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ENDOTHELIAL CELLS FOR A BIOARTIFICIAL KIDNEY 
 

 
In order to develop a well-functioning bioartificial kidney set-up composed of a two-layered 
structure with kidney epithelial cells at the pre-urine site and endothelial cells at the blood site, 
the source of endothelial cells has to be investigated. Here we describe two possible endothelial 
cell sources, endothelial progenitor cells (EPC) derived from the blood of kidney patients (in 
different disease stages), and endothelial cells derived from kidney biopsies. Both endothelial 
cell types were cultured on supramolecular films to determine their future use in a bioartificial 
kidney device. We showed that EPC number and function decreased with advancing chronic 
kidney disease (CKD). Therefore, CKD patient-derived EPC are less suitable for application in a 
bioartificial kidney. In addition we showed that we were able to isolate endothelial cells from 
nephrectomised tissues and that they can be cultured on supramolecular films. Therefore, we 
propose that these primary renal endothelial cells are a suitable source to be applied in a 
bioartificial kidney device. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Part of this chapter has been published: Guido Krenning, Patricia Y.W. Dankers, Willem J. Drouven, Femke 
Waanders, Casper F.M. Franssen, Marja J.A. van Luyn, Martin C. Harmsen, Eliane R. Popa, Endothelial progenitor 
cell dysfunction in patients with progressive chronic kidney disease. Am. J. Physiol. – Renal Physiol. 2009, 296, F1314-
F1322. 
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5.1 INTRODUCTION 
 
Bioartificial kidneys composed of renal epithelial cells cultured in dialysis membranes1-2, 

have shown to ameliorate hemodialysis when placed in series with a conventional 
hemofiltration module3. In order to improve the function of these epithelial cells on synthetic 
membranes various approaches have been explored. One approach aimed at the modification of 
hemodialysis membranes using different coatings. Extracellular matrix (ECM) proteins4 and/or  
3,4-dihydroxy-L-phenylalanine5 were used to study the maintenance of the epithelial phenotype 
and function of kidney epithelial cells. Secondly, we have shown that membranes consisting of 
supramolecular polymers that are proposed to mimic the kidney ECM in supramolecular 
hierarchy and bioactivity, can be used to maintain kidney epithelial cells in vitro (Chapters 2 and 
3).6-7 Another approach made use of the cross-talk between endothelial cells and epithelial cells 
as described by Zink et al.8 It is proposed that the presence of endothelial cells in co-culture with 
epithelial cells stimulates the epithelial cells to proliferate, display higher enzyme activity and 
higher epithelial gene expression.8 

In this chapter we investigate two different endothelial cell sources that can possibly be 
applied at the blood site of a two-layered bioartificial kidney membrane. Circulating endothelial 
progenitor cells (EPC) were studied for their ability to adhere and function when cultured on 
the supramolecular ureido-pyrimidinone (UPy) materials (similar to the ones described in 
Chapters 2, 3 and 4). Secondly, we investigated the possibility to use nephrectomised tissues as 
sources for renal endothelial cells. The isolated cells were cultured on different UPy-materials 
containing UPy-modified ECM-derived peptides (as described in Chapter 4). 

 
ENDOTHELIAL PROGENITOR CELLS IN CHRONIC KIDNEY DISEASE 

Circulating EPC play a role in the maintenance and regeneration of the cardiovascular 
system.9-10 EPC are a self-renewing cell population present in the bone marrow and circulation, 
which can differentiate into functional endothelial cells in vitro and in vivo.11 Two distinct EPC 
subsets have been identified, the CD34+ EPC12-13 and the CD14+ EPC14-15, in the peripheral blood 
of healthy subjects. These EPC subsets have been proposed and applied as tools in, among 
others, cell therapy for ischemic diseases16, and the generation of bioartificial tissues, such as an 
endothelialized antithrombogenic hemodialysis access17 or a replacement for blood vessels18-19. 

In patients with chronic kidney disease (CKD) the risk for cardiovascular diseases 
(CVD), as well as cardiovascular morbidity and mortality are increased.20-21 Therefore, in these 
patients, EPC may serve as a potential tool for cell therapy. However, functional and numerical 
impairment of EPC in patients with various CVD22-23, including CKD24-25, have been described. 
Surprisingly, EPC functionality has not been investigated in early stages of CKD, nor during 
progression of CKD. This information gap has to be filled in order to make predictions about the 
suitability of EPC for physiological repair and their application in a bioartificial kidney set-up.  
 
