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ABSTRACT 

 

Biocompatibility of artificial lungs can be improved by endothelialization of hollow 

fibers. Bioavailability of growth-inducing and anti-thrombotic agents on the hollow 

fiber-blood interface inhibits thrombosis. We investigated if nanoliposomal growth-

inducing growth hormone (nGH) and anti-thrombotic sodium nitrite (nNitrite) 

incorporation into collagen-coating on silicone hollow fibers improves blood 

compatibility by increasing endothelial cell growth and nitrite bioavailability under 

flow. Nitrite production rate was assessed under varying fluid shear stresses. Finite 

element (FE) modeling was used to simulate nitrite transport within the parallel-

plate flow chamber, and nitrite bioavailability on the fiber-blood interface at 1-30 

dyn/cm
2
 shear stress. Endothelial cell number on fibers coated with nNitrite-nGH-

collagen conjugate was 1.5-fold higher than on collagen-coated fibers. For 

collagen-coated fibers, nitrite production reached a maximum at 18 dyn/cm
2
 shear 

stress. When fibers were coated with nNitrite-nGH-collagen conjugate, nitrite 

production increased continuously by increasing shear stress. FE modeling 

revealed that nitrite concentrations at the fiber-blood interface were affected by 

shear stress-induced nitrite production, and diffusion/convection-induced nitrite 

removal. Highest nitrite concentrations and lowest thrombus deposition were 

observed on fibers coated with nNitrite-nGH-collagen conjugate exposed to 6-12 

dyn/cm
2
 shear stress. In conclusion, our results suggest that nNitrite-nGH-Col 

conjugate coatings not only promote endothelialization, but also thrombus inhibition 

under shear stress in biohybrid artificial lungs.  

 

Keywords 

Biomimetic collagen coating, Endothelialization, Finite element modeling, Shear 

stress, Nitrite bioavailability, Silicone hollow fibers, Biohybrid artificial lungs, 

Thrombus deposition 
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INTRODUCTION 

 

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

fibers along which the patient’s blood flows for oxygenation during open-heart 

surgery [1]. Endothelial cell seeding of blood-contacting parts of hollow fibers is a 

promising method to improve biocompatibility of these fibers in so-called biohybrid 

artificial lungs [1, 2]. 

Coating with extracellular matrix proteins such as collagen is a prerequisite 

for endothelial cell attachment [3, 4]. Growth-inducing agents, e.g. growth hormone 

(GH), can be encapsulated in nanoliposomes and incorporated into the collagen 

coating to accelerate the endothelialization rate [5, 6]. Endothelial cells seeded at 

low density on hollow fibers can be stimulated by sustained release of GH from 

nanoliposomes to rapidly (within a few days) form a confluent monolayer. The 

blood shear stress in artificial lungs has been estimated 1–3 N/m
2
, except at the 

entrance region of the device, where the shear stress is much higher [7]. There is a 

need for anti-thrombotic agents in the collagen coating, since endothelial cell 

detachment might occur under high shear stress and the thrombogenicity of 

collagen in areas not covered by endothelial cells is another problem to overcome 

[5]. Sustained release of anti-thrombotic agents, e.g. nitric oxide (NO)-donors, from 

nanoliposomes incorporated into collagen coating of hollow fibers may guarantee 

blood compatibility of these fibers under high shear stress [8, 9]. We have shown 

previously that nitrite and acidified nitrite released from biomimetic sodium nitrite-

collagen conjugate coatings significantly decreases platelet adhesion [10]. 

Biomimetic coatings possessing growth-inducing and anti-thrombotic properties 

might improve both endothelialization and anti-coagulation, thus providing a 

potential application for long-term use of hollow fibers [11, 12]. 

Co-immobilization of biomimetic coatings using carbodiimide bonds has 

been shown to provide resistance against blood flow shear stress [13]. Not only a 

stable biomimetic coating, but also the bioavailability of anti-thrombotic 

biomolecules on the hollow fiber-blood interface is critical to inhibit thrombus 

formation. Flow velocity alterations modify the mass transport characteristics at the 

hollow fiber-blood interface. The bioavailability of anti-thrombotic biomolecules 

depends strongly on transport processes, and decreases due to convection [14, 

15]. Therefore, the anti-thrombotic biomolecule concentration at the hollow fiber-

blood interface is regulated by the counteraction between the shear stress-

dependent production of anti-thrombotic biomolecules and their removal by 

diffusive and convective transport [14-19]. 

Parallel-plate flow chambers have been used to determine the relationship 

between anti-thrombotic agent production by endothelial cells and the applied 

shear stress, as well as the effect of convection on the anti-thrombotic agent 

concentration at the biomaterial-fluid interface [16, 20]. The latter concentration 

6
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cannot be measured experimentally, and consequently numerical simulations 

based on convection-diffusion-reaction equations are useful. The production and 

transport of NO, as the most important anti-thrombotic agent, have been modeled 

in parallel-plate flow chambers [14, 15, 21, 22]. Some of these models did not 

consider the effect of variations in fluid flow velocity on the NO production rate or 

NO transport due to convection [21, 22]. Others although have considered shear 

stress-induced NO production and washing out of NO due to convection, they 

modeled NO transport within two dimensional flat parallel-plate flow chambers [14, 

15].  

