co-localized with the cells, it 

was often absent from compacted tracks of fibrin between cells (arrows in Figure 5, see also 

Supplemental Video 4). These observations demonstrate that in contrast to cell spreading in PDGF 

BB, TGF-induced cell contraction results in compaction of fibrin between cells without 

corresponding fibronectin track formation. 
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Figure 5. Neighboring contractile cells create an interconnected network of compacted fibrin fibers, 

without the formation of a fibronectin network. HTK cells (A) or NRK cells (B) were cultured in a 

fluorescently labeled 3D fibrin matrix (cyan) for 48hr in media containing TGF (to stimulate cell 

contraction). Subsequently, cells were fixed and labeled for F-actin (red) and fibronectin (green). 

Images are maximum intensity projections of z-series from each individual channel. For both HTK 

and NRK cells, compacted lines of fibrin fibers developed between adjacent cells (arrows), forming 

an interconnected network. In contrast, fibronectin labeling was only observed where cells were 

present. Scale bars are 75 µm. 

 

3.4. TGF Induced Myofibroblast Transformation 

TGF has been shown to play a central role in stimulating myofibroblast transformation of corneal 

keratocytes, as indicated by expression of stress fibers containing -smooth muscle actin (-SMA) 

[45], and production of abnormal, fibrotic ECM [46-48]. However, myofibroblast transformation can 

be impacted by substrate stiffness and composition, and the effect of TGF on corneal keratocytes 

inside fibrin matrices has not been evaluated. To assess whether TGF induced myofibroblast 

transformation of HTK cells in our 3-D fibrin matrix model, we used labeling of -SM actin. As 

shown in Figure 6A-C, HTK cells cultured in TGF that were on the bottom of the matrix and 

interacting with the rigid glass substrate had strong -SM actin labeling. The -SM actin was 

colocalized with F-actin labeled stress fibers. Note that these cells also had a broad morphology 

which is typical for corneal myofibroblasts. Most of the HTK cells inside the fibrin matrix also had 

positive labeling for -SM actin (Figure 6D&E), however the labeling intensity was weaker. 

Interestingly, cells inside the fibrin ECM maintained a more bipolar morphology even when labeling 

positive for -SM actin. Both positive (arrows) and negative (arrowhead) cells were observed. HTK 

cells cultured in serum free media or PDGF BB (Figure 6F&G) were negative for -SM actin both on 

the bottom of the ECM and inside the fibrin, as indicated by weak background labeling. NRK cells 

were negative for a-SM actin at 48 hours for all conditions studied (not shown), consistent with 

previous studies suggesting that full transformation from a quiescent keratocyte to a myofibroblast 

in 3-D culture takes 4-5 days. 
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Figure 6. TGF induces -SM actin expression in HTK cells. A, D and F show F-actin labeling. B, E 

and G show -SM actin labeling. (A-C) HTK cells cultured in TGF that were on the bottom of the 

matrix and interacting with the rigid glass substrate had strong -SM actin labeling, which was 

colocalized with F-actin labeled stress fibers (C, color overlay). Note that these cells also had a broad 

morphology. (D&E) Most of the HTK cells inside the fibrin matrix also had positive labeling for 

-SM actin, however the labeling intensity was weaker. Cells inside the fibrin ECM maintained a 

more bipolar morphology even when labeling positive for -SM actin. Both -SM actin positive 

(arrows) and negative (arrowhead) cells were observed. (F&G) HTK cells cultured in PDGF BB were 

negative for -SM actin, as indicated by weak background labeling. Scale bars are 50 µm. 

 

3.5. Correlation of Fibronectin Tracks and Compacted Fibrin Fibers in PDGF BB and TGFB1 Cultured Cells 

The results with cells cultured with PDGF BB show that tracks of fibronectin are found between 

neighboring cells along with the formation of an interconnected network of compacted lines of fibrin 

fibers. On the other hand, while our results with contractile cells in TGF show similar formation of 

an interconnected network of compacted lines of fibrin fibers, tracks of fibronectin are generally 

absent between cells. To quantify these differences in patterning, we calculated the correlation 

between actin, fibrin and fibronectin labeling in both PDGF BB and TGF (see supplemental Figure 

S3 for example). Figure 7 shows the correlation coefficient graphs both across the cell body and 

between cells following culture in PDGF BB and TGF for both HTK cells (7A&B) and NRK cells 

(7C&D). The results show that across cell body, the actin cytoskeleton, fibronectin, and fibrin 

reorganization are highly correlated for both PDGF BB and TGF. On other hand however, these 

results also show that between neighboring cells, the only significant correlation was between fibrin 

and fibronectin in PDGF BB culture media. These findings are consistent with the premise that cells 

activated with PDGF BB compact fibrin fibers as they spread and interconnect with one another, 

while simultaneously secreting and organizing fibronectin. Once cells move away, these 

fibrin/fibronectin tracks remain. In TGF cells are more stationary and have fewer of these 

transient interactions with other cells, thus fibronectin tracks are rarely left behind. It should be 

noted that when present, fibronectin tracks were always colocalized with fibrin compaction. 
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Figure 7. Correlation between actin, fibrin and fibronectin patterning. HTK cells (A&B) or NRK cells 