 
5.2 RESULTS AND DISCUSSION 
 
ENDOTHELIAL PROGENITOR CELLS FROM CKD PATIENTS 

Fifty patients in various stages of CKD (N=30), dialysis therapy (N=20) and 10 healthy 
controls were studied. Patients had various underlying causes of kidney disease. Some classical 
risk factors for cardiovascular disease were present, particularly hypertension (N=46) and past 
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cardiovascular events (N=9). All patients used medication, which remained unchanged during 
the study (Table 1).  

 
TABLE 1. PATIENT INFORMATION. 

 healthy 
controls 

eGFR >60 
(stage 1-2 

CKD) 

60< eGFR <30 
(stage 3 CKD) 

eGFR <30 
(stage 4-5 

CKD) 

ESRD  
(stage 5 CKD) 
hemodialysis* 

ESRD  
(stage 5 CKD) 

peritoneal 
dialysis 

N 10 10 10 10 10 10 
Age (years) 41.1 ± 3.8 46.1 ± 3.2 53.2 ± 3.8 56.1 ± 3.8 51.5 ± 3.3 52.2 ± 5.4 
Gender 
(male/female) 

6 / 4 9 / 1 7 / 3 6 / 4 8 / 2 8 / 2 

eGFR 
(mL/min/1.73 m2) 

nd 83.4 ± 4.0 47.7 ± 3.4 17.1 ± 3.0 6.0 ± 1.1 10.1 ± 3.2 

Dialysis       
Time on dialysis 
(months) 

- - - - 34.4 ± 10.3 33.8 ± 4.4 

Dialysis efficiency 
(Kt/V) 

- - - - 1.37 ± 0.06 2.22 ± 0.10 

Risk Factors       
History CVD (%) 0 0 10 10 50 20 
 Hypertension (%) 0 100 100 100 60 100 
Vascular co-
morbidity (%) 

0 0 0 30 60 20 

Previous renal 
transplant (%) 

0 0 0 0 30 10 

Proteinuria (%) 0 70 50 80 80 60 
Values are means ± SE, N = number of subjects, CKD = chronic kidney disease, ESRD = end-stage renal 
disease, eGFR = estimated glomerular filtration rate (in mL/min/1.73 m2), CVD = cardiovascular disease, 
nd = not determined, *predialysis values. 

 

 
FIGURE 1. CIRCULATING EPC NUMBERS. A. CD34+ EPC numbers, B. CD14+ EPC numbers. □ = healthy 
controls, ● = CKD patients, ○ =  hemodialysis and peritoneal dialysis patients, *** = P < 0.001 vs. healthy 
controls. 
 

Circulating CD34+ EPC and CD14+ EPC were detectable by flow cytometry in all patient 
groups and healthy controls (Fig. 1A). The mean number of circulating CD34+ EPC in healthy 
subjects was 2.6· 103 CD34+ EPC/mL peripheral blood (range 1.3–3.7· 103 CD34+ EPC/mL). 
Already in patients with an eGFR > 60, the number of CD34+ EPC was lower (mean 0.8; range 
0.2–2.6· 103 CD34+ EPC/mL peripheral blood; 68% reduction) compared to healthy controls. 
Patients with 30 < eGFR < 60 had even lower numbers of CD34+ EPC (mean 0.7; range 0.11–1.9· 
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103 CD34+ EPC/mL peripheral blood; 73% reduction). CKD patients in the eGFR < 30 group 
showed the highest reduction in CD34+ EPC number (mean 0.4; range 0.08–0.9· 103 CD34+ 
EPC/mL peripheral blood; 89% reduction). In contrast to CD34+ EPC, the numbers of CD14+ 
EPC were similar in patients and healthy controls (Fig. 1B).  

 

 
FIGURE 2. ADHERENCE AND APOPTOSIS OF ENDOTHELIAL OUTGROWTH CELLS. A. Amount of adhered cells, B. 
apoptosis. □ = healthy controls, ● = CKD patients, ○ =  hemodialysis and peritoneal dialysis patients, * = P 
< 0.05 vs. healthy controls, *** = P < 0.001 vs. healthy controls. 
 