In this study, we aimed to test whether sustained release of the growth-

inducing agent GH and the anti-thrombotic agent sodium nitrite from collagen 

conjugate improves blood compatibility by increasing the number of endothelial 

cells on the silicone hollow fibers, and by enhancing the bioavailability of nitrite 

under flow. First a stable and confluent endothelial cell layer was developed on 

silicone hollow fibers using sustained release of GH. We determined a relationship 

between shear stress and nitrite production rate in a parallel-plate flow chamber 

containing endothelialized surface-modified silicone hollow fibers under 1-30 

dyn/cm
2
 shear stress. The effect of mass transport phenomena on nitrite 

bioavailability on the silicone hollow fiber surface was assessed by solving laminar 

flow and convection-diffusion partial differential equations under different shear 

stress. Real measurements of thrombus deposition on hollow fibers was used to 

validate the simulation results.  

 

 

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). AAc was supplied by Fluka 

(Buchs, Switzerland), and purified by distillation under vacuum to remove 

impurities. Sodium nitrite and other chemicals for the Griess assay were obtained 

from Merck (Kenilworth, NJ, USA), and were of the highest purity available. 

Somatropin as a GH was supplied from Novo Nordisk (Aalborg, Denmark). 1,2 

Distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino (polyethyleneglycol)-2000] 

(amino-PEG lipid) and dipalmitoyl phosphatidylcholine (DPPC) were purchased 

from Lipoid Gmbh (Ludwigshafen, Germany). Cholesterol and sucrose were 

purchased from Sigma Aldrich (Gillingham, Dorset, UK). Chloroform was obtained 

from Duksan (Gyeonggi, Korea).  
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Surface modification of SiHF patches 

Sodium nitrite solution at 0.01 M was prepared by dissolving sodium nitrite in water 

containing 0.02 M acetic acid at 4ºC. Some of the nitrite ions in the solution convert 

to acidified nitrite (nitrous acid; HNO2) in the presence of acetic acid. Preparation of 

the solution at 4°C prevents fast decomposition of HNO2 into NO, NO2, and H2O 

[10]. From now on we refer to the total amount of nitrite and acidified nitrite as 

“nitrite".    at  0  g ml was prepared by dissolving somatropin in water. 

Nanoliposomal sodium nitrite (nNitrite) and nanoliposomal GH (nGH) were 

prepared using the thin-film hydration technique, as previously described [23, 24]. 

In short, a lipid phase was prepared from a mixture of lipids DPPC: cholesterol: 

amino-PEG lipid (molar percentage ratio: 83:15:2), and dissolved in a solution of 

chloroform in a round bottom flask. The solvent was removed in an IKA RV10 

rotary evaporator (IKA, Deutschland, Germany) at 150 rpm, 50ºC, for 30 min, 

under reduced pressure. The resulting thin, dry lipid film was hydrated with 10 ml 

sodium nitrite or GH solution and by adding sucrose. The dispersion obtained was 

gently shaken for about 30 min at 4ºC. The formed multilamellar vesicles were 

directly sonicated using a probe type ultrasonic device (Misonix sonicator s94000, 

QSONICA, Newtown, CA, USA) with a net power of 20 W and a frequency of 20 

KHz with a total process time of 30 min to produce nanoliposomes. nNitrite stock 

solution (0.01 M) and nGH stock solution (90 µg/ml) were used to prepare 

conjugates with 500 nmol/ml nNitrite, and 1000 ng/ml nGH in collagen solution, i.e. 

water containing 1 mg/ml collagen (acid soluble collagen type I; Pasteur Institute of 

Iran, Tehran, Iran) and 0.02 M acetic acid. The solution was gently shaken for 1 h 

at 4°C to obtain homogeneous nNitrite-nGH-collagen (nNitrite-nGH-Col) conjugate.  

SiHF patches were plasma graft polymerized with acrylic acid (AAc) using 

a two-step plasma treatment as described earlier [10, 13]. AAc-grafted SiHF 

patches were immersed into 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). The solution was gently stirred for 5 h at 4°C to activate the 

carboxyl groups on AAc-grafted patches. Then patches with activated carboxyl 

groups were either immersed into collagen solution or nNitrite-nGH-Col conjugate 

for collagen immobilization at 4ºC for 24 h. Collagen-immobilized AAc-grafted SiHF 

(AAc SiHF-Col) and nNitrite-nGH-Col conjugate-immobilized AAc-grafted SiHF 

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

unbound collagen and nanoliposomes, and stored at 4ºC. 

 

Endothelial cell seeding and proliferation 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 

evaluate cell proliferation, retention, and anti-thrombotic function on surface-

6
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modified SiHF patches, i.e. AAc SiHF-Col, and AAc SiHF-nNitrite-nGH-Col. 

Surface-modified SiHF patches were put into petri dishes, sterilized with UV, 

washed twice with phosphate buffered saline solution (PBS), and washed once 

with culture medium before cell seeding. Endothelial cells were seeded on surface-

modified SiHF patches at a low density of 1.6x10
4
 cells/cm

2
 in an in-house 

fabricated seeding well together with 3 ml of DMEM/F12 medium containing 10% 

fetal bovine serum (GIBCO, Renfrewshire, Scotland) and cultured in a humidified 

atmosphere of 5% CO2 in air in a 37°C incubator for 6 days. 

