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ABSTRACT 

 

Biomimetic coatings to increase endothelialization of blood-contacting materials in 

biomedical devices are promising to improve the biocompatibility of these devices. 

Although a stable extracellular matrix protein coating on a biomaterial's surface is a 

prerequisite for endothelial cell attachment, it also stimulates platelet adhesion. 

Therefore anti-thrombotic additives such as nitric oxide donors to a stable protein 

coating might lead to successful endothelialization of a material's surface. We 

aimed to test whether immobilized bioactive nitrite and acidified nitrite-generating 

sodium nitrite-collagen conjugate on silicone tubes enhances endothelialization by 

increasing the number of endothelial cells as well as growth hormone production, 

and by decreasing platelet adhesion. Stable collagen immobilization on acrylic 

acid-grafted silicone tubes decreased the water contact angle from 102° to 56°. 

Initial 25 µM sodium nitrite in conjugate resulted in maximal growth hormone 

production (2.5 fold increase), and endothelial cell number (1.8 fold increase) after 

2 days. A 95% confluent endothelial cell monolayer on sodium nitrite-collagen 

conjugate coating was obtained after 6 days. Maximum (2.7 fold) inhibition of 

platelet adhesion was reached with initial 500 µM sodium nitrite in conjugate. Our 

data showing that sodium nitrite-collagen conjugate coating with 25-50 µM sodium 

nitrite on silicone tubes increases the number of endothelial cells attached and 

inhibits platelet adhesion, suggest that this coating is highly promising for use in 

blood-contacting parts of biomedical devices. 

 

Keywords 

Surface modification, Acrylic acid grafting, Collagen, Sodium nitrite, Endothelial 

cells 
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INTRODUCTION 

 

Endothelial cell seeding of blood-contacting parts of biomedical devices to mimic 

the function of the normal vascular endothelium is promising to decrease 

thrombotic complications resulting from blood flows through these devices [1, 2]. 

The surface of most commercially available materials used in biomedical devices, 

such as silicone, is highly hydrophobic and does not support endothelial cell 

attachment [1]. To overcome this limitation, several physicochemical techniques 

have been employed to improve the properties of silicone through surface 

modification [2, 3].  

A widely used surface modification method is plasma graft polymerization 

of acrylic acid (AAc), which introduces functional carboxyl groups on an inert 

silicone surface [4-7].
 

Nowadays biomimetic coatings incorporating bioactive 

molecules that can be bound successfully to the carboxyl groups of AAc, such as 

collagen and gelatin [4, 6],
 
insulin [8], and anticoagulants such as thrombodulin [9], 

albumin [10], and heparin [9, 11, 12] are extensively used. AAc-grafted materials 

show improved wettability [4-7], but they negatively affect many cell types when in 

direct contact [4, 6]. On the other hand, covalent immobilization of collagen onto 

AAc-grafted materials, through chemical bonds between amino-groups of collagen 

and carboxyl functional groups of AAc, enhances cell adhesion, proliferation, and 

differentiation [3, 4, 6]. However, collagen is highly thrombogenic, and accelerates 

platelet aggregation in those areas of a material which are not fully covered by 

endothelial cells [11]. 

Nitric oxide (NO) is an important inhibitor of platelet adhesion [13, 14]. 

Recently we have shown that treatment of endothelial cells by shear stress, cold 

temperature, and aspirin stimulates NO production and decreases thrombus 

formation [15]. NO-releasing material coatings suppress thrombogenic problems in 

the absence of endothelial cells or in areas which are not fully covered by 

endothelial cells [13, 14, 16]. In addition to inhibition of platelet adhesion and 

activation [13, 14], NO regulates amongst others (a.o.) vascular cell proliferation 

and migration [17], and the production of vascular endothelial growth factor (VEGF) 

[18] and/or growth hormone (GH) [19]. Nitrite, the stable end-product of NO 

metabolism, may represent a potential source of NO in an acidic environment [20, 

21]. Whether acidified nitrite indeed prevents thrombus formation and increases 

endothelial cell growth has not yet been unequivocally established.  

In this study we aimed to investigate whether incorporation of the nitrite 

donor sodium nitrite in a collagen coating immobilized on AAc-grafted silicone 

tubes increases the number of endothelial cells as well as decreases platelet 

adhesion. A two-step plasma treatment was used to graft AAc on silicone [7]. 

Collagen and sodium nitrite-collagen conjugate with different initial concentrations 

of sodium nitrite were added to the lumen of AAc-grafted silicone tubes to allow 

4
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collagen immobilization. Collagen content, nitrite and acidified nitrite release, water 

contact angles of the surface-modified silicone tubes, as well as endothelial cell 

attachment were determined. The effect of nitrite and acidified nitrite release from 

the sodium nitrite-collagen conjugate coating on the number of endothelial cells 

and GH production after 2 days of culture, as well as platelet adhesion, was 

assessed. 

  

 

MATERIALS AND METHODS 

 

Materials 

Medical grade tubular silicone rubber (inner diameter 2 mm) was kindly donated by 

Raumedic (Helmbrechts, Germany). AAc was supplied by Fluka (Buchs, 

Switzerland), and purified by distillation under vacuum to remove impurities and 

stabilizers. De-ionized water was used in all experiments. Chemicals for the Griess 

assay were obtained from Merck (Kenilworth, NJ, USA), and were of the highest 

purity available. 

 

Plasma graft polymerization of AAc onto silicone tubes 

A two-step plasma treatment was used to prepare AAc-grafted silicone (AAc Si) 

tubes [4-7], i.e. plasma pretreated silicone tubes were immersed in an aqueous 

solution of 30% AAc in water followed by plasma graft copolymerization on a 

reabsorbed layer of AAc on silicone.
 
A reaction chamber (Seren R600, Anatech ltd, 

Union City, CA, USA) evacuated to 0.6 mbar and pretreated with 60 W of oxygen 

plasma was used for 0.5 min plasma pretreatment and for 3 min plasma graft 

copolymerization of AAc on silicone tubes. The residual monomers and 

homopolymers were removed by incubation in water for 24 h. The grafted amount 

of AAc was calculated after weighing the samples before and after graft 

polymerization as described by Karkhaneh et al [7]. 

 

Collagen and sodium nitrite-collagen conjugate immobilization on AAc Si 

tubes 

Sodium nitrite stock solution (NaNO2; Merck, Kenilworth, NJ, USA) at 0.01 M was 

used to prepare 5, 10, 25, 50, 100, 250, and 500 µM of sodium nitrite in water 

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

Tehran, Iran) and 0.02 M acetic acid. Solutions were gently shaken for 1 h at 4°C 

to obtain homogeneous sodium nitrite-collagen conjugates.  

AAc Si tubes 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) [22]. The solution was 
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gently stirred for 5 h at 4°C to activate the carboxyl groups on AAc Si tubes. Then 

AAc Si tubes with activated carboxyl groups were filled with collagen or sodium 

nitrite-collagen conjugate for collagen immobilization at 4ºC for 24 h. Collagen-

immobilized AAc-grafted silicone (AAc Si-Col) tubes and sodium nitrite-collagen 

conjugate immobilized AAc-grafted silicone (AAc Si-Nitrite-Col) tubes were washed 

in water for 1 min to remove unbound proteins and sodium nitrites, and stored at 

4ºC. To assess the stability of collagen linked to the tubes, the lumen of AAc Si-Col 

and AAc Si-Nitrite-Col tubes was washed extensively three times with 5 ml water 

for 5 min by infusion from one end into the lumen of the tubes using a syringe. The 

amount of immobilized collagen on AAc Si-Col tubes as well as on AAC Si-Nitrite-

Col tubes before and after washing was determined by using a Bradford protein 

assay (Bradford, MA, U A  according to the manufacturer’s instructions [4], 

followed by quantification in an Eppendorf biophotometer D30 (Eppendorf, 

Hamburg, Germany). Concentrations of immobilized collagen on surface-modified 

silicone tubes were assessed by comparison with a standard curve consisting of 

serial dilutions of collagen.  