(C&D) were cultured in a fluorescently labeled 3D fibrin matrix for 48 hours in media containing 

PDGF BB (to stimulate cell spreading) or TGF1 (to induce cell contractility). Subsequently, cells 

were fixed and labeled for F-actin and fibronectin. Correlation coefficients were calculated by 

comparing the relationship between actin, fibronectin, and fibrin fibers across the cell body and 

between neighboring cells. Across the cell body (A&C), high correlations were found for both PDGF 

BB and TGF. Between neighboring cells (B&D), the only significant correlation found was 

between fibrin and fibronectin when cultured with PDGF BB (* three way ANOVA, P < 0.001). Means 

and standard deviations are calculated from three independent experiments (each with 5-10 

neighboring cell pairs per culture condition). 

 

4. Discussion 

Cell-ECM mechanical interactions mediate numerous biological processes including 

developmental morphogenesis, wound healing and cancer metastasis. In addition to biochemical 

regulation of cell differentiation, dynamic feedback between cellular force generation, protein 

expression and patterning, and ECM mechanical, biochemical and biophysical properties plays a 

critical role in modulating cell motility and mechanical behavior [42,49-52]. In this study, we used 

high resolution multi-dimensional imaging to explore the correlation between cell-induced fibrin 

ECM remodeling and fibronectin track formation during corneal fibroblast spreading and 

contraction in a 3D culture model. In previous publications, we used confocal reflection imaging to 

visualize collagen fibril organization in 3D matrices [53]. However, it is generally difficult to obtain 

confocal reflection images of fibrin fibrils within 3D fibrin matrices, presumably due to increased 

reflectivity and less ECM porosity. In addition, the signal from confocal reflection imaging is 

dependent on the angle of the fibril, and can include contributions from other ECM proteins such as 

fibronectin. By directly labeling fibrin fibers with a fluorescent tag, we were able to to directly 

investigate how cell-induced compaction correlates with fibronectin (Fn) secretion and track 

formation in response to two growth factors present during corneal wound healing: PDGF BB and 

TGF1.  

PDGF BB has been shown previously to stimulate Rac-induced spreading of dermal and 

corneal fibroblasts in 3-D collagen matrices, along with significant tractional force generation by 

extending pseudopodial processes [31,54]. In the current study, we demonstrate for the first time 

that PDGF BB also stimulates fibroblast elongation and spreading in fibrin matrices, and this process 
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induces significant local matrix reorganization. The process of cell spreading in media containing 

PDGF BB showed cells simultaneously secreting and organizing Fn while compacting fibrin fibers at 

the leading edge. Fn matrix assembly requires the polymerization of multiple molecules together 

into fibrils [55]. The self-assembly of Fn fibrils is a cell mediated process that involves Fn recognition 

by cell surface receptors such as integrins, and the elongation of its structure to expose cyptic 

binding sites necessary for fibrillogenesis [3,56,57]. The Fn cryptic binding sites can be exposed by 

tension, heat denaturation, or cleavage of specific domains (e.g. FnIII) [58,59]. Fn is therefore 

mechanosensitive and the application of force can induce conformational changes in the Fn molecule 

[60]. For instance, the Fn type III repeat contains hydrogen bonds which are thought to be 

susceptible to unfolding by pressure or mechanical tension. In our experiments, the bundles of 

compacted lines of fibrin fibers observed in fibrin ECM are the result of mechanical forces applied by 

cells. Specifically, in order to spread or migrate, cells grab and pull individual fibrin fibers to exert 

tractional forces to extend protrusions and move forward. The forces generated could have the 

potential to expose Fn cryptic binding sites that result in Fn self- assembly; which is observed in our 

experiments as Fn track formation.  

Our studies also show that after cells retract their processes, Fn tracks remain in the fibrin ECM. 

Many cells require Fn to attach to fibrinogen and fibrin, and Fn is required for dermal fibroblast 

invasion of fibrin matrices [5,61]. In previous studies, we have shown that Fn mediates attachment of 

corneal fibroblasts to fibrin via α5β1 integrin, and blocking Fn binding inhibits cell spreading and 

migration in fibrin matrices [35]. The α5β1 integrin is the primary receptor for binding to soluble Fn 

and requires the combination of the RGD sequence and the synergy site in Fn, resulting in specificity 

of Fn binding [3,62]. Integrins promote Fn-Fn interactions outside the cells that can result in Fn fibril 

formation [56]. Initial Fn binding to α5β1 integrin results in receptor clustering which brings 

together Fn dimers [63]. Cell tractional forces or Fn-Fn interactions can both cause conformational 

changes to the α5β1-Fn bond and extend the cluster to induce Fn fibril formation [64]. In our case, 

the initial attachment mediated by 51 integrin seems to be the first step required for Fn fibril 

assembly. Continued accumulation of Fn dimers likely serve to lengthen and thicken Fn fibrils. With 

time Fn fibrils can be further stabilized inside fibrillar networks, producing a deoxycholate-insoluble 

Fn matrix [55,65]. It has not been determined whether the Fn fibril network is deoxycholate insoluble 

in our model.  