The MTT (Sigma, St. Louis, MO, USA) assay was used to evaluate 

endothelial cell proliferation after cell seeding (day 0) and at days 2, 4, and 6 of 

culture on AAc SiHF-Col and AAc SiHF-nNitrite-nGH-Col patches as described 

previously [10, 25]. A calibration curve with known endothelial cell numbers was 

used to determine the number of cells.  

 

Shear stress conditioning of surface-modified SiHF patches to determine cell 

stability and nitrite release  

To compare the stability of endothelial cells on AAc SiHF-Col and on AAc SiHF-

nNitrite-nGH-Col patches under different shear stress, each endothelialized 

surface-modified SiHF patch was removed from the incubator after 6 days of 

culture and exposed to shear stress of 1, 2, 4, 6, 10, 12, 18, 24, and 30 dyn/cm
2
 for 

1 h within the parallel-plate flow chamber with a closed loop system while pumping 

DMEM/F12 medium (Figure 1). Open-heart surgical procedures in which artificial 

lungs are used usually take 4–8 h [26]. Therefore, the effect of flow conditioning 

during 2, 4, 6, and 8 h on cell detachment was investigated by applying 30 dyn/cm
2
 

shear stress (the maximum shear stress used in this study) on AAc SiHF-nNitrite-

nGH-Col patches. One patch of each type of surface-modified SiHF patches was 

put in static culture to calculate the cell number before exposure to shear stress. 

Flow rates required to achieve specific shear stress on SiHF patches were 

calculated using a three-dimensional FE model developed in COMSOL 

Multiphysics (Ver. 4.4, COMSOL Inc., TU Delft, Delft, The Netherlands). Details of 

physical properties and geometry of the parallel-plate flow chamber are provided 

(Table 1). Both culture medium and blood were considered Newtonian fluids since 

under applied shear stress conditions as described in this study, blood behaves as 

a Newtonian fluid [27]. Reynolds number at all velocities used in this study was 

below 70, which is well below the laminar Reynolds number threshold (Reynolds 

number = 2300).  
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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 an endothelialized 

SiHF 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 

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

µblood 0.003 Pa s Dynamic viscosity of the blood at 37°C 

D 3300 µm
2
/s Nitrite diffusion coefficient  

τw dyn/cm
2
 Wall shear stress 

RN mol/m
2
 s Nitrite production rate (flux) 

 

 

After shear stress conditioning of cells, the attached cells on each static or 

shear stress-conditioned surface-modified 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 viable cell number in 

a Neubauer cell chamber. The percentage of detached cells was calculated by 

6
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detracting the number of cells on shear stress-conditioned patches from the 

number of cells in static culture. Moreover, after 1 h of shear stress application, 0.5 

ml of the medium was collected from the reservoir for nitrite determination. NO 

release by endothelial cells or nitrite release by nNitrite in the conjugate coating 

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 [10, 28]. Serial dilutions of NaNO2 in medium were used as standard 

curve. The absorbance was measured at 545 nm with a microplate reader (Stat 

Fax-2100, Miami, FL, USA) to calculate the total nitrite concentration in mole. 

Results were normalized for the number of attached cells on surface-modified SiHF 

patches, and converted to nitrite production rate by dividing by the SiHF patch 

surface area and time. An equation was derived for nitrite production rate changes 

by shear stress using an online curve fitting program.  

  

Nitrite convection-diffusion modeling in the parallel-plate flow chamber 

Nitrite concentration in the parallel-plate flow chamber is affected by diffusion and 

convection (Figure 2) [14, 15]. Nitrite transport within the parallel-plate flow 

chamber was investigated by coupling laminar flow equations and convection-

diffusion equations. A section of the parallel-plate flow chamber consisting of an 

endothelial cell-seeded SiHF patch (25 mm x 66 mm x 1.4 mm; Figure 2) was 

constructed in COMSOL, with 1541300 tetrahedral mesh elements. The model 

solution was confirmed to be mesh-independent by comparing solutions based on 

different meshing schemes. Two sets of simulations were conducted based on 

either culture medium or blood properties. Table 1 summarizes the model 

geometry and other parameters used in the simulation. In addition, the following 

assumptions were made: 

1) The surface of surface-modified SiHF patches is modeled as a source of nitrite. 

This assumption is based on the fact that the thickness of the endothelium and 

surface coating can be neglected cf. the height of the flow chamber [15].  

2) A distance of 3 mm between the entrance of the flow into the simulated region 

and the position of endothelialized surface-modified SiHF patch ensures exposure 

of endothelial cells to fully developed plane Poiseuille flow.  

3) The nitrite concentration is zero at the entrance of the chamber, i.e. there is no 

nitrite dissolved in the culture medium or blood.  
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Figure 2. Schematic of nitrite production and transport in the parallel-plate flow chamber. 

Nitrite concentration at the hollow fiber-blood interface was determined by the balance 

between shear stress-dependent production of nitrite and its removal by diffusive and 

convective transport. 

