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Fibronectin/fibrinogen/tropoelastin on a 
stent to promote CD34+ cell growth does 
not reduce neointima formation

Drug-eluting stents (DES) reduce neointima 
formation by inhibiting proliferation of vascu-
lar smooth muscle cells (SMCs). This beneficial 
effect of early-generation DES was accompanied 
by delayed vascular healing owing to the inhibi-
tory effects of the drug on endothelial cells (ECs), 
leading to thrombotic complications [1–4]. Anti-
proliferative drugs were nonspecific and influence 
the outgrowth of both SMCs and ECs, while pro-
liferation of ECs is desired. New-generation DES 
showed a lower risk for stent thrombosis compared 
with bare-metal stents [5,6], owing to improvements 
of the stent design and drug coatings. 

Besides DES, other promising strategies have 
been used to reduce in-stent thrombosis and 
re stenosis. One of them is improving the endo-
thelial cell coverage of the stent. A function-
ally intact endothelium prevents thrombotic 
complications, and also regulates the prolifera-
tion of the under lying SMCs. ECs can migrate 
from the injured vessel wall, but also circulating 
endothelial progenitor cells (EPCs) are capable 
of homing towards the exposed subendothe-
lium, which subsequently promotes re-endothe-
lialization [7,8]. Capturing circulating EPCs on a 
stent surface enhances stent endothelialization 
and is, therefore, a promising strategy to reduce 
in-stent thrombosis and re stenosis [9–12]. The 
Genous™ (OrbusNeich Medical, FL, USA) 
stent was designed for capturing EPCs using a 
CD34 antibody immobilized on the stent sur-
face. Unfortunately, clinical studies did not show 
improved outcomes compared with a bare-metal 

stent [10,13,14]. In the current study, we aimed to 
study the effect of combining new stent coatings 
with anti-CD34 antibodies on  endothelial cell 
stent coverage and neointima formation. 

In a previous study, we analyzed the properties 
of stent coatings in vitro. We found that a com-
bination of tropoelastin, fibronectin and fibrino-
gen facilitated optimal EC growth, while vascular 
SMC outgrowth and endothelial inflammatory 
and procoagulant responses were kept minimal 
[15]. In this study, a rabbit model was used to 
study these specific stent coatings in vivo with and 
 without the EPC capturing anti-CD34 antibody.

Materials & methods
 � Experimental design

A total of 44 female New Zealand white rab-
bits (Charles River, MA, USA; 3.5–4 kg) were 
studied. Stents were implanted in the left and 
right iliac arteries. In each rabbit, two randomly 
chosen stents were placed in both iliac arteries, 
one in each artery. After 7 or 28 days, animals 
were sacrificed, whereupon stents were excised 
for histological analysis. All animal experiments 
were performed after receiving approval from 
the Ethical Committee on Animal Experimen-
tation of the Universitair Medisch Centrum 
Utrecht (Utrecht, The Netherlands). Animal 
care  followed established guidelines.

 � Stent design
The stent coatings that were used are bare metal, 
anti-CD34, fibronectin/fibrinogen, fibronectin/
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fibrinogen/anti-CD34, fibronectin/fibrinogen/
tropoelastin and fibronectin/fibrinogen/tropo-
elastin/anti-CD34. Bare metal and anti-CD34 
were commercially available stents (R-Stent Evo-
lution™ 2, Genous Bio-engineered stent, Orbus-
Neich Medical). The other coatings were cus-
tom-made, non-US FDA-approved devices using 
the same stent platform as that of the bare-metal 
stents (Ssens, Enschede, The Netherlands; and 
OrbusNeich Medical). Fibrinogen was purchased 
from Enzyme Research Laboratories (Swansea, 
UK), fibronectin from Millipore (MA, USA). 
Tropoelastin was purified as described before [15]. 
The proteins were covalently coupled to the stent 
 surface on both sides of the stent. 

