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on behalf of all authors I hereby submit the above-named original research article for 

consideration for publication in the Journal of Visualized Experiments (JoVE). 

 

The growing use of medical devices for temporary or permanent remain in the bodies 

circulatory system demands for an increased evaluation of possible complications 

brought by these devices, such as the activation and destruction of blood components. 

Thus, in vitro hemocompatibility testing of blood-contacting implants is the first step that 

paves the way towards its successful in vivo implementation. Therefore, extensive 

analysis according to ISO 10993-4 is mandatory prior to clinical application.  

The presented protocol describes a sensitive model for in vitro hemocompatibility testing 

of blood-contacting implants in accordance with ISO 10993-4 in a shear flow model 

imitating human blood flow. The article provides detailed description and explanation for 

a comprehensive and reliable analysis of hemocompatibility, beginning with blood 

collection, preparation of the flow-loop model, plasma collection as well as the analysis of 

blood cell count, the prevalence of several hemocompatibility markers as well as the 

microscopic visualization of the device surface after blood contact.  

Our representative results exemplify how the data generated with the protocol can be 

assessed and interpreted in a scientific manner. We believe that this manuscript is 

technically sound and can be an important source of advice and support for other 

researches.  

This manuscript is a single-journal submission and has not been submitted to another 
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authors have read and approved the final version of this paper. The authors report no 
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SUMMARY:  33 
This protocol describes a comprehensive hemocompatibility evaluation of blood-contacting 34 
devices using laser-cut neurovascular implants. A flow loop model with fresh, heparinized human 35 
blood is applied to mimic blood flow. After perfusion, various hematologic markers are analyzed 36 
and compared to the values gained directly after blood collection for hemocompatibility 37 
evaluation of the tested devices. 38 
 39 
ABSTRACT:  40 
The growing use of medical devices (e.g., vascular grafts, stents, and cardiac catheters) for 41 
temporary or permanent purposes that remain in the body’s circulatory system demands a 42 
reliable and multiparametric approach that evaluates the possible hematologic complications 43 
caused by these devices (i.e., activation and destruction of blood components). Comprehensive 44 
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in vitro hemocompatibility testing of blood-contacting implants is the first step towards 45 
successful in vivo implementation. Therefore, extensive analysis according to the International 46 
Organization for Standardization 10993-4 (ISO 10993-4) is mandatory prior to clinical application. 47 
The presented flow loop describes a sensitive model to analyze the hemostatic performance of 48 
stents (in this case, neurovascular) and reveal adverse effects. The use of fresh human whole 49 
blood and gentle blood sampling are essential to avoid the preactivation of blood. The blood is 50 
perfused through a heparinized tubing containing the test specimen by using a peristaltic pump 51 
at a rate of 150 mL/min at 37 °C for 60 min. Before and after perfusion, hematologic markers 52 
(i.e., blood cell count, hemoglobin, hematocrit, and plasmatic markers) indicating the activation 53 
of leukocytes (polymorphonuclear [PMN]-elastase), platelets (β-thromboglobulin [β-TG]), the 54 
coagulation system (thombin-antithrombin III [TAT]), and the complement cascade (SC5b-9) are 55 
analyzed. In conclusion, we present an essential and reliable model for extensive 56 
hemocompatibility testing of stents and other blood-contacting devices prior to clinical 57 
application.  58 
 59 
INTRODUCTION:  60 
The in vivo application of implants and biomaterials, which interact with human blood, requires 61 
intense preclinical testing focusing on the investigation of various markers of the hemostatic 62 
system. The International Organization for Standardization 10993-4 (ISO 10993-4) specifies the 63 
central principles for the evaluation of blood-contacting devices (i.e., stents and vascular grafts) 64 
and considers the device design, clinical utility, and materials needed1. 65 
 66 
Human blood is a fluid that contains various plasma proteins and cells, including leukocytes 67 
(white blood cells [WBCs]), erythrocytes (red blood cells [RBCs]), and platelets, which carry out 68 
complex functions in the human body2. The direct contact of foreign materials with blood can 69 
cause adverse effects, such as activation of the immune or coagulation system, which can lead 70 
to inflammation or thrombotic complications and serious issues after implantation3-5. Therefore, 71 
in vitro hemocompatibility validation offers an opportunity prior to implantation to detect and 72 
exclude any hematologic complications that may be induced upon contact of the blood with a 73 
foreign surface6.  74 
 75 
The presented flow loop model was established to assess the hemocompatibility of 76 
neurovascular stents and similar devices by applying a flow rate of 150 mL/min in tubing 77 
(diameter of 3.2 mm) to mimic cerebral flow conditions and artery diameters2,7. Besides the need 78 
for an optimal in vitro model, the source of blood is an important factor in gaining reliable and 79 
unaltered results when analyzing hemocompatibility of a biomaterial8. The collected blood 80 
should be used immediately after sampling to prevent changes caused by prolonged storage. In 81 
general, a gentle collection of blood without stasis using a 21 G needle should be performed to 82 
minimize the preactivation of platelets and the coagulation cascade during blood drawing. 83 
Furthermore, donor exclusion criteria include those who smoke, are pregnant, are in a poor state 84 
of health, or have taken oral contraceptives or painkillers during the previous 14 days.  85 
 86 
This study describes an in vitro model for the extensive hemocompatibility testing of stent 87 
implants under flow conditions. When comparing uncoated to fibrin-heparin-coated stents, 88 