Using a nested cell migration model, we previously demonstrated that fibronectin tracks left 

behind by leading edge cells serve as paths for other cells and can function as a guide for cell 

migration, similar to those reported during tissue development [66,67]. In the current study, we 

found that a corresponding network of compacted fibrin tracks is produced during cell spreading 

and migration in PDGF BB. Time-lapse imaging suggests that cells exert tractional forces that 

compact and align fibrin fibrils in front of advancing pseudopodial extensions, while simultaneously 

secreting and organizing fibronectin. This pattern of fibrin matrix remodeling is similar to tractional 

structuring that occurs in collagen matrices [68,69], a process that is believed to be operative during 

wound healing [70]. The compacted lines of fibers likely increase the ECM stiffness and provide 

more mechanical resistance than surrounding individual fibers. Fibroblasts migrate toward stiffer 

regions in pre-fabricated 3D matrices with directional gradients in collagen density [71]. A similar 

result observed with polyacrylamide substrates of different stiffness, where cells migrate 

preferentially toward stiffer substrates, a phenomenon called durotaxis [72]. Taken together, these 

results suggest that cells create lines of tensioned fibrin fibers by exerting tractional force, and cells 

preferentially spread and migrate along these tracks. We demonstrate for the first time that during 

this dynamic process, cells also secrete and organize fibronectin networks. 

In order to gain more insights into the relationships between cell spreading, ECM remodeling 

and fibronectin network formation, we used TGFβ1. TGF1 plays a central role in myofibroblast 

transformation of corneal keratocytes during wound healing, and has been shown to stimulate 

corneal keratocyte contractility and local ECM reorganization in 3-D collagen matrices. In this study, 

we demonstrate for the first time that TGF also stimulates cell-induced ECM compaction and 

reorganization in 3-D fibrin matrices. We also assessed the expression of -SM actin, an indicator of 
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myofibroblast transformation. Interestingly, HTK cells cultured in TGF that were on the bottom of 

the matrix and interacting with the rigid glass substrate had strong -SM actin labeling which was 

colocalized with F-actin labeled stress fibers. These cells also had a broad morphology which is 

typical for corneal myofibroblasts. Most of the HTK cells inside the fibrin matrix also had positive 

labeling for -SM actin; however, the labeling intensity was weaker and cells inside the fibrin ECM 

maintained a more bipolar morphology even when labeling positive for -SM actin. This suggests 

only partial transformation to a myofibroblast phenotype at the 48 hour time point analyzed. These 

results are consistent with previous studies using 3-D collagen matrices which showed more rapid 

myofibroblast transformation in response to more rigid ECM [32], and highlight the differences in 

cell behavior between rigid 2-D substrates and fibrillar 3-D matrices. Note that long term culture 

were avoided because the impact that cell proliferation could have on our results. 

Significant compaction and alignment of fibrin was observed at both the front and rear of 

corneal fibroblasts cultured in TGF. However, fibronectin labeling was generally limited to the cell 

area. In regions of higher cell density, although corneal fibroblasts cultured in TGF were able to 

pull fibers inward to create compacted lines of fibrin between cells, they were less motile and did not 

spread or secrete fibronectin along these compacted fibers. These results further demonstrate that 

the compaction of fibrin fibers is produced by tractional forces exerted by the cells, whereas 

fibronectin is only secreted and organized in areas where cells have spread and attached to the fibrin 

ECM. Following incisional surgery, corneal fibroblasts form an interconnected network as they 

migrate into the wound space, and these interconnections are hypothesized to facilitate wound 

contraction [7,36]. Furthermore, following a transcorneal freeze injury or keratectomy surgery in the 

rabbit, highly aligned streams of interconnected fibroblasts migrate into the injured stromal tissue 

[37,38]. Further studies are needed to determine whether networks of ECM remodeling and protein 

secretion similar to those observed in the current study also mediate these cell patterning behaviors 

in vivo. 

5. Conclusions 

Networks of interconnected fibroblasts are often observed during in vivo corneal wound 

healing, and it is hypothesized that these networks may mediate wound repopulation and closure. 