 � Anesthesia
Before operation and termination, rabbits were 
fasted overnight. As premedication, rabbits were 
injected intramuscularly with 0.5 ml vetranquil 
and 0.5 ml methadone. Etomidate (2 ml) was 
injected via the ear vein and after intubation 
rabbits were ventilated with a mixture of oxygen 
and air (1:2), and 1.5% isoflurane. An air vein 
was used for continuous administration of 4 µg/h 
sufentanil. 

 � Stent implantation
Rabbits were injected intravenously with 150 U/kg 
heparin prior to vessel manipulation. Subcutane-
ous 1 mg/kg meloxicam was administered before 
surgery as analgesia. A 4F sheath was placed in the 
right common carotid artery and angiograms of 
the iliac arteries were obtained by contrast injec-
tion. No nitrates were used. A Fogarty® catheter 
(4.5 F) was inserted via the sheet and placed in 
the iliac arteries using angiography. The balloon 
was dilated and pulled through the iliac artery for 
approximately 3 cm to create endothelial dam-
age. This denudation was performed twice in 
both iliac arteries. After endothelial denudation, 
the stents (3.5 × 13 mm) were inserted via the 
sheet. Pressure was applied to inflate the balloon 
and unfold the stent to a size of 3.4 mm. After 
stenting, a second angiogram was obtained. After 
surgery, rabbits daily received freshly prepared 
drinking water with 10 mg aspirin (Aspro, Bayer, 
Mijdrecht, The Netherlands) per 100 ml water. 
Rabbits consumed approximately 350 ml water a 
day and their drinking behavior was monitored. 

 � Quantitative angiography
Angiograms of the iliac arteries before and after 
stent placement were obtained during interven-
tion and termination. The diameter of the lumen 
at maximal stenosis was measured using ImageJ 

before stenting, after stenting, and just before 
termination and calibrated using a ruler placed 
in the same image during angiography. The 
lumen loss ratio was defined as the angiographic 
diameter after stenting/angiographic diameter at 
termination.

 � Tissue preparation & histological 
analysis
Animals were sacrificed after 7 (n = 23) and 28 
(n = 21) days and stents were harvested. Heparin 
(intravenous 1000 U/kg) was administered prior 
to vessel manipulation. Catheters were placed 
in the aorta and vena cava under anesthesia 
(as described before). An angiogram was made 
to analyze the stents and surrounding arteries. 
Ringers lactate was perfused into the aorta to 
flush the stent to remove all blood cells. After 
perfusion with buffer, 100 ml 4% paraformal-
dehyde buffered with phosphate-buffered saline 
was perfused via the aorta to pressure fix the tis-
sue. Subsequently, the rabbits were sacrificed and 
the stents and adjacent arteries were dissected. 
The stents that were obtained after 7 days were 
cut axially in two equal parts. One part of this 
stent was used for morhpometric analyses and 
part was used for electron microscopical imag-
ing. Morphometric analyses were executed on the 
stents obtained after 7 and 28 days rabbits which 
were fixed in formalin for at least 72 h followed 
by embedding in methyl metacrylate for further 
histological analysis. Sections were cut with a dia-
mond-coated saw at the center of top, the center 
and the bottom of the stent. A hematoxylin and 
eosin staining was performed for morphometric 
analysis. Neointima formation was traced manu-
ally using pictures made at a 20× magnification 
using ImageJ. 

Half of the stent from rabbits terminated after 
7 days was used for scanning electron micros-
copy (sEM). For this purpose, stents were fixed 
in a 1.5% glutarealdehyde in 0.1 M cacodylate 
buffer (pH 7.2). A secondary fixation using 1% 
osmium tetroxide in 0.1 M cacodylate buffer was 
performed, followed by dehydration. Liquid was 
removed from the samples using critical point dry-
ing, sprayed with platinum and analyzed using 
sEM (Phenom desktop sEM, Phenom-World BV, 
Eindhoven, The Netherlands). Pictures were made 
at 380× magnification and stent endothelialization 
was quantified manually using ImageJ. 

 � Statistics
The differences between two coatings was com-
pared with a Mann–Whitney test. Values are pre-
sented as mean ± standard error of the mean. A 
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value of p < 0.05 was regarded significant. Statis-
tical analysis was performed using SPSS  version 
20 software.