 
  
results of the comprehensive hemocompatibility tests reflect improved hemocompatibility of the 89 
fibrin-heparin-coated stents9. In contrast, the uncoated stents induce activation of the 90 
coagulation cascade, as demonstrated by an increase in thombin-antithrombin III (TAT) 91 
concentrations and loss of blood platelet numbers due to the adhesion of platelets to stent 92 
surface. Overall, integrating this hemocompatibility model as a preclinical test is recommended 93 
to detect any adverse effects on the hemostatic system that are caused by the device.  94 
 95 
PROTOCOL: 96 
 97 
The blood sampling procedure was approved by the Ethics Committee of the medical faculty at 98 
the University of Tuebingen (project identification code: 270/2010BO1). All subjects provided 99 
written, informed consent for inclusion before participation.  100 
 101 
1. Preparation of heparin-loaded monovettes  102 
 103 
1.1. Mix the undiluted heparin (5,000 IU/mL) with sodium chloride (NaCl, 0.9%) solution and 104 
prepare a solution with a resulting concentration of 15 IU/mL of heparin. 105 
 106 
1.2. Add 900 µL of the diluted heparin solution to each neutral monovette (9 mL) to obtain a final 107 
heparin concentration of 1.5 IU/mL after blood sampling. Prepare three monovettes per donor 108 
plus three reserve monovettes and store the heparin-loaded monovettes at 4 °C until blood 109 
sampling.  110 
 111 
2. Blood sampling  112 
 113 
2.1. Take the heparin-loaded monovettes out of the refrigerator 30 min prior to blood sampling. 114 
 115 
2.2. Collect a 27 mL blood sample from each healthy donor (n = 5) by venipuncture for the flow 116 
loop. Only apply a smooth tourniquet to avoid premature activation of the platelets and the 117 
blood clotting cascade.  118 
 119 
2.3. Collect blood samples in three monovettes containing 900 µL of the heparin solution (1.5 120 
IU/mL) and pool all three monovettes in one plastic container to ensure that all components are 121 
evenly distributed. 122 
 123 
2.4. Directly transfer the pooled heparinized blood into three different monovettes containing 124 
either EDTA (1.2 mL), citrate (1.4 mL), or a mixture of citrate, theophylline, adenosine, and 125 
dipyridamole (CTAD, 2.7 mL) to collect baseline values. Proceed with the samples as described in 126 
sections 5−8.  127 
 128 
NOTE: To guarantee uninfluenced clotting behavior, donors should avoid the intake of 129 
hemostasis-affecting drugs (e.g., acetylsalicylic acid, naproxen, and carbenicillin) within the last 130 
14 days, as well as oral contraceptives and smoking.  131 
 132 



 
  
3. Preparation of the flow loop 133 
 134 
3.1. Cut three heparin-coated polyvinyl chloride tubes with a length of 75 cm and inner diameter 135 
of 3.2 mm. Load the tubes with the neurovascular laser-cut implants with or without the fibrin-136 
heparin coating. Remember to leave one tub unloaded as a control.  137 
 138 
3.2. Place one end of the tube in a reservoir filled with 0.9% NaCl, connect the tubing to the pump 139 
head, and insert the other end into a measuring cylinder.  140 
 141 
3.3. Adjust the settings of the peristaltic pump to achieve a flow rate of 150 mL/min by using a 142 
timer while checking the fill level in the measuring cylinder.  143 
 144 
4. Performance of hemocompatibility testing 145 
 146 
4.1. Use a 12 mL syringe to fill the tubes with blood. Let 6 mL of blood flow smoothly into each 147 
tube containing a sample or unloaded control. 148 
 149 
4.2. Form a circuit and close the tubes tightly using a 0.5 cm length of silicone connection tubing. 150 
Place the tubes in a water bath of 37 °C and start the perfusion for 60 min. 151 
 152 
5. Whole blood count analysis 153 
 154 
5.1. Put 1.2 mL of blood after sampling (baseline) or after perfusion into a monovette containing 155 
EDTA and carefully invert the tube 5x.  156 
 157 
5.2. Insert the monovette into the blood analyzer and perform a blood count analysis for every 158 
sample. Then, incubate the monovettes on ice for 15−60 min after the blood count measurement 159 
for further analysis, as described in section 7. 160 
 161 
6. Collection of citrate plasma 162 
 163 
6.1. Fill the monovettes containing citrate with 1.4 mL of blood (freshly drawn or after 164 
circulation) and carefully invert 5x.  165 
 166 
6.2. Centrifuge the tubes for 18 min at 1,800 x g at room temperature (RT). Aliquot three 250 µL 167 
samples of the plasma fraction into 1.5 mL reaction tubes and freeze the plasma samples in liquid 168 
nitrogen. Store them at -20 °C until analysis. 169 
 170 
7. Collection of EDTA plasma 171 
 172 
7.1. Incubate the monovettes on ice for 15−60 min after the blood count measurement. Then, 173 
centrifuge the tubes for 20 min at 2,500 x g and 4 °C.  174 
 175 
7.2. Aliquot three 250 µL samples of the plasma fraction into 1.5 mL reaction tubes after 176 



