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Cell collection: Cells were washed with PBS then trypsinized for 15 minutes; trypsinization was halted with the
addition of media. Cell solutions were collected and centrifuged at 200G for 5 minutes. Pellets were resuspended in
1mL media solution to establish cell stock. A 20L sample of cell stock solution was pipetted onto a cell counting
slide to determine the cell concentration. 2D Proliferation: For growth factor analysis 6 experimental conditions
were established per cell line: 1, 5, 10 ng/mL of FGF and VEGF with basal media and serum as controls. Cells were
suspended into basal media supplemented with various growth factors then seeded 10K cells/well on 24-well
plates coated with 10µg collagen. Fluorescent intensity of cell proliferation were measured on 1 hour, 4 days and 7
days post seeding. Co-culture studies: HFF and HUVEC cells were seeded on 24-well plates to establish cell ratios of
1:1, 1:2, 1:4, 1:6, 1:10, 2:1, 4:1, 6:1, and 10:1 (HFF:HUVEC). HUVEC or HFF cells were seeded and incubated for 15
minutes followed by addition of the alternate cell line; various ratios were also seeded simultaneously. Media was
also replenished every 3 days. Growth patterns were analyzed 1 hour, 4 days, 7 days, and 14 days after seeding. 3D
fibrin construct Proliferation: To generate a 3D fibrin construct construct, cells were suspended in fibrinogen at two
different concentrations: 40mg/mL and 20mg/mL. Fibrinogen solutions containing HFF or HUVEC cells were then
added to 24-well plates to achieve 10K cells/well. Equal volume of thrombin (20units/mL) was added to each well
and mixed after each addition to activate fibrin polymerization. Once constructs were solidified, corresponding
media was added to the top of each construct for hydration. Seeding cells in culture media alone was used as an
establish control. Cells were analyzed 1 hour, 4 days and 7 days after seeding. Cytodex 3 Beads: After hydration in
70% EtOH for 24 hours, Cytodex 3 beads at 1000 beads/mL were washed and seeded with either 500K HFF or 500K
HUVEC cells. Cultures were gently agitated for 2-3 minutes every 20 minutes to distribute cells. After 1-2 hours,
cultures were incubated at 37C for 24 hours. Samples were then aspirated, to detach beads from the flask, and
collected for washing. Seeded beads were then suspended in a 3D fibrin construct construct (20mg/mL fibrinogen,
20 units/mL thrombin) in two ways: distributed in fibrinogen or sandwiched between two fibrin constructs. HFF or
HUVEC cells were then seeded on top of each construct. Each condition was then observed every 3 days (1 hour,
Day 4, Day 7 Day 10 and Day 14).Migration: Boyden Chamber: FGF stock solution was diluted in DMEM to achieve
1, 5, and 7ng/mL solutions. 600L aliquots of sample were loaded into the lower compartment of the Boyden
chambers. Prepared filters were placed over the lower compartment, seeded with HFF cells at an initial density of
5,000 cells and stored at 37C. After 1, 4 and 7 days of incubation, trypsin was added to detach cells from the top of
the filter as well as the bottom chamber. After the upper filter compartments were moved to neighboring wells,
20L samples of both the top and bottom solutions were added to cellometer counting chamber slides for cell
count and concentration determination via Cellometer Auto T4 (Nexcelom). FACS analysis: HFF cells were grown for
7 days in the presence of FGF and/or VEGF in 2D collagen. Furthermore, HFF and HUVEC cells were grown in 3D
fibrin construct construct. Cells were collected for rinsing and incubated for 1 hour under dark conditions with 5-
or 1- fluorescent antibodies after Day 1 and Day 7. Fluorescence intensity profiles were analyzed using a Guava