To verify indirectly that sodium nitrite-collagen conjugate was bound to the 

silicone, nitrite and acidified nitrite release from AAc Si-Nitrite-Col tubes was 

measured by Griess assay. The AAc Si-Nitrite-Col tubes were filled with 

Dulbecco’s minimal essential medium/F12 (1/1, v/v) (Gibco, Life Technologies, 

Grand Island, NY), and incubated for 4 h and 48 h. Nitrite and acidified nitrite 

release was measured as nitrite (NO
-
2) accumulation in the medium, using Griess 

reagent containing 1% sulfanilamide, 0.1% naphtylethelene-diamine-

dihydrochloride, and 2.5 M H3PO4 [23, 24]. Serial dilutions of NaNO2 in the medium 

were used as standard curve. The absorbance was measured at 540 nm with a 

microplate reader (Stat Fax-2100, Miami, FL, USA). Nitrite and acidified nitrite 

release from AAc Si-Nitrite-Col tubes was also expressed as the percentage of the 

initial sodium nitrite in conjugate (i.e. the total amount of nitrite in the medium 

divided by the total amount of sodium nitrite in conjugate x100%). 

 

Characterization of surface-modified silicone tubes 

Surface-modified silicone tubes were dried for 2 h at room temperature, cut 

longitudinally, and glued on glass microscope slides to determine surface 

wettability by the sessile drop method. Five µl double-distilled water droplets were 

placed on each tube, and the water contact angle was recorded after 1 min using 

Kruss G10 goniometer contact-angle measurement equipment (Krüss GmbH, 

Hamburg, Germany). The results are mean values of five water contact angle 

measurements performed at randomly chosen areas of each silicone tube.  

 

 

 

4
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Endothelial cell seeding, adherence, and culture 

Human umbilical vein endothelial cells (HUVECs) were obtained from the National 

Cell Bank, Pasteur Institute of Iran (Tehran, Iran), and used between passages 3 

and 6. After surface modification, triplicates of unmodified and surface-modified 

tubes (inner diameter 0.2 cm, length 3 cm, surface area 1.88 cm
2
) were put into 

petri dishes, sterilized with UV light, and washed twice with PBS and once with 

culture medium before endothelial cell seeding. One hundred microliters of an 

endothelial cell suspension containing 3x10
5
 endothelial cells/ml Dulbecco’s 

minimal essential medium/F12 medium with 10% fetal bovine serum (GIBCO, 

Renfrewshire, Scotland) was added to the lumen of the tubes, which were rotated 

every 30 min for 4 h to promote homogeneous cell adhesion. Endothelial cells were 

either cultured in a humidified atmosphere of 5% CO2 in air at 37°C for 6 days, with 

medium replacement every 2 days, or used to determine cell attachment at 4 h.  

The attached cells were fixed, dehydrated in graded ethanol series, and 

stained with 5% Giemsa for optical microscopic examination. The number of 

adhered endothelial cells was determined by using an image-processing system 

(Image Pro Plus, version 6, Media Cybernetics, Bethesda, MD, USA). Three 

objective fields were randomly chosen in central and peripheral regions of each 

tube and the mean number of adhered cells determined. All attachment assays 

were run in duplicate.  

 

Endothelial cell proliferation and GH production 

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

proliferation at days 2, 4, and 6 on unmodified and surface-modified silicone tubes 

as described previously [15, 25]. A calibration curve with known endothelial cell 

numbers was used to determine the number of cells. At day 6, attached cells were 

stained with 5% Giemsa, and three random photographs were taken in central and 

peripheral regions of each tube. The surface area of 50 cells from each photograph 

was determined by Image Pro Plus 6 software using the pixels per micrometer 

provided. The area covered with cells of each silicone tubes was determined by 

multiplying the mean individual cell area by number of cells counted. Cell 

confluency was expressed as percent of tube surface covered with cells, and was 

calculated as follows [1]: 

% Confluency = [(area covered with cells (mm
2
)/total surface area (mm

2
)] x100 

GH production by endothelial cells cultured on AAc Si-Col or AAc Si Nitrite-

Col tubes was determined by electrochemiluminescence. After 2 days of culture 

the medium was harvested, and GH concentrations quantified using an automatic 

analyzer (Roche Elecsys 2010, Hitachi, Tokyo, Japan). 
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Endothelial cell morphology 

The morphology of endothelial cells attached to unmodified or surface-modified 

silicone tubes was assessed by using scanning electron microscopy (SEM; Essen 

Philips XL 30 ESEM Environmental, Philips, Amsterdam, The Netherlands). The 

tubes were cut longitudinally to observe cell morphology in the lumen of cell-

seeded silicone tubes. After 6 days of culture, the tubes with adhered cells were 

rinsed with PBS, fixed with 4% (v/v) glutaraldehyde in PBS for 30 min at 4°C, 

washed with ultrapure water, dehydrated in graded ethanol series, and dried at 

room temperature. The tubes were mounted on SEM stubs, and gold-coated (10-

20 nm thickness) by vapor deposition using a sputter coater with a gold (Au) target 

for conductance and high resolution imaging. SEM imaging was performed using 

20 kV electron accelerating voltage, 15 mm working distance, and magnifications 

x200, and x1000. 

 

Platelet adhesion on AAc Si-Nitrite-Col tubes 

Platelet-rich plasma (PRP) was obtained from the Iranian Blood Transfusion 

Organization. A final concentration of 15x10
4
 platelets/mm

3
 was used, with a 

viscosity of 1 cp, which is the same as the viscosity of culture medium [26]. 

Polyethylene glycol-grafted silicone (PEG Si) tubes were prepared as described 

previously [27] and used as a negative control. In short, plasma pretreated silicone 

tubes were immersed in PEG/ethanol solution (20 g/l) and physically adsorbed 

PEG was grafted on silicone using plasma treatment for 3 min. Un-grafted PEG on 

the silicone surface was removed by washing tubes by methanol.  

Each Si, AAc Si, AAc Si-Col, AAc Si-Nitrite-Col, and PEG Si tube added to 

a centrifuge tube containing 2 ml PRP, and centrifuged at 700xg for 1 h at 37°C. 

Each tube was run in triplicate. Then silicone tubes were removed from the 

centrifuge tubes. The number of platelets in the PRP solution was measured by 

using a blood cell counter (Medonic CA 530, E. Merck, Darmstadt, Germany). 

Adhesion of platelets to the silicone tubes was calculated as follows [26]: 

% Platelet Adhesion= [(Ps-Pc)/Ps] x 100 

in which Ps is the number of platelets in the PRP solution before, and Pc is the 

number of platelets in the same PRP solution after incubation with silicone tube. 

  

Statistical analysis 

All data are expressed as mean ± standard deviation. Data were analyzed using 

one-way analysis of variance, and the significance of differences among means 

was determined by post-hoc comparisons, using Bonferroni’s method. Two way 

analysis of variance with pairwise comparison was used to assess differences 

among means between groups and over time. Differences were considered 

significant if p<0.05. 

 

4
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RESULTS  

 

Collagen immobilization on AAc Si tubes 

An AAc graft density of 420±28 μg cm
2 

was achieved with 0.5 min pretreatment 

and 3 min copolymerization. Moreover, the amount of collagen immobilized onto 

AAc Si-Col tubes was 1 .1 μg cm
2
 before extensive washing with water, and 18.8 

μg cm
2
 after washing, indicating stable collagen bonding on the AAc Si tubes 

(Table 1). There was no significant difference between the amount of collagen 

immobilized on AAc Si-Col tubes and on AAc Si-Nitrite-Col tubes with 500 μM 

sodium nitrite (the highest concentration used in this study) in conjugate before 

(p=0.36) and after (p=0.7) washing.  

 

 
Table 1. Collagen adsorbed on AAc Si-Col, and AAc Si-Nitrite-Col tubes with 500 µM 

sodium nitrite in conjugate before and after washing. Values are mean ± standard deviation 

for 3 independent experiments. 