We previously demonstrated that corneal fibroblasts form interconnected cell-fibronectin networks 

when cultured in 3-D fibrin matrices. However, the role of local cell-induced matrix reorganization 

in mediating this process has not been studied. Furthermore, previous work focused on cell 

migration induced by PDGF BB, and the effects of TGF1 (a key wound healing cytokine) on corneal 

fibroblast behavior in 3-D fibrin matrices has not been assessed. In this study, we show for the first 

time that both PDGF BB and TGF induce significantly more cell-induced fibrin matrix 

reorganization as compared to basal media; however, the pattern of cell spreading is different, and 

cells in PDGF BB are more elongated and interconnected as compared to cells in either basal media 

or TGF. Quantitative analysis demonstrated that local cell-induced fibrin reorganization 

sometimes occurred independently of fibronectin deposition, particularly during TGF1 induced 

cell contraction. However, fibronectin deposition was associated with local cell-induced matrix 

reorganization when interconnected cell networks formed in PDGF BB. We also demonstrate that 

TGF can induce myofibroblast transformation of corneal fibroblasts in 3-D fibrin matrices, and 

that the degree of transformation is likely dependent on the local stiffness of the ECM. Overall, our 

results show for the first time that fibrin reorganization and fibronectin patterning can occur 

independently. Nonetheless, when cells are spreading or migrating, both events seem to be 

coordinated, as cells secrete and organize fibronectin as they preferentially spread along compacted 

fibrin tracks around and between cells.  

 

Supplementary Materials: The following are available online, Table S1: NRK Cell Morphology; Figure S1: 

Differences in cell connectivity and morphology following culture in basal media, PDGF BB and TGF. Figure 

S2: Comparison of fibrin, fibronectin, and F-actin labeling patterns; Figure S3: Method used for calculating the 

correlation between actin, fibrin and fibronectin patterning, Video S1: Time-lapse sequence of LifeAct (green) 
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and fibrin (cyan) patterning by an HTK cell after overnight incubation in PDGF BB, Video S2: Time-lapse 

sequence of LifeAct (green) and fibrin (cyan) patterning by an HTK cell after overnight incubation in TGF, 

Video S3: Time-lapse sequence of LifeAct (green in overlay on left), fibrin (cyan in overlay on left) and 

fibronectin (red in overlay on left, also shown alone in right panel) patterning by a group of HTK cells after 36 

hours of incubation in PDGF BB, Video S4: 3D rotational sequence of HTK cells fixed after 48h of incubation 

with TGF and labeled for F-actin (red), fibronectin (green) and fibrin (cyan).  

Author Contributions: All authors have read and agree to the published version of the manuscript. 

Conceptualization, M.M. and W.M.P.; Methodology, M.M. and W.M.P.; Validation, W.M.P.; Formal Analysis, 

M.M. and W.M.P.; Investigation, M.M., D.V., H.R.I. and N.G.; Writing-Original Draft Preparation, M.M.; 

Writing-Review & Editing, W.M.P.; Supervision, M.M. and W.M.P.; Project Administration, W.M.P.; Funding 

Acquisition, W.M.P. 

Funding: This research was funded by NIH R01 EY 013322, NIH P30 EY030413, and an unrestricted grant from 

Research to Prevent Blindness, Inc. 

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the 

study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the decision 

to publish the results. 

 

 

References 

1. Clark, R.A.; Quinn, J.H.; Winn, H.J.; Lanigan, J.M.; Dellepella, P.; Colvin, R.B., Fibronectin is produced 

by blood vessels in response to injury. J Exp Med 1982, 156, 646-651. 

2. Barker, T.H.; Engler, A.J., The provisional matrix: Setting the stage for tissue repair outcomes. Matrix 

Biol 2017, 60-61, 1-4. 

3. Singh, P.; Carraher, C.; Schwarzbauer, J.E., Assembly of fibronectin extracellular matrix. Annu Rev Cell 

Dev Biol 2010, 26, 397-419. 

4. Clark, R.A.; Lanigan, J.M.; DellaPelle, P.; Manseau, E.; Dvorak, H.F.; Colvin, R.B., Fibronectin and 

fibrin provide a provisional matrix for epidermal cell migration during wound reepithelialization. J 

Invest Dermatol 1982, 79, 264-269. 

5. Greiling, D.; Clark, R.A., Fibronectin provides a conduit for fibroblast transmigration from collagenous 

stroma into fibrin clot provisional matrix. J Cell Sci 1997, 110 ( Pt 7), 861-870. 

6. Zieske, J.D., Extracellular matrix and wound healing. Curr Opin Ophthalmol 2001, 12, 237-241. 

7. Jester, J.V.; Petroll, W.M.; Barry, P.A.; Cavanagh, H.D., Temporal, 3-dimensional, cellular anatomy of 

corneal wound tissue. J Anat 1995, 186 ( Pt 2), 301-311. 

8. Phan, T.M.; Foster, C.S.; Wasson, P.J.; Fujikawa, L.S.; Zagachin, L.M.; Colvin, R.B., Role of fibronectin 

and fibrinogen in healing of corneal epithelial scrape wounds. Invest Ophthalmol Vis Sci 1989, 30, 

377-385. 

9. Ayala, A.; Warejcka, D.J.; Olague-Marchan, M.; Twining, S.S., Corneal activation of prothrombin to 

form thrombin, independent of vascular injury. Invest Ophthalmol Vis Sci 2007, 48, 134-143. 

