
VU Research Portal

Improved endothelialization by silicone surface modification and fluid hydrodynamics
modulation: Implications for oxygenator biocompatibility
Salehi Nik, N.

2015

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Salehi Nik, N. (2015). Improved endothelialization by silicone surface modification and fluid hydrodynamics
modulation: Implications for oxygenator biocompatibility. [PhD-Thesis – Research external, graduation internal,
Vrije Universiteit Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 24. May. 2023

https://research.vu.nl/en/publications/929e3e77-f63b-4fe4-810b-2026f847eaef


 

CHAPTER 3 

 

 

Flow Preconditioning of Endothelial Cells on Collagen-

Immobilized Silicone Fibers Enhances Cell Retention and Anti-

Thrombotic Function  

 

 

 

Nasim Salehi-Nik
1,2

, Seyedeh Parnian Banikarimi
1,2

, Ghassem Amoabediny
1,2

, 

Behdad Pouran
3,4

, Mohammad Ali Shokrgozar
5
, Behrouz Zandieh-Doulabi

6
, 

Jenneke Klein-Nulend
6
  

 

 

 
1
 School of Chemical Engineering, College of Engineering, University of 

Tehran, Tehran, Iran 
 

2
 Department of Biomedical Engineering, Research Center for New 

Technologies in Life Science Engineering, University of Tehran, Tehran, 

Iran 
 

3
 Department of Orthopedics, University Medical Center Utrecht, Utrecht, 

The Netherlands 
 

4
 Department of Biomechanical Engineering, Faculty of Mechanical, 

Maritime, and Materials Engineering, Delft University of Technology, Delft, 

The Netherlands 
 

5
 National Cell Bank, Pasteur Institute of Iran, Tehran, Iran 

 
6
 Department of Oral Cell Biology, Academic Centre for Dentistry Amsterdam, 

University of Amsterdam and VU University Amsterdam, MOVE Research 

Institute Amsterdam, Amsterdam, The Netherlands 

 

Submitted for publication 

 



20 
 

ABSTRACT 

 

Stability and anti-thrombotic functionality of endothelial cells on silicone hollow 

fibers are critical in the development of biohybrid artificial lungs. Here we aimed to 

enhance endothelial cell retention and anti-thrombotic function by low (12 dyn/cm
2
, 

24 h  fluid shear stress (“flow”  preconditioning of endothelial cells seeded on 

collagen-immobilized silicone hollow fibers. The response of endothelial cells, 

either or not preconditioned, on hollow fibers to high (30 dyn/cm
2
, 1 h) fluid shear 

stress was assessed in a parallel-plate flow chamber. Finite element (FE) modeling 

was used to simulate shear stress within the flow chamber. We found that collagen 

immobilization on hollow fibers using carbodiimide bonds provided sufficient 

stability to high shear stress. Flow preconditioning for 24 h before treatment with 

high shear stress for 1 h on collagen-immobilized hollow fibers increased cell 

retention (1.3-fold). The FE model showed that cell flattening due to flow 

preconditioning reduced maximum shear stress on cells by 32%. Flow 

preconditioning prior to exposure to high fluid shear stress enhanced the 

production of nitric oxide (1.2-fold) and prostaglandin I2 (1.1-fold). In conclusion, 

flow preconditioning of endothelial cells on collagen-immobilized silicone hollow 

fibers enhanced cell retention and anti-thrombotic function, which could 

significantly improve current biohybrid artificial lungs.  

 

Keywords 

Anti-thrombotic function, Biohybrid artificial lung, Collagen immobilization, 

Endothelialization, Finite element modeling, Fluid shear stress 
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INTRODUCTION 

 

Hollow fiber membrane oxygenators, also called artificial lungs, contain hollow 

fibers across which patient blood is passed for artificial oxygenation during open-

heart surgery [1]. Blood-contacting parts of hollow fibers are functionally limited due 

to biocompatibility issues associated with thrombosis [1-3]. Endothelialization of 

hollow fibers down-regulates the thrombogenic response of blood platelets in so-

called biohybrid artificial lungs, which have been developed in recent decade [2, 3]. 

The hydrophobicity of silicone hollow fibers which are typically used in artificial 

lungs impedes endothelial cell adhesion. Therefore, surface modification through 

physical, chemical, or physicochemical methods might be required to enhance 

stable cell attachment [4-6]. Deposition of extracellular matrix (ECM) proteins, e.g. 

collagen, has been widely used to promote cell attachment on silicone sheets or 

tubes [7, 8]. Earlier we have shown that acrylic acid (AAc) grafting of silicone tubes 

before collagen immobilization results in strong carbodiimide bonding between 

amine groups of collagen and carboxyl groups of AAc-grafted silicone tubes, 

making it resistant to fluid shear stress [8].  

Endothelial cell retention on collagen-coated hollow fibers in artificial lungs 

is important since endothelial cell detachment might expose cell-free regions to 

blood flow and consequently induce platelet adhesion [9, 10]. Controlled exposure 

of endothelial cells seeded on surface-modified materials to low fluid shear stress, 

so-called flow preconditioning, remarkably stimulates endothelial cell monolayer 

retention under fluid shear stress [11-15]. This is likely due to integrin activation 

[15, 16], increased binding affinity of integrins to ECM ligands [15, 16], and/or cell 

flattening which increases the cell surface area involved in integrin-mediated 

adhesion and limits cell surface shear stress gradients [14, 17, 18]. 