 
 
Tube,  

surface modification 

 
Abbreviation 

 
Acrylic acid 

graft density 

(μg cm
2
) 

 
Collagen 

adsorbed 

before washing 

(μg cm
2
) 

 

 
Collagen 

adsorbed 

after washing 

(μg cm
2
) 

 
Collagen 

immobilized acrylic 

acid-grafted silicone  

 
AAc Si-Col 

 
420 ± 28 

 
19.1 ± 3.0 

 
18.8 ± 1.7 

Sodium nitrite-

collagen conjugate 

immobilized acrylic 

acid-grafted silicone 

AAc Si-Nitrite-

Col 

420 ± 28 21.2 ± 1.9 18.1 ± 2.6 

 

 

Nitrite and acidified nitrite release from AAc Si-Nitrite-Col tubes 

A scheme of the suggested mechanism for the conjugation of sodium nitrite to 

collagen and release of nitrite and acidified nitrite from the sodium nitrite-collagen 

conjugate immobilized on silicone tubes is depicted in Figure 1. The absolute 

amount of nitrite and acidified nitrite released from AAc Si-Nitrite-Col tubes with 0-

500 µM sodium nitrite in conjugate was measured as nitrite accumulation in the 

medium at 4 h (Figure 2A), and 48 h (Figure 2B). At both 4 and 48 h, there was a 

dose-dependent relationship between the initial sodium nitrite concentration in the 

sodium nitrite-collagen conjugate coating of AAc Si-Nitrite-Col tubes and the 

amount of nitrite and acidified nitrite released (Figure 2). Nitrite and acidified nitrite 

release from AAc Si-Nitrite-Col tubes with 0-500 µM sodium nitrite in conjugate at 4 
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and 48 h was also expressed as percentage of the initial sodium nitrite 

concentration in conjugate (Figure 2C,D). The percentage nitrite and acidified 

nitrite released of the initial sodium nitrite in conjugate from AAc Si-Nitrite-Col tubes 

was ranging from 6% (AAc Si-Nitrite-Col tubes with 500 µM sodium nitrite in 

conjugate) to 12% (AAc Si-Nitrite-Col tubes with 10 µM sodium nitrite in conjugate) 

at 4 h (Figure 2C), and from 46% (AAc Si-Nitrite-Col tubes with 50 µM sodium 

nitrite in conjugate) to 57% (AAc Si-Nitrite-Col tubes with 100 µM sodium nitrite in 

conjugate) at 48 h (Figure 2D). 

 

 

 
 

Figure 1. Sodium nitrite (NaNO2) dissociates into ions (Na
+
, NO

-
2) after dissolving in water. 

The acetic acid used to dissolve collagen in water causes an acidic condition (pH~3) 

resulting in positively charged amino acids along the collagen molecule, thereby making the 

entire collagen molecule positively charged. After adding sodium nitrite solution to the 

collagen solution, the negatively charged NO
-
2 ions are electrostatically entrapped within 

positively charged collagen chain entanglements, and sodium nitrite-collagen conjugate is 

made. Some of the entrapped NO
-
2 ions convert to nitrous acid (HNO2) in the acidic 

environment of the collagen solution. Conjugate mixing at 4°C prevents fast decomposition 

of HNO2. By adding the sodium nitrite-collagen conjugate into AAc Si tubes, the carboxyl 

groups of AAc generate carbodiimide bonds with collagen, and help to immobilize sodium 

nitrite-collagen conjugate on the silicone surface. By filling the AAc Si-Nitrite-Col tubes with 

aqueous cell culture medium, the polymeric collagen might swell resulting in the release of 

the entrapped NO
-
2 and HNO2. HNO2 can then easily decompose into NO, NO2, and H2O at 

37°C. 

 

 

4
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Figure 2. Nitrite and acidified nitrite release from AAc Si-Nitrite-Col tubes measured as 

nitrite accumulation in the culture medium at 37°C after 4 and 48 h. Nitrite and acidified 

nitrite release (in µM) from AAc Si-Nitrite-Col tubes increased with increasing the initial 

sodium nitrite concentrations in conjugate at (A) 4 h and (B) 48 h. Nitrite and acidified nitrite 

release (in % of the amount of initial sodium nitrite in conjugate) from AAc Si-Nitrite-Col 

tubes ranged from 6% to 12% at (C) 4 h, and from 46% to 57% at (D) 48 h. n=3. AAc Si-

Nitrite-Col, sodium nitrite-collagen conjugate immobilized AAc-grafted silicone. *Significantly 

different from 5 µM sodium nitrite in conjugate, p<0.05, **p<0.005, and ***p<0.0005. 

 

 

Wettability and endothelial cell adhesion on surface-modified silicone tubes 

The wettability and cell adhesion on surface-modified tubes, e.g. AAc Si, AAc Si-

Col, and AAc Si-Nitrite-Col, were assessed and compared with Si tubes (Table 2). 

The average water contact angle of silicone tubes was >50% decreased after AAc 

grafting (Si: 102°±4°; AAc Si: 42°±2°). Collagen coating of AAc Si tubes increased 

the water contact angle from 42°±2° (AAc Si) to 56°±2° (AAc Si-Col). The water 

contact angles of AAc Si-Col tubes and AAc Si-Nitrite-Col tubes with 5-500 μM 
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sodium nitrite in conjugate were similar, ranging from 51° to 56°. The number of 

endothelial cells attached to AAc Si-Col tubes and AAc Si-Nitrite-Col tubes with 5-

500 μM sodium nitrite in conjugate was also similar, ranging from  8 cells mm
2
 to 

115 cells/mm
2
. The number of endothelial cells attached to AAc Si-Nitrite-Col tubes 

with 500 μM sodium nitrite in conjugate was similar to the number of cells attached 

to AAc Si-Col tubes, and 1.8-fold higher (p<0.005) than the number of cells 

attached to Si tubes (AAc Si-Nitrite-Col tubes: 110±8 cells/mm
2
; AAc Si-Col tubes: 

115±14 cells/mm
2
; Si tubes: 63±12 cells/mm

2
, mean±SD). Only few endothelial 

cells were attached to AAc Si tubes; the number of cells attached to Si tubes was 

3-fold higher (p<0.005) than the number of cells attached to AAc Si tubes (Si tubes: 

63±12 cells/mm
2
; AAc Si tubes: 21±5 cells/mm

2
, mean±SD).  

 

 
Table 2. Wettability and endothelial cell attachment to Si, AAc Si, AAc Si-Col, and AAc Si-

Nitrite-Col tubes with 5-500 µM sodium nitrite in conjugate. Inner diameter silicone tube: 2 

mm; length tube: 30 mm. Tubes were incubated with 3x10
5
 endothelial cells/ml, and cell 

attachment was determined after 4 h. Listed are also the abbreviations used for the different 

surface modifications used in this study. Values are mean ± standard deviation for 3 

independent experiments. 

 
 
Tube,  

surface modification 

 
Abbreviation 

 
Wettability, 

water contact 

angle (°) 

 
Number of 

adhered cells, 

(cells/mm
2
) 

 
Silicone 

 
Si 

 
102.1 ± 4.0 

 
 63 ± 12 

Acrylic acid-grafted silicone AAc Si  42.2 ± 2.0  21 ± 5 

Collagen immobilized acrylic acid-

grafted silicone 

AAc Si-Col  56.3 ± 2.0 115 ± 14 

Sodium nitrite-collagen conjugate 

immobilized acrylic acid-grafted 

silicone with different sodium 

nitrite concentrations in conjugate 

(μM  

AAc Si-Nitrite-Col 

   

   

 5 μM   53.1 ± 1.5 101 ± 10 

 10 μM   54.4 ± 3.5 112 ± 5 

 25 μM   56.2 ± 4.0 104 ± 3 

 50 μM   51.5 ± 3.1 100 ± 13 

 100 μM   52.2 ± 1.8 115 ± 9 

 250 μM   54.3 ± 2.7   98 ± 11 

 500 μM   55.2 ± 3.0 110 ± 8 

 

4
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AAc Si-Nitrite-Col tubes affect GH production by endothelial cells  

AAc Si-Nitrite-Col tubes with different concentrations of sodium nitrite caused a 

dose-dependent increase in GH production by endothelial cells, with a maximum 

effect at 25 µM initial sodium nitrite in the conjugate (Figure 3). The amount of GH 

produced by endothelial cells on AAc Si-Nitrite-Col tubes with 25 µM initial sodium 

nitrite was 2.5-fold higher (p<0.005) than on AAc Si-Col tubes, 1.6-fold higher 

(p<0.05) than on AAc Si-Nitrite-Col tubes with 50 µM initial sodium nitrite, and 2-

fold higher (p<0.05) than on AAc Si-Nitrite-Col tubes with 500 µM initial sodium 

nitrite in the conjugate. 

