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Abstract

Fibroblast Growth Factor 2 (FGF2), an important regulator of angiogenesis, binds to endothelial 

cell (EC) surface fibroblast growth factor receptors (FGFR) and heparan sulfate proteoglycans 

(HSPG). FGF2 binding kinetics have been predominantly studied in static culture; however, the 

endothelium is constantly exposed to flow which may affect FGF2 binding. We therefore used 

experimental and computational techniques to study how EC FGF2 binding changes in flow. ECs 

adapted to 24 hours of flow demonstrated biphasic FGF2-HSPG binding, with FGF2-HSPG 

complexes increasing up to 20 dynes/cm2 shear stress and then decreasing at higher shear stresses. 

To understand how adaptive EC surface remodeling in response to shear stress may affect FGF2 

binding to FGFR and HSPG, we implemented a computational model to predict the relative effects 

of flow-induced surface receptor changes. We then fit the computational model to the experimental 

data using relationships between HSPG availability and FGF2-HSPG dissociation and flow that 

were developed from a basement membrane study, as well as including HSPG production. These 

studies suggest that FGF2 binding kinetics are altered in flow-adapted ECs due to changes in cell 

surface receptor quantity, availability, and binding kinetics, which may affect cell growth factor 

response.
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I. Introduction

Fibroblast growth factor 2 (FGF2) is an 18–25 kDa protein that plays an important role in 

endothelial cell survival, proliferation, and migration under physiological and pathological 

conditions 1,2. FGF2, together with other growth factors such as vascular endothelial growth 

factor (VEGF), is critical to stimulating endothelial cells to initiate and maintain an 

angiogenic phenotype 3. While growth factor therapy has great potential to treat ischemic 
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diseases such as myocardial infarction and wound healing, clinical successes have been 

modest partially because growth factor binding kinetics remain incompletely understood 4,5.

FGF2 binds to two types of receptors at the cell surface: FGF receptors (FGFR), which have 

high affinity (Kd 10−9 – 10−12) and low concentration (~104 binding sites per cell); or 

heparan sulfate proteoglycans (HSPG), which have lower affinity (Kd 10−8 – 10−9) but 

higher concentration (~106 binding sites per cell) 6–8. FGF2 bound to either an FGFR or an 

HSPG may be able to activate intracellular signaling pathways; however, FGF2 bound to 

both an FGFR and an HSPG in a triad is the widely accepted signaling complex 9–12. In 

addition to binding to the cell surface, FGF2 can also bind to HSPG in the basement 

membrane underneath endothelial cells, where it is thought to be protected and stored for 

later use 13.

FGF2 binding kinetics have predominantly been studied under static conditions. In vivo, the 

endothelium is constantly exposed to fluid flow velocities ranging from 0.3 mm/s to 400 

mm/s 14. Fluid flow could alter FGF2 transport to the cell surface, endothelial expression of 

cell surface receptors, and bond association and dissociation rates. In fact, our group 

previously demonstrated that fluid flow increased FGF2 binding to basement membrane 

HSPG up to a shear stress of around 25 dynes/cm2 and then decreased FGF2 binding to 

basement membrane HSPG at higher shear stress levels 15. Our data suggested that increased 

FGF2 binding to basement membrane HSPG at moderate flow rates related to 

conformational changes in the basement membrane or HSPG themselves that exposed 

additional FGF2 binding sites. We and others have also used computational modelling to 

examine the effect of flow-induced transport on FGF2 binding to cell surface HSPG and 

FGFR. In our prior combined computational and experimental paper, flow decreased time to 

FGF2 equilibrium binding to endothelial cells, depending on receptor surface concentration, 

and had the largest effect on FGF2 capture during bolus delivery 16. Zhao et al. also studied 

FGF2 binding to HSPG and FGFR under fluid flow using a 3-dimensional computational 

model of endothelial cells seeded in a hollow-tube bioreactor 17. They found that FGF2 

binding decreased with flow rates even slightly above capillary flow rates.

Despite the additional understanding of FGF2 binding kinetics in flow from these models, 

neither model considered the adaptive remodeling of the apical endothelial cell surface or 

changes in bond properties in response to fluid flow derived shear stress 18. Recent studies 

suggest that shear stress upregulates endothelial cell HSPG expression and regrowth as 

compared to cells in static culture 19,20. Furthermore, Sevim et al. used atomic force 

microscopy to demonstrate slip bond characteristics between FGF2 and heparin, introducing 

the possibility that the FGF2-HSPG bond itself may change under flow conditions 21. It is 

therefore important to explore how flow-adapted endothelial cells may differentially bind 

FGF2, including the mechanisms for this effect.

The goal of this study was to understand how steady laminar flow affects endothelial cell 

FGF2 binding. We hypothesized that steady laminar flow would increase FGF2 binding to 

cell surface HSPG in a similar manner to what we observed in our isolated basement 

membrane HSPG experiments. We first measured FGF2 binding to endothelial cell surface 

HSPG and FGFR, as well as basement membrane HSPG, in porcine aortic endothelial cells 
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adapted to 24 hours of 20 dynes/cm2 laminar shear stress. We then built a finite element 

model of FGF2 binding kinetics under flow conditions. We conducted parametric studies to 

determine how alterations in FGF2 surface receptors and bonds would change binding 

kinetics, and then we used our prior basement membrane studies and evidence from the 

literature to fit the parameters in our computational model to the experimental data. We now 

show for the first time that FGF2 binding to cell surface HSPG peaks at moderate shear 

stress levels, and that this may relate to changes in HSPG availability, production, and 

dissociation with flow. These data suggest that endothelial cell surface remodeling in 

response to shear stress affects FGF2 binding kinetics, and that future studies of growth 

factor binding kinetics should be performed under physiological flow conditions.

II. Materials and Methods

FGF2 Experiments

Cell culture—Primary porcine aortic endothelial cells (PAEC) were isolated from porcine 

aortae obtained from a local abattoir. PAEC were cultured at 37°C and 5% CO2 in 

Dulbecco’s Modification of Eagle’s Medium (DMEM, 5 mM glucose) supplemented with 

5% fetal bovine serum (Hyclone), 2% ʟ-glutamine, and 1% penicillin-streptomycin (Gibco). 

PAEC between passages four and nine were used for all experiments.