In addition to enhanced endothelial cell adhesion on surface-modified 

materials, anti-thrombotic functionality of endothelial cells account for improved 

biocompatibility of artificial lungs. Since nitric oxide (NO) and prostaglandin I2 

(PGI2) inhibit platelet aggregation and adhesion [19, 20], the ability of endothelial 

cells seeded on surface-modified silicone hollow fibers to produce these factors 

can be used to assess the anti-thrombotic capacity of biohybrid artificial lungs. 

Flow preconditioning of endothelial cells has been shown to increase cell retention 

under high shear stresses, but its effect on endothelial cell anti-thrombotic 

functionality, e.g. cell-mediated NO and PGI2 release, has been not thoroughly 

investigated. To correlate shear stress with the cell responses, e.g. cell detachment 

and anti-thrombotic functionality, the precise amount of shear stress experienced 

by cells should be determined. Mathematical and computational models are often 

used particularly in problems involving complex geometries to obtain shear stress 

distribution at the endothelial cell surface [17, 21]. 

3

3 
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The current study aimed to investigate whether endothelial cell retention 

and anti-thrombotic function on silicone hollow fibers under high shear stress can 

be improved by collagen immobilization on these fibers and flow preconditioning of 

endothelial cells. Endothelial cells seeded on collagen-adsorbed and collagen-

immobilized silicone hollow fibers with or without preconditioning were exposed to 

1-30 dyn/cm
2
 shear stress in a custom-made parallel-plate flow chamber. Shear-

induced endothelial cell responses, i.e. cell detachment, as well as NO and PGI2 

production were assessed by experiment. A FE model was developed to determine 

the inlet fluid flow rate through the parallel-plate flow chamber corresponding to the 

desired shear stress on surface-modified silicone hollow fibers and to obtain the 

fluid shear stress distribution on endothelial cells with or without preconditioning. 

The combination of experiments and FE model enables correlating the biological 

response of the endothelial cells with the applied fluid shear stress and finding the 

optimal surface modification method and mechanical conditioning within the 

parallel-plate flow chamber. 

 

 

MATERIALS AND METHODS 

 

Materials  

Cylindrical silicone hollow fibers (inner diameter 0.6 mm, thickness 0.1 mm) were 

kindly donated by Raumedic (Helmbrechts, Germany). Twenty nine silicone hollow 

fibers were glued together with a biocompatible silicone glue to prepare one large 

silicone hollow fiber (SiHF) patch (25 mm x 60 mm). Ninety SiHF patches were 

prepared and split into three groups: 1) Collagen-adsorbed SiHF patches without 

endothelial cells (n=21 patches) and with endothelial cells (n=21 patches); 2) 

Collagen-immobilized SiHF patches without endothelial cells (n=21 patches) and 

with endothelial cells (n=21 patches); 3) Collagen-immobilized SiHF patches with 

flow preconditioned (12 dyn/cm
2
 fluid shear stress for 24 h in a parallel-plate flow 

chamber) endothelial cells (n=6 patches).  

The effect of collagen immobilization on SiHF patches using carbodiimide 

bonds on collagen stability, endothelial cell retention and anti-thrombotic function 

was investigated by comparing collagen and cell detachment from collagen-

adsorbed, and collagen-immobilized SiHF patches after exposure to fluid shear 

stress of 1, 6, 12, 18, 24, and 30 dyn/cm
2
 for 1 h. The effect of flow preconditioning 

of endothelial cells on cell retention and antithrombotic function of collagen-

immobilized SiHF patches at high shear stress (30 dyn/cm
2
) was investigated and 

compared with cell stability on collagen-immobilized SiHF patches without flow 

preconditioning of the cells.  
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Surface modification of SiHF patches 

SiHF patches were cleaned 3 times with 70% (v/v) ethanol, and once with de-

ionized water for 5 min. Forty two SiHF patches were put in a solution of 1 mg/ml 

collagen (acid soluble collagen type I; Pasteur Institute of Iran, Tehran, Iran) in 0.02 

M acetic acid (Fluka, Buchs, Switzerland) at 4°C for 24 h to achieve collagen-

adsorbed SiHF (SiHF-Col) patches. Another 48 SiHF patches were placed on the 

bottom of a reaction chamber (Seren R600, Anatech ltd, Union city, CA, USA), 

which was evacuated to 0.6 mbar, and pretreated with 60 W of oxygen plasma for 

0.5 min. The plasma-treated SiHF patches were immersed in a solution containing 

30% AAc in de-ionized water for 30 min at room temperature. After removal from 

the solution, the patches were air-dried at 40°C for 5 min. The dried patches with a 

pre-adsorbed surface layer of reactive AAc monomers were placed into the 

reaction chamber for plasma graft copolymerization for 3 min to produce AAc-

grafted SiHF patches. The residual monomers and homopolymers were removed 

by washing twice with warm de-ionized water in a water bath, followed by 

incubation in distilled water for 24 h [8, 22]. AAc-grafted SiHF patches were 

immersed in 30 ml 5 mM 2-(N-morpholino)ethanesulfonic acid (MES) buffer 

solution containing 48 mg 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide 

hydrochloride (EDC) and 15 mg N-hydroxysuccinimide (NHS; Fluka, Neu-Ulm, 

Germany) before collagen immobilization [22]. The solution was gently stirred for 5 

h at 4°C to activate the carboxyl groups on the patches. Then AAc-grafted SiHF 

patches were put into a solution of 1 mg/ml collagen in 0.02 M acetic acid to 

immobilize collagen at 4°C for 24 h. Finally, collagen-immobilized AAc-grafted 

SiHF (AAc SiHF-Col) patches were washed in distilled water for 1 min to remove 

unbound collagen, and stored at 4°C until further use.  