 

 

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

simultaneously to compute the flow field within the flow chamber [29]: 
 
 (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 

[15]: 
 
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. Fluid pressure was 

set to zero at the outlet of the parallel-plate flow chamber. No-slip boundary 

condition was used for all surfaces. Nitrite transport is described by the following 

steady-state convection-diffusion equation [14, 15]: 
 
0 D 2CN U. CN 

(4) 

 

where CN denotes nitrite concentration; D is the nitrite diffusion coefficient, and U is 

the velocity field within the simulation domain which is obtained from the laminar 

flow model. It was assumed that the amount of nitrite measured by sampling from 

6
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the culture medium reservoir (Figure 1) after 1 h shear stress conditioning of cells 

equals the amount released by cells and nNitrite incorporated into the SiHF patch 

coating. Since sampling was done after switching off the pump, it can be assumed 

that the effect of convection fades away. Nitrite production rate (RN) at the SiHF 

patch surface is related to the wall shear stress as [14]: 
 

 N 
a

1 b exp (d τ 
 

(5) 

 

where "a" represents the maximum nitrite production rate, and "b", and "d" indicate 

nitrite production in response to wall shear stress. The nitrite concentration gradient 

at the top plate (z=H) and the outlet of the chamber (x=L) is set to be zero, thus: 
 
 CN

 z
 
z  
 0 (6) 

 
 CN

 x
 
x L
 0 (7) 

 

At the entrance of the chamber (x=0) the nitrite concentration is zero: 
 
CN x 0 0 

(8) 

 

Finally, at the interface of the hollow fiber surface and culture medium or blood, 

nitrite production equals nitrite diffusion flux, thus: 
 

 N  D
 C

 z
 

(9) 

 

Substituting Equation 5 in Equation 9 yields: 
 

a

1 b exp (d τ 
  D

 C

 z
 

(10) 

 

The shear stress profile obtained from the laminar flow model was used as τ in 

equation 10. The governing partial differential equations were solved by FE 

modeling using COMSOL.  

 

Blood biocompatibility of endothelialized surface-modified SiHF patches 

The blood biocompatibility of endothelialized surface-modified SiHF patches was 

evaluated by quantifying thrombus deposition from blood under static and 1, 6, 12, 

18, 24, and 30 dyn/cm
2
 shear stress. Citrated blood was obtained from Iranian 

blood transfusion organization (Tehran, Iran), mixed with 0.6 U/ml of unfractionated 

heparin (Baxter, Deerfield, IL, USA), re-calcified with a 1 M CaCl2 solution to a final 
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concentration of 2–3 mM calcium and balanced to pH 7.4 with 1 M NaOH solution 

[26]. The viscosity of the prepared blood was measured by a viscometer. All blood 

was refrigerated and used within 24 h of collection. For each experiment, a 

reservoir was filled with 30 ml of prewarmed blood. Then the blood was flown over 

endothelialized AAc SiHF-Col or AAc SiHF-nNitrite-nGH-Col patches (Figure 1) for 

8 h at 37°C. The flow rate required to achieve a defined amount of shear stress on 

the patch by blood flow was estimated by the FE model. After shear stress 

conditioning, SiHF patches were carefully removed from the parallel-plate flow 

chamber, rinsed by soaking three times in PBS, and imaged with a digital camera 

on an optical microscope. A threshold was applied for the red thrombus in each 

image, and the percentage of the image covered by the thrombus was computed in 

ImageJ 1.49. 

 

Statistical analysis 

All data were expressed as mean ± 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 comparison using Bonferroni’s method. A probability (p  

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

 

 

RESULTS 

 

AAc SiHF-nNitrite-nGH-Col patches affect endothelial cell proliferation 

Endothelial cell proliferation on AAc SiHF-Col and on AAc SiHF-nNitrite-nGH-Col 

patches was compared after seeding (0 day) and after 2, 4, and 6 days of culture 

(Figure 3). A similar number of endothelial cells was attached on AAc SiHF-Col and 

on AAc SiHF-nNitrite-nGH-Col patches after seeding. Incorporation of nGH in AAc 

SiHF-nGH-nNitrite-Col patches increased the number of endothelial cells by 1.8-

fold at day 2 (p<0.05), 1.4-fold at day 4 (p<0.05), and 1.5-fold at day 6 (p<0.005), 

compared with AAc SiHF-Col patches.  

 

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

The inlet flow rate of fluid corresponding to the desired shear stress on a SiHF 

patch within the parallel-plate flow chamber was obtained for both culture medium 

and blood (Table 2).  
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Figure 3. Endothelial cell proliferation on AAc SiHF-Col and AAc SiHF-nNitrite-nGH-Col 

patches after seeding (0 day) and after 2, 4, and 6 days of culture. The number of 

endothelial cells on AAc SiHF-nNitrite-nGH-Col patches was higher than on AAc SiHF-Col 

patches at all-time points. AAc SiHF-Col, collagen-immobilized AAc-grafted SiHF; AAc 

SiHF-nNitrite-nGH-Col, nNitrite-nGH-Col conjugate-immobilized AAc-grafted SiHF. 

*Significant effect of nGH in conjugate, p<0.05, **p<0.005. 

 

 
Table 2. The inlet culture medium or blood flow required to achieve target mean shear 

stress calculated by FE modeling. 