Peripheral blood mononuclear cells (MNC) were seeded on fibronectin-coated 
PCLdiUPy films at a density of 5.0· 103 cells/mm2 and cultured according to standard protocols 
for the culture of endothelial outgrowth cells (EOC) (Fig. 2A).26-27 Cell adhesion in patients with 
mild CKD (eGFR > 60) was lower than in healthy controls (2.13 ± 0.15· 103 vs. 2.86 ± 0.21· 103 
cells/mm2 respectively; 25% reduction), and declined further in advancing CKD stages (0.84 ± 
0.19· 103 cells/mm2 (30 < eGFR < 60); 71% reduction). Cell adhesion was lowest in patients with 
eGFR < 30 (0.63 ± 0.11· 103 cells/mm2; 78% reduction). Reduced cell adhesion was not caused by 
apoptosis, because patients and controls had comparable percentages of apoptotic cells (Fig. 2B).  

 

 
FIGURE 3. ENDOTHELIAL CELL DIFFERENTIATION BY CULTURED ENDOTHELIAL OUTGROWTH CELLS. A. Co-
expression of CD31 and vWF, B. co-expression of CD144 and eNOS. □ = healthy controls, ● = CKD 
patients, ○ =  hemodialysis and peritoneal dialysis patients, *** = P < 0.001 vs. healthy controls. 
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The endothelial outgrowth potential of cultured cells was investigated by examining of 
the co-expression of endothelial cell markers CD31 and vWF, or CD144 and eNOS. Endothelial 
cell markers were not present at day 0 of culture, but high numbers of endothelial cells had 
formed in cultures from healthy controls (83.12 ± 4.40% CD31+vWF+ cells and 80.20 ± 5.02% 
CD144+eNOS+ cells) after 21 days. Endothelial outgrowth was reduced in all patient groups (Fig. 
3). 

 

 
FIGURE 4. ENDOTHELIAL CELL PROLIFERATION AND FUNCTION OF CULTURED ENDOTHELIAL OUTGROWTH CELLS. 
A. Proliferation, and B. thrombogenic behaviour of endothelial outgrowth cells. □ = healthy controls, ● = 
CKD patients, ○ =  hemodialysis and peritoneal dialysis patients, ** = P < 0.01 vs. healthy controls, *** = P 
< 0.001 vs. healthy controls. 
 

The proliferative potential of cultured endothelial cells was assessed by determining the 
expression of the nuclear proliferation marker Ki67 at day 21. Proliferation was reduced in EOC 
from CKD patients (average 70% reduction), independently of the disease stage (Fig. 4A). 
Additionally it was investigated whether EOC from CKD patients exerted anti-thrombogenic 
behavior, which is an endothelial cell function. Using a modified thrombin generation assay28, 
the ability of cells to inhibit thrombin formation in an in-vitro coagulation assay was studied 
(Fig. 4B). EOC from healthy controls inhibited the formation of thrombin and maximum 
thrombin concentration did not exceed thrombin formation by human umbilical cord 
endothelial cells. Cells from patients with an eGFR > 30 were able to inhibit the formation of 
thrombin (maximum thrombin concentration 47.46 ± 6.16 mU/mL (30 < eGFR < 60) vs. 34.41 ± 
5.11 mU/mL (healthy controls)). The anti-thrombogenic property of EOC decreased, resulting in 
increased thrombin formation (79.87 ± 6.61 mU/mL (eGFR < 30) vs. healthy controls). 

In conclusion, patients with CKD have reduced numbers of circulating CD34+ EPC, 
which decrease progressively with advancing disease severity. EPC dysfunction results in a 
functional impairment in cell adherence and endothelial outgrowth formation. These decreased 
numbers and functional impairment of circulating CD34+ EPC pose a major limitation for their 
use in a bioartificial kidney device, and for other regenerative medicine applications.  
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PRIMARY RENAL ENDOTHELIAL CELLS FROM NEPHRECTOMIZED KIDNEYS 
Secondly, we investigated the possibility to use nephrectomised tissues as sources for 

primary renal endothelial cells (PREC). PREC were isolated from the nephrectomised kidneys in 
the same manner as described before for primary tubular epithelial cells (PTEC; Chapters 3 and 
4).6-7 The isolated cells were either cultured on coatings of fibronectin/gelatin in endothelial-
specific medium or on coatings of collagen I in epithelial-specific medium6-7, yielding either the 
PREC or PTEC, respectively. The PTEC were instantly used after culturing for several days, 
while the PREC population was first sorted to yield a CD31-positive cell culture. These CD31-
positive cells were reseeded on coatings of fibronectin/gelatin before analysis (Fig. 5) or before 
seeding on bioactive supramolecular UPy-modified films (Fig. 6).  

