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Abstract—Here, we propose a new approach for quantitative estimation of von Willebrand factor (vWF) exposed on the surface of endothelial cells (ECs) using the ARC1779 aptamer that interacts with the vWF A1 domain. To visualize complex
formation between vWF and the aptamer, the latter was conjugated with the Cy5 fluorescent label. Cultured human umbilical vein endothelial cells (HUVEC) were stained with the ARC1779-Cy5 conjugate and imaged with a fluorescence microscope. The images were analyzed with the CellProfiler software. vWF released from the Weibel–Palade bodies was observed
as bright dot-like structures of round and irregular shape, the number of which increased several times after HUVEC exposure to histamine or thrombin. Staining with ARC1779-Cy5 also revealed long filamentous vWF structures on the surface of
activated HUVEC. vWF secretion by ECs is activated by the second messengers cAMP and Ca2+. There is evidence that
hydrogen peroxide also acts as a second messenger in ECs. In addition, exogenous H2O2 formed in leukocytes can enter
ECs. The aim of our study was to determine the effect of H2O2 on the vWF exposure at the surface of HUVEC using the
proposed method. It was shown that hydrogen peroxide at concentration 100 µM, which is lower than the cytotoxicity
threshold of H2O2 for cultured HUVEC, increased several times the number of dot-like structures and total amount of vWF
exposed on plasma membrane of HUVEC, which suggest that H2O2 acts as a mediator that activates exocytosis of
Weibel–Palade bodies and vWF secretion in the vascular endothelium during inflammation and upon elevated generation
of endogenous reactive oxygen species in ECs.
DOI: 10.1134/S0006297921020012
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INTRODUCTION
More than a half of all pharmaceutical preparations
are ligands of membrane receptors [1, 2]. The vast majority of these preparations are natural or artificially synthesized low molecular weight compounds. Most of them are
not very selective – as a rule, they affect several targets in
the cells. The design of exclusively specific therapeutics
based on humanized antibodies is a new direction of
pharmacology that has been intensively growing due to
Abbreviations: EC, endothelial cell; HUVEC, human umbilical
cord vein endothelial cells; vWF, von Willebrand factor.
* To whom correspondence should be addressed.

the development of genetic engineering and molecular
immunology techniques. Conjugates obtained by the
attachment of various labels and toxins to the antibodies
generated against receptors, components of complement
system, and other proteins can be used simultaneously as
diagnostic tools and therapeutic agents. This approach
has been a basis for the new direction of biomedical studies – theranostics, in which antibodies are used as platforms for attaching markers for visualization of pathological features and components exerting the therapeutic
effect [3].
The SELEX (systematic evolution of ligands by
exponential enrichment) method was suggested in 1990
for designing aptamers – short single-stranded DNA or
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RNA oligonucleotides with unique sequences exhibiting
high affinity and specificity for the targets of various
nature, such as cell surface proteins and polysaccharides,
low-molecular-weight compounds, metal ions, etc. [4-7].
The affinity and the selectivity of aptamers are comparable to those of antibodies. A technique for selection of
aptamers against different types of cells, including cancer
cells was developed [8]. At present, several aptamers are
tested in clinical trials for the treatment of oncological
and blood disorders [9, 10]. Aptamers have a number of
advantages in comparison to antibodies, such as structure
reproducibility, high thermal stability, lesser immunogenicity, and possibility of long-term storage in a dry form
[10]. It was demonstrated that aptamers can be as well
used in histochemical studies [11] and flow cytometry
[12] instead of antibodies.
One of the targets for antibodies and aptamers is the
von Willebrand factor (vWF), which is a blood plasma
glycoprotein secreted by endothelial cells (ECs) and
involved in hemostasis. vWF is released into the blood by
ECs as a population of giant multimeric molecules with a
molecular mass up to 20,000 kDa, which are formed
from ~250-kDa vWF monomers linked by disulfide bonds
[13]. The vWF molecule contains regularly repeating
structural A1 domain that mediates interactions of this
factor with the glycoprotein 1b on the membranes of
platelets. The binding of platelets to A1 domain in the
unfolded vWF molecule initiates blood clot formation in
damaged arterioles and capillaries in order to stop the
bleeding. Excessive accumulation of vWF or its increased
activity caused by mutations result in the microvascular
thrombosis and development of thrombotic microangiopathies. Nano-antibody against the A1 domain caplacizumab is used for the treatment of thrombotic thrombocytopenic purpura [14]. Another A1-binding therapeutic agent is ARC1779 aptamer that was found to be effective in the treatment of type 2B von Willebrand disease
[15-17]. An improved SELEX method that uses unnatural hydrophobic base for creating oligonucleotide libraries
of random sequences (ExSELEX) was instrumental in the
synthesis of a new, more efficient aptamer against
vWF [18].
Antibodies are widely used in the studies of membrane receptors and intracellular proteins. Immunofluorescence staining is used for the evaluation of the expression levels of membrane and intracellular proteins and
their location. One of the issues that requires more
detailed studying is the mechanism involved in the regulation of vWF secretion in ECs. Anti-vWF antibodies can
be used to estimate the vWF exposure on the plasma
membrane. For this purpose, fixed ECs are incubated
with the primary antibodies followed by incubation with
the fluorescently labeled secondary antibodies [19]. In
this work, we attempted to evaluate the vWF exocytosis
using the ARC1779 aptamer conjugated with the fluorescent Cy5 dye. Currently, several aptamers have been