FGF2 binding kinetics—In all experiments, 1 × 106 PAEC were seeded onto sterile glass 

microscope slides and cultured for two days. For flow experiments, samples were exposed to 

10, 20, or 40 dynes/cm2 shear stress (2.1, 4.2, or 8.4 mL/min, respectively) for 24 hours in a 

parallel plate flow chamber (Glycotech) at 37°C. A peristaltic pump (Ismatech) was used to 

drive steady flow, with a bubble trap upstream of the channel to dampen pulsatility in the 

recirculating medium. Steady rather than pulsatile flow was used in all experiments to 

isolate the effect of shear stress on FGF2 binding. Cell medium samples were collected 

during flow to quantify cellular FGF2 release and HSPG shedding. After flow, the medium 

was changed to 10 mL binding buffer (25 mM HEPES, 0.05% gelatin, pH 7.4) with 0 or 10 

ng/mL FGF2 (Peprotech). Cells were then exposed to an additional two hours of flow at the 

same shear stress level at 37°C, with the binding buffer recirculating throughout the two 

hours. We previously demonstrated that equilibrium binding is reached by two hours 22. 

Samples were then removed from the parallel plate flow chamber and quickly washed in 

binding buffer. Cell surface HSPG-bound FGF2 was first extracted using a salt buffer (2 M 

NaCl, 20 mM Hepes, pH 7.4), after which FGFR-bound FGF2 was extracted using an acid 

buffer (2 M NaCl, 20 mM sodium acetate, pH 4.0). For static experiments, PAEC cultured 

on microscope slides were placed in low-binding Petri dishes (to minimize FGF2 loss from 

the binding buffer) and exposed to 10 mL binding buffer with 0 or 10 ng/mL FGF2 for two 

hours. For basement membrane HSPG-bound FGF2, cells were first lysed with 20 mM 

NH4OH with 0.5% Triton X-100 after which FGF2 was extracted using the salt buffer. FGF2 

was quantified in all sample extracts using an FGF ELISA (R&D Systems) 23.

Endothelial permeability—Endothelial permeability was assessed through 

immunocytochemistry and a custom permeability assay. For immunocytochemistry, samples 

were exposed to 0, 8, or 24 hours of 20 dynes/cm2 shear stress. Cells were immediately 
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fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton X-100, and blocked with 

1% bovine serum albumin. Samples were then incubated with a primary antibody for β-

catenin (Invitrogen), followed by an Alexa Fluor 488 secondary antibody (Invitrogen) 

together with bisbenzimide (nuclei). Samples were imaged using an Olympus IX81 inverted 

confocal microscope (60X). In the custom permeability assay, cell permeability was 

assessed by quantifying FGF2 that moved through an intact endothelial monolayer and 

bound to the sub-endothelial basement membrane 23,24. PAEC exposed to 0, 8, or 24 hours 

of 20 dynes/cm2 shear stress were immediately incubated in serum-free DMEM 

supplemented with 0 or 10 ng/mL FGF2 at 37°C. After two hours, the cells were lysed in 20 

mM NH4OH with 0.5% Triton X-100 after which basement membrane FGF2 was extracted 

and quantified as previously described. The amount of basement membrane bound FGF2 in 

samples that were not exposed to exogenous FGF2 was subtracted from these values to 

account for differences in basal FGF2 with flow.

Statistical analysis—Statistical analyses were conducted using GraphPad Prism. Data are 

presented graphically as mean ± standard deviation. Comparisons between two groups were 

analyzed by Student’s t-test, while comparisons among multiple groups were analyzed by 

ANOVA with a Tukey-Kramer post-hoc test. Experiments were repeated three times, and 

data represent one experiment out of three.

FGF2 Model Development

The computational model geometry was based on the Glycotech parallel plate flow chamber 
16, which was 6 cm long, 1 cm wide, and 0.0127 cm high. Flow properties and species 

distribution were assumed constant along the channel width, allowing us to reduce the model 

to 2D with flow along the x axis and diffusion along the y axis. Diffusion along the x axis 

was ignored due to a calculated Peclet number of 60 25. Chamber length was reduced to 1 

cm to reduce simulation time. Our prior studies showed that this did not significantly affect 

results 16. Fluid entered through the inlet boundary, passed over the bottom reactive surface 

with uniform reactive site (HSPG and FGFR) distribution, and exited through the outlet 

boundary (Figure 1B).

The model coupled three parts: (1) fluid flow, (2) FGF2 convective and diffusive mass 

transport, and (3) FGF2 binding kinetics.

Fluid flow—The fluid was defined as an incompressible Newtonian fluid with no-slip 

boundary condition at the walls and outlet to atmospheric pressure. The experimental flow 

chamber was modeled as two infinite parallel plates 26. The entrance length, defined as the 

distance required for fully developed flow, was calculated as less than 2.4% of channel 

length 16. Therefore, fully developed laminar flow was assumed through the chamber. The 

parabolic flow profile was given by:

u = vmax 1 − y − 0.5h
0.5h

2
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where vmax is maximum flow velocity, h is total chamber height, and y is distance from the 

binding surface.

FGF2 convective and diffusive mass transport—FGF2 transport was defined using 

the standard convection–diffusion mass balance equation:

∂[F]
∂t + ∇ ⋅ ( − D∇[F] + [F] u ) = 0

where [F] is FGF2 concentration, D is FGF2 diffusion coefficient and u is velocity vector. 

The diffusive term defines FGF2 transport due to the concentration gradient. The convective 

term describes FGF2 transport due to fluid flow down the chamber.

The outlet boundary was defined as a convective flux surface through which FGF2 exits the 

system. The upper chamber surface was defined as a non-binding insulation boundary, and 

the bottom chamber surface was defined as a binding insulating boundary.

FGF2 binding kinetics—In the model, FGF2 reacted with HSPG and FGFR to form a 

variety of complexes (Figure 1A). FGF2 could bind to FGFR to form an FGF2-FGFR 

complex (FR). FGF2 could bind to HSPG to form an FGF2-HSPG complex (FH). After 

FGF2 binds to FGFR or HSPG, this complex could then capture a free HSPG or FGFR, 

respectively, to form an FGF2-HSPG-FGFR triad (FHR; treated as the primary signaling 

complex.). FGF2 in the fluid could also permeate across the endothelial monolayer to bind 

basement membrane HSPG (HBM). All surface species could be internalized and degraded.