 

  
Target shear stress (dyn/cm

2
) 

 1 2 4 6 10 12 18 24 30 
 
Inlet culture 

medium flow rate 

(ml/min) 

 
5.3 

 
9.7 

 
19.6 

 
24.5 

 
40.4 

 
51.1 

 
77.9 

 
99.5 

 
120.8 

Inlet blood 

flow rate (ml/min) 

2.4 4.5 9.1 12.4 19.8 25.6 41.1 58.7 80.8 

 

 

AAc SiHF-nNitrite-nGH-Col patches increase endothelial cell stability under 

fluid shear stress 

After 6 days of cell culture on surface-modified SiHF patches, i.e. AAc SiHF-Col 

and AAc SiHF-nNitrite-nGH-Col, the patches were exposed to different shear 

stresses of 1, 6, 12, 18, 24, and 30 dyn/cm
2
 for 1 h, and the percentage of 

detached cells determined (Figure 4a). The SiHF patches coated with nNitrite-

nGH-Col conjugate (AAc SiHF-nNitrite-nGH-Col) demonstrated enhanced 
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resistance to all levels of shear stress tested compared with SiHF patches coated 

with collagen alone (AAc SiHF-Col patches, p<0.05). At 30 dyn/cm
2
 shear stress, 

the maximal shear stress applied in this study, cell detachment from AAc SiHF-

nNitrite-nGH-Col patches was 32% lower (p<0.005) than cell detachment from AAc 

SiHF-Col patches. Cell detachment from AAc SiHF-nNitrite-nGH-Col patches was 

also assessed during 8 h exposure to 30 dyn/cm
2
 shear stress (Figure 4b). Cell 

detachment from AAc SiHF-nNitrite-nGH-Col patches was slightly but not 

significantly increased by increasing the duration of shear stress exposure. After 8 

h exposure to 30 dyn/cm
2
 shear stress, cell detachment was 1.3-fold higher 

(p>0.05) than after 1 h exposure (Figure 4b). 

 

 

 

 

 

Nitrite production rate of endothelialized surface-modified SiHF patches 

under shear stress 

Nitrite production rate was calculated by measuring nitrite accumulation in the 

culture medium resulting from NO release by endothelial cells on AAc SiHF-Col or 

AAc SiHF-nNitrite-nGH-Col patches plus nitrite release by nNitrite on AAc SiHF-

Figure 4. Endothelial cell detachment from 

surface-modified patches during 8 h exposure 

to 1-30 dyn/cm
2
 fluid shear stress. (a) Cell 

detachment from AAc SiHF-Col and AAc 

SiHF-nNitrite-nGH-Col patches after 1 h 

exposure to 1-30 dyn/cm
2
 fluid shear stress. 

Cell detachment from AAc SiHF-nNitrite-nGH-

Col patches was significantly lower than from 

AAc SiHF-Col patches, especially at shear 

stress higher than 18 dyn/cm
2
. (b) Cell 

detachment from AAc SiHF-nNitrite-nGH-Col 

patches after 1, 2, 4, 6, and 8 h exposure to 30 

dyn/cm
2
 fluid shear stress. Increasing the 

duration of shear stress exposure had no 

significant effect on cell detachment from AAc 

SiHF-nNitrite-nGH-Col patches. 

AAc SiHF-Col, collagen-immobilized AAc-

grafted SiHF; AAc SiHF-nNitrite-nGH-Col, 

nNitrite-nGH-Col conjugateimmobilized AAc-

grafted SiHF. *Significantly different from AAc 

SiHF-Col patches, p<0.05, **p<0.005.  

6
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nNitrite-nGH-Col patches under static condition as well as under shear stress of 

different magnitudes (Figure 5). Nitrite production rate from AAc SiHF-nNitrite-

nGH-Col patches was 3.1-fold higher (p<0.05) than from AAc SiHF-Col patches 

under static condition. For AAc SiHF-Col patches, the nitrite production rate slightly 

but not indefinitely increased by increasing shear stress. Maximal nitrite production 

was reached at 18 dyn/cm
2
 shear stress. At shear stresses higher than 18 dyn/cm

2
, 

no more nitrite accumulation was measured. However, for AAc SiHF-nNitrite-nGH-

Col patches, nitrite accumulation increased continuously by increasing the shear 

stress. At 30 dyn/cm
2
 shear stress, the nitrite production rate from AAc SiHF-

nNitrite-nGH-Col patches was 3-fold higher (p<0.005) than from AAc SiHF-Col 

patches. 

 

 

 
 

Figure 5. Nitrite production rate on AAc SiHF-Col and AAc SiHF-nNitrite-nGH-Col patches 

under static condition and under 1-30 dyn/cm
2 

shear stress. For AAc SiHF-Col patches, 

nitrite production reached a maximum at 18 dyn/cm
2
 shear stress. However, for AAc SiHF-

nNitrite-nGH-Col patches, since RN is related to nitrite release by nNitrite plus NO production 

by endothelial cells, nitrite production increased continuously by increasing the shear stress. 

RN, nitrite production rate; AAc SiHF-Col, collagen-immobilized AAc-grafted SiHF; AAc 

SiHF-nNitrite-nGH-Col, nNitrite-nGH-Col conjugate-immobilized AAc-grafted SiHF.  

 

 

The constants of the suggested sigmoidal equation for changes in nitrite production 

rate with shear stress magnitude were derived (Table 3) and used as a flux 

boundary condition (Equation 10).  
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Table 3. The constants of the suggested equation for the relationship between RN from AAc 

SiHF-Col and AAc SiHF-nNitrite-nGH-Col patches and shear stress, RN a (1 b exp(dτ  , 

derived by online curve fitting software. RN, nitrite production rate. 