Results
 � Quantitative angiography

Stents were positioned in the iliac arteries of rabbits 
for a period of 7 or 28 days. Examples of angio-
grams of stented arteries after 7 and 28 days, prior 
to termination are shown in  Figure 1. Quantifica-
tion of balloon–artery ratio and lumen loss are 
shown in Table 1, and no differences were observed 
for any stent type. No stent thrombosis or occlu-
sion was observed directly after stent placement 
and after 7 or 28 days.

 � Stent endothelialization after 7 days 
of stent placement
Stents were harvested after 7 days for endothelial-
ization analysis. Endothelialized surface was mea-
sured with sEM analysis in eight single pictures 
per stent at a 350× magnification. A representative 
example for each coating is shown in Figure 2a. In 
each picture, stent outlines were determined and 
the percentage of coverage on the stent struts was 
measured. Coverage in the different groups was 
74.3 ± 7.5% in bare-metal stents, 75.8 ± 6.1% in 
aCD34, 85.6 ± 3.7% in fibronectin/fibrinogen, 
85.1 ± 4.5% infibronectin/fibrinogen/tropo-
elastin, 87.9 ± 4.0% in fibronectin/fibrinogen/
aCD34 and 89.1 ± 4.3% in fibronectin/fibrino-
gen/tropoelastin/aCD34. No significant differ-
ences between the groups were found in endo-
thelialization after 7 days ( Figure 2b, p = 0.867 for 
bare-metal stents vs aCD34, p = 128 for aCD34 
vs fibronectin/fibrinogen/tropoelastin/aCD34). 
A detailed picture of cells with endothelial 

morphology is shown in Figure 2C. This  morphology 
was found in all samples. 

 � Neointima formation in the stent
A hematoxilin eosin staining was performed on 
all stents and examples are shown in Figure 3a. 
After 7 days, no neointima formation could 
be observed. Stents harvested after 28 days 
did show intimal hyperplasia. Quantification 
revealed significantly less neointima in anti-
CD34-coated stents compared with bare-metal 
stents as shown in Figure 3b (0.125 ± 0.010 mm 
vs 0.147 ± 0.006 mm in aCD34 and bare-
metal stents, respectively; p = 0.046). A coat-
ing with either f ibronectin/f ibrinogen or 
fibronectin/fibrinogen/tropoelastin results in 
a neointima comparable with a bare-metal 
stent (0.146 ± 0.006 mm [p = 0.902] and 
0.139 ± 0.007 mm [p = 0.456]). When the 
CD34 antibody was present in these coatings, the 
amount of neointima was significantly decreased 
(p = 0.009 for fibronectin/fibrinogen with and 
without aCD34, p = 0.028 for fibronectin/fibrin-
ogen/tropoelastin with and without aCD34). 
The amount of neointima in these stents was 
equal compared with the stents coated with 
only aCD34 (0.122 ± 0.005 mm [p = 0.836] 
and 0.113 ± 0.006 mm [p = 0.282]). In Figure 3C, 
detailed representative examples are shown from 
fibronectin/fibrinogen/tropoelastin/aCD34 and 
bare-metal stents. 

Discussion
Here, we investigated whether additional pro-
tein coating of anti-CD34 Genous stents could 
improve patency in an in vivo rabbit model. 
The goal of this study was to identify coating 