To investigate the stability of collagen coating, 18 SiHF-Col patches and 18 

AAc SiHF-Col patches were exposed to shear stresses of 1, 6, 12, 18, 24, and 30 

dyn/cm
2
 for 1 h in an in-house fabricated parallel-plate flow chamber with a closed 

loop system by pumping 50 ml distilled water with a peristaltic pump (pump for low 

flow rates was from Rainin Dynamax, San Diego, CA, USA; pump for high flow 

rates from Heidolph, Schwabach, Germany (Figure 1)). Polyvinyl chloride tubing 

was used to link the fluid reservoir, pump, and flow chamber. Three patches in 

each group served as static control. The amount of collagen on the patches was 

determined by a Bradford protein assay (Bradford, Hercules, CA, USA) using an 

Eppendorf biophotometer D30 (Eppendorf, Hamburg, Germany) following the 

manufacturer’s instructions. The concentration of immobilized collagen on the 

patches was assessed by comparison with a standard curve.  

 

Endothelial cell seeding and culture on surface-modified SiHF patches  

Human umbilical vein endothelial cells (HUVECs) from the National Cell Bank, 

Pasteur Institute of Iran (Tehran, Iran) were used between passages 3 and 6 to 

3

3 
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examine endothelial cell retention and anti-thrombotic function on SiHF patches. 

Surface-modified SiHF patches, i.e. SiHF-Col, and AAc SiHF-Col, were put into 

petri dishes, sterilized with UV, washed twice with phosphate-buffered saline (PBS) 

solution, and washed once with culture medium before cell seeding (see below).  

Endothelial cells were seeded on surface-modified SiHF patches at 10
5
 

cells/cm
2
 in an in-house fabricated seeding well containing 3 ml Dulbecco’s 

Minimal Essential Medium (DMEM)/F12 (1/1, v/v) with 10% fetal bovine serum 

(Gibco, Renfrewshire, Scotland; Figure 1), and cultured in a humidified atmosphere 

of 5% CO2 in air at 37°C for 2 days. 

 

Exposure of cultured endothelial cells on surface-modified SiHF patches to 

fluid shear stress 

After two days of cell culture, 18 SiHF-Col patches and 18 AAc SiHF-Col patches 

were exposed to fluid shear stress of 1, 6, 12, 18, 24, and 30 dyn/cm
2
 for 1 h within 

a parallel-plate flow chamber with a closed loop system by pumping 50 ml 

DMEM/F12 medium over the cells (Figure 1). Cell detachment generally occurs 

during the first 30-45 min [23], and therefore 1 h shear stress exposure was used 

to assess cell retention. Three patches per group served as static control to assess 

the cell number in the absence of fluid shear stress. To investigate the effect of 

flow preconditioning on endothelial cell attachment and function, cells were seeded 

and incubated overnight on 6 AAc SiHF-Col patches. Then the cells were 

preconditioned (12 dyn/cm
2
 fluid shear stress for 24 h) in a parallel-plate flow 

chamber. Once a patch with cells was mounted in the flow chamber for flow 

preconditioning, the flow loop system was moved to a 37°C incubator, and the flow 

rate was initiated at 10 ml/min and ramped up to the desired flow rate in increments 

of 10 ml/min every 15 min. Endothelial cells were exposed for 24 h to fluid shear 

stress after the target flow rate equivalent to a fluid shear stress of 12 dyn/cm
2
 was 

achieved (see “shear stress modeling” for details . To assess the response of 

preconditioned endothelial cells to high fluid shear stress, i.e. cell retention and 

anti-thrombotic function, three of the patches with preconditioned cells were 

exposed to 30 dyn/cm
2
 for 1 h, and another three patches served as static control.  

 

Shear stress modeling in a parallel-plate flow chamber  

To estimate the inlet flow rate corresponding to the desired shear stress on 

surface-modified SiHF patches, as well as the fluid shear stress distribution on the 

one raw of endothelial cells with or without preconditioning, a three-dimensional FE 

model was developed using commercially available software, COMSOL 

Multiphysics (Ver. 4.4, COMSOL Inc., TU Delft, Delft, The Netherlands). First, a 

section of the parallel-plate flow chamber consisting of a SiHF patch (25 mm x 66 

mm x 1.4 mm) without considering endothelial cells was constructed in COMSOL 

(Figure 2a), with 1541300 tetrahedral mesh elements (Figure 2b) to achieve the 
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inlet flow rate for each desired shear stress. Table 1 summarizes the model 

geometry and other parameters used in the simulation. The model solution was 

confirmed to be mesh-independent by comparing solutions based on different 

meshing schemes. 

 

 

 
 

Figure 1. Schematic of a closed loop system used to expose endothelial cells to fluid shear 

stress of different magnitude. (1) Parallel-plate flow chamber containing cell-seeded silicone 

hollow fiber patch, (2) Peristaltic pump, (3) Medium reservoir, (4) Polyvinylchloride tubing, 

(5) Check valves. 

 

 
Table 1. A list and description of the symbols used in the simulation. 