 

  
constants 

 a×10
-8

 

(mol m
-2

 s
-1

) 
 

b d 

(Pa
-1

) 

 
AAc SiHF-Col 

 
1.06 

 
8.36 

 
-4.80 

AAc SiHF-nNitrite-nGH-Col 2.80 13.77 -5.77 

 

 

Nitrite transport in the parallel-plate flow chamber 

Nitrite flux and concentration profiles are illustrated under shear stresses of 1 and 

30 dyn/cm
2
 in the parallel-plate flow chamber containing an endothelialized AAc 

SiHF-nNitrite-nGH-Col patch (Figure 6). The magnitude and distribution of nitrite 

flux increased in the parallel-plate flow chamber by increasing the shear stress 

from 1 (Figure 6a) to 30 dyn/cm
2
 (Figure 6b). However, the nitrite concentration 

and distribution decreased by increasing the shear stress from 1 (Figure 6c) to 30 

dyn/cm
2
 (Figure 6d). Increasing the flow velocity affected the nitrite concentration 

boundary layer (Figure 7). At low shear stress (1 dyn/cm
2
), more nitrite molecules 

remained in the parallel-plate flow chamber which resulted in a thickened nitrite 

concentration boundary layer on the patch surface. At high shear stress (30 

dyn/cm
2
), a higher transport rate of nitrite molecules out of the chamber resulted in 

a thin nitrite concentration boundary layer on the patch surface. 

Nitrite concentration at the surface of endothelialized AAc SiHF-Col, and 

AAc SiHF-nNitrite-nGH-Col patches was calculated by COMSOL (Figure 8). By 

considering culture medium as the flowing fluid, the nitrite concentration on AAc 

SiHF-Col patches showed three different trends based on shear stress magnitude 

ranges, i.e. shear stress <4 dyn/cm
2
, 4-10 dyn/cm

2
, and >10 dyn/cm

2
 (Figure 8a). 

At shear stress lower than 4 dyn/cm
2
, the nitrite concentration increased by 

increasing shear stress, showing that the shear stress-enhanced nitrite production 

rate did outweigh the effect of convection. At shear stress between 4 to 10 

dyn/cm
2
, the nitrite concentration on AAc SiHF-Col patches did not significantly 

change, showing that the shear stress-enhanced nitrite production rate and 

convection similarly affected the nitrite concentration. By applying shear stresses 

higher than 10 dyn/cm
2
, the nitrite concentration gradually decreased showing that 

the convection did outweigh the shear stress-enhanced nitrite production rate. AAc 

SiHF-nNitrite-nGH-Col patches showed a biphasic nitrite concentration response to 

increasing shear stress (Figure 8a). At shear stresses lower than 6 dyn/cm
2
, the 

shear stress-enhanced nitrite production rate did outweigh the increase in 

6

3 
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convection resulting in a higher nitrite concentration on AAc SiHF-nNitrite-nGH-Col 

patches. However, at shear stresses higher than 6 dyn/cm
2
, the increased 

convection velocity is higher than the increased nitrite production rate leading to a 

lower nitrite concentration (Figure 8a). By considering blood as the fluid, the nitrite 

concentration on AAc SiHF-Col and on AAc SiHF-nNitrite-nGH-Col increased at all 

shear stresses tested compared with culture medium (Figure 8b). The maximum 

blood shear stress at which the shear stress-enhanced nitrite production rate on 

AAc SiHF-nNitrite-nGH-Col patches outweighed the convection, was 10 dyn/cm
2
. 

The nitrite concentration on AAc SiHF-nNitrite-nGH-Col patches at 30 dyn/cm
2
 

blood shear stress was 1.5-fold higher than 1 dyn/cm
2
 shear stress (Figure 8b). 

 

 

 
 
Figure 6. Nitrite flux and nitrite concentration profiles in the parallel-plate flow chamber 

containing a AAc SiHF-nNitrite-nGH-Col patch at 1 and 30 dyn/cm
2
 shear stress. Nitrite flux 

profile at: (a) 1 dyn/cm
2
, (b) 30 dyn/cm

2
. Nitrite concentration profile at: (c) 1 dyn/cm

2
, (d) 30 

dyn/cm
2
. An increase in fluid shear stress was associated with two opposing phenomena: 1) 

increased nitrite production rate, and 2) convective velocity. The counteraction between 

these two phenomena determined the nitrite concentration. AAc SiHF-nNitrite-nGH-Col, 

nNitrite-nGH-Col conjugate-immobilized AAc-grafted SiHF.  
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Figure 7. Nitrite concentration boundary layer over the length of the parallel-plate flow 

chamber (L=0-66 mm) containing a AAc SiHF-nNitrite-nGH-Col patch at 1 and 30 dyn/cm
2
 

shear stress. The length of the chamber was divided into seven separate areas to simplify 

comparison between the effects of two shear stresses on the nitrite concentration boundary 

layer. At low (1 dyn/cm
2
) shear stress, the nitrite concentration boundary layer was thick 

since nitrite molecules moved with low velocity and accumulated around the patch. By 

increasing the shear stress to 30 dyn/cm
2
, the thickness of the nitrite concentration boundary 

layer decreased due to rapid washing out of nitrite molecules from the chamber. 