We also included in the model ways in which the cell surface receptors could vary with shear 

stress. In our prior research, we showed that basement membrane HSPG binding availability 

increased with shear stress 15. To simulate this effect, we introduced an availability 

parameter, α, which increases the proportion of available HSPG binding sites as shear stress 

increases. Our model also allows cell surface HSPG to increase through HSPG production 

(PH). We additionally included ways in which cell surface HSPG could decrease, including 

HSPG internalization (ki,H) and shedding (ks,H). Several of these parameters have previously 

been shown to vary with shear stress. For example, shear-induced HSPG shedding has been 

observed in ischemic conditions 27 and explored in a computational model studying HSPG 

regrowth following enzymatic degradation 28.

The model included several simplifications, either because the effects of specific processes 

were modest or because reaction rates have not been quantified. FGF2 in the fluid did not 

degrade or form homodimers, and no soluble HSPG or FGFR were initially present. HSPG 

shed from the cell surface did not bind FGF2 in the fluid since the base HSPG shedding rate 

is low. In addition, since FGF2-HSPG binding in the fluid has not been shown to be affected 

by shear stress, this process would similarly affect both static and flow conditions. FHR 

dimerization was not included in the model as there are no experimentally determined 

kinetic parameters in the literature. Internalized HSPG were only degraded, not recycled 

back to the cell surface, as there are no experimentally determined kinetic parameters in the 

literature and recycling has been shown to represent only about 0.2% of cell surface HSPG 
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29. At the binding surface, FGFR and HSPG were homogenously distributed, all complexes 

dissociated back to their constituent molecules and FGF2-HSPG-FGFR did not form dimers.

Cell surface species concentrations were defined to change with time in the computational 

model based on the possible reactions as described by:

d[R]
dt = PR + ko f f , FR[FR] + ko f f , FHR[FHR] − kon, FR[F][R] − kon, FHR[R][FH] − ki, R[R]

(1)

d[H]
dt = PH + ko f f , FH[FH] + ko f f , FHR[FHR] − αkon, FH[F][H] − kon, FHR[H][FR] − ki, H

[H] − ks, H[H]

(2)

where α is defined as the proportion of HSPG available to bind FGF2.

FGF2 complex concentrations were defined to change with time based on association, 

dissociation, and internalization rates as described by:

d[FR]
dt = kon, FR[F][R] − ko f f , FR[FR] − kon, FHR[H][FR] − ki, FR[FR] (3)

d[FH]
dt = αkon, FH[F][H] − ko f f , FH[FH] − kon, FHR[R][FH] − ki, FH[FH] (4)

d[FHR]
dt = kon, FHR[FH][R] + kon, FHR[FR][H] − ko f f , FHR[FHR] − ki, FHR[FHR] (5)

Internalized cell surface species concentrations were defined to change with time based on 

internalization and degradation rates as:

d[Hi]
dt = ki, H[H] − kd, H[Hi] (6)
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d[Ri]
dt = ki, R[R] − kd, R[Ri] (7)

d [FRi]
dt = ki, FR [FR] − kd, FR [FRi] (8)

d [FHi]
dt = ki, FH [FH] − kd, FH [FHi] (9)

d [FHRi]
dt = ki, FHR [FHR] − kd, FHR [FHRi] (10)

FGF2 volumetric concentration in the bulk fluid was coupled to the binding surface at y = 0. 

Dissociation of cell surface complexes released FGF2 into the fluid, while binding of FGF2 

to cell surface species depleted FGF2 from the fluid:

d [F]
dt y = 0

= ko f f , FR [FR] + ko f f , FH [FH] + ko f f , FHR [FHR]

− kon, FR [F] [R] − kon, FH [F] [H] − PF ([F] − [FBM])

(11)

FGF2 could additionally traverse the monolayer and bind to basement membrane HSPG as:

d [FBM]
dt = PF ([F] − [FBM]) + ko f f , BM [FHBM] − kon, BM [FBM] [HBM] (12)

d [FHBM]
dt = kon, BM [FBM] [HBM] − ko f f , BM [FHBM] (13)

where PF is permeation rate and [F] – [FBM] is FGF2 concentration gradient across the 

monolayer. We assumed diffusion was negligible through the basement membrane, since 

basement membrane thickness is estimated to be ~50 nm 30,31. We therefore modelled the 

basement membrane as a flat surface, using the basement membrane thickness to convert 

volumetric species [F] to surface species [FBM] dimensions.
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Parameters—Simulation parameters are listed in Table 1. The Glycotech flow chamber 

defined model geometry. Fluid FGF2 concentration was set at the experimental value of 10 

ng/mL (5.56 × 10−4 µM). Initial FGFR and HSPG surface concentrations were set to 

experimentally determined values of 2.5 × 103 receptors/cell (4.15 × 10−12 mol/m2) and 1.3 

× 105 receptors/cell (2.16 × 10−10 mol/m2), respectively, for cardiac microvascular 

endothelial cells 32,33. Basement membrane HSPG surface concentration was defined as the 

experimentally determined value (4.48 × 10−8 mol/m2) 16,34. Initial cell-surface FGF2 was 0, 

while initial basement membrane FGF2 concentration was 1.74 × 10−14 mol/m2 (volumetric 

FGF2 concentration of 0.35 pmol/cm3 converted to mol/m2 using basement membrane 

thickness of 50 nm) 32.

FGF2 diffusion (D) in water at 37˚C was calculated using the Stokes-Einstein equation, 

given by D=kT/(6πηa), where D is diffusivity (m2/s), k is Boltzmann’s constant (1.3807 × 

10−23 J/K), T is absolute temperature (Kelvin), η is water viscosity (0.72 cP at 37°C), and a 

is FGF2 molecular radius (14.5 Å).

FGF2 association and dissociation rate constants at 37°C were obtained from Filion et al 35, 

in which the Arrhenius equation (14) was used to scale FGF2 binding kinetic rate constants 

that were experimentally determined at 4°C for Balb/c3T3 cells to 37°C:

kT2
= kT1

1

e
Ea T1 − T2

RT1T2

(14)

where T1 = 4°C, T2 = 37°C, Ea is the reaction activation energy and R is the universal gas 

constant. HSPG shedding rate came from experimental data presented in the literature 36.