The morphological difference between the PREC and PTEC is clearly visible with optical 
microscopy (Fig. 5). The PREC show a more elongated morphology, while the PTEC show clear 
cobblestone patches. This difference is confirmed with gene expression analysis (Table 2).  
 

 
FIGURE 5. OPTICAL MICROGRAPHS OF ISOLATED 

CELLS FROM NEPHRECTOMIZED TISSUES. Left. 
Primary renal endothelial cells (PREC) and 
Right. Primary tubular epithelial cells (PTEC). 
Scale bars represent 100 μm. 
 
 

 
 

The PREC were positive for all endothelial-specific markers tested, i.e. CD31, vWF, 
eNOS and VE-cadherin. In addition, the PTEC cultures were also positive for CD31 and vWF 
indicating the presence of a small amount of endothelial cells in these cultures. Furthermore, 
these PREC were negative for the epithelial-specific markers, EpCAM, CK7 and CK18. They 
tested positive for AQP1. It has been shown in literature that aquaporin 1 has a specific function 
in (microvascular) endothelial cells.29 These results indicate that the PREC are true endothelial 
cells.  

 
TABLE 2. GENE EXPRESSION OF PTEC AND PREC CULTURES. 

 Total kidney PTEC PREC 
Epithelial specific markers    
AQP1 + + + 
EpCAM + + - 
CK7 + + - 
CK18 + + - 
Endothelial specific markers    
CD31 + + + 
vWF + + + 
eNOS + - + 
VE-cadherin + - + 
Control    
GAPDH + + + 

Qualitative PCR analyses of PTEC (epithelial cells) and PREC (endothelial cells) are shown. The presence 
or absence of each gene transcript in the two cultures is indicated with + or -, respectively. Total kidney 
extract is shown as reference. 
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The PREC were cultured on bioactive UPy-modified oligocaprolactone films, composed 
of UPy-urea (UPy-U) modified ECM-derived peptide sequences (Chapter 4) for 3 days. The cells 
were able to adhere and actively deposit fibronectin on these supramolecular films (Fig. 6A). In 
addition, the PREC were viable as shown with the resazurin assay (Fig. 6B). No clear differences 
between the different films were found. Nevertheless, these experiments show that the PREC 
can be cultured on the supramolecular UPy-materials. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
FIGURE 6. CULTURES OF PRIMARY RENAL ENDOTHELIAL CELLS ON SUPRAMOLECULAR BIOACTIVE MATERIALS. A. 
Fluorescence micrographs of the PREC on five different polymer films, i.e. PCLdiUPy containing 2 mol% 
of UPy-U-GGG-GRGDS 1, UPy-U-GGG-PHRSN 2, UPy-U-GGG-YIGSR 3, UPy-U-GGG-DGEA 4, and 
pristine PCLdiUPy 5. The cultures are stained for fibronectin (FITC-conjugate, green) and nuclei (DAPI, 
blue). Scale bars represent 100 μm. B. Mitochondrial activity was measured with a resazurin assay to 
determine the viability of PREC on the different materials. 
 
 
5.3 CONCLUSIONS & DISCUSSION 

 
In this chapter, we have described two possible endothelial cell sources for application in 