7 days 28 days

Figure 1. Angiographic analysis. Angiograms obtained at 7 and 28 days after stent placement. 
The location of the stent is indicated by arrows. 
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conditions that stimulate the outgrowth of 
captured EPCs without subsequent increase 
in neointima formation. The protein com-
binations that were applied have previously 
been shown to facilitate optimal EC growth 
in vitro, while SMC outgrowth and endo thelial 
inf lammatory and procoagulant responses 
were kept minimal [15]. In this in vivo study, 
the stent coatings fibronectin/fibrinogen and 
fibronectin/fibrinogen/ tropoelastin did not 
show a significantly improved stent endotheli-
alization 7 days after stent placement compared 
with a bare-metal stent. Surprisingly, the pres-
ence of the anti-CD34 antibody did not show a 
significant effect on endothelialization as visu-
alized by sEM. A decreased neointima forma-
tion was observed after 28 days when the anti-
CD34 antibody was present on the stent, while 
no additional effect of the coated proteins was 
observed. When the proteins were coated on 
the stent without the antibody, the neointima 
formation was comparable with the bare-metal 
stent. These results indicate that the coating of 
 fibronectin/fibrinogen and/or tropoelastinon on 
the stent did not improve stent endothelialization 
or intimal hyperplasia in vivo compared with the 
anti-CD34-coated Genous control stent. 

The Genous stent is designed to capture CD34+ 
cells from the circulation to improve endothelial-
ization of the stent struts. Capturing circulating 
EPCs on a stent surface was shown to increase 
endothelialization and is, therefore, a promis-
ing strategy to reduce in-stent thrombosis [9–12]. 

Improved endothelialization has been implied to 
result in decreased restenosis; however, this was 
shown not to be necessarily true [16]. Clinical 
studies using the Genous showed no improve-
ment in outcome and late loss was similar com-
pared with bare-metal stents [10,13,14]. CD34 is 
used as a marker for EPCs. Despite an enormous 
quantity of studies on EPCs, the exact defini-
tion of EPCs remains unclear and not consistent. 
Most commonly, EPCs are characterized by the 
marker combinations CD133+CD34+VEGFR2+ 
and CD34+VEGFR2+ on the cell surface [17,18]. 
Capturing EPCs with only an antibody against 
CD34 may, therefore, not elicit a capturing 
of specifically EPCs. de Boer et al. suggested 
that captured CD34+ cells exposed to shear 
and activated platelets result in differentiation 
towards mature endothelium [19,20]. Progeni-
tor cells may be highly plastic in their ultimate 
phenotypic preference, and environmental and 
local cytokine factors on circulating cells may be 
more important than a specific EPC marker in 
 determining phenotype differentiation. 

To overcome this problem, we coated differ-
ent proteins on the stent surface together with 
the anti-CD34 antibody, namely fibronectin, 
fibrinogen and tropoelastin. Fibronectin and 
fibrinogen were chosen for their capacity to 
improve EC adhesion, migration and differentia-
tion [15,21–24]. Since these proteins were also able 
to promote SMC growth, tropoelastin was added 
to the mixture to inhibit SMC proliferation 
and migration [25–27]. The effect of the coated 

Table 1. Angiographic analysis.

Coating Before stent 
placement, 
diameter (mm)

After stent 
placement, 
diameter (mm)

B:A ratio FU, diameter 
(mm)