developed that bind to the vWF via its A1 domain, thus
blocking its interaction with platelets [17, 18, 20, 21];
however, only ARC1779 has been approved for the therapeutic use so far. Using the ARC1779-Cy5 conjugate, we
observed the opening of individual secretory vesicles on
the EC surface and investigated the regulation of this
process in live cells. We demonstrated that hydrogen peroxide at the concentrations that could be reached in
blood vessels stimulate exocytosis of the Weibel–Palade
bodies and promote exposure of vWF on the plasma
membrane of ECs.

MATERIALS AND METHODS
Human umbilical vein endothelial cells (HUVEC)
were isolated as described in [22] and cultured in M199
medium containing 20% fetal bovine serum (SigmaAldrich, USA) and endothelial growth supplement produced from frozen rabbit brains (Krolinfo Ltd., Novaya,
Moscow Region, Russia) as described by Maciag et al.
[23]. The cells were identified based on the morphological criteria and the presence of vWF, angiotensin-converting enzyme, and CD31, CD54, and CD61 surface
proteins [24]. Isolated HUVEC were cultured in an
atmosphere containing 5% CO2 and used in the experiments after 2-4 passages; Accutase (Sigma-Aldrich) was
used to detach the cells for passaging.
The
ARC1779
aptamer
(USA
patent
US20090203766A1; Archemix Corp., USA) with the 5′conjugated Cy5 dye (Cy5-mGmCmGmUdGdCdAmGmUmGmCmCmUmUmCmGmGmCdCmG-s-dTmGdCdGdGdTmGmCdCmUdCdCmGmUdCmAmCmGmC,
where m is 2′-OMe and s is phosphorothioate bond) was
used for HUVEC staining. The scrambled Cy5-mGmGmCmCdAdGdCmCmUmCmUmCmCmUmGmGm
UmGdGmG-s-TmCdGdCdCTmAmGdGmUdCdGmGmGdCmCmCmCmU oligonucleotide with the same
nucleotide ratio as ARC1779 was used as a control. The
oligonucleotides were synthesized by the DNK Sintez
Company (Russia).
To evaluate the effects of histamine (100 µM),
thrombin (1 U/ml), and hydrogen peroxide (100 µM) on
the vWF exocytosis, HUVEC grown in a 24-well plate
were washed from the growth medium with physiological
saline solution (PSS, pH 7.4) containing 145 mM NaCl,
5 mM KCl, 10 mM HEPES, 1 mM MgCl2, 1 mM CaCl2,
and 10 mM glucose. The cells were incubated in the presence or absence of the activator at 32-34°C for 20 min.
Next, the medium was aspirated and 100 µl of ARC1779Cy5 in the hybridization medium containing 0.1 mg/ml
tRNA (Roche Diagnostics, Switzerland), 1 mg/ml bovine
serum albumin (BSA; Amresco, USA), 5 mM MgCl2,
25 mM glucose, 2.67 mM KCl, 1.47 mM KH2PO4,
136.9 mM NaCl, and 8.10 mM Na2HPO4 was added to
each well followed by incubation for 20 min at 32°C. For
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nucleus staining, 1 µg/ml Hoechst 33342 (Thermo Fisher
Scientific, USA) was added to the medium. ARC1779Cy5 concentration in all experiments except concentration-dependence experiment was 50 nM. After incubation, the cells were washed twice with phosphate buffered
saline (PBS, Thermo Fisher Scientific) to remove
unbound ARC1779-Cy5 and 200 µl of FluoroBriteTM
DMEM (Thermo Fisher Scientific) was added. The cells
were immediately imaged with a Leica DMI 6000 fluorescence microscope equipped with an HCX PL FLUOTAR L 20.0 × 0.40 DRY objective, diode light sources
with the wavelengths of 385 and 620 nm, and A4 and TX2
filters (Leica, Germany). Fluorescence intensity, the
number of vWF structures per cell were calculated following the processing of the mosaic images (1.5 × 2 mm)
from the wells of 48-well plates were performed. The
number of the cells in the 1.5 × 2 mm area was 2800-3000.
The images were analyzed with the open-access
CellProfiler program (http://cellprofiler.org/releases)
[25] (detailed description of the application of this program for the analysis of images of ECs was published