 

 

 
 
Figure 3. Effect of the initial sodium nitrite concentration in a sodium nitrite-collagen 

conjugate coating of AAc Si-Nitrite-Col tubes on GH production by endothelial cells after 2 

days of culture. Initial sodium nitrite concentration of 5-50 µM in sodium nitrite-collagen 

conjugate coating resulted in enhanced GH production, with a maximum effect at 25 µM 

sodium nitrite in the conjugate. AAc Si-Nitrite-Col, sodium nitrite-collagen conjugate 

immobilized AAc-grafted silicone. *Significant effect of sodium nitrite in conjugate compared 

to control without sodium nitrite, p<0.05, **p<0.005, 
#
Significantly different from 25 µM 

sodium nitrite in conjugate, p<0.05. 

 

 

AAc Si-Nitrite-Col tubes affect endothelial cell proliferation 

Initial sodium nitrite concentrations of 5-50 µM in the conjugate increased, but 

concentrations higher than 50 µM sodium nitrite did not affect endothelial cell 

number on AAc Si-Nitrite-Col tubes (Figure 4). Maximal stimulation of cell number 

4

3 
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after 2 days was obtained when cells were cultured on AAc Si-Nitrite-Col tubes with 

25 µM initial sodium nitrite in the conjugate. The number of endothelial cells on 

AAc Si-Nitrite-Col tubes with 25 µM initial sodium nitrite was 1.8-fold higher 

(p<0.005) than on AAc Si-Col tubes, 1.3-fold higher (p<0.05) than on AAc Si-

Nitrite-Col tubes with 50 µM initial sodium nitrite, 1.8-fold higher (p<0.05) than on 

AAc Si-Nitrite-Col tubes with 100 µM initial sodium nitrite, 2.1-fold higher (p<0.005) 

than on AAc Si-Nitrite-Col tubes with 250 µM initial sodium nitrite, and 2.3-fold 

higher (p<0.005) than on AAc Si-Nitrite-Col tubes with 500 µM initial sodium nitrite 

in the sodium nitrite-collagen conjugate. 

 

 

 
 
Figure 4. Effect of the initial sodium nitrite concentration in a sodium nitrite-collagen 

conjugate coating of AAc Si-Nitrite-Col tubes on the number of endothelial cells after 2 days 

of culture. AAc Si-Nitrite-Col tubes with 50 µM or less initial sodium nitrite in conjugate 

showed an increase in the number of endothelial cells, with a maximum effect at 25 µM 

sodium nitrite in the conjugate. The number of cells on AAc Si-Nitrite-Col tubes with initial 25 

µM sodium nitrite was 1.8-fold higher than on AAc Si-Col tubes. AAc Si-Nitrite-Col, sodium 

nitrite-collagen conjugate immobilized AAc-grafted silicone; AAc Si-Col, collagen 

immobilized AAc-grafted silicone. *Significant effect of sodium nitrite in conjugate compared 

to control without sodium nitrite, p<0.05, **p<0.005, 
#
Significantly different from 25 µM 

sodium nitrite in conjugate, p<0.05, 
##

p<0.005. 

 

 

Endothelial cell proliferation on Si, AAc Si, AAc Si-Col, and AAc Si-Nitrite-

Col (with 25 µM initial sodium nitrite in the conjugate) tubes was compared after 2, 

4, and 6 days of culture (Figure 5A). The number of endothelial cells on AAc Si 
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tubes was significantly decreased compared with Si tubes by 4-fold (p<0.0005, day 

4) and 3-fold (p<0.005, day 6). On the other hand, the number of endothelial cells 

on AAc Si-Col tubes was 3-fold (p<0.0005, day 4) and 3.4-fold (p<0.0005, day 6) 

increased compared with the number of cells on Si tubes. Nitrite incorporation in 

AAc Si-Nitrite-Col tubes further increased the number of endothelial cells by 68% at 

day 2 (p<0.05), 34% at day 4 (p<0.05), and 28% at day 6 (p<0.005), compared 

with AAc Si-Col tubes. Thus endothelial cells showed the highest proliferation rate 

on AAc Si-Nitrite-Col tubes at all time points measured. The number of endothelial 

cells increased on AAc Si-Col tubes and AAc Si-Nitrite-Col tubes with increased 

incubation time, while such an increase over time was not observed with Si and 

AAc Si tubes. 

Optical micrographs of endothelial cells attached to Si, AAc Si, AAc Si-Col, 

and AAc Si-Nitrite-Col tubes were used to assess endothelial cell confluency at day 

6 (Figure 5Ba-d). Cell confluency differed dependent on the surface modification 

used. The number of cells on Si tubes was very low, as well as cell confluency 

(22%) within 6 days (Figure 5Ba). Most cells did not adhere while attached cells 

showed poor proliferation on AAc Si tubes in the absence of collagen coating, 

resulting in increased cell death (data not shown). As a result, cells were only 

scarcely covering the silicone surface (7%; Figure 5Bb). Cell layers were more 

confluent (74%) on AAc Si-Col tubes than on Si and AAc Si tubes (Figure 5Bc). 

Although endothelial cells on AAc Si-Col tubes proliferated well, they did not form a 

confluent monolayer on the silicone surface. The high rate of endothelial cell 

proliferation on AAc Si-Nitrite-Col tubes resulted in 95% cell confluency within 6 

days (Figure 5Bd). 

 

Morphology of endothelial cells on surface-modified silicone tubes 

The morphology of attached endothelial cells on unmodified and surface-modified 

silicone tubes was different after 6 days of culture, dependent on the type of 

surface modification (Figure 6). SEM images revealed that cells on Si tubes did not 

spread well (Figure 6a). Only few cells were attached on AAc Si tubes, exhibiting 

"round" morphology (Figure 6b). In contrast, cells attached onto AAc Si-Col tubes 

kept their natural spindle-shaped morphology (Figure 6c). This suggests that a 

collagen coating provides a highly compatible substratum for endothelial cells. 

Endothelial cells on AAc Si-Nitrite-Col tubes displayed a flat, cobble stone-shaped 

morphology, while no “round” cells were seen ( igure 6d .  
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Figure 5. Endothelial cell proliferation and confluency on Si, AAc Si, AAc Si-Col, and AAc 

Si-Nitrite-Col tubes with 25 µM sodium nitrite in conjugate after 2, 4, and 6 days of culture. 

(A) Endothelial cell proliferation at days 2, 4, and 6. Cell number on AAc Si tubes decreased 

compared with that on Si tubes at all time points. Cell number on AAc Si-Col tubes 

increased compared with Si tubes, and even further increased on AAc Si-Nitrite-Col tubes. 

(B) Optical micrographs showing endothelial cell confluency after 6 days. (a) Si, (b) AAc Si, 

(c) AAc Si-Col, (d) AAc Si-Nitrite-Col tubes. Magnification x200. Cell confluency was low 

(22%) on Si tubes, and even lower on AAc Si tubes (7%) in the absence of a collagen 

coating. Cell coverage was rather high on collagen-coated tubes (74% confluency), and 

even higher when sodium nitrite was incorporated in the collagen coating (95% confluency). 

Si, silicone; AAc Si, AAc-grafted silicone; AAc Si-Col, collagen immobilized AAc-grafted 

silicone; AAc Si-Nitrite-Col, sodium nitrite-collagen conjugate immobilized AAc-grafted 

silicone. **Significantly different from Si tubes, p<0.005, ***p<0.0005, 
#
Significant effect of 

sodium nitrite in conjugate, p<0.05, 
##

p<0.005. 

4
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Figure 6. Scanning electron microscopy (SEM) showing morphology of endothelial cells 

seeded on Si, AAc Si, AAc Si-Col, and AAc Si-Nitrite-Col tubes with 25 µM sodium nitrite in 

conjugate after 6 days of culture. (a) Si, (b) AAc Si, (c) AAc Si-Col, (d) AAc Si-Nitrite-Col. 