 
  
centrifugation and freeze the tubes in liquid nitrogen. Store them at -80 °C until analysis. 177 
 178 
8. Collection of CTAD plasma 179 
 180 
8.1. Fill the monovettes containing the CTAD mixture with 2.7 mL of blood (freshly drawn or after 181 
incubation) and carefully invert 5x. Afterwards, incubate the monovettes on ice for 15−60 min. 182 
Then, centrifuge the tubes for 20 min at 2,500 x g and 4 °C.  183 
 184 
8.2. Transfer 700 µL of the middle plasma fraction into a 1.5 mL reaction tube and centrifuge the 185 
filled reaction tubes for 20 min at 2,500 x g and 4 °C.  186 
 187 
8.3. Aliquot two 100 µL samples of the middle fraction into 1.5 mL reaction tubes after 188 
centrifugation and freeze the tubes in liquid nitrogen. Store them at -20 °C until analysis. 189 
 190 
NOTE: The collection of EDTA plasma and CTAD plasma can be performed together because the 191 
operating conditions are the same. 192 
 193 
9. Measurement of human TAT from citrate plasma  194 
 195 
9.1. Thaw the citrate plasma in a water bath of 37 °C. 196 
 197 
9.2. Use the TAT enzyme-linked Immunosorbent assay (ELISA) kit according to the 198 
manufacturer’s instructions. Reconstruct the plasma standards and control and dilute the 199 
washing solution, anti-human-TAT peroxidase (POD)-conjugated antibody, and chromogen 200 
solution. Leave all reagents and the microtiter plate at RT (15−25 °C) for 30 min before starting 201 
the test. 202 
 203 
9.3. Pipet 50 µL of the sample buffer into each well of the microtiter plate and add 50 µL of the 204 
sample buffer (blank), plasma standard, plasma control, and undiluted plasma sample in 205 
duplicates to the well plate. Seal the plate and incubate at 37 °C for 15 min with gentle shaking. 206 
Then, wash the plate 3x with 300 μL of washing solution.  207 
 208 
9.4. Add 100 µL of the POD-conjugated anti-human-TAT antibody to each well. Seal the plate and 209 
incubate at 37 °C for 15 min with gentle shaking. Then, wash the plate 3x with 300 μL of washing 210 
solution. 211 
 212 
9.5. Add 100 µL of the freshly prepared chromogen solution to each well. Seal the plate and 213 
incubate at RT for 30 min. 214 
 215 
9.6. Remove the seal film and add 100 µL of stop solution to each well. Read the optical density 216 
(OD) with a photometer at 490−500 nm. Fit the standard curve data as a trend line and calculate 217 
the concentration of the samples.  218 
 219 
10. Measurement of PMN-elastase from citrate plasma  220 



 
  
 221 
10.1. Thaw the citrate plasma in a water bath at 37 °C.  222 
 223 
10.2. Use the polymorphonuclear (PMN)-elastase ELISA kit according the to manufacturer’s 224 
instructions: reconstruct the PMN-elastase control and the PMN-elastase standard to prepare a 225 
standard curve using the kit’s dilution buffer.  226 
 227 
10.3. Dilute the washing solution according to the manufacturer’s description. Leave all reagents 228 
and the microtiter plate at RT for 30 min before starting the test. Dilute the citrate plasma 229 
samples to 1:100 with the dilution buffer. 230 
 231 
10.4. Add 100 µL of the sample buffer (blank), PMN-elastase standard curve (15.6−1,000 ng/ mL), 232 
PMN-elastase controls (high and low concentrations), and diluted plasma samples in duplicates 233 
to the well plate. Seal the plate and incubate at RT for 60 min with gentle shaking. Afterwards, 234 
wash the plate 4x with 300 μL of washing solution.  235 
 236 
10.5. Add 150 µL of the enzyme-conjugated antibody to each well. Seal the plate and incubate at 237 
RT for 60 min with gentle shaking. Afterwards, wash the plate 4x with 300 μL of washing solution. 238 
 239 
10.6. Add 200 µL of the 3,3′,5,5′-tetramethylbenzidin (TMB)-substrate solution to each well. Seal 240 
the plate and incubate at RT for 20 min in the dark. Then, remove the seal film and add 50 µL of 241 
the stop solution to each well.  242 
 243 
10.7. Read the OD with a photometer at 450 nm with a reference reading at 630 nm. Fit the 244 
standard curve data as a trend line and calculate the concentration of the samples.  245 
 246 
11. Measurement of terminal complement complex (TCC) from EDTA plasma  247 
 248 
11.1. Thaw the EDTA plasma in a water bath at 37 °C, and store on ice after defrosting. 249 
 250 
11.2. Use the complement cascade SC5b-9 ELISA kit according to the manufacturer’s instructions: 251 
dilute the washing solution as described in the manufacturer’s protocol. Leave all reagents and 252 
the microtiter plate at RT for 30 min before starting the test. Dilute the EDTA plasma samples to 253 
1:10 with the kit’s dilution buffer. 254 
 255 
11.3. Add 300 µL of washing solution to each well to rehydrate the surface and aspirate after 2 256 
min. Add 100 µL of the sample buffer (blank), SC5b-9 standards, SC5b-9 controls (high and low 257 
concentrations), and the diluted plasma samples in duplicates to the well plate.  258 
 259 
11.4. Seal the plate and incubate at RT for 60 min. Next, wash the plate 5x with 300 μL of washing 260 
solution.  261 
 262 
11.5. Add 50 µL of the enzyme-conjugated antibody to each well. Seal the plate and incubate at 263 
RT for 30 min. Then, wash the plate 5x with 300 μL of washing solution. 264 