 

 

Blood biocompatibility of endothelialized surface-modified SiHF patches 

under shear stress 

Thrombus deposition on AAc SiHF-Col patches was 1.9-fold higher than that on 

AAc Si-nNitrite-nGH-Col patches under static condition (Figure 9). By applying 1 

dyn/cm
2
 shear stress, thrombus deposition slightly but not significantly increased 

on AAc SiHF-Col patches. By increasing the shear stress to 6 dyn/cm
2
, thrombus 

deposition decreased by 1.2-fold compared with static patches, and then gradually 

increased until 30 dyn/cm
2
. Thrombus deposition on AAc SiHF-Col patches after 

30 dyn/cm
2
 shear stress application, was slightly but not significantly (1.1-fold, 

p>0.05) higher than that on the static patches. AAc SiHF-nNitrite-nGH-Col patches 

showed lower thrombus deposition compared with AAc SiHF-Col patches at all 

shear stresses applied (Figure 9). The lowest thrombus deposition on AAc SiHF-

nNitrite-nGH-Col patches (Figure 9) and the highest nitrite concentration on the 

patches (Figure 8b) were observed at 6-12 dyn/cm
2
 shear stress. By applying 

6

3 
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higher shear stress, the amounts of thrombus deposition on AAc SiHF-nNItrite-

nGH-Col patches increased but remained always lower than under static condition.  

 

 

 
 

 

 

Figure 8. Average nitrite concentration 

on AAc SiHF-Col and AAc SiHF-

nNitrite-nGH-Col patches under 1-30 

dyn/cm
2 

shear stress considering 

either (a) culture medium or (b) blood 

as the fluid as determined by 

simulation of nitrite transport. The 

nitrite concentration at the hollow fiber-

fluid interface was determined by the 

balance between shear stress-

dependent nitrite production rate and 

nitrite removal by diffusive and 

convective transport. The maximum 

shear stress magnitude at which the 

shear-dependent increase in nitrite 

production rate did outweigh the 

convection velocity was 6 dyn/cm
2
 for 

culture medium and 10 dyn/cm
2
 for 

blood. 

AAc SiHF-Col, Collagen-immobilized 

AAc-grafted SiHF; AAc SiHF-nNitrite-

nGH-Col, nNitrite-nGH-Col conjugate-

immobilized AAc-grafted SiHF. 
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Figure 9. Thrombus deposition on AAc SiHF-Col and AAc SiHF-nNitrite-nGH-Col patches 

under static condition and at 1-30 dyn/cm
2
 shear stress. Thrombus deposition expressed as 

the percentage of the SiHF patch's surface area covered with thrombus had a direct 

relationship with the concentration of nitrite on SiHF patch's surface. The lowest thrombus 

deposition was observed on AAc SiHF-nNitrite-nGH-Col patches at 6-12 dyn/cm
2
 shear 

stress, which resulted in the highest nitrite concentration measured compared with static 

condition. AAc SiHF-Col, collagen-immobilized AAc-grafted SiHF; AAc SiHF-nNitrite-nGH-

Col, nNitrite-nGH-Col conjugate-immobilized AAc-grafted SiHF. 

 

 

DISCUSSION 

 

Endothelial cell seeding of blood-contacting parts of hollow fibers is promising to 

decrease thrombotic complications in artificial lungs [2, 7]. Most commercially 

available materials used in artificial lungs, such as silicone, do not support 

endothelial cell attachment, and therefore a stable extracellular matrix protein 

coating, such as collagen, on their surface is required for endothelialization [2, 26]. 

However, there are some limitations to achieve a blood-compatible biohybrid 

artificial lung; several hundred millions of cells are required to fully coat all blood-

contacting parts of hollow fibers in biohybrid artificial lungs. On the other hand, 

collagen coating used to initiate endothelial cell attachment is thrombogenic [30]. 

Therefore, biomimetic coatings incorporating growth-inducing and anti-thrombotic 

agents may improve endothelialization and blood compatibility of blood-contacting 

parts of silicone hollow fibers and subsequently improve performance of biohybrid 

artificial lungs [8, 11, 12]. 

6

3 
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In this study, a collagen coating was developed on SiHF patches to induce 

endothelial cell proliferation by sustained release of GH, and to prevent platelet 

adhesion by sustained release of nitrite. Incorporation of nGH into collagen coating 

significantly increased the number of endothelial cells after 2, 4, and 6 days of 

culture. Cell detachment from AAc SiHF-nNitrite-nGH-Col patches was lower than 

that from AAc SiHF-Col patches under shear stress. A higher rate of endothelial 

cell proliferation on AAc SiHF-nNitrite-nGH-Col patches resulted in a higher 

number of cells, and therefore a more confluent cell layer than on AAc SiHF-Col 

patches. The high number of cells increases cell-cell bond number and strength, 

which together with cell-collagen conjugate coating bonds creates a stable 

endothelial monolayer on AAc SiHF-nNitrite-nGH-Col patches.  

Not only surface coating with anti-thrombotic agents, but also endothelial 

cells covering the material surface release anti-thrombotic biomolecules. Shear 

stress is the most potent physiological stimulus for anti-thrombotic function, e.g. 