 
 
Symbol 

 
Value, units 

 
Description 

 
L 

 
66 mm 

 
Length of the flow chamber 

W 25 mm Width of the flow chamber 

H 1.4 mm Height of the flow chamber 

D 0.8 mm Outer diameter of silicone hollow fiber 

Dh 0.65 mm Hydraulic diameter 

µ 0.001 Pa s Dynamic viscosity of the culture medium at 37°C  

ρ 1000 kg/m
3
 Density of the culture medium at 37°C 

τw dyn/cm
2
 Wall shear stress 

 

3

3 
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Navier-Stokes (Equation 1) and Continuity (Equation 2) were solved 

simultaneously to compute the flow field within the flow chamber [24]: 
 
 (u. )u  .[ p μ( u)]  g (1) 

ρ .(u  0 (2) 

 

where u is the local velocity, µ is the fluid dynamic viscosity, p is the fluid pressure, 

and g is the gravity constant. The fluid inlet velocity boundary condition is given as 

[17]: 
 
u(z) 6  m (

z
 ⁄  (1  z

 ⁄   (3) 

 

where Vm is the averaged input velocity, z is the direction normal to the flow 

direction, and H is the height of the parallel-plate flow chamber. The inlet flow was 

considered to be non-oscillatory which is consistent with the pump characteristics 

used in the experiments. Fluid pressure was set to zero at the outlet of the parallel-

plate flow chamber. No-slip boundary condition was used for all surfaces. The 

culture medium was modeled as a Newtonian fluid with a density of 1000 kg/m
3
 

and a viscosity of 0.001 Pa.s similar to the actual experimental condition. The 

Reynolds number was calculated using the hydraulic diameter (Dh):  

 e 
  mDh
μ

, Dh 
4A

P
 

(4) 

 

where   is the fluid density,   is the fluid viscosity, A is the cross-sectional area of 

the flow chamber, and P is the wetted premeter. A and P were calculated by 

considering the presence of a SiHF patch in the parallel-plate flow chamber (Figure 

2a): 
 

A Achamber A i   patch (   ) (2  
 D

2

4
  

(5) 

P P i   patch Pchamber  (2   D  (2 (  
D

2
  2  ) 

(6) 

 

where W is the width of the chamber, H is the height of the chamber, and D is the 

outer diameter of silicone hollow fiber. Reynolds number at all velocities used in 

this study was below 70, which is well below the laminar Reynolds number 

threshold (Reynolds number = 2300). 

Flow preconditioning of cells affects their morphology [25-27]. To 

investigate flow alteration in the presence of cells with different morphologies, a 

row of cells on 1 mm of a single fiber was created in Solidworks (Version 2011, TU 

Delft, Delft, The Netherlands) as a wavy surface using the dimensions described by 

Barbee et al. (1994; Cells without flow preconditioning: average height 3.4 µm, 

length 31 µm; flow preconditioned cells: average height 1.8 µm, length 40 µm; 
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Figure 3) [26]. Then, the fiber together with overlying cells was imported to 

COMSOL, placed into a small chamber (1.4 x 1 x 0.9 mm) and meshed using 

21300 tetrahedral elements. Boundary conditions were imposed exactly the same 

as for the entire parallel-plate flow chamber, and the shear stress distribution was 

quantified in the flow direction along the centerline of the row of cells.  

  

 

 
 

 

Effect of fluid shear stress on endothelial cell detachment from surface-

modified SiHF patches  

Confluent (100%) endothelial cell monolayers on surface-modified SiHF patches 

were subjected to fluid shear stress. A critical shear stress (τcritical) was defined at 

which 10% of cells were detached from the patches. The optimal fluid shear stress 

driven by fluid (τD  was assumed to be lower than τcritical to retain cell confluency on 

the patches (confluency> 90%): 

τD τcritical (7) 

Figure 2. FE modeling of fluid 

shear stress rate on a SiHF patch 

in a parallel-plate flow chamber. 

(a) Geometry, (b) FE mesh grid, 

and (c) Shear rate distribution at 

a mean shear stress of 30 

dyn/cm
2
. The shear rate is higher 

on the top surface of the fibers 

compared with the space 

between the fibers. FE, finite 

element. 

 

3

3 
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After exposure to fluid shear stress, the attached cells on each static 

(control) or fluid shear stress-exposed SiHF-Col and AAc SiHF-Col patches were 

washed with PBS, released with trypsin/EDTA (Merck, Kenilworth, NJ, USA), and 

stained with 0.4% trypan blue (Sigma-Aldrich, St. Louis, MO, USA) to determine 

the number of viable cells in a Neubauer cell counting chamber. The percentage of 

detached cells was calculated from the cell counts on shear stress-exposed 

patches and on control patches.  

 
 

 

Figure 3. Model geometry of a row of endothelial cells on part of one hollow fiber in a 

parallel-plate flow chamber. (a) Cells without preconditioning with an average height of 3.4 

µm and length of 31 µm, and (b) Preconditioned cells by 12 dyn/cm
2
 shear stress with an 

average height of 1.8 µm and length of 40 µm. The arrows point toward the cell surface with 

their base touching the fiber’s surface. 

 

 

NO and PGI2 determination 

After exposure of each endothelial cell-seeded SiHF-Col, and AAc SiHF-Col 

patches to 12 or 30 dyn/cm
2
 shear stress for 1 h, 0.5 ml of the medium was 

collected from the medium reservoir (Figure 1) to determine NO and PGI2 

production. NO production was measured as nitrite (NO2
-
) accumulation in the 

medium, using Griess reagent containing 1% sulfanilamide, 0.1% naphtylethelene-

diamine-dihydrochloride, and 2.5 M H3PO4  [28]. Serial dilutions of NaNO2 in 

medium were used to generate the standard curve. The absorbance was 

measured at 545 nm with a microplate reader (Stat Fax-2100, Miami, FL, USA). 