 
  
 265 
11.6. Add 100 µL of the TMB-substrate solution to each well. Seal the plate and incubate at RT 266 
for 15 min in the dark. 267 
 268 
11.7. Remove the seal film and add 100 µL of the stop solution to each well. Read the OD with a 269 
photometer at 450 nm. Fit the standard curve data as a trend line and calculate the concentration 270 
of the samples. 271 
 272 
12. Measurement of β-thromboglobulin from CTAD plasma 273 
 274 
12.1. Thaw the CTAD plasma in a water bath at 37 °C.  275 
 276 
12.2. Use the β-thromboglobulin (β-TG) ELISA kit according to the manufacturer’s instructions: 277 
reconstruct the β-TG control and the β-TG standard and dilute the washing solution using distilled 278 
H2O. Reconstruct the POD-conjugated antibody using the provided phosphate buffer. Leave all 279 
reagents and the microtiter plate at RT for 30 min before starting the test.  280 
 281 
12.3. Prepare the standard curve and the control according to the manufacturer’s instructions 282 
with the provided phosphate buffer. Dilute the CTAD plasma samples to 1:21.  283 
 284 
12.4. Add 200 µL of the phosphate buffer (blank), β-TG standards, β-TG controls (high and low 285 
concentrations), and diluted plasma samples in duplicates to the well plate. Seal the plate and 286 
incubate at RT for 60 min. Afterwards, wash the plate 5x with 300 μL of washing solution.  287 
 288 
12.5. Add 200 µL of the enzyme-conjugated antibody to each well. Seal the plate and incubate at 289 
RT for 60 min. Afterwards, wash the plate 5x with 300 μL of washing solution. 290 
 291 
12.6. Add 200 µL of the TMB-substrate solution to each well. Seal the plate and incubate at RT 292 
for 5 min in the dark. Remove the seal film and stop the reaction by adding 50 µL of 1 M sulfuric 293 
acid (H2SO4) to each well.  294 
 295 
12.7. Leave the plate for 15−60 min, then read the OD with a photometer at 450 nm. Fit the 296 
standard curve data as a trend line and calculate the concentration of the samples. 297 
 298 
13. Sample preparation for scanning electron microscopy 299 
 300 
13.1. Remove the implant from the tube using forceps and rinse the implant briefly by dipping it 301 
into 0.9% NaCl solution 3x.  302 
 303 
13.2. Store in glutaraldehyde solution (2% glutaraldehyde in phosphate-buffered saline [PBS-304 
buffer without Ca2+/Mg2+]) overnight at 4 °C.  305 
 306 
13.3. Next, incubate the implants in PBS-buffer for 10 min. Dehydrate the samples by incubating 307 
in ethanol with increasing concentration for 10 min each: 40%, 50%, 60%, 70%, 80%, 90%, 96%, 308 



 
  
and 100%. Store the dehydrated samples in 100% ethanol until further analysis.  309 
 310 
13.4. Perform critical point drying according to the instructions of the drying device or literature10 311 
just before scanning electron microscopy (SEM). 312 
 313 
14. Scanning electron microscopy 314 
 315 
14.1. Attach the dried implants to a sample carrier for the scanning microscope and sputter the 316 
samples with gold palladium.  317 
 318 
14.2. Introduce the sputtered implants into the sample chamber. Take pictures in 100-, 500-, 319 
1,000- and 2,500-fold magnification of the areas with the representative surface and cell 320 
adhesion. 321 
 322 
REPRESENTATIVE RESULTS:  323 
Briefly summarized, human whole blood was collected in heparin-loaded monovettes then 324 
pooled and used to evaluate the baseline levels of cell counts as well as plasmatic 325 
hemocompatibility markers.  326 
 327 
Subsequently, the tubing containing the neurovascular implant samples was filled, and the blood 328 
was perfused for 60 min at 150 mL/min and 37 °C using a peristaltic pump. Again, the number of 329 
cells was analyzed in all groups, and the plasma samples were prepared for ELISA analyses (Figure 330 
1). The quantification of the blood cells and blood parameters, such as hemoglobin and 331 
hematocrit, was performed directly after blood collection as well as after perfusion in the flow 332 
loop model for all sample types and the control. No changes were detected regarding the number 333 
of WBCs (Figure 2A), RBCs (Figure 2B), or the hematocrit values (Figure 2C). However, a decrease 334 
in hemoglobin levels was detected after the incubation of blood in the flow loop model when 335 
compared to the baseline values, which was due to the perfusion of blood in the flow loop system 336 
(Figure 2D). In addition, a decrease in platelet numbers was observed due to blood perfusion. 337 
Furthermore, this effect was increased when an uncoated stent was present in the tubing, 338 
indicating the adhesion of platelets to the biomaterial. Nonetheless, it was clearly demonstrated 339 
that the loss of platelets was significantly higher when the uncoated stent was incubated with 340 
blood, as opposed to the fibrin-heparin-coated stent (Figure 2E).  341 
 342 
Potential alterations of the hematologic plasma markers were also investigated in the test groups 343 
after perfusion and compared to the baseline values of the freshly drawn blood. The TAT complex 344 
concentration, which reflects the activation status of the coagulation system, was mildly 345 
increased due to blood perfusion (Figure 3A). In the bare metal stent group, however, a 346 
significant increase in the TAT was detected, indicating a profound activation of the coagulation 347 
system. The fibrin-heparin-coated stent prevented the activation of the coagulation system, since 348 
no increase in the TAT was determined.  349 
 350 
The perfusion led to an increased activation of the complement cascade, which was determined 351 
by measuring SC5b-9 (Figure 3B). However, incubation with uncoated or fibrin-heparin-coated 352 