NO and prostacyclin production, in endothelial cells [16-18]. Interestingly, our 

results showed that a very low level of 1 dyn/cm
2
 shear stress stimulates 

endothelial cells to produce a much higher level of NO than under static condition, 

indicating that NO production by endothelial cells exhibits an exquisite sensitivity to 

flow. This is consistent with other studies showing that endothelial cells produce 

more NO under shear stress as low as 0.2 dyn/cm
2
 compared with static culture 

[31]. For AAc SiHF-Col patches, where the measured nitrite production was just 

related to NO release by endothelial cells, the nitrite produced did not indefinitely 

increase with shear stress, but reached a plateau instead. However, for AAc SiHF-

nNitrite-nGH-Col patches, where the nitrite production resulted from both 

endothelial cell-derived NO production and nitrite released from nNitrite in the 

coating, the nitrite production rate gradually increased with increasing shear stress. 

Since endothelial cell-derived NO production reached a saturated concentration 

under defined shear stress, the continuous increase in nitrite production under 

shear stress is likely related to the release by nNitrite in the coating of AAc SiHF-

nNItrite-nGH-Col patches.  

The bioavailability of anti-thrombotic factors is important to decrease 

platelet adhesion on a material's surface [14, 15]. The thrombogenic properties of a 

medical device under shear stress during clinical use are different from those under 

static conditions [32]. Flow alterations modify the mass transport characteristics at 

the fluid–material interface which affects the transport of anti-thrombotic agent. The 

bioavailability of anti-thrombotic agent may drop significantly due to convection [14, 

15]. In this study, real measurements of the nitrite production rate under varying 

shear stresses coupled with simulations of nitrite transport in the parallel-plate flow 

chamber enabled to determine the nitrite concentration at the surface of SiHF 

patches under shear stress.  
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Increased flow velocity and thus increased fluid shear stress, is associated 

with two opposing phenomena: (1) Increased nitrite production rate at the SiHF 

patch surface, and (2) Increased convective transport [14, 17], which affect the 

overall nitrite concentration. To increase the nitrite concentration in the steady-state 

condition, the nitrite production rate must exceed the rate of removal by convective 

transport [17]. The results of our simulation showed that the nitrite concentration on 

AAc SiHF-nNitrite-nGH-Col patches follows a non-monotonic function of shear 

stress. The maximum shear stress causing an increase in nitrite concentration was 

6 dyn/cm
2
 for culture medium, and 10 dyn/cm

2
 for blood. 

A nitrite concentration boundary layer developed within the parallel-plate 

flow chamber. The thickness of such a boundary layer asymptotes to a constant 

value at some finite distance, which was less than the length of the chamber used 

in this study. At low flow velocities, the nitrite concentration boundary layer was 

thicker, since nitrite molecules move at low velocity and accumulate around the 

patch. By increasing the flow velocity, the thickness of a nitrite concentration 

boundary layer decreases due to rapid washing out of nitrite molecules from the 

chamber. Furthermore, the formation of a nitrite concentration boundary layer led 

to substantial differences in the effect of convection on the nitrite concentration on 

hollow fibers between the entrance and the exit of the flow chamber. Since the 

concentration boundary layer is extremely thin at the entrance of the chamber, a 

convective mass transfer effect on the nitrite concentration on hollow fibers is only 

minimal. This allows to conceive a direct effect of shear stress on nitrite production 

by the cells on hollow fibers located at the entrance of the chamber. However, both 

fluid-dynamic and mass transfer-related phenomena affect the nitrite concentration 

at the exit of the chamber, allowing the study of the combined effect of both 

phenomena on the nitrite concentration [14]. Furthermore, shear stress is higher on 

top of the hollow fibers than in the valleys between them. This results in more nitrite 

production by the cells located on the top of the fibers than in the valleys of the 

fibers. Higher nitrite production leads to higher nitrite concentration on fibers 

located at the flow entrance of the chamber, where the effect of mass transport is 

negligible. On the contrary, when the combined effect of fluid-dynamic and mass 

transport is considered (at the exit of the parallel-plate flow chamber), shear stress 

at high magnitude did not lead to increased nitrite concentration, because 

convection counteracts nitrite production thereby lowering the nitrite concentration 

produced on top of the fibers compared with the valleys between fibers.  

Nitrite bioavailability had a direct effect on thrombotic deposition on 

surface-modified SiHF patches under shear stress. Shear stress conditioning of 

endothelialized surface-modified SiHF patches altered the bioavailability of nitrite 

and subsequently thrombotic deposition. This deposition on AAc SiHF-nNItrite-

nGH-Col patches was lower than that on AAc SiHF-Col patches at all shear 

6

3 
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stresses tested, which shows that nNitrite-nGH-Col conjugate coating can improve 

the biocompatibility of biohybrid artificial lungs. 

 

 

CONCLUSIONS 

 

Coating of SiHF patches with nNitrite-nGH-Col conjugate not only increased 

endothelial cell proliferation and stability, but also nitrite (as an anti-thrombotic 

agent) bioavailability under shear stress. An increase in blood flow rate was 

associated with two different phenomena: 1) increased nitrite production by the 

endothelialized surface-modified patches, and 2) increased rate of nitrite washing 

out due to convection. The simulations used in this study help to understand the 

range of shear stresses suitable to avoid thrombus formation on the surface of 

SiHFs. AAc SiHF-nNitrite-nGH-Col patches allowed high endothelial cell numbers, 

and low thrombus formation, even at high shear stresses, suggesting that nNitrite-

nGH-Col conjugate coatings are promising to promote biocompatibility of SiHFs in 

biohybrid artificial lungs. 
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