in [26]). The total number of analyzed frames was 96-128
(16 frames for each well in a 48-well plate). The data were
obtained in three independent experiments using different HUVEC preparation. In each experiment there were
at least six control and six test wells. The total number of
vWF structures stained with ARC1779-Cy5 and exposed
on the cell surface and the average brightness (fluorescence intensity per cell) were determined. The obtained
data are presented in arbitrary units as mean ± standard
error of mean. The significance of differences was determined using the Student’s t-test in the Excel program and
the one-way ANOVA using the MedCalc program
(MedCalc Software Ltd., Belgium).
For immunofluorescence staining, the cells were
fixed with 4% paraformaldehyde in PBS for 20 min on ice
and then washed carefully with PBS containing 1% BSA.
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Primary antibodies against vWF (rabbit anti-human vWF,
Dako, France; dilution 1 : 500; initial antibody concentration, 3.2 mg/ml) were applied in the same buffer followed by the overnight incubation at 4°C. Next, the cells
were washed and incubated with a mixture of secondary
antibodies (goat anti-rabbit AlexaFluor 488, Invitrogen,
USA; dilution, 1 : 1000), wheat germ agglutinin
AlexaFluor 488 (Invitrogen, dilution, 1 : 500), and
1 µg/ml Hoechst 33258 nuclear dye (Sigma-Aldrich) for
1.5 h at room temperature. The cells were then washed
with PBS containing 1% BSA, placed into saturated fructose solution, and analyzed with a Leica DMI 6000 fluorescence microscope (Leica). The parameters for image
capture were adjusted for the brightest samples and
remained the same in the course of the entire experiment.
The mosaic image of the central part (1.5 × 2 mm) of each
well consisting of 25 microscopic fields was acquired
using the high-speed adaptive autofocus mode. For each
sample, 25 images were captured (16 frames per image) in
3 fluorescent channels with the 8-bit color depth coding.
The fluorescence intensity of stained vWF in each frame
in control HUVEC and cells activated with H2O2 or
thrombin was evaluated using the CellProfiler program.

RESULTS AND DISCUSSION
The images of HUVEC stained with ARC1779-Cy5
(50 nM) are shown in Fig. 1a. Prior to the aptamer addition, the cells were incubated for 20 min with histamine
(vWF secretion activator). Cell nuclei were stained with
Hoechst 33342. ARC1779-Cy5 stained small structures
with predominantly round or irregular shape. To evaluate
the specificity of the vWF staining with ARC1779-Cy5, a
conjugate of Cy5 with scrambled oligonucleotide of the
same length and nucleotide ratio was used as a negative
control (Fig. 1b). The control oligonucleotide did not

Fig. 1. HUVEC activated with histamine (100 µM) and stained with 50 nM ARC1779-Cy5 (a) and 50 nM Cy5-labeled control oligonucleotide (b). (Color versions of Figs. 1-5 are available in the online version of this article and can be accessed at https://www.springer.com/
journal/10541).
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Fig. 2. a) Dependence of HUVEC fluorescence intensity on the
concentration of ARC1779-Cy5 (curve 1) or control oligonucleotide (curve 2). Curve 3 represents the difference between
curve 1 (total binding) and curve 2 (non-specific binding) and
corresponds to the specific ARC1779-Cy5 interaction with the
vWF. b) Fluorescence intensity of HUVEC stained with 50 nM
ARC1779-Cy5 (ARC1779-Cy5, ARC1779-Cy5 + Histamine) or
50 nM control oligonucleotide (Control, Control + Histamine)
in the absence or presence of 100 µM histamine; * p < 0.01 significant differences between ARC1779-Cy5 + Histamine and
ARC1779-Cy5 or control with or without histamine.