easyCyte Single Sample flow cytometer. Fluorescence staining: Cells were washed with PBS and treated with
calcein stain (Invitrogen: L3224). Plates were then incubated for 15 minutes under dark conditions and analyzed for
fluorescent response. Imaging: Fluorescence images were obtained for each condition using an Olympus IX71
microscope equipped with QCapture Pro software. Brightfield images were taken using an Olympus CKX41
microscope and Infinity 2 camera. Quantitative data collection: Quantitative fluorescence data was generated
using a FilterMax F5 Multimode Microplate Reader. Data Analyses: Quantifiable data was analyzed using t-tests.
Statistical significance was assigned to p < 0.05 and p <0.01.
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Fibroblast cells, prominent in connective tissues, are crucial for synthesis of extracellular matrix (ECM) and
essential components, including collagen and fibronectin. These molecules are indispensible for stability,
providing a construct for adhesion and subsequent proliferation or migration. When tissue has been
denuded establishing a wound, these newly synthesized ECM components assemble in the vacant cavity,
providing the framework for incoming cells facilitating wound closure. Growth factors are chemical stimuli
secreted to promote specific activity in target cells. Fibroblast growth factors (FGF) are heparin-binding
proteins responsible for regulation of various cellular behaviors such as proliferation, migration and cell
survival. As potent effectors of fibroblasts, FGF interaction with its respective receptor (FGFR) stimulates
dimerization and activation of internal signaling pathways resulting in gene expression vital for
development, angiogenesis, and wound healing. Vascular endothelial growth factor (VEGF) ubiquitous in
nature, are important signaling proteins necessary for angiogenesis. Fundamental for injury repair, VEGF
displays similar mechanism as FGF. VEGF binding causes dimerization initiating internal signal transduction
and gene expression, which induce proliferation and migration. 51-integrin enables adhesion through
matrix interaction and serves as the primary fibronectin receptor. These signals modulate a myriad of
cellular processes including those signals involved in hemostasis and communication with other cells.
Exposure to various external growth factors, such as FGF and VEGF, influence integrin expression, which
alter internal mechanisms and cellular behavior. Previous studies have suggested that there is a potential
crosstalk between Human Foreskin Fibroblasts (HFF) and Human Umbilical Vein Endothelial Cells (HUVEC)
that may regulate angiogenesis and prolong the lifespan of endothelial cells. In order to examine this
relationship, the independent behavior of each cell line must be understood. The effect of collagen,
fibronectin, FGF and VEGF were investigated on proliferation, migration stimulation, and expression of 5-
and 1- integrins of HFF. The results of these finding were used to establish a 2D collagen construct testing
the effect of growth factors, FGF and VEGF, on rate of proliferation for both cells lines. Additional 2D
analysis was carried out to determine the most favorable ratio of HFF to HUVEC cells yielding
complimentary growth. Proper evaluation of the interaction between HFF and HUVEC cells is best
observed in a tissue-like environment; therefore, we generated a 3D construct using different fibrin
concentrations to determine the preferential environment of each cell line. Once established, co-culture of
HFF and HUVEC cells in a 3D fibrin construct environment containing Cytodex 3 beads allowed for initial
observations of the interaction between cells facilitating angiogenesis.