Magnification x200. Insert: SEM image of endothelial cells, magnification x1000. Endothelial 

cells on Si tubes and on AAc Si tubes exhibited "round" cell bodies (a, b). Endothelial cells 

on AAc Si-Col tubes displayed a flat, spindle-shaped morphology while no “round” cells were 

present (c). Cell morphology was changed to cobblestone-like morphology on AAc Si-Nitrite-

Col tubes (d). Si, silicone; AAc Si, AAc-grafted silicone; AAc Si-Col, collagen immobilized 

AAc-grafted silicone; AAc Si-Nitrite-Col, sodium nitrite-collagen conjugate immobilized AAc-

grafted silicone. Single arrow: round cell; double arrows: spindle-shaped cell; triple arrows: 

cobblestone-shaped cell. 

 

 

Platelet adhesion on surface-modified silicone tubes 

Platelet adhesion was decreased by 20% on AAc Si tubes compared with Si tubes 

(p<0.05). In contrast, platelet adhesion on AAc Si-Col tubes was increased by 27% 

compared with Si tubes (p<0.05; Figure 7). AAc Si-Nitrite-Col tubes with 25 to 500 

µM initial sodium nitrite suppressed platelet adhesion compared with AAc Si-Col 

tubes. The higher the initial concentration of sodium nitrite in sodium nitrite-

collagen conjugate, the more platelet adhesion on AAc Si-Nitrite-Col tubes was 

reduced. Platelet adhesion to AAc Si-Nitrite-Col tubes with an initial sodium nitrite 

concentration of 500 μM provided maximal inhibition by 63% (p 0.005  compared 

with adhesion to AAc Si-Col tubes. Platelet deposition onto PEG Si tubes, that 
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were used as a reference matrix, was very low com pared to other unmodified and 

surface-modified silicone tubes (p<0.0005). 

 

 

 
 

Figure 7. Effect of surface modification on platelet adhesion onto silicone tubes. Adhesion of 

platelets on the silicone tubes was expressed as percentage of the total number of platelets 

present in the PRP solution. AAc Si-Nitrite-Col tubes with 25-500 µM initial sodium nitrite in 

conjugate decreased platelet adhesion compared with AAc Si-Col tubes. Si, silicone; AAc Si, 

AAc-grafted silicone; AAc Si-Col, collagen immobilized AAc-grafted silicone; AAc Si-Nitrite-

Col, sodium nitrite-collagen conjugate immobilized AAc-grafted silicone; PEG Si, 

polyethylene glycol-grafted silicone. *Significant effect of sodium nitrite in conjugate, p<0.05, 

**p<0.005, 
#
Significant effect of AAc grafting or collagen immobilization on silicone tube, 

p<0.05. 

 

 

DISCUSSION 

 

Endothelial cell seeding on a silicone surface is generally known to improve blood 

compatibility of silicone-based medical devices. Silicone is a hydrophobic and inert 

material that does not facilitate endothelial cell adhesion and/or proliferation. In 

general, surface coating of biomaterials with extracellular matrix proteins such as 

collagen enhances cell growth [4, 6]. Collagen has excellent properties that allow 

cell attachment, but also undesired platelet adhesion causing thrombosis [11]. To 

suppress the thrombogenic properties of collagen, several anti-thrombotic factors 

such as heparin, aspirin, or NO donors have been immobilized on collagen [8-12]. 

4
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Nitrite, the stable end-product of NO, has also been shown to have anti-

thrombogenic properties in acidic environments [13-15], and therefore we 

investigated whether the combination of sodium nitrite, as a nitrite donor, with 

collagen in the presence of acetic acid improves endothelialization of silicone tubes 

by increasing the number of endothelial cells and GH production, as well as by 

decreasing platelet adhesion. The sodium nitrite concentrations were chosen 

based on the following published data. NO-generating sodium nitroprusside (SNP) 

at low concentration (1 µM) [28] but not at high concentration (>100 µM) [29] 

increases endothelial cell proliferation. Also, endothelial cells exposed to 0.1-100 

 M  NP show increased proliferation with a maximal effect at 10 μM [30]. Finally 

NO release by NO-generating S-nitroso-N-acetylpenicillamine ( NAP; 50 μM  also 

stimulates endothelial cell proliferation [31]. Therefore, we used sodium nitrite-

collagen conjugates with 0.5-500 µM initial sodium nitrite for coating of silicone 

tubes. Since the amount of nitrite and acidified nitrite released from coated silicone 

tubes containing less than 5 µM initial sodium nitrite in the conjugate was 

negligible, we used >5 µM initial sodium nitrite in the conjugate in the current study. 

To study the interaction between a sodium nitrite-collagen conjugate 

coating with endothelial cells, a well-defined and stable collagen coating is 

required. A stable collagen coating can be obtained by carbodiimide bonds 

between the functional groups of collagen and the functional groups introduced to 

the surface of silicone tubes by plasma graft polymerization of a specific monomer 

[4-7]. Different functional groups, i.e. amine, carboxyl, and hydroxyl groups, have 

been introduced to the surface of silicone to facilitate collagen immobilization [4, 6].
 

In this study, collagen and sodium nitrite-collagen conjugate were immobilized onto 

silicone tubes by ionic interaction with a pre-determined AAc graft density. The 

amount of collagen immobilized on AAc Si tubes before washing and after washing 

was not significantly different, indicating that the carboxyl groups of AAc Si were 

tightly bound to the amino groups of collagen. In addition, incorporation of sodium 

nitrite (at all concentrations tested) in the collagen conjugate did not change the 

amount of immobilized collagen. 

Nitrite and acidified nitrite release from AAc Si-Nitrite-Col tubes increased 

with increasing initial sodium nitrite concentrations in the conjugate. However, the 

amount of nitrite and acidified nitrite released from the AAc Si-Nitrite-Col tubes was 

low compared with the amount of initial sodium nitrite in conjugate at 4 h. At 500 

µM initial sodium nitrite (the highest concentration used in this study), only 7% of 

the initial nitrite was released. This release was low in comparison to the 50% 

released from initially loaded diazeniumdiolate NO donor in the backbone of 

polyurethane after 4 h in another study [16]. The difference in release kinetics 

between the studies might be explained by the differences in the NO donor used 

(NO gas and nitrite-donor), the hydrophilicity/structure of the substratum used 

(AAc-grafted silicone and backbone of polyurethane), and the chemistry utilized to 
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bond NO/nitrite-donor to the substratum. The AAc grafting on silicone tubes before 

sodium nitrite-collagen conjugate immobilization, and the hydrogel-like nature of 

polyAAc might help the immobilized sodium nitrite molecules to retain their 

biological activity for a prolonged period of time [32]. Our study shows that almost 

half of the initial sodium nitrite in conjugate was released at 48 h (46-57%) at all 

initial sodium nitrite concentrations tested. This is comparable to the 70% released 

from initially loaded diazeniumdiolate NO donor in the backbone of polyurethane 

after 48 h as has been reported by others [16]. 

AAc grafting has been shown to create a hydrophilic surface with a low 

water contact angle, while linking collagen increases the water contact angle [4-7]. 

Our results are in accordance with these observations; we found that the water 

contact angle was considerably decreased on AAc Si tubes. The wettability of AAc 

Si-Col and AAc Si-Nitrite-Col tubes was even less than that of AAc Si tubes. This is 

inherent to the fact that collagen is more hydrophobic than AAc [4, 22]. Our data 

showing that collagen immobilization on AAc-grafted silicone tubes led to moderate 

wettability is a favorable condition for endothelial cell attachment, since a material 

surface with either a very high or a very low contact angle is not suitable for cell 

attachment [4-6]. 