bind to the live cells; large bright spots in Fig. 1b are
stained nucleus-free fragments of dead cells.
The dependence of the ARC1779-Cy5 binding to
HUVEC on the aptamer concentration (3.1 nM-1 µM) is
presented in Fig. 2. The total brightness of the stained

vWF structures on the cell surface was calculated with the
CellProfiler program. The ARC1779-Cy5 staining of
vWF on the cell membrane was observed at the aptamer
concentration of 50 nM and higher (Fig. 2a, curve 1). The
brightness of the staining increased with the ARC1779Cy5 concentration increase to 1 µM. The non-specific
binding of the label was determined using corresponding
concentrations of the labeled control oligonucleotide,
which did not stain the cells at the concentrations up to
100 nM. Further elevation of its concentration resulted in
the fluorescence intensity increase due to non-specific
binding (Fig. 2a, curve 2). Curve 3 in Fig. 2a represents
the difference between the fluorescence intensities of
ARC1779-Cy5 and control oligonucleotide and corresponds to the specific interaction of ARC1779-Cy5 with
the vWF. The EC50 value for the ARC1779-Cy5 binding to
VWF was 287 nM (95% confidence interval from 155 to
589 nM). In further experiments, we used 50 nM
ARC1779-Cy5, as the non-specific binding at this concentration was low. The relative fluorescence intensities
of the non-activated and histamine-activated HUVEC
after the staining with 50 nM ARC1779-Cy5 or 50 nM
control oligonucleotide are shown in Fig. 2b. It can be
seen that histamine did not affect the non-specific
oligonucleotide binding with the cells. In the absence of
histamine, the fluorescence was only slightly above the
background, which indicates low levels of vWF exposure
on the HUVEC plasma membrane in the absence of activators.
Next, we use the above-described experimental
approach to study the regulation of vWF exocytosis. vWF
exocytosis in ECs is stimulated by endocrine factors,
including thrombin [27], vasopressin [28], histamine
[29], serotonin [30], adrenalin [31], purine nucleotides
[32], cytokines, and growth factors [33, 34]. Their action
is mediated by the second messengers cAMP and Ca2+
[35]. It is known that hydrogen peroxide also serves as a
second messenger in ECs [36]. Moreover, EC functioning
is affected by the exogenous H2O2 secreted by neutrophils. We have shown previously that exogenously
added H2O2 penetrates into ECs [26]. H2O2 acts as a second messenger by inhibiting protein tyrosine phosphatases [37]. In ECs, H2O2 selectively promotes the
effect of agonists of 5-HT1B and 5-HT2B receptors [38]
and stimulates two-pore endolysosomal calcium channels
[39]. The data on the effect of H2O2 on vWF secretion are
quite contradictory. It was shown previously that exogenous superoxide anion increases vWF secretion by cultured ECs; however, no reliable effect of H2O2 added to
the medium at the concentrations up to 0.5 mM was
observed [40]. On the contrary, Yang et al. [41] reported a
1.5-2-fold increase in the vWF secretion after stimulation
with 0.5 mM H2O2. In any case, the effect of cytotoxic
H2O2 concentrations has been established. We have previously shown using immunocytofluorimetry and enzymelinked immunoassay that hydrogen peroxide at the conBIOCHEMISTRY (Moscow) Vol. 86 No. 2 2021
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Fig. 3. Effect of H2O2 and thrombin on vWF exocytosis in HUVEC. Cell nuclei stained with Hoechst 33342 and vWF stained with ARC1779Cy5 are shown in control cells (a) and after treatment with 100 µM H2O2 (b) or 1 U/ml thrombin (c). ARC1779-Cy5 concentration, 50 nM.