Unoccupied FGFR and HSPG, along with FR, FH and FHR complexes, were assumed to be 

internalized and degraded. Internalization and degradation rates were set to experimentally 

determined values at 37°C 37,38. FGFR and HSPG were assumed to be constitutive; 

therefore, production rates were set as the product of internalization rate and surface 

concentration35.

Finally, endothelial monolayer FGF2 permeability was approximated using comparably 

sized α-lactalbumin 39. FGF2 basement membrane association and dissociation rates were 

set to experimentally determined values within Descemet’s membrane at 37°C 32,40.

Model implementation and validation—The model was implemented in COMSOL 

Multiphysics®. COMSOL automatically optimized mesh quality over most of the model 

geometry, with a maximum element size of 670 µm and a minimum element size of 3 µm 16. 

At the binding surface, maximum element size was limited to 1 µm to provide a high-

resolution prediction of FGF2 complex concentration 16. The final mesh was chosen as the 

minimum number of elements that converged to a stable equilibrium solution (less than 

0.1% change when element number was increased). Unless otherwise specified, all 

simulations were run for 300 minutes in 1-minute step sizes.
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To validate binding kinetics, we changed cell surface HSPG concentration under static 

conditions and measured FH and FHR formation at 4°C as described in the literature 35,41,42. 

Our model shows that as cell surface HSPG increase, FR complexes decrease, and FHR 

triads increase (Figure 1C). We additionally recreated model predictions from our own work 
16 and the literature 35.

The model was fit to experimental data using a least-square objective function (SNOPT 

algorithm) in COMSOL. SNOPT allowed us to constrain parameter fits by defining upper 

and lower bounds as 1 × 102 and 1 × 10−2 times the base model parameter, respectively. We 

then used the best fit of specific shear stress data (0, 10, 20, 40 dyne/cm2) to estimate a 

generalized fit vs. shear stress for each parameter.

III. Results

We first experimentally measured FGF2 binding to endothelial cells at 37°C under varied 

fluid flow conditions (Figure 2A). As shear stress increased from 0 to 20 dynes/cm2, FGF2 

binding to cell surface HSPG increased five times and then decreased as shear stress 

increased to 40 dynes/cm2. FGF2 binding to cell surface FGFR showed no change with 

shear stress. Similar to previous results, FGF2 binding to basement membrane HSPG 

increased and then decreased with shear stress, although the magnitude of the change was 

smaller than for cell surface HSPG 15. Two-way ANOVA indicated that flow rate and 

receptor effects were both statistically significant, as was their interaction (p < 0.001). In 

addition, Tukey’s post-hoc test indicated that FGF2 binding to cell surface HSPG at 10, 20, 

and 40 dynes/cm2 were all statistically significantly different from static (p < 0.0001).

Endothelial cells also produce and release FGF2. We therefore measured FGF2 binding to 

the endothelial cell surface and basement membrane under static and flow conditions (20 

dynes/cm2) without (basal) and with added FGF2 (10 ng/mL) to determine if changes in 

FGF2 binding with flow related to cell-released FGF2 or exogenous FGF2 addition. FGF2 

bound to cell surface receptors (both HSPG and FGFR) was low under basal conditions but 

increased significantly when FGF2 was added (Figure 2B). FGF2 bound to cell surface 

HSPG only differed with flow when exogenous FGF2 was added, suggesting that flow-

induced changes in cell surface bound FGF2 depend on exogenous FGF2 addition. In 

contrast, FGF2 bound to basement membrane HSPG was high under basal conditions, likely 

since the basement membrane has a large FGF2 binding capacity and is thought to serve as 

an FGF2 reservoir 34. FGF2 bound to basement membrane HSPG also increased 

significantly with flow (p < 0.05); however, FGF2 bound to basement membrane HSPG did 

not significantly increase when exogenous FGF2 was added. These data suggest that flow-

induced changes in basement membrane bound FGF2 depend primarily on FGF2 released 

from cells.

We next experimentally examined the mechanism for increased basement membrane FGF2 

with flow. Our data show that the endothelial monolayer became 50% more permeable after 

eight hours of flow, and monolayer permeability decreased after 24 hours of flow adaption 

(p < 0.05 for 8 vs 24 hours). The permeability increase was not FGF2 specific, since we 

similarly demonstrated that endothelial cells adapting to flow were more permeable to FITC-
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streptavidin (data not shown). Endothelial monolayers labeled for the cell-cell junction 

protein β-catenin showed decreased fluorescence intensity after 8 hours of flow, further 

suggesting that cell-cell junction integrity is compromised during flow adaptation (Figure 

2C). PAEC also released more FGF2 under fluid flow (in pg/1×106 cells; normalized to both 

fluid volume and cell number to account for differences between static and flow conditions), 

with media FGF2 rising significantly in all flow conditions after 30 minutes (p < 0.01 by 

one-way ANOVA). These data suggest that basement membrane FGF2 storage increased 

with flow due to a combination of increased monolayer permeability and FGF2 release.

We then tried to experimentally determine the mechanism for increased FGF2 binding to 

cell surface HSPG with flow; however we were unable to obtain consistent results, 

specifically for available cell surface HSPG. We therefore used our computational model to 

predict which aspects of flow were likely to contribute to biphasic binding of FGF2 to cell 

surface HSPG under flow. The base computational model, run to equilibrium, failed to 

accurately reproduce the experimental results. Instead, FGF2 bound to cell surface HSPG 

remained constant at all shear stress levels, suggesting that it is not flow itself but cell 

adaptation to flow that alters FGF2 binding. We therefore hypothesized that flow-induced 

changes in HSPG binding sites contribute to the change in FGF2 bound to cell surface 

HSPG with flow. We varied HSPG cell surface concentration (H0) in the model three orders 

of magnitude above and below the base value, represented by the dotted line (Figure 3A). 

The model predicted that FGF2 bound to cell surface HSPG as FH would increase 

proportional to HSPG concentration. FGF2 bound to FGFR as FR was predicted to decrease 

with increasing HSPG, while FGF2 bound to both FGFR and HSPG as FHR was predicted 

to increase only slightly. Total FGF2 bound to FGFR in any form (FR + FHR) was predicted 

to remain nearly the same (Figure 3A, red dashed line), suggesting that FGFR was limiting. 