FIGURE 5: Angiogenesis Using Cytodex Beads.  Co-culture experiments with HFF cells and HUVEC 
cells on Cytodex beads in a 3D fibrin construct matrix seem to promote angiogenesis. The images 
shown are of potential sprouting of blood vessels on fibrin in basal vascular endothelial cells media 
with fetal bovine serum. Future experiment will contain flow cytometry measurements of α5 and β1 

integrin expression of HFF and HUVEC co-culture cells with various concentrations of FGF and VEGF.  
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Wound healing is a complex, multiple-step process that involves mixed cell populations in three dimensional
microenvironment. Even though the wound healing process is well understood, the mechanism of how
growth factors in 2D and 3D extracellular matrix could have mitogenic influence to various cells is not
adequately addressed. We examined the proliferation of Human foreskin fibroblast (HFF) cells and Human
umbilical vascular endothelial (HUVEC) cells on 2D collagen and 3D fibrin construct with growth factors to
better understand a potential effect on wound healing and angiogenesis. HFF and HUVEC proliferation was
measured with various concentrations of fibroblast growth factor (FGF) and vascular endothelial growth
factor (VEGF) at Day 1, Day 4, and Day 7. Scratch and Boyden chamber assays were used to analyze the effect
of collagen, fibronectin, and FGF, on the migration of HFF cells. α5 and β1 integrin expression of HFF cells on
2D collagen with FGF, VEGF, or combined growth factors as well as HFF cells and HUVEC cells that were
seeded on 3D fibrin construct constructs, were measured with flow cytometry. Both HFF and HUVEC cells did
not have significant differences on proliferation on 3D fibrin construct compared to 2D collagen; however,
the HFF cells had planar bipolar extensions on 2D collagen and multipolar extensions on 3D fibrin construct.
Higher concentration of FGF induced faster migration rate on Day 4. Both FGF and VEGF did not have
significant effect on HUVEC cells or HFF cells proliferation. α5 and β1 integrin expressions increased the most
on Day 7 with FGF on 2D collagen and decreased expression for HFF and HUVEC cells on 3D fibrin construct.
Experiments indicated that FGF had a positive influence on HFF migration and α5 and β1 integrin expression.
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FIGURE 4: Effects of FGF, VEGF, and 3D Fibrin on HFF cells and HUVEC cells on α5 and β1 Integrin Expression. Flow cytometry assessed the whether 5 ng/mL of FGF, 5 ng/mL VEGF, combination of 5 ng/mL FGF and 5 ng/mL VEGF in media
without serum had an impact on the α5 and β1 expression on HFF cells seeded on 10 µg/mL of collagen as well as HFF and HUVEC cells seeded in 3D fibrin construct treated with media containing serum (n=2). FACS measurements on
Day 1 was marked as solid black line and Day 7 measurements marked as solid red line. Cells incubated with no fluorescence tagged antibodies served as assay controls on Day 1, marked as dotted black lines, and Day 7 marked as dotted
red line. Results: 1) FGF displayed significant effect on α5 expression on HFF cells, with minimal influence on β1 expression by Day 7. 2) VEGF displayed no effect on α5 integrin expression, with minimal influence on β1 expression by Day 7
of incubation. 3) Combination of FGF and VEGF resulted in no significant increase in α5 and β1 integrin expression by Day 7 of incubation. 5) α5 and β1 integrin expression declined on Day 7 for both HFF cells and HUVEC cells that were
seeded in 3D fibrin construct.
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FIGURE 1: HFF Proliferation with FGF and VEGF on 2D collagen and 3D fibrin construct. A) HFF cell proliferation seeded on 2D of 10µg/mL of collagen (n=6) and 10 or 20mg/mL of 3D fibrin construct (n=3 ) were measured by the 
percentage change of fluorescent intensity from Day 1. B) Images of HFF cells of various conditions were taken by fluorescent microscopy at 100X magnification.  
Results:  1) The greatest increase in proliferation was observed in HFF cells treated with serum on 2D collagen 2) HFF cells treated with growth factors on 2D collagen had similar proliferation to HFF cells in basal media. 3) HFF 
treated with growth factors displayed  longer elongated morphologies on Day 7 compared to Day 1. 4) HFF cells in the 10mg/mL concentration of 3D fibrin construct demonstrated higher proliferation compared to the HFF cells in 
20mg/mL concentration, but not more than HFF that were treated with serum media on uncoated wells. Statistical significance was assigned to *p<0.05, **p<0.01. 
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FIGURE 3: Effects of FGF on HFF Migration. 
A) Percent migration was determined by 
counting the cells in the top part of the 
chamber (red) and the cells in the bottom 
part of the chamber (blue). Measurements 
were taken on Day 1, Day 4, and Day 7. B) 
Diagram of Boyden chamber apparatus. 
Cells were placed into the top chamber and 
migrated through a membrane to the 
bottom chamber. Bottom container 
contained concentrations of 0, 1, 5 and 
7ng/mL of fibroblast growth factor (n=3). 
Results: 1) Increase in migration over time 
occurred in cells treated with 0ng/mL or 
1ng/mL FGF. 2) HFF cells treated with 
5ng/mL or 7ng/mL of FGF migrated faster 
on Day 4; however, the cells migrated 
slower on Day 7. 
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1) Scratch assay data demonstrated that HFF cells had increased migration when seeded on 10µg/mL of fibronectin or 10µg/mL of collagen ECM suggested that