centration of 100 µM which is below the cytotoxicity level
for the cultured HUVEC caused an increase in the
amount of vWF exposed on the cell surface and activated
vWF secretion into the extracellular medium [26]. In this
work, we continued these studies using the new approach
that employed the ARC1779 aptamer conjugated with the
fluorescent Cy5 label. Unlike traditional immunofluorescent staining, HUVEC staining with ARC1779-Cy5 was
performed in live cells. It was demonstrated that 20 min
after addition of 100 µM H2O2, the number of cells
stained with ARC1779-Cy5 drastically increased
(Fig. 3b) in comparison with the control (Fig. 3a). The
average fluorescence intensity (Fig. 4a) increased 4.47fold (p < 0.01). The average number of stained dot-like
vWF structures per cell was 5.79 after H2O2 addition,
which was 4.3 times higher than the number of stained
vWF structures in the control (Fig. 4b). The extent of the
H2O2-induced increase in the number of vWF-positive
structures actually coinsides with the extent of the fluorescence increase. It follows from this that the increase in
the vWF content on the HUVEC surface after the treatment with H2O2 occurred predominately due to the
increase in the number of opened secretory
vesicles – Weibel–Palade bodies. It was shown previously
[19, 42] using correlative immunofluorescence and electron microscopy image analysis that vWF secretion is
accompanied by the coalescence of Weibel–Palade bodies with the formation of larger secretory capsules. The
capsules open on the plasma membrane creating pores
from 0.5 to several µm in diameter. The size of the
observed dot-like vWF structures was within this range as
well; the average maximum and minimum Feret diameters were 0.97 and 0.45 µm, respectively, in the control
cells and 1.02 and 0.48 µm, respectively, in the H2O2treated cells.
Immunocytofluorimetry detected only a 2-fold
increase in the content of vWF exposed on the cell surface
after H2O2 treatment [26]. We believe that the reason why
this effect was more pronounced in the case of ARC1779Cy5 staining is omittance of the fixation step, which
BIOCHEMISTRY (Moscow) Vol. 86 No. 2 2021

Fig. 4. ARC1779-Cy5 staining of the vWF exposed on the surface
of HUVEC (a) and average number of dot-like vWF structures in
a single cell (b) in control cells and cells treated with 100 µM
H2O2 or 1 U/ml thrombin.
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could cause additional fusion of the secreted vesicles with
the membrane. Comparison of the data presented in
Figs. 2b and 4a revealed that the effect of H2O2 on the
vWF exposure was comparable with the effect of 100 µM
histamine. Thrombin, which was used as a positive control, exerted a much more pronounced effect, as it
increased the vWF exposure on the plasma membrane
31.2-fold (Fig. 4a), while the number of exposed vWF
structures per number of nuclei (i.e., per single cell)
increased 36.5-fold (Fig. 4b). The fact that these values
are close indicates that, similarly to H2O2, thrombin
increased the vWF exposure due to the increase in the
number of opened secretory vesicles. In addition to the
dot-like structures, one can see individual stained filaments tens of microns in length, which are formed by
ultra-large vWF multimers (Fig. 3c).
Immunocytofluorescence technique is a standard
approach for the evaluation of vWF exposure on the sur-

face of ECs. In this study, instead of antibodies, we used a
conjugate of the ARC1779 aptamer with the Cy5 fluorescent dye to stain vWF, as this method allows staining of
live cells (vs. fixed cells in the immunocytofluorescence
technique). We also compared the results of ARC1779Cy5 with the results produced with the immunocytofluorescence technique. The images of the control cells and
cells treated with H2O2 or thrombin stained with the antivWF antibodies are shown in Fig. 5. The final concentration of primary anti-vWF antibodies was 40 nM (1 : 500
dilution of the initial IgG preparation with the concentration 3.2 mg/ml or 20 µM). The same cell batch incubated under the same conditions was used for vWF staining with ARC1779-Cy5 (Fig. 3). The images acquired
after antibody staining (Fig. 5, a-c) were similar to those
produced using ARC1779-Cy5 (Fig. 3). The sharpness of
the images was higher in the case of antibodies, because
the second antibodies produced more intense staining