 
  
stents did not further increase the SC5b-9 concentration. Similar results were obtained when 353 
analyzing the activation of the neutrophil granulocytes through the quantification of PMN-354 
elastase concentrations (Figure 3C). 355 
 356 
Visualization of the stent surface was performed using SEM. Clear differences between the two 357 
stent groups were detected after blood incubation. While on the surface of the uncoated stent a 358 
dense network of blood cells and proteins was present, no adhesion of proteins or cells was 359 
detected on the surface of the fibrin-heparin-coated stent (Figure 4). 360 
 361 
FIGURE LEGENDS:  362 
Figure 1: Schematic overview of the hemocompatibility evaluation of stents in a well-363 
established flow loop model. Fresh human whole blood is collected from healthy donors in blood 364 
tubes containing heparin for anticoagulation. For each donor, an empty tube as well as tubes 365 
preloaded with the sample material are subsequently filled with fresh blood and incubated in the 366 
flow loop at a rate of 150 mL/min at 37 °C for 60 min. Additionally, plasma samples are prepared 367 
from freshly drawn blood to obtain the baseline values of each donor. After the incubation, the 368 
plasma samples from the test tubing, with and without sample materials, are prepared and 369 
analyzed using a specific ELISA.  370 
 371 
Figure 2: Analysis of different cell types and blood parameters before and after incubation of 372 
different stent implants in the flow loop model. The determination of white blood cells (A), red 373 
blood cells (B), hematocrit (C), hemoglobin (D), and platelets (E) was performed. The data are 374 
displayed as mean ± SEM (n = 5, p* < 0.5, p*** < 0.001). 375 
 376 
Figure 3: Determination of platelet or immune system activation markers before and after 377 
incubation with neurovascular implants. The markers for the (A) activation of blood coagulation 378 
(TAT), (B) complement system (SC5b-9), and (C) neutrophils (PMN-elastase) were quantified 379 
using ELISA. The analysis was performed on plasma samples gained from freshly drawn blood or 380 
blood incubated with different stents in the flow loop model. The data are displayed as mean ± 381 
SEM (n = 5, p* < 0.5). 382 
 383 
Figure 4: Scanning electron microscopic analysis of stents after incubation with blood. The 384 
aggregation of blood plasma proteins and platelets on uncoated stent material was observed. In 385 
comparison, stent materials with the fibrin-heparin coating did not demonstrate adhesion of cells 386 
or other blood components on the surface (magnification of 500-, 1,000-, and 2,500-fold). 387 
 388 
DISCUSSION:  389 
The presented protocol describes a comprehensive and reliable method for the 390 
hemocompatibility testing of blood-contacting implants in accordance with ISO 10993-4 in a 391 
shear flow model imitating human blood flow. This study is based on the testing of laser-cut 392 
neurovascular implants but can be performed with a variety of samples. The results demonstrate 393 
that this method enables the broad analysis of various parameters such as the blood cell count, 394 
prevalence of several hemocompatibility markers, and microscopic visualization of the device 395 
surface after blood contact. Using this protocol, potential differences regarding the 396 



 
  