To further understand how HSPG concentration affected FGF2 binding to FGFR, we 

examined the amount of free, bound (FR + FHR), and total FGFR as HSPG increased 

(Figure 3B). At the highest HSPG concentrations, all FGFR were bound to FGF2 and no 

FGFR were free, confirming that FGFR are limiting as HSPG increases. While bound FGFR 

(FR + FHR) did increase with HSPG concentration, the increase was not of the same 

magnitude as the free FGFR decrease. This effect was explained by examining total FGFR, 

which also decreased with increasing HSPG. To understand decreased cell surface FGFR 

with increasing HSPG, we examined FGFR internalization as R, FR, and FHR (Figure 3C). 

As HSPG increased, FGFR internalization occurred primarily in the form of FHR. Since the 

FHR internalization rate is faster than the FR internalization rate, higher FHR formation 

with increased HSPG decreased total cell surface FGFR.

We then investigated several possible mechanisms that could increase cell surface HSPG 

binding sites to model increased FGF2 binding to HSPG at moderate flow rates, specifically 

HPSG production and availability. We did not vary FGF2-HSPG association rate (kon), since 

our previously published work and preliminary studies suggested that fluid flow did not 

change FGF2 association to basement membrane or cell surface HSPG 15. Instead we varied 

HSPG production rate several orders of magnitude above and below the base HSPG 

production rate (indicated by the dotted line) while keeping HSPG availability (α) at 1 and 

all other parameters at their base values (Figure 4A). Varying HSPG production rate had a 

large effect on HSPG concentration. The total amount of cell surface HSPG increased from 
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~10−12 mol/m2 at a production rate of 10−15 mol/m2min to ~10−8 mol/m2 at a production 

rate of 10−11 mol/m2min. When HSPG production rate was changed, the model predicted 

that FGF2 bound to HSPG (FH) would increase or decrease proportionally. FGF2 bound to 

only FGFR (FR) was predicted to decrease as HSPG increased, since FRs would quickly 

bind to an available HSPG. Triad formation was predicted to increase only slightly, since 

FHR internalization rate is higher than FR internalization rate and therefore the total FGFR 

concentration decreased as HSPG concentration increased (as shown in Figure 3). Changing 

HSPG production did not change the proportion of HSPG that were occupied by FGF2. 

Similarly, increasing cell surface HSPG availability (α) was predicted to increase the FH 

complex formation but not FHR triad formation (Figure 4B). These data suggest that 

increased cell surface HSPG availability could increase the FGF2 reservoir (as FH) rather 

than FGF2 signaling (as FHR).

We next investigated several possible mechanisms that could decrease cell surface HSPG 

binding sites to model decreased FGF2 binding to HSPG at high flow rates, specifically 

HPSG internalization and shedding. Changing HSPG internalization rate over several orders 

of magnitude (while maintaining α = 1 and all other parameters at their base values) created 

the opposite effect on cell surface HSPG concentration and FGF2 binding as HSPG 

production. As HSPG internalization increased, FGF2 binding to HSPG (as FH) was 

predicted to decrease, FGF2 binding to FGFR (as FR) was predicted to increase, and FGF2 

binding to both HSPG and FGFR (as FHR) was predicted to decrease only slightly (Figure 

4C). While cell surface HSPG shedding was previously shown to increase in response to 

inflammation and shear stress, in our model it had little effect on FH, FR, or FHR formation 

unless the shedding rate increased by several orders of magnitude from the basal rate 

(dotted-line, Figure 4D) 36. Increasing ksH by four orders of magnitude only decreased cell 

surface HSPG concentration by about two times. Finally, it has recently been proposed that 

FGF2 and heparin demonstrate slip-bond characteristics 21. We therefore varied FGF2-

HSPG koff several orders of magnitude above and below the base value (dotted line, Figure 

4E). The model predicted a negative linear relationship between the koFH and FH complex 

formation along with a smaller increase in FR complex formation. Only increasing FH 

dissociation rate significantly decreased the proportion of occupied HSPG.

We next examined the interactions among model parameters. We systematically varied two 

model parameters at a time and selected those which we found most interesting. In our 

simulations, we found that decreasing FGF2 concentration decreased equilibrium FGF2 

binding and increased the time to equilibrium. In addition, we found that decreasing FGF2 

concentration altered the effect of the HSPG availability parameter, α (Figure 5A-C). At 10 

ng/ml FGF2, the model predicted a large, early peak in FHR formation followed by a much 

lower equilibrium FHR concentration, with no apparent change in FHR concentration with 

α. However, at lower FGF2 concentrations (0.1 and 1 ng/ml), the early FHR peak 

significantly decreased in size and equilibrium FHR concentration noticeably increased with 

α. These data suggest that HSPG availability with flow may have larger effects at lower 

FGF2 concentrations.

We then studied the interaction between HSPG production and FH dissociation (Figure 5D-

F). While there was no interaction between HSPG production and FH dissociation rate for 
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FH formation, FR formation decreased more with HSPG production at the lowest FH 

dissociation rate. This condition resulted in the highest FH formation, causing fewer FGFR 

to remain in an FR complex rather than an FHR complex. Interestingly, FHR formation was 

essentially the same across all HSPG production and FH dissociation rates, likely reflecting 

the decreased total pool of FGFR as HSPG concentration increased. This suggests that if 

both HSPG production and FH dissociation were to increase in response to fluid-induced 

shear stress, as suggested by the literature, endothelial cell FGF2 signaling as FHR would 

not be affected; we would instead observe less FH forming an FGF2 storage reservoir at the 

cell surface.

The last interaction we examined was between HSPG production and internalization 

(Figures 5G-I). These two parameters largely balance each other out; however when HSPG 

production was decreased and HSPG internalization was increased, we observed that HSPG 

became limiting in FGF2 binding kinetics. At the lowest HSPG production rates, HSPG 

internalization had the largest decrease in FH formation, the smallest effect on FR 

formation, and a significant effect on FHR formation. While in most cases FGFR are 

limiting in FHR formation, when HSPG production decreases and internalization increases, 

HSPG can be the limiting factor.