PGI2 production was measured by measuring the concentration of its stable 

metabolite 6-keto-prostaglandin F1α (6-keto-PGF1α) using a 6-keto-PGF1α enzyme 

immunoassay kit (Enzo, Lorrach,  ermany  according to the manufacturer’s 

protocol [29]. Results were normalized for the number of attached cells on the 

SiHF-Col and AAc SiHF-Col patches. Endothelial cell detachment, as well as NO 

and PGI2 release was also determined for preconditioned endothelial cells on AAc 

SiHF-Col patches after exposure to 30 dyn/cm
2
 shear stress and compared with 

the response of endothelial cells without flow preconditioning. 
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Statistical analysis 

All data were expressed as means ± standard deviation (SD). To compare any 

significant differences between surface-modified SiHF patches, one-way analysis 

of variance was used. The significance of differences among means was 

determined by post-hoc comparisons, using Bonferroni’s method. A probability (p  

value of less than 0.05 (p<0.05) was taken as the level of significance. 

 

 

RESULTS 

 

Modeling of fluid shear stress in a parallel-plate flow chamber 

The inlet flow rate corresponding to the desired shear stress within the parallel-

plate flow chamber was calculated by the FE model. The magnitude of the inlet 

flow rate (5, 24, 51, 78, 99 and 120 ml/min) was determined based on the target 

mean fluid shear stress (1, 6, 12, 18, 24, and 30 dyn/cm
2
) in the parallel-plate flow 

chamber including SiHF patch. The geometry, mesh and fluid shear rate contour 

on the SiHF patch at 30 dyn/cm
2
 shear stress are illustrated (Figure 2a-c). Spatial 

inhomogeneity of the fluid shear rate at 30 dyn/cm
2
 in different regions of silicone 

hollow fibers was observed (Figure 2c). 

 

Introduction of carboxyl groups before collagen immobilization on SiHF 

patches increased collagen stability under fluid shear stress  

Quantification of the collagen content of surface-modified SiHF patches showed 

that AAc SiHF-Col patches adsorbed 30% more collagen (21.3±3.0 µg/cm
2
) 

compared with SiHF-Col patches (16.3±1.4 µg/cm
2
, p<0.05; Figure 4). Application 

of 1, 6, 12, 18, 24, and 30 dyn/cm
2
 shear stress did not affect the collagen content 

of AAc SiHF-Col patches, but there was a shear stress dependent decrease in the 

amount of collagen on SiHF-Col patches (Figure 4). At 30 dyn/cm
2
 shear stress, 

64% of the initial collagen content was lost from SiHF-Col patches.  

 

Collagen immobilization increased endothelial cell retention under fluid 

shear stress  

The percentage of detached endothelial cells from surface-modified SiHF patches, 

i.e. SiHF-Col and AAc SiHF-Col, was determined after 1 h exposure to 1, 6, 12, 18, 

24, and 30 dyn/cm
2
 fluid shear stress (Figure 5). Cell detachment from SiHF-Col 

and AAc SiHF-Col patches resulting from 1 or 6 dyn/cm
2
 shear stress was similar, 

while cell detachment from AAc SiHF-Col patches was lower than that from SiHF-

Col patches at shear stress magnitudes above 12 dyn/cm
2
 (Figure 5). At 30 

dyn/cm
2
 fluid shear stress, cell detachment from AAc SiHF-Col patches (27%) was 

2-fold lower (p<0.005) than from SiHF-Col patches (54% . Moreover, τcritical of AAc 

3

3 
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SiHF-Col patches (13 dyn/cm
2
) was 1.7-fold higher than SiHF-Col patches (8 

dyn/cm
2
). 

 

 

 
 

 

 

 

 

 

 

 

Flow preconditioning of endothelial cells increased their retention on AAc 

SiHF-Col patches under fluid shear stress 

The total number of endothelial cells on AAc SiHF-Col patches after 2 days of 

culture and before exposure to shear stress was 795 ± 46 cells/mm
2
 (Table 2). 

After treatment of endothelial cells with 30 dyn/cm
2
 fluid shear stress for 1 h, 27% 

of the cells on AAc SiHF-Col patches were detached. Preconditioning of 

endothelial cells cultured on AAc SiHF-Col patches decreased cell detachment 

Figure 4. Collagen content of SiHF-Col 

and AAc SiHF-Col patches after 1 h 

exposure to 0-30 dyn/cm
2
 fluid shear 

stress. Fluid shear stress did not change 

the collagen content of AAc SiHF-Col 

patches, but it decreased the collagen 

content of SiHF-Col patches. n=3. SiHF-

Col, collagen-adsorbed silicone hollow 

fiber;AAc SiHF-Col, collagen-immobilized 

AAc-grafted silicone hollow fiber. 

Figure 5. Cell detachment from SiHF-Col 

and AAc SiHF-Col patches after 1 h 

exposure to 0-30 dyn/cm
2
 fluid shear 

stress. Cell detachment from SiHF-Col 

and AAc SiHF-Col patches at 1 or 6 

dyn/cm
2
 fluid shear stress was similar, 

but at higher shear stress, cell 

detachment from AAc SiHF-Col patches 

was significantly lower than from SiHF-

Col patches. n=3. SiHF-Col, collagen-

adsorbed silicone hollow fiber; AAc SiHF-

Col, collagen-immobilized AAc-grafted 

silicone hollow fiber. 
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under 30 dyn/cm
2
 fluid shear stress by 8.2-fold compared with endothelial cells 

without preconditioning (Table 2). The percentage of detached cells from flow 

preconditioned AAc SiHF-Col patches under 30 dyn/cm
2
 fluid shear stress (3.3%) 

was significantly below the chosen threshold value of 10%, which shows that τcritical 

for preconditioned cells on AAc SiHF-Col patches did rise to values above 30 

dyn/cm
2
. 