hemocompatibility of different devices can be detected.  397 
 398 
An alternative to in vitro hemocompatibility assessment consists of in vivo animal testing, which 399 
is associated with several disadvantages, such as higher variability and distortion of device-400 
related effects due to the overwhelming short-term effects of tissue injury6.  401 
 402 
For in vitro hemocompatibility testing, three types of models are available: (1) static blood 403 
incubation models, (2) agitated blood incubation models, and (3) shear flow models. The static 404 
model provides a simple and rapid method to determine thrombogenicity by incubating the 405 
device directly with blood, but it only leads to rudimentary results regarding 406 
hemocompatibility11. To overcome the main disadvantages of static models (i.e., sedimentation 407 
of blood cells and the large air-contacting surface), the agitating blood incubation model may be 408 
used, in which a test chamber containing the implants is filled with blood and incubated on a 409 
rocking platform12. However, these model types are still inferior compared to the existing shear 410 
flow models, such as the flow loop presented here. The quintessence of these models is that 411 
vascular human blood flow can be imitated; thus, a close depiction of the real interaction 412 
between the implant and blood cells can be displayed13. In addition to the flow loop model, 413 
models such as the Chandler loop or several perfused flow chamber exist14-16. 414 
 415 
The Chandler loop is a closed tube system that is partly filled with air and clamped into a rotating 416 
device, resulting in blood circulation through the tubing17. In the present flow loop system, the 417 
tube is completely filled with blood, and the flow is forced by using a peristaltic pump. When 418 
using the Chandler loop model, operators face two major disadvantages due to the requirement 419 
of including air into the test tubing. First, it is known that the constant interaction of blood and 420 
air triggers the aggregation of leukocytes and platelets as well as protein denaturation18,19. 421 
Second, the blood circulation rate is limited, because the air always remains at the highest point 422 
of the loop20. 423 
 424 
These drawbacks can be overcome when using the flow loop system. Since no air-liquid interface 425 
is present in the system, no platelet activation occurs. Thus, the model has a low background for 426 
thrombotic events so that a low concentration of anticoagulants, typically 1 IU/mL or 1.5 IU/mL 427 
of heparin, is sufficient to prevent clotting, even if high flow rates are applied6. The adjustable 428 
pump-regulated blood flow rate and the freely selectable tube diameter allow the operator to 429 
mimic the physiological conditions of a vein or artery, which correspond to the implant to be 430 
tested, and achieve relevant test results21. However, this advantage is at the same time a 431 
limitation, due to the mechanical stress applied to the blood through the pump, and the 432 
destruction of erythrocytes (i.e., hemolysis) may occur2. This arising intrinsic blood damage 433 
reduces the method sensitivity and impedes prolonged exposure to the blood21. Nevertheless, 434 
several studies have demonstrated the effective use of the flow loop model for 435 
hemocompatibility evaluation22-24. 436 
 437 
However, the main gap between all in vitro models and the in vivo mechanisms includes the 438 
missing endothelium, which expresses cytokines, anti-thrombotic components, and adhesion 439 
molecules; therefore, this component plays a crucial role in the interaction of the implant and 440 



 
  
circulating blood25. In conclusion, the flow loop model is adjustable, efficient, reliable, and cost-441 
effective to assess the hemocompatibility of implants before clinical use. 442 
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Name of Material/ 

Equipment
Company Catalog Number

aqua ad iniectabilia Fresenius-Kabi, Bad-Homburg, Germany 1088813

beta-TG ELISA Diagnostica Stago, Duesseldorf, Germany  00950

Centrifuge Rotana 460 R Andreas Hettich, Tuttlingen, Germany -

Citrat monovettes (1.4 mL) Sarstedt, Nümbrecht, Germany 61,668,001

CTAD monovettes (2.7 mL) BD Biosciences, Heidelberg, Germany 367562

EDTA monovettes (1.2 mL) Sarstedt, Nümbrecht, Germany 61,662,001

Ethanol p.A. (1000 mL) AppliChem, Darmstadt, Germany 1,310,861,611

Glutaraldehyde (25 % in water) SERVA Electrophoresis, Heidelberg, Germany 23114.01

Heparin coating for tubes Ension, Pittsburgh, USA -

Heparin-Natrium (25.000 IE/ 5 

mL)
LEO Pharma, Neu-Isenburg, Germany PZN 15261203

Multiplate Reader Mithras LB 

940
Berthold, Bad Wildbad, Germany -

NaCl 0,9% Fresenius-Kabi, Bad-Homburg, Germany 1312813

Neutral monovettes (9 mL) Sarstedt, Nümbrecht, Germany 21,063,001

PBS buffer (w/o Ca2+/Mg2+) Thermo Fisher Scientific, Darmstadt, Germany 70011044

Peristaltic pump ISM444B Cole Parmer, Wertheim, Germany 3475

Pipette (100 µL) Eppendorf, Wesseling-Berzdorf, Germany 3124000075

Pipette (1000 µL) Eppendorf, Wesseling-Berzdorf, Germany 3123000063

Plastic container (100 mL) Sarstedt, Nümbrecht, Germany 75,562,300

PMN-Elastase ELISA Demeditec Diagnostics, Kiel Germany DEH3311

Polyvinyl chloride tube
Saint-Gobain Performance Plastics Inc., Courbevoie 

France
-

Reaction Tubes (1.5 mL) Eppendorf, Wesseling-Berzdorf, Germany 30123328
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neurovascular laser-cut implantsAcandis GmbH, Pforzheim 01-0011x

SC5b-9 ELISA TECOmedical, Buende, Germany A029

Scanning electron microscope Cambridge Instruments, Cambridge, UK -

Sealing tape (96 well plate) Thermo Fisher Scientific, Darmstadt, Germany 15036

Syringe 10/12 mL Norm-Ject Henke-Sass-Wolf, Tuttlingen, Germany 10080010

TAT micro kit Siemens Healthcare, Marburg, Germany OWMG15 

Waterbath Type 1083 Gesellschaft für Labortechnik, Burgwedel, Germany -
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must include an ethics statement. Please provide an ethics statement at the beginning of the 

protocol section indicating that the protocol follows the guidelines of your institution. 

Authors’ reply: Following your suggestion, an ethics statement about the tissue sample being approved 

by the ethics committee of the medical faculty has been added to the beginning of the protocol.  

 

5. JoVE cannot publish manuscripts containing commercial language. This includes 

trademark symbols (™), registered symbols (®), and company names before an instrument or 

reagent. Please remove all commercial language from your manuscript and use generic terms 

instead. All commercial products should be sufficiently referenced in the Table of Materials. 