Finally, we used our prior study of FGF2 binding to basement membrane HSPG in flow as 

well as the computational model predictions from this study to create a model of FGF2 

binding to the endothelial cell surface under flow conditions. In our prior work, we showed 

that binding of an HSPG antibody to the basement membrane increased linearly with flow 
43. Since no HSPG can be produced by isolated basement membrane, we hypothesized that 

this increase was caused by increased HSPG availability (α) with flow. Using these data, we 

calculated α = 0.14 at a shear stress of 0 dynes/cm2, suggesting that only a small portion of 

HSPG is available in static conditions. We then estimated based on our data that all HSPG 

binding sites would be available at 100 dynes/cm2. Using these two data points, we created a 

linear fit and predicted the α value at all measured data points (Figure 6A). Increased HSPG 

availability with shear stress could model the increase in FH formation up to moderate shear 

stress levels but could not account for the decrease in FH at high shear stress levels. We 

therefore used COMSOL to estimate the FH dissociation rates (koff,FH) that would enable 

the model to best fit the decreased FH complex formation at high shear stress in our 

basement membrane data (Figure 6A; plotted as bond half-life). The combination of 

increased HSPG availability and decreased bond half-life produced a good fit to our data on 

the change in basement membrane FH formation in flow (Figure 6B, R2 = 0.80).

We then used just these changes in basement membrane FH formation with flow in the cell 

surface model. Unfortunately, HSPG availability and FH dissociation failed to accurately 

reproduce the change in FH formation with flow at the cell surface (Figure 6D, solid line; R2 

= 0.51). We therefore added in a change in HSPG production, as has previously been 

reported in the literature, assuming that HSPG production would increase up to a shear stress 

of 20 dyne/cm2. When we fit HSPG production to the 10, 20, and 40 dyne/cm2 cell surface 

experimental data points, HSPG production rate increased by three times (Figure 6C). 

Including this production term allowed the model to match our experimental data (Figure 

6D, R2 = 0.92). We therefore hypothesize that FGF2 binding to cell surface HSPG increases 
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and then decreases with flow through alterations in HSPG availability and production as 

well as FGF2-HSPG dissociation rate.

IV. Discussion

FGF2 binding kinetics are essential to vascular processes, including angiogenesis, and 

should be studied under physiological flow conditions. We therefore used experimental and 

computational approaches to investigate how FGF2 binding to endothelial cell surface 

receptors and the sub-endothelial basement membrane changes under fluid flow. We now 

show experimentally that FGF2 bound to cell surface HSPG increased up to a shear stress of 

20 dynes/cm2 and then decreased at higher shear stresses, whereas FGF2 bound to cell 

surface FGFR remained constant. FGF2 bound to the sub-endothelial basement membrane 

also increased with flow, likely due to a combination of increased monolayer permeability 

and FGF2 release during flow adaptation. A computational model of FGF2 binding under 

flow predicted that the change in FGF2 bound to cell surface HSPG related to cellular 

changes following flow adaptation, rather than transport effects. Specifically, model 

predictions suggest that the change in FGF2 binding to cell surface HSPG with flow relates 

to changes in HSPG production, availability, and FH dissociation. These data suggest that 

flow modifies FGF2 receptors at the cell surface as well as FGF2 binding rates, and 

therefore is important to consider when studying FGF2 binding kinetics.

In previous work, we showed that FGF2 binding to basement membrane HSPG similarly 

increased and then decreased with shear stress 15. We postulated and our data supported that 

the effect related to increased binding site availability and FGF2-HSPG dissociation. The 

current study on endothelial cells showed a much larger increase in FGF2 binding to cell 

surface HPSG in flow (500% increase) as compared to the increased in FGF2 binding to 

basement membrane HSPG in flow (100% increase). This change likely relates to active cell 

processes that modulate HSPG availability, in particular HSPG production.

Our experimental data further showed that whereas cell surface FGF2 depended on 

exogenous FGF2 addition, basement membrane FGF2 depended on a combination of 

endothelial cell released FGF2 and monolayer permeability. Studies have shown that 

endothelial monolayers exposed to flow in vitro increase permeability after flow initiation 
44–47. At later times (~24 hours), endothelial monolayer permeability is lower in flow-

adapted cells than cells in static conditions. FGF2 can be transported across the endothelium 

through leaky cell-cell junctions or via vesicles 48. While pinocytosis and endocytosis have 

been shown to increase with shear stress exposure 49,50, extensive data suggest that 

endothelial adherens and tight junctions remodel during flow adaptation, which increases 

monolayer permeability and transendothelial transport 51–54. In our previous work, we also 

showed that intercellular junction breakdown by high glucose increased basement membrane 

FGF2 23.

While we were not able to demonstrate a change in cell surface HSPG with flow, 

experimental and computational studies by others have suggested that cell surface HSPG 

availability is flow dependent. Giantsos-Adams et al. used fluorescence microscopy to show 

that the heparan sulfate content of the endothelial glycocalyx increased 1.4-fold after cells 
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adapted to 15 dynes/cm2 shear stress 20. Flow-adapted EC also recovered their HSPG 

content more quickly following enzymatic degradation than did cells in static conditions. 

Liu et al. further showed that syndecan 1–4 and glypican-1 mRNA expression increased in 

EC exposed to 4, 10, or 15 dynes/cm2 shear stress 19. Experimental evidence also suggests 

that shear stress decreases endothelial HSPG internalization, which occurs via a clathrin- 

and caveolae-independent mechanism 43,55,56. Barkerfors et al. visualized HSPG 

internalization in endothelial cells cultured in static conditions or 11 dyne/cm2 shear stress 
57. While endothelial cells internalized HPSG in static conditions, HSPG internalization was 

not detected in cells adapted to flow. HSPG are also shed from the endothelial cell surface in 

physiological and pathological situations, including under shear stress 27,58. While HSPG 

production and internalization rates affected HSPG-bound FGF2, our model showed little 

sensitivity to shedding, since the HSPG shedding rate is two orders of magnitude lower than 

HSPG production and internalization rates. Unless shedding rate increases substantially in 

flow, it is unlikely to significantly contribute to changes in FGF2-HSPG complex formation 

in flow adapted cells.