 

 
Table 2. Endothelial cell number on AAc SiHF-Col patches and cell detachment with or 

without flow preconditioning after 1 h exposure to 30 dyn/cm
2
 shear stress. n=3. AAc SiHF-

Col, collagen-immobilized AAc-grafted silicone hollow fiber; Preconditioning, exposure of 

endothelial cells to 12 dyn/cm
2
 fluid shear stress for 24 h. 

 

  
 Preconditioning 

 Without  With 

 
Cell number on static cultured patch (cells/mm

2
) 

 
 795 ± 46 

 
795 ± 46 

Cell detachment after shear stress conditioning (%) 27.2 ± 4.7  3.3 ± 2.1 

 

 

To investigate the effect of cell morphology changes due to flow 

preconditioning on fluid shear stress distribution on endothelial cells and 

consequently on cell detachment, shear stress contour maps under 30 dyn/cm
2
 

target fluid shear stress were obtained for cells without preconditioning (average 

height 3.4 µm; Figures 3a and 6a) and for preconditioned cells (average height 1.8 

µm; Figures 3b and 6b). Histograms of fluid shear stress on the endothelial cells 

with and without preconditioning were obtained from the FE model (Figure 6c). 

Cells without preconditioning experienced a wide range of shear stress values on 

their surface as a result of the increased cell height. Flow preconditioning on the 

other hand tailors a smoother surface of the cells, which results in a more 

homogenous shear stress distribution on the cell’s surface ( igure 6c . 

The mean, maximum, and minimum shear stress exerted by fluid flow over 

the hollow fibers was calculated (Table 3). Cells on a hollow fiber increased the 

maximum shear stress (57% increase for cells without preconditioning, p<0.005; 

7% increase for preconditioned cells, not significant) and decreased the minimum 

shear stress (41% decrease for cells without preconditioning, p<0.005; 16% 

decrease for preconditioned cells, p<0.05) compared with a hollow fiber without 

cells. The highest value of the maximum shear stress (48.9 dyn/cm
2
) and the 

lowest value of the minimum shear stress (17.3 dyn/cm
2
) were experienced by 

cells without preconditioning. Reduction in cell height after flow preconditioning 

decreased the maximum shear stress to 32% (p<0.005) and increased the 

minimum shear stress to 43% (p<0.005).  

3

3 
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Figure 6. FE modeled shear stress distribution along a hollow fiber of 1 mm at mean fluid 

shear stress of 30 dyn/cm
2
. (a) Fluid shear stress distribution on cells without 

preconditioning with average height of 3.4 µm, (b) Shear stress distribution on flow 

preconditioned cells  with average height of 1.8 µm, and (c) Histograms of shear stress on 

the surface of a row of cells either preconditioned or without preconditioning. Higher 

inhomogeneity of the cell surface without flow preconditioning resulted in a wider shear 

stress distribution, whereas smoother cell surface associated with preconditioning resulted 

in a more uniform shear stress distribution. FE, finite element. 

 

 

 

 



12 
 

Table 3. Mean, maximum, and minimum fluid shear stress experienced by endothelial cells 

on silicone hollow fiber with and without preconditioning calculated using FE model. As a 

control, values are also reported for silicone hollow fiber without cells. Preconditioning, 

exposure of endothelial cells to 12 dyn/cm
2
 fluid shear stress for 24 h. *Significant effect 

after considering cells in the model, p<0.05, **p<0.005, 
##

Significantly different from 

endothelial cells on fiber without preconditioning, p<0.005. 

 
 

 
 No cells  

 
 Preconditioning 

 Without With 

 
Mean shear stress (dyn/cm

2
) 

 
30.0 ± 1.1 

 
 34.2 ± 2.1 

 
28.4 ± 1.7 

Maximum shear stress (dyn/cm
2
) 31.2 ± 2.3 48.9 ± 2.2 ** 33.3 ± 2.2 

##
 

Minimum shear stress (dyn/cm
2
)  29.3 ± 1.9 17.3 ± 1.0 ** 24.7 ± 2.0 * 

##
 

 

 

Collagen immobilization on SiHF patches followed by flow preconditioning 

increased NO and PGI2 production under fluid shear stress 

The basal NO production by endothelial cells cultured on SiHF-Col and AAc SiHF-

Col patches during 1 h static incubation at 37°C was similar (Figure 7). Treatment 

of cells with 12 dyn/cm
2
 fluid shear stress for 1 h increased NO production by 6.1-

fold (p<0.0005) by endothelial cells on AAc SiHF-Col patches, and 3.2-fold 

(p<0.05) by cells on SiHF-Col patches. Treatment with 30 dyn/cm
2
 fluid shear 

stress increased NO production by 1.2-fold (p<0.05) by endothelial cells on AAc 

SiHF-Col patches, but decreased NO production by 2.3-fold (p<0.05) by cells on 

SiHF-Col, compared with 12 dyn/cm
2
 shear stress treatment. 

Basal PGI2 production by endothelial cells on AAc SiHF-Col and SiHF-Col 

patches after 1 h static culture was similar (Figure 8). After 1 h of 12 dyn/cm
2
 fluid 

shear stress treatment, PGI2 production by endothelial cells increased by 2.5-fold 

(p<0.005) on both SiHF-Col and AAc SiHF-Col patches compared with static 

controls. After 1 h of 30 dyn/cm
2
 fluid shear stress treatment, PGI2 production was 

slightly, but not significantly, increased (1.1-fold, p>0.05) on AAc SiHF-Col patches. 