fibronectin and collagen promoted HFF cell migration (data not shown).
2) Higher concentration of FGF seem to promote faster migration of HFF cells (Figure 3).
Integrin Expression
1) FACS analysis of the HFF cells showed the most shift in the α5 integrin expression in the presence of FGF (Figure 4). α5 is mostly involved in cell adhesion and

migration which also suggest that FGF supports migration rather than proliferation. An α5 fluorescent shift can also be seen in both HFF and HUVEC when seeded
in 3D fibrin construct, with the greater shift seen in HFF on Day 1 before cells decrease in expression by Day 7 (Figure 4).

2) Cells treated with FGF or VEGF saw a shift in β1 integrin expression compared to cells treated with serum. A fluorescent shift in β1 in HFF and HUVEC treated in
fibrin was also seen; however, the shift was not as substantial as the shift in α5 integrin in 3D fibrin construct or the shift seen in cells treated on 2D collagen
(Figure 4).

3) FACS analysis on HFF and HUVEC on 3D fibrin construct indicated initial expression of α5 and β1 to allow cells to adhere to fibrin. By Day 7, much of the α5 and β1

integrin expression decreased suggesting that cells that are supported by 3D matrix might require less integrin expression.

Proliferation & Morphology
1) HFF cells proliferated better on 10µg/mL concentrations of collagen and fibronectin than on the lower concentrations of 5µg/mL or uncoated wells (data not

shown).
2) HFF cells seeded on 10µg/mL collagen in the presence of growth factors suggest that FGF and VEGF play a role in cell morphology as seen by the elongation of

the cells; however, the growth factors alone do not increase proliferation to the extent seen in cells treated with serum (Figure 1).
3) Proliferation results of HUVEC seeded in 10µg/mL collagen in the presence of growth factors suggest that FGF and VEGF do not impact cell proliferation or cell

morphology. Cell conditions media with growth factors only have very similar results to the control group of cells treated with basal media. HUVEC cells treated
with serum had the most increased cell proliferation confirming that a variety of optimized growth factors are required for HUVEC proliferation (Figure 2).

4) HFF proliferation in the presence of fibrin was not as apparent as proliferation in uncoated wells. Of the two 3D conditions, the 10:10 (10mg/mL fibrinogen and
10IU/mL thrombin) composition displayed higher proliferation results and the most spreading of cells (Figure 1). These data suggest that fibrin constructs restricts
cell proliferation, but more porous fibrin constructs allow growth factors to reach cells encouraging the spread and proliferation. Similar trends were displayed
with HUVEC with the exception that fibrin constructs caused no significant morphological changes.

FIGURE 2: HUVEC Proliferation with FGF and VEGF on 2D collagen and 3D fibrin construct. A) HUVEC proliferation seeded on 2D of 10µg/mL of collagen (n=6) and 10 or 20mg/mL of 3D fibrin construct (n=3) were measured by 
the percentage change of fluorescent intensity from Day 1. B) Images of HUVEC cells of various conditions were taken by fluorescent microscopy at 100X magnification.  
Results:  1) The greatest increase in proliferation was observed in HUVEC cells treated with serum on uncoated wells on Day 4. 2) HUVEC cells treated with growth factors on 2D collagen had similar proliferation to HUVEC cells in 
basal media. 3) HUVEC cells seeded on 10mg/mL concentration of 3D fibrin construct demonstrated higher proliferation compared to the 20mg/mL of 3D fibrin construct. Statistical significance was assigned to *p<0.05, **p<0.01. 
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