10. Stramer, B.M.; Zieske, J.D.; Jung, J.C.; Austin, J.S.; Fini, M.E., Molecular mechanisms controlling the 

fibrotic repair phenotype in cornea: Implications for surgical outcomes. Invest Ophthalmol Vis Sci 2003, 

44, 4237-4246. 

11. Kim, W.-J.; Mohan, R.R.; Mohan, R.R.; Wilson, S.E., Effect of pdgf, il-1, and bmp2/4 on corneal 

fibroblast chemotaxis: Expression of the platelet-derived growth factor system in the cornea. Invest 

Ophthalmol Vis Sci 1999, 40, 1364-1372. 

12. Musselmann, K.; Kane, B.P.; Alexandrou, B.; Hassell, J.R., Igf-ii is present in bovine corneal stroma and 

activates keratocytes to proliferate in vitro. Exp Eye Res 2008, 86, 506-511. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 August 2020                   

Peer-reviewed version available at Bioengineering 2020, 7, 89; doi:10.3390/bioengineering7030089

https://doi.org/10.3390/bioengineering7030089


 18 of 21 

 

13. Arnold, D.R.; Moshayedi, P.; J., S.T.; Jones, B.E.; Chader, G.J.; Waldbillig, R.J., Distribution of igf-i and 

-ii, igf binding proteins (igfbps) and igfbp mrna in ocular fluids and tissues: Potential sites of synthesis 

of igfbps in aqueous and vitreous. Exp Eye Res 1993, 56, 555-565. 

14. Tuominen, I.S.; Tervo, T.M.; Teppo, A.M.; Valle, T.U.; Gronhagen-Riska, C.; Vesaluoma, M.H., Human 

tear fluid pdgf-bb, tnf-alpha and tgf-beta1 vs corneal haze and regeneration of corneal epithelium and 

subbasal nerve plexus after prk. Exp Eye Res 2001, 72, 631-641. 

15. Dupps, W.J., Jr.; Wilson, S.E., Biomechanics and wound healing in the cornea. Exp Eye Res 2006, 83, 

709-720. 

16. Hassell, J.R.; Birk, D.E., The molecular basis of corneal transparency. Exp Eye Res 2010, 91, 326-335. 

17. Garana, R.M.; Petroll, W.M.; Chen, W.T.; Herman, I.M.; Barry, P.; Andrews, P.; Cavanagh, H.D.; Jester, 

J.V., Radial keratotomy. Ii. Role of the myofibroblast in corneal wound contraction. Invest Ophthalmol 

Vis Sci 1992, 33, 3271-3282. 

18. Jester, J.V.; Huang, J.; Fisher, S.; Spiekerman, J.; Chang, J.H.; Wright, W.E.; Shay, J.W., Myofibroblast 

differentiation of normal human keratocytes and htert, extended-life human corneal fibroblasts. Invest 

Ophthalmol Vis Sci 2003, 44, 1850-1858. 

19. Lee, Y.G.; Chen, W.Y.; Petroll, W.M.; Cavanagh, H.D.; Jester, J.V., Corneal haze after photorefractive 

keratectomy using different epithelial removal techniques: Mechanical debridement versus laser 

scrape. Ophthalmology 2001, 108, 112-120. 

20. Moller-Pedersen, T.; Cavanagh, H.D.; Petroll, W.M.; Jester, J.V., Corneal haze development after prk is 

regulated by volume of stromal tissue removal. Cornea 1998, 17, 627-639. 

21. Jester, J.V.; Petroll, W.M.; Cavanagh, H.D., Corneal stromal wound healing in refractive surgery: The 

role of the myofibroblast. Prog. Retinal. Eye. Res. 1999, 18, 311-356. 

22. Moller-Pedersen, T.; Cavanagh, H.D.; Petroll, W.M.; Jester, J.V., Neutralizing antibody to tgf 

modulates stromal fibrosis but not regression of photoablative effect following prk. Curr Eye Res 1998, 

17, 736-737. 

23. Jester, J.V.; Barry-Lane, P.A.; Petroll, W.M.; Olsen, D.R.; Cavanagh, H.D., Inhibition of corneal fibrosis 

by topical application of blocking antibodies to tgf beta in the rabbit. Cornea 1997, 16, 177-187. 

24. Sandbo, N.; Dulin, N., Actin cytoskeleton in myofibroblast differentiation: Ultrastructure defining 

form and driving function. Translational research : the journal of laboratory and clinical medicine 2011, 158, 

181-196. 

25. Jester, J.V.; Huang, J.; Barry-Lane, P.A.; Kao, W.W.; Petroll, W.M.; Cavanagh, H.D., Transforming 

growth factor(beta)-mediated corneal myofibroblast differentiation requires actin and fibronectin 

assembly. Invest Ophthalmol Vis Sci 1999, 40, 1959-1967. 