Several reports claimed that, carboxyl functional groups create a higher 

negative surface charge than other commonly used surface functional groups, 

which causes inhibition of cell attachment [4, 6]. We found that endothelial cells in 

direct contact with carboxyl groups of AAc did not attach and showed poor 

proliferation. On the other hand, the immobilized collagen on the tubes created an 

adequate environment for endothelial cell attachment. Collagen is a main protein in 

the extracellular matrix responsible for cell binding to the material surface. The 

integrin family of cell adhesion receptors contains four collagen receptors that are 

involved in cell-matrix interactions [22, 23]. The presence of these receptors 

implicates that collagen is suitable as a matrix for endothelial cell growth in vitro, 

and might be the reason for increased endothelial cell attachment on AAc Si-Col 

tubes compared with AAc Si tubes. Although AAc Si tubes had toxic effects on 

endothelial cells in the absence of collagen immobilization, our results also indicate 

that these tubes can be used as substratum for collagen immobilization and then 

provide a favorable surface for endothelialization (AAc Si-Col tubes).  

NO is known to inhibit platelet adhesion, and to inhibit or stimulate 

endothelial cell proliferation dependent on the concentration [28-31]. We found that 

sodium nitrite-collagen conjugate coating of AAc Si-Nitrite-Col tubes increased the 

number of endothelial cells. Interestingly, GH production by endothelial cells was 

stimulated on AAc Si-Nitrite-Col tubes containing 5-50 µM initial sodium nitrite in 

conjugate. Twenty-five µM initial sodium nitrite in the conjugate maximally 

stimulated GH production. GH is known to stimulate endothelial cell growth [34, 

35]. This might explain the maximal stimulation by sodium nitrite-collagen 

4
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conjugate coating of AAc Si-Nitrite-Col tubes on the number of endothelial cells 

with 25 µM initial sodium nitrite in the conjugate. Endothelial cell proliferation on 

different surface-modified silicone tubes at 2, 4, and 6 days also showed that AAc 

decreases the number of endothelial cells at all time points, probably by causing an 

acid environment [4, 6]. This was in contrast to the high increase in cell number 

observed on tubes with immobilized collagen. The number of endothelial cells on 

AAc Si-Nitrite-Col tubes with 50 µM or less initial sodium nitrite in the conjugate 

was increased compared with the number of cells on AAc Si-Col tubes after 2 days 

of culture, with a maximum effect at 25 µM initial sodium nitrite. Therefore sodium 

nitrite-collagen conjugate coating with 5 to 50 µM initial sodium nitrite accelerates 

endothelialization of silicone tubes even more than collagen coating alone.  

Endothelial cells cultured on AAc Si-Nitrite-Col tubes formed a perfect 

confluent (95%) monolayer, but confluency was not achieved on AAc Si-Col tubes 

after 6 days of culture. The morphology of endothelial cells cultured on AAc Si-Col 

tubes was spindle-shaped, while a round morphology was observed on AAc Si 

tubes. Endothelial cells on AAc Si-Nitrite-Col tubes had changed to cobblestone-

like morphology. Thus sodium nitrite-collagen conjugate coating was compatible 

with endothelial cells providing the possibility of improved endothelialization. AAc 

grafting increases material surface hydrophilicity thereby preventing platelet 

adhesion [36]. Collagen is highly thrombogenic and induces platelet adhesion on a 

material surface [11]. Our data agree with these observations, since we found 

reduced platelet adhesion on AAc Si tubes, and increased platelet adhesion on 

AAc Si-Col tubes. We also observed that after incorporation of sodium nitrite into 

collagen in the presence of acetic acid, the use of this nitrite and acidified nitrite-

generating coating with 25 to 500 µM initial sodium nitrite significantly suppressed 

the thrombogenic properties of collagen by decreasing platelet adhesion on the 

silicone surface, especially when a high initial concentration of sodium nitrite in 

conjugate was used. The presence of acetic acid in the sodium nitrite-collagen 

conjugate might change some nitrite molecules to nitrous acid, that easily 

decomposes into NO; that is known to inhibit platelet adhesion [20, 21]. Although 

AAc Si-Nitrite-Col tube with 500 µM sodium nitrite in conjugate prevented more 

platelet adhesion, it did not affect endothelial cell growth. These results agree with 

data reported by others showing that NO inhibits as well as stimulates endothelial 

cell proliferation dependent on the concentration [28-31]. Low NO concentrations 

(μmolar or sub-mmolar range) stimulate cell proliferation of a.o. fibroblasts, 

pancreatic tumours, myoblasts, keratinocytes, and endothelial cells [28, 30, 31, 37], 

while NO in the mmolar range inhibits cell proliferation [29, 38, 39]. The reason for 

this biphasic effect is not well understood, but it has been suggested that the NO-

mediated increase in endothelial cell proliferation requires the production of 

reactive oxygen species (ROS), since superoxide dismutase and catalase 

suppress in part the stimulatory effect of NO on cell proliferation [28, 39]. NO at a 
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low concentration (1 µM) increases endothelial cell proliferation [28], whereas NO 

at a high concentration (>100 µM) has no effect [29]. SNP at 0.1-100 µM increases 

endothelial cell proliferation, with a maximal effect at 10 µM [30]. The release of 

NO by SNAP at 50 µM, but not 10 µM, stimulates endothelial cell proliferation [31]. 

Overall, these studies support the concept that the effect of NO on endothelial cell 

proliferation is concentration-dependent [39]. 

 

 

CONCLUSIONS 

 

Our data shows that a nitrite and acidified nitrite-generating sodium nitrite-collagen 

conjugate coating of AAc Si-Nitrite-Col tubes with 5 to 50 µM initial sodium nitrite 

increased the number of endothelial cells, more than collagen coating alone, 

probably via GH production, with a maximum effect at 25 µM initial sodium nitrite, 

resulting in a confluent endothelial cell monolayer on a silicone surface. In addition, 

AAc Si-Nitrite-Col tubes with 25 to 500 µM initial sodium nitrite suppressed platelet 

adhesion in areas that were not fully covered with endothelial cells. Since AAc Si-

Nitrite-Col tubes with 25 to 50 µM initial sodium nitrite increases endothelial cell 

proliferation and inhibits platelet aggregation, this suggests that sodium nitrite-

collagen conjugate coatings are highly promising to promote endothelialization of 

silicone materials in blood-contacting devices. 

 

 

ACKNOWLEDGMENTS 

 

The authors are grateful to Dr. Nooshin Haghighipour for valuable advice on cell 

seeding, and Dr. Azadeh Hashemi for help in image-processing. The authors also 

thank Dr. Astrid D. Bakker for critically reading the manuscript. 

4

3 



12 
 

REFERENCES 

 
1 Polk AA, Maul TM, McKeel DT, Snyder TA, Lehocky CA, Pitt B, Stolz DB, Federspiel WJ, Wagner 

WR. A biohybrid artificial lung prototype with active mixing of endothelialized microporous hollow 

fibers. Biotechnol Bioeng 2010;106:490-500. 

2 de Mel A, Cousins BG, Seifalian AM. Surface modification of biomaterials: A quest for blood 

compatibility. Int J Biomater 2012;2012:707-863 

3 Farhadi M, Mirzadeh H, Solouk A, Asghari A, Jalessi M, Ghanbari H, Yazdanifard P. Collagen-

immobilized patch for repairing small tympanic membrane perforations: In vitro and in vivo assays. 

J Biomed Mater Res A 2012;100:549-553. 

4 Lee SHD, Hsiue GH, Chang PCT, Kao CHY. Plasma-induced grafted polymerization of acrylic 

acid and subsequent grafting of collagen onto polymer film as biomaterials. Biomaterials 

1996;17:1599-1608.  

5 Salehi-Nik N, Amoabediny G, Shokrgozar MA, Mottaghy K, Klein-Nulend J, Zandieh-Doulabi B. 

Surface modification of silicone tubes by functional carboxyl and amine, but not peroxide groups 

followed by collagen immobilization improves endothelial cell stability and functionality. Biomed 

Mater 2015;10:015024. 

6 Gupta B, Plummer Ch, Bisson I, Frey P, Hilborn J. Plasma-induced graft polymerization of acrylic 

acid onto poly(ethylene terephthalate) films: characterization and human smooth muscle cell 

growth on grafted films. Biomaterials 2002;23:863-871. 

7 Karkhaneh A, Mirzadeh H, Ghaffariyeh A. Simultaneous graft copolymerization of 2-hydroxyethyl 

methacrylate and acrylic acid onto polydimethylsiloxane surfaces using a two-step plasma 

treatment. J Appl Polym Sci 2007;105:2208-2217. 