a bioartificial kidney device. EPC derived from the blood from CKD patients were isolated and 
characterized. We found that these EPC showed diminished adhesion and proliferation when 
cultured on UPy-modified oligocaprolactone supramolecular films that can be used as 
electrospun membranes for a bioartificial kidney (as shown for the culture of epithelial cells 
from the kidney, PTEC, in Chapters 3 and 4). In Chapter 3 it was shown that these PTEC can be 
cultured on these supramolecular membranes. Furthermore, in Chapter 4 the phenotype and 
therefore the function of the PTEC were even enhanced by introduction of UPy-modified ECM-
derived peptides into these UPy-functionalized oligocaprolactones. From these results, we 
propose that it might be possible to (slightly) regain adhesion and proliferation, and therefore 
regain also the endothelial function of these CKD-patients derived EPC by introduction of UPy-
ECM peptides in the pristine UPy-material. Whether this is possible was not investigated. It is 
concluded that EPC derived from CKD patients are less suitable for application in a bioartificial 
kidney. However, it might be possible to use EPC from healthy persons as an endothelial cell 
source. 
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The second cell source that we studied for its possible use in a bioartificial kidney, were 
endothelial cells, PREC, isolated from nephrectomised kidneys. First it was shown that PREC 
could be isolated and cultured. Secondly, their ability to adhere and grow on films of UPy-
modified oligocaprolactone with and without different ECM-derived UPy-peptides was 
indicated. This showed that these PREC can be a possible endothelial cell source for the blood 
site of a bioartificial kidney. In this way, both the PTEC (epithelial cells) and PREC (endothelial 
cells) can be isolated from one donor in one step. In this way, both the pre-urine side and blood 
side for a bioartificial kidney can be created. Therefore, this endothelial cell source is as such, 
preferred over the CKD-patient derived EPC. 
 
 
5.4 EXPERIMENTAL SECTION 
 
5.4.1 ENDOTHELIAL PROGENITOR CELLS FROM CKD PATIENTS 
 
SUBJECTS 
In a cross-sectional, prospective study, fifty patients with various stages of CKD and matched healthy controls (n = 
10/group) were included from the outpatient renal clinic of the University Medical Center Groningen (The 
Netherlands) and the Dialysis Center Groningen (The Netherlands). Patients had various underlying causes of kidney 
disease. Ten patients in each of the following CKD categories were included: CKD stage 1 and 2 (eGFR > 60), CKD 
stage 3 (30 < eGFR < 60), CKD stage 4 and 5 but not yet in dialysis (eGFR < 30), hemodialysis and peritoneal dialysis. 
Patients maintained their regular medication. All participants provided informed consent and the study was 
conducted according to the principles of the Declaration of Helsinki. 
 
ISOLATION AND QUANTIFICATION OF EPC 
Mononuclear cells (MNC) were isolated from peripheral blood by density-gradient centrifugation of Lymphoprep 
(Nycomed Pharma) as previously described.14,28 Aliquots of 1· 106 MNC were subsequently labeled using monoclonal 
antibodies to the EPC markers CD34 (BD Pharmingen) and CD14 (IQ Products) and EPC were quantified by flow 
cytometry (BD Biosciences). Peripheral blood MNC were cultured on UPy-modified polycaprolactone30 films coated 
with fibronectin (1 µg/cm2; Harbor Bio-Products) in Medium-199 supplemented with 20% FCS (BioWhittaker), 2 mM 
L-glutamine, 1% penicillin/streptomycin (both Sigma), 5 U/mL heparin (Leo Pharma), 10 ng/mL bFGF, 20 ng/mL 
HGF, 10 ng/mL IGF-1 and 10 ng/mL VEGF (all PeproTech) at a density of 5,000 cells/mm2. 
 
ADHERENCE AND APOPTOSIS OF ENDOTHELIAL OUTGROWTH CELLS  
To assess cell adhesion, non-adherent cells were removed from five day-old cultures by extensive washing. The 
remaining adherent cells were fixed with 2% paraformaldehyde (PFA; Sigma) and the nuclei labeled using 3 μM 4',6-
diamidino-2-phenylindole (DAPI; Sigma). Nuclei were counted manually in 15 high power fields (400x 
magnification) using a Leica DM IL fluorescent microscope (Leica Microsystems). To determine cell apoptosis, all 
cells were removed from culture. Non-adherent cells were removed by pipetting, after which adherent cells were 
dissociated by accutase (PAA Laboratories) treatment according to manufacturer’s protocol. Cells were pooled and 
pelleted by centrifugation. Next, cell pellets were resuspended in annexin V binding buffer and incubated with 5 μL 
fluorescein-conjugated annexin V and 0.75 mM propidium iodide (all BioVision) at room temperature for 5 minutes. 
Propidium iodide incorporation and annexin V binding was determined by flow cytometry (FACSCalibur, BD 
Biosciences). 
 