26. Jester, J.V.; Huang, J.; Petroll, W.M.; Cavanagh, H.D., Tgfbeta induced myofibroblast differentiation of 

rabbit keratocytes requires synergistic tgfbeta, pdgf and integrin signalling. Exp Eye Res 2002, 75, 

645-657. 

27. Netto, M.V.; Mohan, R.R.; Ambrosio, R., Jr.; Hutcheon, A.E.; Zieske, J.D.; Wilson, S.E., Wound healing 

in the cornea: A review of refractive surgery complications and new prospects for therapy. Cornea 2005, 

24, 509-522. 

28. Gallego-Munoz, P.; Ibares-Frias, L.; Garrote, J.A.; Valsero-Blanco, M.C.; Cantalapiedra-Rodriguez, R.; 

Merayo-Lloves, J.; Carmen Martinez-Garcia, M., Human corneal fibroblast migration and extracellular 

matrix synthesis during stromal repair: Role played by platelet-derived growth factor-bb, basic 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 August 2020                   

Peer-reviewed version available at Bioengineering 2020, 7, 89; doi:10.3390/bioengineering7030089

https://doi.org/10.3390/bioengineering7030089


 19 of 21 

 

fibroblast growth factor, and transforming growth factor-beta1. Journal of tissue engineering and 

regenerative medicine 2018, 12, e737-e746. 

29. Andresen, J.L.; Ledet, T.; Ehlers, N., Keratocyte migration and peptide growth factors: The effect of 

pdgf, bfgf, egf, igf-1, afgf and tgf-beta on human keratocyte migration  in a collagen gel. Curr Eye Res 

1997, 16, 605-613. 

30. Andersen, J.; Ehlers, N., Chemotaxis of human keratocytes is increased by pdgf-bb, egf, tgf-a. 1998. 

31. Petroll, W.M.; Ma, L.; Kim, A.; Ly, L.; Vishwanath, M., Dynamic assessment of fibroblast mechanical 

activity during rac-induced cell spreading in 3-d culture. J Cell Physiol 2008, 217, 162-171. 

32. Lakshman, N.; Petroll, W.M., Growth factor regulation of corneal keratocyte mechanical phenotypes in 

3-d collagen matrices. Invest Ophthalmol Vis Sci 2012, 53, 1077-1086. 

33. Miron-Mendoza, M.; Lin, X.; Ma, L.; Ririe, P.; Petroll, W.M., Individual versus collective fibroblast 

spreading and migration: Regulation by matrix composition in 3d culture. Exp Eye Res 2012, 99, 36-44. 

34. Miron-Mendoza, M.; Graham, E.; Kivanany, P.; Quiring, J.; Petroll, W.M., The role of thrombin and cell 

contractility in regulating clustering and collective migration of corneal fibroblasts in different ecm 

environments. Invest Ophthalmol Vis Sci 2015, 56, 2079-2090. 

35. Miron-Mendoza, M.; Graham, E.; Manohar, S.; Petroll, W.M., Fibroblast-fibronectin patterning and 

network formation in 3d fibrin matrices. Matrix Biol 2017, 64, 69-80. 

36. Petroll, W.M.; Cavanagh, H.D.; Barry, P.; Andrews, P.; Jester, J.V., Quantitative analysis of stress fiber 

orientation during corneal wound contraction. J Cell Sci 1993, 104, 353-363. 

37. Petroll, W.M.; Kivanany, P.B.; Hagenasr, D.; Graham, E.K., Corneal fibroblast migration patterns 

during  intrastromal wound healing correlate with ecm structure and alignment. Invest Ophthalmol Vis 

Sci 2015, 56, 7352–7361. 

38. Kivanany, P.B.; Grose, K.C.; Petroll, W.M., Temporal and spatial analysis of stromal cell and 

extracellular matrix patterning following lamellar keratectomy. Exp Eye Res 2016, 153, 56-64. 

39. Kivanany, P.B.; Grose, K.C.; Tippani, M.; Su, S.; Petroll, W.M., Assessment of corneal stromal 

remodeling and regeneration after photorefractive keratectomy. Scientific reports 2018, 8, 12580. 

40. Jester, J.V.; Barry, P.A.; Lind, G.J.; Petroll, W.M.; Garana, R.; Cavanagh, H.D., Corneal keratocytes: In 

situ and in vitro organization of cytoskeletal contractile proteins. Invest Ophthalmol Vis Sci 1994, 35, 

730-743. 

41. Jester, J.V.; Chang, J.-H., Modulation of cultured corneal keratocyte phenotype by growth 

factors/cytokines control in vitro contractility and extracellular matrix contraction. Exp Eye Res 2003, 77, 

581-592. 

42. Malandrino, A.; Mak, M.; Kamm, R.D.; Moeendarbary, E., Complex mechanics of the heterogeneous 

extracellular matrix in cancer. Extreme Mechanics Letters 2018, 21, 25-34. 