8 Kang IK, Choi SH, Shin DS, Yoon SC. Surface modification of polyhydroxyalkanoate films and 

their interaction with human fibroblasts. Int J Biol Macromol 2011;28:205-212. 

9 Wu B, Gerlitz B, Grinnell BW, Meyerhoff ME. Polymeric coatings that mimic the endothelium: 

combining nitric oxide release with surface-bound active thrombomodulin and heparin. 

Biomaterials 2007;28:4047-4055. 

10 Jingrun R, Jin W, Hong S, Nan H. Surface modification of polyethylene terephthalate with albumin 

and gelatin for improvement of anticoagulation and endothelialization. Appl Surf Sci 

2008;255:263-266. 

11 Wissink MJB, Beernink R, Poot AA, Engbers GH, Beugeling T, van Aken WG, Feijen J. Improved 

endothelialization of vascular grafts by local release of growth factor from heparinized collagen 

matrices. J Control Release 2000;64:103-114. 

12 Zhao J, Falotico R, Nguyen T, Cheng Y, Parker T, Dave V, Rogers C, Riesenfeld J. A nonelutable 

low-molecular weight heparin stent coating for improved thromboresistance. J Biomed Mater Res 

B 2012;100:1274-1282. 

13 Reynolds MM, Annich GM. The artificial endothelium. Organogenesis 2011;7:42-49. 

14 Wu Y, Zhou Zh, Meyerhoff ME. In vitro platelet adhesion on polymeric surfaces with varying fluxes 

of continuous nitric oxide release. J Biomed Mater Res A 2007;81:956-963.  

15 Kabirian F, Amoabediny G, Haghighipour N, Salehi-Nik N, Zandieh-Doulabi B. Nitric oxide 

secretion by endothelial cells in response to fluid shear stress, aspirin, and temperature. J Biomed 

Mater Res A 2015;103:1231-1237. 

16 Taite LJ, Yang P, Jun H, West JL. Nitric oxide-releasing polyurethane–PEG copolymer containing 

the YIGSR peptide promotes endothelialization with decreased platelet adhesion. J Biomed Mater 

Res B 2008;84:108-116.  

17 Murohara T, Witzenbichler B, Spyridopoulos I, Asahara T, Ding B, Sullivan A, Losordo DW, Isner 

JM. Role of endothelial nitric oxide synthase in endothelial cell migration. Arterioscler Thromb 

Vasc Biol 1999;19:1156-1161. 

http://www.ncbi.nlm.nih.gov/pubmed/22693509
http://www.ncbi.nlm.nih.gov/pubmed?term=Farhadi%20M%5BAuthor%5D&cauthor=true&cauthor_uid=22162221
http://www.ncbi.nlm.nih.gov/pubmed?term=Mirzadeh%20H%5BAuthor%5D&cauthor=true&cauthor_uid=22162221
http://www.ncbi.nlm.nih.gov/pubmed?term=Solouk%20A%5BAuthor%5D&cauthor=true&cauthor_uid=22162221
http://www.ncbi.nlm.nih.gov/pubmed?term=Asghari%20A%5BAuthor%5D&cauthor=true&cauthor_uid=22162221
http://www.ncbi.nlm.nih.gov/pubmed?term=Jalessi%20M%5BAuthor%5D&cauthor=true&cauthor_uid=22162221
http://www.ncbi.nlm.nih.gov/pubmed?term=Ghanbari%20H%5BAuthor%5D&cauthor=true&cauthor_uid=22162221
http://www.ncbi.nlm.nih.gov/pubmed?term=Yazdanifard%20P%5BAuthor%5D&cauthor=true&cauthor_uid=22162221
http://www.ncbi.nlm.nih.gov/pubmed/22162221
http://www.ncbi.nlm.nih.gov/pubmed/?term=Salehi-Nik%20N%5BAuthor%5D&cauthor=true&cauthor_uid=25730524
http://www.ncbi.nlm.nih.gov/pubmed/?term=Amoabediny%20G%5BAuthor%5D&cauthor=true&cauthor_uid=25730524
http://www.ncbi.nlm.nih.gov/pubmed/?term=Shokrgozar%20MA%5BAuthor%5D&cauthor=true&cauthor_uid=25730524
http://www.ncbi.nlm.nih.gov/pubmed/?term=Mottaghy%20K%5BAuthor%5D&cauthor=true&cauthor_uid=25730524
http://www.ncbi.nlm.nih.gov/pubmed/?term=Klein-Nulend%20J%5BAuthor%5D&cauthor=true&cauthor_uid=25730524
http://www.ncbi.nlm.nih.gov/pubmed/?term=Zandieh-Doulabi%20B%5BAuthor%5D&cauthor=true&cauthor_uid=25730524
http://www.ncbi.nlm.nih.gov/pubmed?term=Wissink%20MJ%5BAuthor%5D&cauthor=true&cauthor_uid=10640649
http://www.ncbi.nlm.nih.gov/pubmed?term=Beernink%20R%5BAuthor%5D&cauthor=true&cauthor_uid=10640649
http://www.ncbi.nlm.nih.gov/pubmed?term=Poot%20AA%5BAuthor%5D&cauthor=true&cauthor_uid=10640649
http://www.ncbi.nlm.nih.gov/pubmed?term=Engbers%20GH%5BAuthor%5D&cauthor=true&cauthor_uid=10640649
http://www.ncbi.nlm.nih.gov/pubmed?term=Beugeling%20T%5BAuthor%5D&cauthor=true&cauthor_uid=10640649
http://www.ncbi.nlm.nih.gov/pubmed?term=van%20Aken%20WG%5BAuthor%5D&cauthor=true&cauthor_uid=10640649
http://www.ncbi.nlm.nih.gov/pubmed?term=Feijen%20J%5BAuthor%5D&cauthor=true&cauthor_uid=10640649
http://www.ncbi.nlm.nih.gov/pubmed/10640649
http://www.ncbi.nlm.nih.gov/pubmed/22162221
http://www.ncbi.nlm.nih.gov/pubmed/22162221
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1552-4965
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1552-4965
http://www.ncbi.nlm.nih.gov/pubmed/10323764
http://www.ncbi.nlm.nih.gov/pubmed/10323764


12 
 

18 Jozkowicz A, Cooke JP, Guevara I, Huk I, Funovics P, Pachinger O, Weidinger F, Dulak J. 

Genetic augmentation of nitric oxide synthase increases the vascular generation of VEGF. 

Cardiovasc Res 2001;51:773-783. 

19 Pinilla L, Tena-Sempere M, Aguilar E. Nitric oxide stimulates growth hormone secretion in vitro 

through a calcium- and cyclic guanosine monophosphate-independent mechanism. Horm Res 

1999;51:242-247. 

20 Lundberg JO, Weitzberg E. NO generation from nitrite and its role in vascular control. Arterioscler 

Thromb Vasc Biol 2005;25:915-922. 

21 Egemnazarov B, Schermuly RT, Dahal BK, Elliott GT, Hoglen NC, Surber MW, Weissmann N, 

Grimminger F, Seeger W, Ghofrani HA. Nebulization of the acidified sodium nitrite formulation 

attenuates acute hypoxic pulmonary vasoconstriction. Respir Res 2010;11:81-93. 

22 Solouk A, Cousins BG, Mirahmadi F, Mirzadeh H, Jalali Nadoushan MR, Shokrgozar MA, 

Seifalian AM. Biomimetic modified clinical-grade POSS-PCU nanocomposite polymer for bypass 

graft applications: A preliminary assessment of endothelial cell adhesion and haemocompatibility. 

Mater Sci Eng C Mater Biol Appl 2015;46:400-408. 

23 Mullender MG, Dijcks SJ, Bacabac RG, Semeins CM, Van Loon JJWA, Klein-Nulend J. Release 

of nitric oxide, but not prostaglandin E2, by bone cells depends on fluid flow frequency. J Orthop 

Res 2006;24:1170-1177. 

24 Bacabac RG, Smit TH, Van Loon JJWA, Zandieh-Doulabi B, Helder MN, Klein-Nulend J. Bone 

cell responses to high-frequency vibration stress: does the nucleus oscillate within the 

cytoplasm?. FASEB J 2006;20:858-864. 