PGI2 production by endothelial cells dropped by 1.8-fold (p<0.005) on SiHF-Col 

patches after exposure to 30 dyn/cm
2
 fluid shear stress compared with 12 dyn/cm

2
 

fluid shear stress.  

Thirty dyn/cm
2
 fluid shear stress stimulated NO production (1.2-fold, 

p<0.05) as well as PGI2 production (1.1-fold, p<0.05) by flow preconditioned 

endothelial cells on AAc SiHF-Col patches compared with cells without flow 

preconditioning (Table 4). 

 

3

3 
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Figure 7. NO produced by endothelial 

cells on SiHF-Col and AAc SiHF-Col 

patches after 1 h with or without exposure 

to 12 and 30 dyn/cm
2
 fluid shear stress. 

Basal NO production by endothelial cells 

on AAc SiHF-Col and SiHF-Col patches 

was similar. By increasing the fluid shear 

stress from 12 to 30 dyn/cm
2
, NO 

production increased by 1.2-fold on AAc 

SiHF-Col patches, but decreased by 2.3-

fold on SiHF-Col patches. n=3. SiHF-Col, 

collagen-adsorbed silicone hollow fiber; 

AAc SiHF-Col, collagen-immobilized AAc-

grafted silicone hollow fiber. *Significant 

effect of fluid shear stress, p<0.05, 

***p<0.0005, 
#
Significantly different from 

patches exposed to 12 dyn/cm
2
, p<0.05. 

Figure 8. PGI2 production by endothelial 

cells on SiHF-Col and AAc SiHF-Col 

patches after 1 h with or without exposure 

to 12 and 30 dyn/cm
2
 fluid shear stress. 

Basal PGI2 production (measured as 6-

keto-PGF1α, the stable metabolite of 

PGI2) by endothelial cells on AAc SiHF-

Col and SiHF-Col patches was similar. By 

increasing the fluid shear stress from 12 

to 30 dyne/cm
2
, PGI2 release increased 

by 1.1-fold on AAc SiHF-Col patches, but 

decreased by 1.8-fold on SiHF-Col 

patches. n=3. SiHF-Col, collagen-

adsorbed silicone hollow fiber; AAc SiHF-

Col, collagen-immobilized AAc-grafted 

silicone hollow fiber. *Significant effect of 

fluid shear stress, p<0.05, **p<0.005, 

***p<0.0005, 
##

Significantly different from 

patches exposed to 12 dyn/cm
2
, p<0.005. 
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Table 4. NO and PGI2 production by endothelial cells on AAc SiHF-Col patches with and 

without preconditioning after 1 h exposure to 30 dyn/cm
2
 fluid shear stress. n=3. AAc SiHF-

Col, collagen-immobilized AAc-grafted silicone hollow fiber; Preconditioning, exposure of 

endothelial cells to 12 dyn/cm
2
 fluid shear stress for 24 h. *Significantly different from 

endothelial cells on AAc SiHF-Col patches without preconditioning, p<0.005. 

 

  
 Preconditioning 

 Without  With 
 
NO (nmol/10

6
 cells) 

 
 33.6 ± 2.2 

 
 42.3 ±3.1* 

6-keto-PGF1α (pg/10
6
 cells) 918.7 ± 50.6 1053.3 ± 45.3* 

 

 

DISCUSSION 

 

Endothelial cell seeding of blood contacting parts of SiHFs in artificial lungs is a 

first stepping stone towards developing biohybrid artificial lungs [3]. The attached 

endothelial cell layer provides a biocompatible surface for blood-cell interaction if 

the cells are maintained in a stable, anti-thrombotic phenotype [6]. However, rapid 

loss of cells after exposure to fluid shear stress during blood circulation in biohybrid 

artificial lungs causes a problem. Coating of SiHFs with collagen, the main ECM 

protein, improves endothelial cell adhesion [6, 8]. The stability of a collagen coating 

is a major issue, since collagen detachment from a SiHF's surface initiates cells 

detachment. Flow preconditioning of endothelial cells stimulates their retention on 

SiHFs under high shear stress similar to that observed in vascular grafts [11-15]. 

To our best of knowledge, we are the first to investigate the effect of 

surface modification of SiHFs by collagen immobilization and flow preconditioning 

of endothelial cells on endothelial cell retention and anti-thrombotic function. 

Collagen was immobilized on SiHF patches using AAc grafting as described earlier 

[8]. SiHF patches with adsorbed collagen was used for comparison. Collagen-

surface binding stability and cell retention under 1 to 30 dyn/cm
2
 shear stress was 

assessed. Preconditioning with 12 dyn/cm
2
 fluid shear stress for 24 h of endothelial 

cells on surface-modified SiHF patches encased in a custom-made parallel-plate 

flow chamber was performed to investigate whether preconditioning affects cell 

retention and/or anti-thrombotic function. FE modeling allowed to correlate the fluid 

shear stress distribution on the cell surface with the cell biological response.  