CHARACTERIZATION OF CULTURED ENDOTHELIAL OUTGROWTH CELLS 
After three weeks in culture, adherent cells were dissociated using accutase treatment and stained for protein 
expression analysis of endothelial cell marker molecules CD31 (PECAM-1), CD144 (VE-Cadherin), von Willebrand 
factor (vWF), and endothelial cell nitric oxide synthase (eNOS). Cells were pelleted and resuspended in FACS buffer 
containing 0.5% FCS and 2 mM EDTA. Next, samples were stained with PE-conjugated mouse monoclonal antibodies 
to either (1) human CD31 (5 μg/mL; IQ Products), (2) human CD144 (10 μg/mL; R&D Systems), or mouse IgGs (10 
μg/mL; IQ Products) at 4 °C for 30 minutes. Excess antibodies were removed by repeated washing. Next, samples 
were fixed with 2% PFA at room temperature for 20 minutes, permeabilized with 0.1% saponin (Sigma) and stained 
with either rabbit polyclonal antibodies to (1) human vWF (7 μg/mL; DakoCytomation), (2) human eNOS (7 μg/mL; 
BD Transduction Laboratories), or (3) fluorescein-conjugated rabbit IgGs (10 μg/mL; IQ Products) at 4 °C for 30 
minutes. The samples were resuspended in FACS buffer and incubated with fluorescein-conjugated donkey antibody 
fragments to rabbit IgG (10 μg/mL; Jackson ImmunoResearch) at 4 °C for 15 minutes. After removal of excess 
antibodies, protein expression was determined by flow cytometry on a FACSCalibur (BD Biosciences). 
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PROLIFERATION AND ANTI-THROMBOGENICITY OF ENDOTHELIAL OUTGROWTH CELLS 
To quantify proliferation of cultured EOC, cells were dissociated by accutase treatment and analyzed for Ki67 
expression, as described above. Briefly, fixed and permeabilized cells were incubated with fluorescein-conjugated 
mouse monoclonal antibodies to human Ki67 (5 μg/mL; BD Pharmingen) at 4 °C for 30 minutes. After removal of 
excess antibodies, cells were analyzed by flow cytometry. Endothelial cell function of EOC was assayed by a modified 
thrombin generation assay (HaemoScan). EOC were dissociated using accutase and seeded in fibronectin/gelatin-
coated (both 10 μg/mL) 96-wells plates at a density of 50,000 cells/cm2. After 24 hours, non-adherent cells were 
removed and adhered cells washed with PBS. Next, cells were incubated with fibrinogen-depleted plasma under 
normal culture conditions, activating the intrinsic coagulation cascade. After 15 minutes, a mixture of 30 mM CaCl2 
and phospholipids was added, which results in the formation of thrombin. Samples (5 μL) were taken at regular 
intervals and added to ice-cold 25 mM Tris HCl to prevent further formation of thrombin. Finally, the diluted 
samples were incubated with 3 mM thrombin substrate S2238 that results in a change of color, which was measured at 
405 nm, using 540 nm as reference wavelength in a microtiter plate reader (BioRad). A calibration curve of known 
thrombin concentrations was used to quantify thrombin formation in the experimental samples. Human umbilical 
vein endothelial cells and pristinge PCLdiUPy were included as negative and positive controls, respectively. 
 
STATISTICAL ANALYSIS 
Subject data are expressed as the mean (line) of the individual values (dots) and as mean ± standard error of mean 
within the text. To analyze mean differences between patient groups and healthy controls, data was analyzed using 
one-way Kruskall-Wallis test followed by post hoc Dunns Multiple Comparison Test. Probabilities of P < 0.05 were 
considered to be statistically significant; P < 0.05 is depicted as *, P < 0.01 is shown as **, P < 0.001 is indicated as ***. 
 