25 Zhang Q, Shen Y, Tang C, Wu X, Yu Q, Wang G. Surface modification of coronary stents with 

SiCOH plasma nanocoatings for improving endothelialization and anticoagulation. J Biomed 

Mater Res B 2015;103:464-472. 

26 Yeganeh H, Orang F, Solouk A, Rafienia M. Synthesis, characterization and preliminary 

investigation of blood compatibility of novel epoxy-modified polyurethane networks. J Bioact 

Compat Pol 2008;23:276-300. 

27 Abednejad AS, Amoabediny G, Ghaee A. Surface modification of polypropylene membrane by 

polyethylene glycol graft polymerization. Mat Sci Eng C 2014;42:443-450. 

28 Luczak K, Balcerczyk A,  oszyński M, Bartosz G. Low concentration of oxidant and nitric oxide 

donors stimulate proliferation of human endothelial cells in vitro. Cell Biol Int 2004;28:483-486. 

29 Heller R, Polack T, Grabner R, Till U. Nitric oxide inhibits proliferation of human endothelial cells 

via a mechanism independent of cGMP. Atherosclerosis 1999;144:49-57. 

30 Ziche M, Morbidelli L, Masini E, Granger H, Geppetti P, Ledda F. Nitric oxide promotes DNA 

synthesis and cyclic GMP formation in endothelial cells from postcapillary venules. Biochem 

Biophys Res 1993;192:1198-1203. 

31 Leo S, Nuydens R, Meert TF. Opioid-induced proliferation of vascular endothelial cells. J Pain Res 

2009;2:59-66. 

32 Keshvari H, Mirzadeh H, Mansoori P, Orang F, Khorasani M. Collagen immobilization onto acrylic 

acid laser-grafted silicone for using as artificial skin: In vitro. Iran Polym J 2008;17:171-182. 

33 Jokinen J, Dadu E, Nykvist P, Kapyla J, White DJ, Ivaska J, Vehvilainen P, Reunanen H, Larjava 

H, Hakkinen L, Heino J. Integrin-mediated cell adhesion to type I collagen fibrils. J Biol Chem 

2004;279:31956-31963. 

34 Rymaszewski Z, Cohen RM, Chomczynski P. Human growth hormone stimulates proliferation of 

human retinal microvascular endothelial cells in vitro. Proc Natl Acad Sci USA 1991;88:617-621. 

35 Lincoln DT, Singal PK, Al-Banaw A. Growth hormone in vascular pathology: Neovascularization 

and expression of receptors is associated with cellular proliferation. Anticancer Res 

2007;27:4201-4218. 

36 Mirzadeh H, Dadsetan M, Sharifi-Sanjani N. Platelet adhesion on laser-induced acrylic acid–

grafted polyethylene terephthalate. J Appl Polym Sci 2002;86: 3191-3196. 

4

3 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Pinilla%20L%5BAuthor%5D&cauthor=true&cauthor_uid=10559669
http://www.ncbi.nlm.nih.gov/pubmed/?term=Tena-Sempere%20M%5BAuthor%5D&cauthor=true&cauthor_uid=10559669
http://www.ncbi.nlm.nih.gov/pubmed/?term=Aguilar%20E%5BAuthor%5D&cauthor=true&cauthor_uid=10559669
http://www.ncbi.nlm.nih.gov/pubmed/16705700
http://www.ncbi.nlm.nih.gov/pubmed/16705700
http://www.ncbi.nlm.nih.gov/pubmed?term=Mullender%20MG%5BAuthor%5D&cauthor=true&cauthor_uid=16705700
http://www.ncbi.nlm.nih.gov/pubmed?term=Dijcks%20SJ%5BAuthor%5D&cauthor=true&cauthor_uid=16705700
http://www.ncbi.nlm.nih.gov/pubmed?term=Bacabac%20RG%5BAuthor%5D&cauthor=true&cauthor_uid=16705700
http://www.ncbi.nlm.nih.gov/pubmed?term=Semeins%20CM%5BAuthor%5D&cauthor=true&cauthor_uid=16705700
http://www.ncbi.nlm.nih.gov/pubmed?term=Van%20Loon%20JJ%5BAuthor%5D&cauthor=true&cauthor_uid=16705700
http://www.ncbi.nlm.nih.gov/pubmed?term=Klein-Nulend%20J%5BAuthor%5D&cauthor=true&cauthor_uid=16705700
http://www.ncbi.nlm.nih.gov/pubmed/16705700
http://www.ncbi.nlm.nih.gov/pubmed/16705700
http://www.ncbi.nlm.nih.gov/pubmed?term=Bacabac%20RG%5BAuthor%5D&cauthor=true&cauthor_uid=16675843
http://www.ncbi.nlm.nih.gov/pubmed?term=Smit%20TH%5BAuthor%5D&cauthor=true&cauthor_uid=16675843
http://www.ncbi.nlm.nih.gov/pubmed?term=Van%20Loon%20JJ%5BAuthor%5D&cauthor=true&cauthor_uid=16675843
http://www.ncbi.nlm.nih.gov/pubmed?term=Doulabi%20BZ%5BAuthor%5D&cauthor=true&cauthor_uid=16675843
http://www.ncbi.nlm.nih.gov/pubmed?term=Helder%20M%5BAuthor%5D&cauthor=true&cauthor_uid=16675843
http://www.ncbi.nlm.nih.gov/pubmed?term=Klein-Nulend%20J%5BAuthor%5D&cauthor=true&cauthor_uid=16675843
http://www.ncbi.nlm.nih.gov/pubmed/16675843
http://www.ncbi.nlm.nih.gov/pubmed?term=%C5%81uczak%20K%5BAuthor%5D&cauthor=true&cauthor_uid=15223026
http://www.ncbi.nlm.nih.gov/pubmed?term=%C5%81uczak%20K%5BAuthor%5D&cauthor=true&cauthor_uid=15223026
http://www.ncbi.nlm.nih.gov/pubmed?term=Balcerczyk%20A%5BAuthor%5D&cauthor=true&cauthor_uid=15223026
http://www.ncbi.nlm.nih.gov/pubmed?term=Soszy%C5%84ski%20M%5BAuthor%5D&cauthor=true&cauthor_uid=15223026
http://www.ncbi.nlm.nih.gov/pubmed?term=Bartosz%20G%5BAuthor%5D&cauthor=true&cauthor_uid=15223026
http://www.ncbi.nlm.nih.gov/pubmed/15223026
http://www.ncbi.nlm.nih.gov/pubmed?term=Ziche%20M%5BAuthor%5D&cauthor=true&cauthor_uid=8389543
http://www.ncbi.nlm.nih.gov/pubmed?term=Morbidelli%20L%5BAuthor%5D&cauthor=true&cauthor_uid=8389543
http://www.ncbi.nlm.nih.gov/pubmed?term=Masini%20E%5BAuthor%5D&cauthor=true&cauthor_uid=8389543
http://www.ncbi.nlm.nih.gov/pubmed?term=Granger%20H%5BAuthor%5D&cauthor=true&cauthor_uid=8389543
http://www.ncbi.nlm.nih.gov/pubmed?term=Geppetti%20P%5BAuthor%5D&cauthor=true&cauthor_uid=8389543
http://www.ncbi.nlm.nih.gov/pubmed?term=Ledda%20F%5BAuthor%5D&cauthor=true&cauthor_uid=8389543


11 
 

37 Jones DA, Khambata RS, Mathur A, Ahluwalia A. A sodium nitrite promotes the viability and 

proliferation of endothelial cells but inhibits the growth of smooth muscle cells under hypoxia. 

Nitric Oxide 2013;31:S13-S48. 

38 Gooch KJ, Dangler CA, Frangos JA. Exogenous, basal, and flow-induced nitric oxide production 

and endothelial cell proliferation. J Cell Physiol 1997:171;252-258. 

39 Napoli C, Paolisso G, Casamassimi A, Al-Omran M, Barbieri M, Sommese L, Infante T, Ignarro 

LJ. Effects of nitric oxide on cell proliferation. J Am Coll Cardiol 2013;62:89-95. 

 

http://www.ncbi.nlm.nih.gov/pubmed/23665095