43. Jester, J.V.; Ho-Chang, J., Modulation of cultured corneal keratocyte phenotype by growth 

factors/cytokines control in vitro contractility and extracellular matrix contraction. Exp Eye Res 2003, 77, 

581-592. 

44. Kim, A.; Lakshman, N.; Karamichos, D.; Petroll, W.M., Growth factor regulation of corneal keratocyte 

differentiation and migration in compressed collagen matrices. Invest Ophthalmol Vis Sci 2010, 51, 

864-875. 

45. Jester, J.V.; Petroll, W.M.; Barry, P.A.; Cavanagh, H.D., Expression of -smooth muscle (-sm) actin 

during corneal stromal wound healing. Invest Ophthalmol Vis Sci 1995, 36, 809-819. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 August 2020                   

Peer-reviewed version available at Bioengineering 2020, 7, 89; doi:10.3390/bioengineering7030089

https://doi.org/10.3390/bioengineering7030089


 20 of 21 

 

46. Chen, J.; Guerriero, E.; Sado, Y.; SundarRaj, N., Rho-mediated regulation of tgf-beta1- and 

fgf-2-induced activation of corneal stromal keratocytes. Invest Ophthalmol Vis Sci 2009, 50, 3662-3670. 

47. Funderburgh, J.; Funderburgh, M.; Mann, M.; Corpuz, L.; Roth, M., Proteoglycan expression during 

transforming grwoth factor beta-induced keratocyte-myofibroblast transdifferentiation. J Biol. Chem. 

2001, 276, 44173-44178. 

48. Etheredge, L.; Kane, B.P.; Hassell, J.R., The effect of growth factor signaling on keratocytes in vitro and 

its relationship to the phases of stromal wound repair. Invest Ophthalmol Vis Sci 2009, 50, 3128-3136. 

49. Mak, M.; Kim, T.; Zaman, M.H.; Kamm, R.D., Multiscale mechanobiology: Computational models for 

integrating molecules to multicellular systems. Integrative biology : quantitative biosciences from nano to 

macro 2015, 7, 1093-1108. 

50. Spill, F.; Bakal, C.; Mak, M., Mechanical and systems biology of cancer. Computational and structural 

biotechnology journal 2018, 16, 237-245. 

51. Malandrino, A.; Trepat, X.; Kamm, R.D.; Mak, M., Dynamic filopodial forces induce accumulation, 

damage, and plastic remodeling of 3d extracellular matrices. PLoS computational biology 2019, 15, 

e1006684. 

52. Karamanos, N.K.; Theocharis, A.D.; Neill, T.; Iozzo, R.V., Matrix modeling and remodeling: A 

biological interplay regulating tissue homeostasis and diseases. Matrix Biol 2019, 75-76, 1-11. 

53. Grinnell, F.; Petroll, W.M., Cell motility and mechanics in three-dimensional collagen matrices. Annu 

Rev Cell Dev Biol 2010, 26, 335-361. 

54. Tamariz, E.; Grinnell, F., Modulation of fibroblast morphology and adhesion during collagen matrix 

remodeling. Mol. Biol. Cell. 2002, 13, 3915-3929. 

55. Schwarzbauer, J.E.; DeSimone, D.W., Fibronectins, their fibrillogenesis, and in vivo functions. Cold 

Spring Harb Perspect Biol 2011, 3. 

56. Zollinger, A.J.; Smith, M.L., Fibronectin, the extracellular glue. Matrix Biol 2017, 60-61, 27-37. 

57. Humphries, M.J.; Travis, M.A.; Clark, K.; Mould, A.P., Mechanisms of integration of cells and 

extracellular matrices by integrins. Biochem Soc Trans 2004, 32, 822-825. 

58. Antia, M.; Islas, L.D.; Boness, D.A.; Baneyx, G.; Vogel, V., Single molecule fluorescence studies of 

surface-adsorbed fibronectin. Biomaterials 2006, 27, 679-690. 

59. Martino, M.M.; Hubbell, J.A., The 12th-14th type iii repeats of fibronectin function as a highly 

promiscuous growth factor-binding domain. FASEB J 2010, 24, 4711-4721. 

60. Szymanski, J.M.; Sevcik, E.N.; Zhang, K.; Feinberg, A.W., Stretch-dependent changes in molecular 

conformation in fibronectin nanofibers. Biomater Sci 2017, 5, 1629-1639. 

61. Grinnell, F.; Feld, M.; Minter, D., Fibroblast adhesion to fibrinogen and fibrin substrata: Requirement 

for cold-insoluble globulin (plasma fibronectin). Cell 1980, 19, 517-525. 

62. Sechler, J.L.; Corbett, S.A.; Schwarzbauer, J.E., Modulatory roles for integrin activation and the 

synergy site of fibronectin during matrix assembly. Mol Biol Cell 1997, 8, 2563-2573. 

63. Robinson, E.E.; Foty, R.A.; Corbett, S.A., Fibronectin matrix assembly regulates alpha5beta1-mediated 

cell cohesion. Mol Biol Cell 2004, 15, 973-981. 