 
5.4.2 PRIMARY RENAL ENDOTHELIAL CELLS FROM NEPHRECTOMIZED KIDNEYS 
 
PRIMARY RENAL ENDOTHELIAL CELL ISOLATION & CULTURE 
Human primary renal endothelial cells (PREC) were isolated from renal cortical tissue obtained from patients that 
underwent unilateral nephrectomy after diagnosis of a urethral or renal tumor. These patients were informed as to 
the nature of the study and signed a consent form according to Dutch legal requirements. Cell isolation was 
performed as described for primary tubular epithelial cells (PTEC) in Chapter 3.6 After isolation of the cell 
population, the cells were cultured in culture flasks coated with fibronectin:gelatin (1:20, Sigma) in medium-199 
supplemented with 20% FCS (BioWhittaker), 2 mM L-glutamine, 1% penicillin/streptomycin (both Sigma), 5 U/mL 
heparin (Leo Pharma), 10 ng/mL bFGF, 20 ng/mL HGF, 10 ng/mL IGF-1 and 10 ng/mL VEGF (all PeproTech), or 
immediately frozen to be stored in liquid nitrogen. Then, the cell population were detaced using accutase (PAA 
Laboratories) and sorted using PE-conjugated human CD31 (IQ Products) on a FACSCalibur (BD Biosciences). The 
CD31-positive cells were cultured in fibronectin:gelatin coated culture flasks in the medium described above. Then, 
the cells were characterized or seeded on supramolecular (bioactive) films (see below). 
 
PRIMARY ENDOTHELIAL CELL ANALYSIS 
Gene expression analysis was performed as described in Chapters 3 and 4.  PREC were characterized with reverse 
transcriptase-polymerase chain reaction (RT-PCR) on several transcripts. Endothelial cell specific markers CD31 
(PECAM-1), vWF, eNOS, CD144 (VE-cadherin), and epithelial cell specific markers aquaporin 1 (AQP1), epithelial 
cell adhesion molecule (EpCAM), cytokeratin 7 (CK7) and cytokeratin 18 (CK18) were tested. GAPDH was used as 
control gene. As epithelial control cells, PTEC were used. Total kidney lysate was used as control for both epithelial 
and endothelial markers. Optical micrographs were taken on a Leica microscope. 
 
BIOACTIVE SUPRAMOLECULAR FILM PREPARATION 
Five different drop cast films were prepared on glass cover slips (diameter 1.5 cm), containing the PCLdiUPy polymer 
with either 2 mol% of UPy-U-GGG-GRGDS 1, 2 mol% of UPy-U-GGG-PHSRN 2, 2 mol% of UPy-U-GGG-YIGSR 3, or 
2 mol% UPy-U-GGG-DGEA 4 (composition = 20 μL 1.2· 10-5 mmol UPy-U-peptide and 50 μL 6· 10-4 mmol PCLdiUPy 
per film; premixed in THF). Films were sterilized under UV for at least 30 min before usage. The same UPy-U-
peptides were used in Chapter 4.7 As control film 100% PCLdiUPy was used. The samples were prepared in 
duplicate. 
 
PRIMARY RENAL ENDOTHELIAL CELL CULTURES ON BIOACTIVE SUPRAMOLECULAR MATERIALS 
PREC were cultured on the supramolecular polymer films (1· 105 cells/films in 100 μL culture medium). The cells 
were let to adhere for 60 min after which 0.5 mL of culture medium was added. The cells were cultured for 3 days at 
37 ºC and 5% CO2 in a humidified atmosphere. Subsequently, the cell viability was assessed using a resazurin assay. 
The cells were incubated for 2 h at 37 ºC in 500 µL culture medium per well containing 44 µM resazurin (Sigma 
Aldrich). Viable cells convert non-fluorescent resazurin into fluorescent resorufin (λex = 540 nm, λem = 590 nm) which 
was measured with a Varioskan plate reader (Thermo Fisher Scientific) in duplicate in 200 µL. After that, the cells 
were washed twice with PBS and fixed for 10 minutes in 2% paraformaldehyde (Merck) in PBS at 21 ºC. Then the cells 
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were again washed twice with PBS. The fixed cells were stored in PBS at 4 ºC until further use. The cells were washed 
with PBS before staining. Non-specific binding sites were blocked with 5% animal serum and 2% bovine serum 
albumin in PBS for 30 min. Endogenous biotin was blocked with a biotin blocking kit (Dako). Then, the cells were 
incubated with rabbit anti-human fibronectin (1:200; Abcam) for 1 h, and with secondary antibody goat anti-rabbit-
FITC (1:100; Dako) for 30 min. Staining with 4,6-diamidino-2-phenylindole (DAPI; 1:5000; Sigma Aldrich) was used to 
visualize cell nuclei. The samples were subsequently embedded in CitiFluor (Agar Scientific). Fluorescence 
microscopy was performed using a Leica DMLB microscope, Leica DC300F camera and Leica Qwin 2.8 software 
(Leica Microsystems). 
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