You may use the generic term followed by “(Table of Materials)” to draw the readers’ attention 

to specific commercial names. Examples of commercial sounding language in your manuscript 

are Enzygnost, Milenia, Microvue, Asserachrom, etc. 

Authors’ reply: Thank you for the note. We have removed any commercial language from the 

manuscript. 

 

6. 2.2: What volume of blood sample is collected? 

Rebuttal Letter Click here to access/download;Rebuttal Letter;Link et
at_response to reviewer.docx

https://www.editorialmanager.com/jove/download.aspx?id=1123124&guid=c288a4bb-e2b4-4041-afd4-73dcc5d3e2db&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1123124&guid=c288a4bb-e2b4-4041-afd4-73dcc5d3e2db&scheme=1
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Authors’ reply: Thank you for your comment. For the procedure, the total volume of the blood sample 

is 27 mL per donor. Please see step 2.2. 

 

7. 3.2: Please specify the designated test implants here. 

Authors’ reply: Thank you for your comment. For the experiment, the following samples were used: 

neurovascular laser-cut implants with or without a fibrin-heparin coating. This information was added 

to step 3.1 in the protocol. 

 

8. 6.2, 7.2, etc.: 1.800 x g or 1,800 x g? 2.500 x g or 2,500 x g? Please use the comma symbol 

(,) for the thousands separator. 

Authors’ reply: Thank you for your note. The numbers have been corrected in the manuscript, and 

comma symbols have been used as the thousands separators.  

 

9. Please combine some of the shorter protocol steps so that individual steps contain 2–3 

actions and a maximum of 4 sentences per step. 

Authors’ reply: Sections with short instructions have been combined. 

 

10. Please include single line spacing between each numbered step or note in the protocol. 

Authors’ reply: The necessary formatting of the single spacing has been adapted according to the 

requirements. 

 

11. After you have made all the recommended changes to your protocol section (listed 

above), please highlight in yellow up to 2.75 pages (no less than 1 page) of protocol text 

(including headers and spacing) to be featured in the video. Bear in mind the goal of the 

protocol and highlight the critical steps to be filmed. Our scriptwriters will derive the video 

script directly from the highlighted text. 

Authors’ reply: The important parts of protocol have been highlighted. 

 

12. Please highlight complete sentences (not parts of sentences). Please ensure that the 

highlighted steps form a cohesive narrative with a logical flow from one highlighted step to the 

next. The highlighted text must include at least one action that is written in the imperative voice 

per step. Notes cannot usually be filmed and should be excluded from the highlighting. 

Authors’ reply: Complete sentences of the protocol have been highlighted in a logical flow. 

 

13. Please include all the relevant details that are required to perform the steps in the 

highlighting. For example, if step 2.5 is highlighted for filming and the details of how to perform 
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the step are given in steps 2.5.1 and 2.5.2, then the sub-steps where the details are provided 

must be highlighted. 

Authors’ reply: The relevant details of each step have been highlighted. 

 

14. Please remove the embedded figure(s) from the manuscript. 

Authors’ reply: Thank you for your suggestion. The figures have been removed from the manuscript 

and will be submitted separately as graphics.  

 

15. References: Please do not abbreviate journal titles; use full journal names. 

Authors’ reply: The references section has been revised, and the necessary corrections have been 

performed. 

 

16. Table of Materials: Please ensure that it has information on all relevant supplies, 

reagents, equipment and software used, especially those mentioned in the protocol. Please 

sort the materials alphabetically by material name. 

Authors’ reply: Thank you for the note. We have removed the commercial symbols from the Table of 

Equipment and Materials. 
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REVIEWER #1 (Comments to the Author): 

 

Manuscript Summary: 

I congratulate the authors for this interesting approach to hemocompatibility sampling and 

testing. As a result of the research, the answer to their questions presents a very reliable result. 

Both clinical outcomes and diagnostic data evaluation are often handled without considering 

the effectiveness of such details. 

 

Major Concerns: 

None. 

 

Minor Concerns: 

In the discussion part, "Nevertheless, several studies showed effective use of the flow loop 

model for hemocompatibility evaluation," which referred to references 20, 21, and 22, shared 

the type of stent that they were using (e.g., silicon-carbide-coated coronary stents, Multilink 

stent, and hemodialysis membrane, respectively). In this study, the stent type or a brand name 

were not provided in the method nor materials sections. 

Authors’ reply: We would like to thank the reviewer for this positive feedback as well as the helpful 

remark regarding the stents used for the experiments. We have used the following test materials for 

the experiment: neurovascular laser-cut implants with or without fibrin-heparin coating. We have added 

them to the protocol as well as to the materials list. However, it was our wish to point out that the test 

procedure can be used for a variety of products and materials, so we have refrained from mentioning 

in the title the test material used. Yet, of course, we are ready to add this information if desired by the 

reviewer.   
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REVIEWER #2 (Comments to the Author): 

 

Manuscript Summary: 

This manuscript describes an approach to in vitro hemocompatibility testing of medical devices 

intended to be implanted in blood vessels. Specifically, a closed tube, flow loop system is 

presented with optimized blood collection and blood bioassay procedures. 