FGF2 binding kinetics to cell surface HSPG have also been suggested to change in response 

to forces similar to those experienced by cells in flow. FGF2 may dimerize on a single 

HSPG and possibly form higher order oligomers 10,59. Venkataraman et al. used MALDI-

mass spectrometry to quantify FGF2 oligomer formation with heparin like 

glycosaminoglycans. Their results demonstrated that while monomers and dimers were most 

abundant, trimer, tetramer and pentamer formation was also possible. Computational studies 

of the endothelial glycocalyx have suggested that shear stress stretches cell surface HSPG 
60–62, which would expose additional FGF2 binding sites and increase FGF2 capture by 

HSPG as FGF2 dimers in flow. Sevim et al. investigated the nanomechanics of the FGF2-

HSPG bond itself using atomic force microscopy 21. Their data suggest that FGF2-HSPG 

dissociation rate was constant at loading rates of 101 to 106 pN/s but then increased 

approximately 4500 times at higher loading rates. In addition, bond lifetime decreased as 

clamping force increased, keeping with slip bond dissociation. Since it is difficult to estimate 

the actual flow-induced force experienced by an FGF2-HSPG bond using Bell’s equation 63, 

we modeled the potential effect of FGF2-HSPG slip bond characteristics by changing koff 

over several orders of magnitude.

While our model represents the first attempt, to our knowledge, to account for the effects of 

changes in endothelial cell surface HSPG with flow on FGF2 binding kinetics, it is not 

without limitations. In both the experiments and simulations, we only analyzed steady flow. 

It is possible that other mechanical stimuli, including flow pulsatility, cyclic stretch, and 

vascular wall compliance may also affect FGF2 binding kinetics. While we did not measure 

any differences in medium components in the flow vs. static conditions (e.g., FGF2 or 

HSPG), it is possible that differences in the medium may account for some of the flow-

induced FGF2 binding differences. We assumed a general HSPG molecule at our cell 

surface and did not distinguish between the different molecules under the HSPG family 

(syndecans and glypicans). We did not include FHR dimerization, which has been postulated 

to be important in FGF2 signaling, since association and dissociation rates have not been 

experimentally determined. We assumed that FGF2 association to HSPG did not vary with 

flow, based on our prior work and unpublished data. For model simplicity or due to lack of 
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binding parameters, we neglected several factors that may also affect FGF2 binding kinetics, 

including FGF2 degradation or dimerization in the fluid, soluble or shed HSPG and FGFR 

binding to FGF2 in the fluid, HSPG recycling after internalization, and FGF2-HSPG-FGFR 

dimers. Finally, we modeled the basement membrane as a flat surface and thereby neglected 

transport through the basement membrane.

We now present a flow-adapted endothelial cell model which includes an increase in HSPG 

production, HSPG availability, and FGF2-HSPG dissociation rate with shear stress. The 

model fits well with our experimental data and other published work on endothelial cell flow 

adaptation. Additional studies of HSPG dynamics under flow conditions are needed to 

confirm if the changes in FGF2 binding to HSPG in flow are indeed related to these three 

parameters alone or if other factors play an important role. It would also be valuable to 

examine the effects of other mechanical stimuli, including pulsatility, cyclic stretch, and 

vascular wall compliance, on HSPG dynamics and FGF2 binding kinetics. This model 

elucidates how flow-induced changes in endothelial cell surface receptors may impact FGF2 

binding and signaling and highlights the need to conduct FGF2 binding and signaling studies 

in physiological mechanical environments.

Abbreviations:

FGF2 Fibroblast Growth Factor 2, basic Fibroblast Growth Factor

HSPG Heparan Sulfate Proteoglycan

FGFR Fibroblast Growth Factor Receptor

EC Endothelial Cell
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Figure 1: 
Computational model reactions, schematics, and validation. (A) Model schematic showing 

reactive species and bound complexes. F = FGF2, R = FGFR, H = HSPG, FR = FGF2-

FGFR, FH = FGF2-HSPG, FHR = FGF2-HSPG-FGFR (triad), BM = basement membrane. 

The subscript i indicates internalized species. (B) Computational model geometry showing 

parallel plate flow chamber and bottom reactive boundary with uniform H and R 

distribution. (C) Model validation at 4° C. Increasing cell surface HSPG concentration leads 

to increased FHR formation and decreased FR.

Garcia et al. Page 20

Ann Biomed Eng. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2: 
FGF2 binding to cell surface and basement membrane HSPG peaks around 20 dynes/cm2 

shear stress. (A) PAEC were adapted to varied shear stress levels (0 – 40 dynes/cm2) for 24 

hours and then exposed to 10 ng/mL FGF2 at the same shear stress level for an additional 

two hours at 37°C. FGF2 bound to cell surface HSPG and FGFR, as well as basement 

membrane HSPG were extracted and quantified by ELISA. (B) PAEC adapted to 0 or 20 

dynes/cm2 shear stress were treated with 0 (basal) or 10 ng/mL FGF2 for two hours at 37°C. 

FGF2 bound to cell surface HSPG and FGFR, as well as basement membrane HSPG was 

extracted and quantified by ELISA. (C) To assess permeability, PAEC were exposed to 0, 8 

or 24 hours of 20 dynes/cm2 shear stress and then treated with 10 ng/mL FGF2. Cells were 

then lysed, and the FGF2 that permeated the endothelial monolayer and bound to the 

basement membrane was extracted and quantified by ELISA. Alternatively, cells were fixed 

and labeled for β-catenin (green) and nuclei (blue). (D) To assess FGF2 release from cells 

exposed to flow, FGF2 was quantified in media samples from PAEC exposed to 0 or 20 

dynes/cm2 shear stress by ELISA. FGF2 was normalized for both media volume and cell 

number, and therefore is expressed as pg/1×106 cells. * p < 0.01; ** p < 0.001; *** p < 

0.0001.
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Figure 3: 
Increased cell surface HSPG concentration increased FGF2-HSPG (FH) complexes and 

decreased FGF2-FGFR (FR) complexes but did not affect FGF2-HSPG-FGFR (HFR) 

complexes. (A) Predicted values of FH, FR, FHR, and FR+FHR as HSPG concentration was 

increased from 2.16 × 10−13 to 2.16 × 10−7 mol/m2 (α=1; ki,H, ksH, koFH at base values). 

(B) FGFR state as free FGFR (no bound FGF2), FGF2 bound FGFR (FR+FHR) and total 

FGFR with increasing HSPG concentration.. (C) FGFR internalization as free FGFR (R), 

FGF2-FGFR (FR), and FGF2-HSPG-FGFR (FHR) with increasing HSPG concentration. 