64. Dzamba, B.J.; Bultmann, H.; Akiyama, S.K.; Peters, D.M., Substrate-specific binding of the amino 

terminus of fibronectin to an integrin complex in focal adhesions. J Biol Chem 1994, 269, 19646-19652. 

65. McKeown-Longo, P.J.; Mosher, D.F., Binding of plasma fibronectin to cell layers of human skin 

fibroblasts. J Cell Biol 1983, 97, 466-472. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 August 2020                   

Peer-reviewed version available at Bioengineering 2020, 7, 89; doi:10.3390/bioengineering7030089

https://doi.org/10.3390/bioengineering7030089


 21 of 21 

 

66. Winklbauer, R.; Keller, R.E., Fibronectin, mesoderm migration, and gastrulation in xenopus. Dev Biol 

1996, 177, 413-426. 

67. Zhou, X.; Rowe, R.G.; Hiraoka, N.; George, J.P.; Wirtz, D.; Mosher, D.F.; Virtanen, I.; Chernousov, M.A.; 

Weiss, S.J., Fibronectin fibrillogenesis regulates three-dimensional neovessel formation. Genes Dev 2008, 

22, 1231-1243. 

68. Sawhney, R.K.; Howard, J., Slow local movements of collagen fibers by fibroblasts drive the rapid 

global self-organization of collagen gels. J Cell Biol 2002, 157, 1083-1091. 

69. Barocas, V.H.; Tranquillo, R.T., An anisotropic biphasic theory of tissue-equivalent mechanics: The 

interplay among cell traction, fibrillar network deformation, fibril alignment, and cell contact guidance. 

J Biomech Eng 1997, 119, 137-145. 

70. Ehrlich, H.P., [control of wound healing from connective tissue aspect]. Chirurg 1995, 66, 165-173. 

71. Hadjipanayi, E.; Mudera, V.; Brown, R.A., Guiding cell migration in 3d: A collagen matrix with graded 

directional stiffness. Cell Motil Cytoskeleton 2009, 66, 121-128. 

72. Lo, C.M.; Wang, H.B.; Dembo, M.; Wang, Y.L., Cell movement is guided by the rigidity of the substrate. 

Biophys J 2000, 79, 144-152. 

 

 

 

Supplemental Figure S1: Representative maximum intensity projections of F-actin (green) and nuclei (blue) for 

HTK cells in 3-D fibrin matrices, following 48 hours of culture in basal media (left column), PDGF BB (middle 

column) or TGF (right column). Note that cells are more elongated and more interconnected in PDGF BB as 

compared to basal media or TGF. Scale bar = 75 m. 

Supplemental Figure S2. Verification that the NH3 ester signal detected is only from fibrin fibers. In this 

representative image, HTK cells were cultured in a fluorescently labeled 3D fibrin matrix for 48hr in media 

containing PDGF BB. Subsequently, cells were fixed and labeled for F-actin and fibronectin. A) Overlay of fibrin 

(red) and fibronectin (green). Note that in addition to regions with strong colocalization of fibronectin with 

fibrin (yellow labeling, arrowheads), in many areas fibronectin labeling occurs along the edge of fibrin fibrils 

(arrows) and the fluorescent signal does not completely overlap. In addition, areas of fibronectin accumulation 

are observed in areas where no fibrin signal is present. Finally, short segments of fibronectin labeling are often 

observed along longer fibrin fibers, and there is no increase in the fibrin signal intensity in the segments where 

fibronectin is present, as would be expected if the fibronectin had been labeled with the NH3 ester. B) Overlay 

of fibrin (red) and F-actin (green). Note that in addition to regions with colocalization of F-actin and fibrin 

(arrowheads), in many areas F-actin labeling is completely uncorrelated with the fibrin fibrils (arrows), 

including regions along the cell membrane. 

Supplemental Figure S3. Method used for calculating the correlation between actin, fibrin and fibronectin 

patterning. Changes in pixel intensities were measured across the cell body and between neighboring cells 

where fibrin compaction was observed. In this example, HTK cells were cultured in a fluorescently labeled 3D 

fibrin matrix for 48 hr in media containing PDGF BB (to stimulate cell spreading). Subsequently, cells were fixed 

and labeled for F-actin and fibronectin. Images on the left are maximum intensity projections of z-series from 

each individual channel. Using Image J software, lines were traced across the cell body (red) or between 

neighboring cells (white), using exactly the same x-y positions for each channel. Subsequently the changes in 

pixel intensity corresponding to the traced lines for each channel were stored and plotted. Correlation was 

calculated comparing the linear relationship between actin, fibronectin, and fibrin fibers across the cell body 

and between neighboring cells. Red and white bars are 40 µm. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 August 2020                   

Peer-reviewed version available at Bioengineering 2020, 7, 89; doi:10.3390/bioengineering7030089

https://doi.org/10.3390/bioengineering7030089