LL

7 days

BMS 13.56 ± 0.69 16.95 ± 0.96 1.27 ± 0.09 16.93 ± 2.01 0.67 ± 2.16

aCD34 14.02 ± 1.01 16.82 ± 0.91 1.28 ± 0.09 17.24 ± 1.98 1.72 ± 1.72

FN/Fg 13.54 ± 0.86 16.93 ± 1.01 1.25 ± 0.06 17.03 ± 2.06 -0.91 ± 3.07

FN/Fg/aCD34 13.47 ± 0.79 16.98 ± 0.59 1.27 ± 0.07 16.57 ± 2.31 1.07 ± 2.16

FN/Fg/Tropo 14.20 ± 0.98 17.05 ± 0.97 1.26 ± 0.08 17.14 ± 1.64 1.14 ± 4.48

FN/Fg/Tropo/aCD34 13.62 ± 0.91 16.87 ± 0.83 1.27 ± 0.08 17.37 ± 1.91 0.31 ± 1.37

28 days

BMS 14.42 ± 0.79 17.88 ± 1.27 1.23 ± 0.07 17.72 ± 1.78 0.16 ± 1.99

aCD34 13.43 ± 1.08 17.05 ± 0.89 1.27 ± 0.07 17.30 ± 2.06 2.63 ± 6.53

FN/Fg 13.25 ± 0.88 16.85 ± 0.87 1.28 ± 0.09 16.06 ± 2.34 0.79 ± 2.21

FN/Fg/aCD34 13.51 ± 0.90 17.28 ± 0.86 1.28 ± 0.08 17.11 ± 1.97 0.33 ± 1.90

FN/Fg/Tropo 13.32 ± 0.44 17.19 ± 0.90 1.29 ± 0.06 17.40 ± 1.16 -0.21 ± 1.22

FN/Fg/Tropo/aCD34 13.45 ± 0.98 16.98 ± 0.64 1.27 ± 0.09 17.09 ± 1.70 -0.10 ± 1.74
No significant differences between the groups were observed. 
Values are represented as mean ± standard error of the mean. 
B:A ratio: Balloon:artery ratio; BMS: Bare-metal stent; Fg: Fibrinogen; FN: Fibronectin; FU: Follow-up diameter after 7 or 28 days; LL: Lumen loss after 7 or 28 days; 
Tropo: Tropoelastin.
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proteins did not show any additional effect on 
intima hyperplasia. This was unexpected since 
we previously obtained in vitro results show-
ing the beneficial effects of our stent coatings 
on EC growth and SMC inhibition [15]. These 
unexpected findings may possibly be due to the 
‘Vroman effect’, which exhibits the covering of 
foreign surfaces placed in the bloodstream by 
plasma proteins. Fibrinogen is one of the first 
proteins that will adhere to a surface, followed 
by replacement with high molecular weight 
kininogen [28]. Furthermore, our in vitro setup 
was performed in an isolated setting, using a 
single cell type in each experiment and without 
taking the effect of blood cells and proteins into 
account. In the in vivo model, stents were placed 
after denudation where they were exposed to an 
artery without an endothelial layer, and with a 
necrotic medial layer due to the Fogarty denu-
dation. This leads to the adhesion of platelets 
and inflammatory cells, which can induce local 
conditions that are very difficult to simulate in 

a cell-culture model; however, that can activate 
the surrounding cells in such a way that the pro-
teins coated on the stent cannot overcome this 
problem. 

In our results, no difference was observed 
in stent coverage between the bare-metal and 
anti-CD34 coated stents after 7 days. Our study 
could not confirm the earlier reported acceler-
ated endothelialization that was observed with 
the anti-CD34-coated stents in animal experi-
ments [16]. Iliac arteries were pressure-fixed under 
flow and preparation was performed using stan-
dardized protocols; we do not expect that the 
obtained results are explained by wrong tissue 
preparation. The time points for endothelial-
ization analysis in this study was 7 days. In a 
recent study by van Beusekom et al., the authors 
observed improved re-endothelialization using 
an anti-CD34 coated stent after 2 and 5 days 
[16]. After 7 days, all of our stents were almost 
completely covered, indicating that 7 days might 
have been too late to observe differences in stent 
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Figure 2. Stent endothelialization after 7 days. (A) Scanning electron microscopy pictures of the stents after 7 days. Representative 
pictures are shown from the six different groups. Percentage coverage measured within the rabbit of which the picture is shown, is 
indicated in the picture. Scale bars represent 150 µm. (B) Quantification of scanning electron microscopy pictures. Eight pictures per 
stent were analyzed; n = 8 for BMS, FN/Fg and FN/Fg/aCD34; n = 7 for aCD34, FN/Fg/Tropo and FN/Fg/Tropo/aCD34. Error bars 
represent standard error of the mean. (C) Detailed picture of the typical cell type found in all rabbits. Morphologic analysis indicates an 
endothelial morphology. Scale bar represents 25 µm. 
BMS: Bare-metal stent; Fg: Fibrinogen; FN: Fibronectin; Tropo: Tropoelastin.
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coverage. Furthermore, the 28 days time point 
shows minor differences of which the clinical rel-
evance is questionable. It might be possible that 
larger differences would have been found if the 