Flow rate 2.1 mL/min; [FGF2] = 10 ng/mL (5.56 × 10−5 µM); [FGFR] = 4.15 × 10−12 

mol/m2.
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Figure 4: 
HSPG production, internalization, and FGF2-HSPG dissociation rate had the largest effect 

on cell surface bound FGF2. Bound FGF2 as FGF2-HSPG (FH), FGF2-FGFR (FR), and 

FGF2-HSPG-FGFR (FHR) with varied (A) HSPG production rate (PH) from 1.14 × 10−14 to 

1.14 × 10−10 mol/m2min−1 (α=1; ki,H, ksH, koFH at base values); (B) HSPG availability (α) 

from 0 to 1 in 0.1 intervals (PH, ki,H, ksH, koFH at base values); (C) HSPG internalization 

rate (ki,H) from 3.17 × 10−4 to 3.17 × 100 min−1 (α=1; PH, ksH, koFH at base values); (D) 

HSPG shedding rate (ksH) from 5.84 × 10−7 to 5.84 × 10−1 min−1 (α=1; PH, ki,H, koFH at 

base values); and (E) FH dissociation rate (ko,FH) from 1.37 × 10−2 to 1.37 × 102 min−1 

(α=1; PH, ki,H, ksH at base values). Initial model values: [FGF2] = 10 ng/mL (5.56 × 10−5 

µM); [HSPG] =2.16 × 10−10 mol/m2; [FGFR] = 4.15 × 10−12 mol/m2; flow rate = 2.1 mL/

min; simulation time = 300 min. Base values are indicated by dotted lines.
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Figure 5: 
Interaction studies between model parameters. (A-C) FGF2-HSPG-FGFR (FHR) showed a 

larger transient peak at high FGF2 concentrations, whereas HSPG availability α had a larger 

effect on equilibrium FHR at lower FGF2 concentrations. Varied simulation parameters were 

FGF2 concentration (A) 0.1, (B) 1, and (C) 10 ng/ml; α = 0-10 in 0.1 increments. All other 

parameters at base values. (D-F) The highest HSPG production rate interacted with FH 

dissociation rate to decrease FGF2-FGFR formation, which FHR formation was unaffected 

by the parametric changes. (D) FH, (E) FR, and (F) FHR. All other parameters at base 

values. (G-I) At the lowest HSPG production and highest HSPG internalization rate, HSPG 

became limiting which decreased FH and FHR formation and increased FR formation. (G) 

FH, (H) FR, and (I) FHR. [FGF2] = 0.1-10 ng/mL (5.56 × 10−7 - 5.56 × 10−5 µM); [HSPG] 

=2.16 × 10−10 mol/m2; [FGFR] = 4.15 × 10−12 mol/m2; flow rate = 2.1 mL/min; Simulation 

time = 300 min.
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Figure 6: 
The cell surface computational model was fit to the cell surface experimental data using the 

basement membrane-derived relationships between HSPG availability and FH dissociation 

with flow and also adding increased production with flow. (A) HSPG availability α was 

modeled to linearly increase with shear stress based on experimental basement membrane 

data. FH bond was modeled to decrease in response to shear stress like a slip-bond, with 

values developed by fitting to the basement membrane data. (B) The computational model 

with increased HSPG availability and increased FH dissociation closely matched the 

basement membrane experimental data. (C) A relationship between HSPG production and 

shear stress was developed to best fit the computational model to the experimental data. 

HSPG production increased by a factor of three at 20 dyne/cm2. (D) The computational 

model closely matched the experimental data only when increased HSPG production was 

included. [FGF2] = 10 ng/mL (5.56 × 10−5 µM); [HSPG] =2.16 × 10−10 mol/m2; [FGFR] = 

4.15 × 10−12 mol/m2; flow rate = 2.1 mL/min; Simulation time = 300 min.
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Table 1.

Base model parameter values

Model Geometry

 H 1.27 × 10−4 m Height of the chamber Text

 L 0.01 m Width of chamber Text

 HBM 5 × 10−8 m BM thickness 32,64

Initial Concentration

 F0 10 ng/ml (5.56 × 10−4 µM) FGF2 Concentration Text

 R0 4.15 × 10−12 mol/m2 FGFR Concentration 32,65

 H0 2.16 × 10−10 mol/m2 HSPG Concentration 32,65

 H0, BM 4.48 × 10−8 mol/m2 BM HSPG Concentration 32,66

 F0, BM 1.74 × 10−14 mol/m2 BM FGF2 basal concentration 32

Diffusion Properties

 DF 1.32 × 10−8 m2/min FGF2 Diffusivity 32,35

Surface Binding

 kon,FR 4.2 × 102 μM−1 min−1 Association FGF2-FGFR 32,35

 koff,FR 0.79 min−1 Dissociation FGF2-FGFR 32,35

 kon,FH 1.2 × 102 μM-1 min−1 Association FGF2-HSPG 32,35

 koff,FH 1.37 min−1 Dissociation FGF2-HSPG 32,35

 kon,FHR 1 × 108 (µmol/cm2)−1 min−1 Association FGF2-HSPG-FGFR 35

 koff,FHR 0.038 min−1 Dissociation FGF2-HSPG-FGFR 32,35

 ks,H 5.84 × 10−4 min−1 HSPG shedding from cell surface 36

Internalization

 ki,R 0.005 min−1 Internalization FGFR 32,35

 ki,H 0.0317 min−1 Internalization HSPG 36,67

 ki,FR 0.078 min−1 Internalization FGF2-FGFR 32,35

 ki,FH 0.0048 min−1 Internalization FGF2-HSPG 68

 ki,FHR 0.043 min−1 Internalization FGF2-HSPG-FGFR 32,35

 Production

 PR ki,R*R0 Production FGFR 32,35

 PH ki,H*H0 Production HSPG 32,35

Degradation

 kd,H 5 × 10−3 min−1 Degrade HSPG 32,35

 kd,FR 20 × 10−3 min−1 Degrade FGF2-FGFR 32,35

 kd,FH 5.6 × 10−3 min−1 Degrade FGF2-HSPG 32,35

 kd,FHR 5.6 × 10−3 min−1 Degrade FGF2-HSPG-FGFR 32,35

Basement Membrane

 kp 7.2 × 10−7 m/min BM Permeability 32

 kon,BM 25.2 μM−1 min−1 Association FGF2-HSPG in BM 69

 kon,BM 0.6 min−1 Dissociation FGF2-HSPG in BM 69

Ann Biomed Eng. Author manuscript; available in PMC 2020 April 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Garcia et al. Page 27

 α 1 Total HSPG Availability Text
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