Collagen did not detach from AAc SiHF-Col patches after treatment with 1 

to 30 dyn/cm
2
 fluid shear stress, showing that carbodiimide bonds between 

carboxyl groups of AAc-grafted SiHF patches and amine groups of collagen are 

stable enough to withstand shear stress. However, detached collagen from SiHF-

Col patches depends on the magnitude of the applied fluid shear stress. The τcritical, 

fluid shear stress at which 10% of the cells were detached was higher for AAc 

3

3 
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SiHF-Col patches than for SiHF-Col patches, showing that AAc SiHF-Col patches 

better support cell retention under high fluid shear stress compared with SiHF-Col 

patches. More than 30% of endothelial cells on SiHF-Col patches detached at fluid 

shear stress of 18 dyn/cm
2
 or higher. It is possible that the cells got detached as a 

result of collagen detachment, which was relatively weakly bound to the SiHF-Col 

patches. AAc SiHF-Col patches retained cells well under different levels of fluid 

shear stress, but 27% of cells did still detach at the maximum shear stress of 30 

dyn/cm
2
 as used in this study. Since collagen did not detach from AAc SiHF-Col 

patches under 30 dyn/cm
2
 fluid shear stress, cell detachment might not have 

occurred due to collagen detachment, but rather as a result of weak bonds 

between cellular integrins and collagen under high shear stress. 

Flow preconditioning of endothelial cells increases cell binding affinity to a 

collagen coating thereby increasing cell retention [11-15]. Furthermore, exposure to 

fluid shear stress influences endothelial cell morphology, mechanical properties, 

phenotype, ability to adhere to a surface, viability, proliferation, and differentiation 

[13]. Fluid shear stress affects cellular organization and cell biological responses 

[25-27]. For example, aortic endothelial cells show increased local elasticity (from 

0.87±0.23 to 1.75 ±0.43 kPa) [30], and decreased height-to-length ratio (from 

0.11±0.02 to 0.05±0.01 µm) [26] after applying 12 dyn/cm
2
 fluid shear stress. Our 

results suggest that 24 h preconditioning of endothelial cells on AAc SiHF-Col 

patches with 12 dyn/cm
2
 fluid shear stress significantly increased cell retention by 

33%. 

The cell adhesion force should be higher than the hydrodynamic forces 

generated by a fluid flow to allow the creation of a stable layer of endothelial cells. 

Integrin-mediated cell adhesion force depends on the number of integrins per cell, 

as well as on the cell surface area involved in attachment by integrins [31]. Flow 

preconditioning of endothelial cells induces conformational activation of integrins 

and increased binding to ECM ligands [15, 16]. It also increases cell surface area 

involved in integrin-mediated adhesion as a consequence of cell flattening [14, 17]. 

In addition, cell flattening after flow preconditioning might reduce shear stress 

gradients at the cell surface, resulting in decreased cell detachment [17, 26]. To 

investigate the effect of cell flattening on fluid shear stress distribution on hollow 

fibers, two rows of cells corresponding to cells with and without preconditioning 

were modeled using COMSOL. The control situation where no cells were seeded 

on hollow fibers was also studied for comparison. Our results showed that by 

decreasing the cell height after flow preconditioning, the mean and maximum shear 

stress experienced by the cells also decreased, and therefore a more 

homogeneous fluid shear stress distribution was obtained. The fluid shear stress 

simulation values on hollow fibers without cells showed 1.8 dyn/cm
2
 difference 

between maximum and minimum shear stress, while they showed 31.6 dyn/cm
2 

difference between maximum and minimum shear stress after considering cells 
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without flow preconditioning. This shows that the presence of cells leads to a wider 

shear stress distribution than when cells were not considered. However, by 

decreasing the cell height following flow preconditioning, the difference between 

maximum and minimum shear stress decreased to 8.6 dyn/cm
2
. These values 

indicate that cell geometry changes in different conditions are critical when 

analyzing cellular biologic responses.  

The anti-thrombotic phenotype of endothelial cells cultured on surface-

modified, and/or flow preconditioned SiHF patches under fluid shear stress was 

determined by measuring NO and PGI2 production. Both NO and PGI2 are known 

for their anti-thrombotic effect [19, 32, 33]. Fluid shear stress stimulates the release 

of NO, C-type natriuretic peptide, and PGI2 through elevated intracellular Ca
2+

 and 

increased transcription of endothelial NO synthase mRNA and C-type natriuretic 

peptide mRNA [20, 29]. Our data suggest that NO and PGI2 production by 

endothelial cells cultured on surface-modified SiHF patches increased after 

applying 12 dyn/cm
2
 fluid shear stress. These findings are in agreement with 

numerous other reports demonstrating increased endothelial-derived anti-

thrombotic factors in response to laminar shear stress [32, 33]. High shear stress 

(30 dyn/cm
2
) stimulated NO and PGI2 production by endothelial cells cultured on 

AAc SiHF-Col patches, but decreased production of these factors by cells on SiHF-

Col patches. An explanation for this observation might be an altered response of 

loosely attached endothelial cells on the surface of SiHF-Col patches compared 

with stably attached endothelial cells on the surface of AAc SiHF-Col patches. Flow 

preconditioning of endothelial cells with 12 dyn/cm
2
 shear stress for 24 h 

significantly increased NO and PGI2 production when subjected to high fluid shear 

stress, showing that flow preconditioning not only increases cell retention under 

high shear stress, but also enhances anti-thrombotic capability of endothelial cells. 

In conclusion, endothelial cell stability and anti-thrombotic function was 

enhanced after collagen immobilization of SiHF patches and flow preconditioning at 

12 dyn/cm
2
 fluid shear stress for 24 h. FE modeling of fluid shear stress 

experienced by endothelial cells did establish a quantitative relation between fluid 

shear stress and endothelial cell behavior, which might be important to ensure a 

stable, functional, and effective endothelial cell layer on hollow fibers and in 

developing biohybrid artificial lungs. Our findings can also be extended to adoption 

of optimal fluid flow rates in geometrically similar parallel-plate flow chambers to 

maximize their functionality and efficacy for applications in biological and medical 

field.  

 

 

 

 

 

3

3 
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