Fig. 5. Antibody staining of vWF on the surface of HUVEC in control cells (a) and cells treated with 100 µM H2O2 (b) or 1 unit/ml thrombin (c). vWF exposure on the cell surface determined with the immunofluorescence technique in control cells and cells activated by H2O2 or
thrombin (d); (*) significant differences from the control at p < 0.01. To visualize cell boundaries, the cells were stained with the WGA
AlexaFluor 594 conjugate. The image is presented in pseudocolors: green, vWF; blue, nuclei; purple, lectin.
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relative to the background than ARC1779-Cy5. However,
the fluorescence of the antibody-stained vWF after incubation with H2O2 or thrombin increased only 2- and 4fold, respectively, vs. the control (Fig. 5c), while in the
experiments with ARC1779-Cy5, the increase was 4.5and 31-fold, respectively (Fig. 4a). The staining of the
histamine-activated cells with the antibodies produced
less effect than staining with the aptamer (data not
shown). As was mentioned above, we believe that the less
pronounced effect of agonists on the vWF surface exposure observed in the immunofluorescence staining could
be explained by the artefact involving additional exocytosis of secretory granules during fixation. Hence, the use of
ARC1779-Cy5 produces more credible picture of vWF
exocytosis than the use of antibodies, despite the reduced
contrast of the image obtained with ARC1779-Cy5.
We assume that the ratio of between the intensity of
specific vWF staining and background could be improved
by using aptamers that have been developed after
ARC1779 and currently undergo clinical trials for the
treatment of thrombotic microangiopathy. Thus, it was
found that the TAGX-0004 aptamer with one unnatural
base in its nucleotide sequence suppresses platelet aggregation more efficiently than ARC1779 [17]. The pegylated aptamer BT200 suppresses vWF activity in the plasma
with the IC50 of 70 nM [43]. The efficacy of these two
aptamers was determined in the platelet aggregation assay.
Platelets also secrete vWF and expose it on the cell surface; hence ARC1779-Cy5 could be used for assessing
their activation by the flow cytometry technique.
Here, we demonstrated clearly pronounced H2O2induced activation of vWF exocytosis using ARC1779Cy5. In vivo, hydrogen peroxide is produced endogenously by ECs [36], as well as released by neutrophils adhered
on the surface of activated endothelium [44]. According
to the calculations reported by Jones [45], the rate of
H2O2 formation in an organism can reach up to
500 µmol/kg/min. The results of the H2O2 concentration
assessment under stationary conditions in the whole
blood and in human and rat blood plasma obtained in different laboratories vary within a broad range – from several to tens of micromoles per liter of plasma and to hundreds of micromoles per liter of blood [46, 47]. The latter
is due to the high concentration of H2O2 in erythrocytes
and in neutrophils, even considering the difference in the
content of these cells in the blood. Local concentration of
H2O2 in the vicinity of endothelium could be significantly higher than the average concentration in the blood
plasma. No noticeable toxic effect of H2O2 at the concentrations up to 150 µM was found in cultured HUVEC
[48, 49]. Hence, the concentration of 100 µM used in our
experiments was not toxic to the cultured HUVEC and
corresponded to physiological conditions. It was shown
previously that 5-100 µM H2O2 induces surface exposure
of the major histocompatibility complex MHC1 and cell
BIOCHEMISTRY (Moscow) Vol. 86 No. 2 2021
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adhesion molecule ICAM-1 in ECs [50]. These data provide additional information on the effect of H2O2 on the
processes of secretion in ECs.
The obtained data are in agreement with the concept
on the H2O2 role as a second messenger that regulates
vWF exocytosis in ECs together with cAMP and Ca2+. In
this regard, a question arises as to the effect of which neuroendocrine factors on the secretion of vWF in EC is
mediated by H2O2. There are no direct data indicating
participation of H2O2 in the receptor-dependent regulation of vWF exocytosis; however, there are indirect indications in the literature that corroborate this hypothesis.
It is known that the VEGF receptors interact with the
NADPH oxidase NOX4, and the same receptors
(VEGFR2) mediate activation of the vWF secretion [51].
The proinflammatory cytokines IL-6, IL-9, and
TNFalpha initiate vWF exocytosis [34], as well as formation of reactive oxygen species, including H2O2 [52].
However, in all these cases, no possible association
between the stimulation of vWF secretion and H2O2 formation has been investigated. We demonstrated recently
that the blocker of NADPH oxidases VAS2870 suppressed the vWF secretion induced by histamine [53].
Hence, further studies are required to elucidate the role of
H2O2 in the transduction of agonist signals to the VWF
metabolism. We believe that the developed method for the
vital staining of vWF exposed on the surface of ECs could
facilitate the progress in this area of research.
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