stents were removed at a later time point. Even 
though 28 days is commonly used in literature 
to study neointima formation in rabbits, inves-
tigating the results at a later time point might 
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Figure 3. Neointima formation after 28 days. (A) Hematoxylin and eosin staining on the stented iliac arteries, embedded in methyl 
metacrylate. Representative pictures are shown from the six different groups; on the left the artery after 7 days and on the right the 
artery after 28 days. (B) Quantification of neointima formation. Three sections per stent were analyzed; n = 6 for aCD34; n = 7 for BMS, 
FN/Fg, FN/Fg/aCD34 and FN/Fg/Tropo; n = 8 for FN/Fg/Tropo/aCD34. Error bars represent standard error of the mean. (C) Detailed 
pictures of neointima formation after 28 days. 
BMS: Bare-metal stent; Fg: Fibrinogen; FN: Fibronectin; Tropo: Tropoelastin.
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show interesting differences [29,30]. Another study 
limitation is the lack of stainings for endothelial 
cell markers to test the viability of the endothe-
lialized surface [16], which can give more details 
regarding the capacity of the proteins to improve 
endothelialization. Owing to the embedding of 
our stents in methyl metacrylate, our antibodies 
were not able to recognize the correct epitopes, 
and we, therefore, cannot rely on the quality of 
our stainings.

Dual-stent coatings that are coated with anti-
proliferative drugs on the intimal side, and the 
anti-CD34 antibody on the luminal side of the 
artery, have shown promising results [31]. The 
anti-CD34-coated stents were able to capture 
EPCs, as well as inhibit SMCs. Next to this 
new-generation stent coating, stents coated with 
more specific markers for EPCs would be a more 
suitable clinical application. Stents coated with 
antibodies against vascular endothelial cadherin 
show better endothelialization and less neointima 
formation compared with stents coated with anti-
bodies against CD34 [11,12]. Similar improve-
ments were obtained using stents coating with 
cyclic RGD peptides (against RGD sequence 
Arg-Gly-Asp) and GPVI/CD133 [32,33]. 

Conclusion
In conclusion, a stent coated with fibronec-
tin, fibrinogen and/or tropoelastin does not 
improve stent endothelialization or decrease 
intima hyperplasia. The anti-CD34-covered 
stent slightly reduced intimal hyperplasia. 
Alternative coatings with fibronectin, fibrino-
gen and/or tropoelastin do not further accel-
erate endothelialization or inhibit neointima 
formation. 

Future perspective 
With the use of the new-generation DES, the risk 
for in-stent thrombosis and neointima forma-
tion has become lower compared with bare-metal 

Executive summary

Background
 � Endothelial progenitor cell (EPC) capturing is an attractive method to improve re-endothelialization on a stent.
 � Combining the capturing of EPCs with the inhibition of smooth muscle cells proliferation using different protein coatings might result in 

decreased restenosis.

Stent endothelialization after 7 days of stent placement
 � Optimizing the outgrowth of EPCs with a coating of fibronectin/fibrinogen/tropoelastin does not improve endothelialization in a rabbit 

model after 7 days.

Neointima formation in the stent
 � A coating with anti-CD34 to capture EPCs results in a modest decrease of intima hyperplasia; however, coating additional 

fibronectin/fibrinogen/tropoelastin on the surface did not show any effect in a rabbit model after 28 days.

Conclusion
 � Coating additional proteins on a stent surface to optimize captured-cell outgrowth shows no promising results for future clinical use.

stents [5,6]. Much improvement has been made 
with these stent types, and it will be difficult 
to improve these outcomes with EC capturing 
stents. New stent coatings for future clinical use 
do not comprise coatings with fibronectin/fibrin-
ogen/tropoelastin, combined with the CD34+ 
cell-capturing antibodies. Promising results are 
obtained with dual-stent coatings with antipro-
liferative drugs on the intimal side and the anti-
CD34 antibody on the luminal side. These stents 
are able to capture EPCs from the circulation, 
as well as inhibit SMCs from the vascular wall. 
It remains to be proven whether these stents are 
superior to the new-generation DES, and have 
good potential for future clinical use.
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