 

Major Concerns: 

The rationale behind steps in the protocol is missing. For example, in Section 2, blood is 

collected in three monovettes and then pooled. Why does the blood need to be pooled after 

collection? Only a smooth tourniquet is called for, and it is unclear why other practices are 

used during blood draw to promote the premature activation of platelets.  

Authors’ reply:  We would like to thank the reviewer for the feedback and take this opportunity to answer 

his/her questions in detail. The blood collection tubes have a limited volume of 9 mL each. However, 

for hemocompatibility testing, a total of 27 mL blood is necessary. After collection, blood pooling 

ensures that all the blood components are mixed and distributed properly.  

 

It is known that the nativity of the collected blood has a decisive influence on hemocompatibility 

analysis. Experience demonstrates to us that harsh/long blood stasis causes hemoconcentration, 

which can lead to incorrectly high levels of proteins, cells, lipids and other analytes, which affect 

coagulation diagnostics. During blood collection, a 21-gauge needle is used to prevent platelet and 

coagulation cascade activation.1 Furthermore, to guarantee an uninfluenced test performance, we only 

use fresh blood from healthy non-smoking, non-pregnant subjects free of medication.2  

 

Several steps rely on commercial assay kits and assume that the reader is familiar with the 

materials that come in these kits.  

Authors’ reply: We would like to thank the reviewer for drawing our attention to this. The described 

analysis is based on the use of the listed assay kits. The descriptions in our protocol are based on the 

manufacturer’s instructions of these kit assays. For professional handling and for safety reasons, we 

recommend that the reader familiarizes himself/herself with the manufacturer's protocol in advance.  
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Also, why do the number of wash steps increase with each subsequent assay? Section 9 has 

the plate washed 3 times between steps, Section 10 has the plate washed 4 times between 

steps, and Sections 11 and 12 have the plate washed 5 times between steps. 

Authors’ reply: We would like to thank the reviewer for this comment. However, the manufacturer 

specifies the number of wash steps in different ELISA kits to guarantee unaltered and reliable results 

when performing the assay. Therefore, we are not qualified to disregard the manufacturer’s statement. 

 

The critical point drying step is important yet as presented, asks the reader to look up the 

procedure in the literature. It should not be described in this protocol. 

Authors’ reply: We would like to thank the reviewer for this feedback and fully agree with him/her on 

this point: the critical point drying is an important step in order to take scanning electron microscopy 

(SEM) pictures. However, extensively detailed protocols already exist, and their choice strongly 

depends on the possibilities of the reader since there is a broad range of manual and automatic drying 

methods and equipment. With this article, we would like to primarily focus on the testing of blood-

contacting materials in the flow-loop model and are concerned to go beyond the scope of this article 

by also presenting a selection of drying protocols. We hope the reviewer understands this. 

 

Minor Concerns: 

There are several places in the manuscript where the grammar, word choice, or phrasing is not 

specific enough and could confuse the reader. For example, the developed setup is intended 

for devices to be implanted in blood vessels. The phrase "blood-contacting implants" does not 

capture this fully. What does "double determination" mean? All of the steps with this phrase 

(9.4, 10.4, 11.5, 12.5) are not clear. 

Authors’ reply: We would like to thank the reviewer for his/her note. We have changed the protocols to 

instruct the reader to put each sample in duplicates onto the microtiter plate.   

 

Figure 2D includes only one indicator for statistically significant differences, yet the other two 

samples look the same as the one that is significant. 

Figure 3 includes baseline measurements without an indication of the statistically significant 

difference between the baseline and the different samples. 

Authors’ reply: We would like to thank the reviewer for this consideration. The incubation of only blood 

(no stent) in our flow loop model affects the blood parameters. As you can see in Figures 2 and 3, this 

incubation leads to PMN-elastase and β-thromboglobulin release as well as a decrease in platelet 

numbers.  
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In Figure 2, we demonstrate the significant differences between the baseline and flow loop samples in 

cell counts. The decrease in cells (WBC, RBC or platelets) indicates the lysis of the cells or 

aggregation/adhesion of the platelets as an adverse effect of the flow loop or samples. As displayed in 

Figure 2D, the incubation of the blood in empty tubes has a reducing effect on the percentage of 

hemoglobin. This effect is a result of the incubation and pumping of the blood in the flow loop model. 

However, no significant differences between the hemoglobin percentage in the blood samples without 

or with implant materials after the incubation was detected. To avoid false conclusions, only 

comparisons between the blood samples with no stents and blood samples with the implants after the 

incubation were performed, and they revealed no differences. 

 

In Figure 3, the comparison between the baseline and no stent parameters would lead to falsification 

of the data. Therefore, the baseline is included in the figures to indicated that there is no pre-activation 

of the blood before incubation in the flow loop model.  

 

 

Figure 4 includes scale bars with labels that are illegible. Please correct. 

Authors’ reply: We would like to thank the reviewer for drawing our attention to this. The scale bars as 

well as the lettering have been improved in the SEM images according to your recommendations. 

 

Organization of the Material /Equipment list to group all equipment together would make finding 

items, such as the peristaltic pump, easier. 

Authors’ reply: We would like to thank the reviewer for this comment. The material list and 

equipment list have been sorted alphabetically according to the editorial board's guidelines.   
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