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Abstract Gliding of red blood cells (RBC) through blood
vessels is mediated by the negatively charged glycocalyx
located on the surfaces of both RBC and endothelial cells
(EC). In various vasculopathies, EC gradually lose this
protective surface layer. As a consequence, RBC come into
close physical contact with the vascular endothelium. It is
hypothesized that the RBC glycocalyx could be adversely
affected by a poor EC glycocalyx. This hypothesis was
tested by evaluating the RBC and EC surface layers with
atomic force microscopy techniques. In the first series of
experiments, EC monolayers grown in culture were exposed
to rhythmic drag forces exerted from a blood overlay (drag
force treatment), and thereafter, the EC surface was investi-
gated in terms of thickness and adhesiveness. In the second
series, the glycocalyx of the EC monolayers was disturbed
by enzymatic cleavage of negatively charged heparan sul-
fates before drag force treatment, and thereafter, the RBC
surface was evaluated. In the third series, the RBC
glycocalyx of the blood overlay was enzymatically dis-
turbed before drag force treatment, and thereafter, the EC
surface was evaluated. A strong positive correlation be-
tween the RBC and EC surface properties was found
(r2=0.95). An enzymatically affected EC glycocalyx lead
to the shedding of the RBC glycocalyx and vice versa. It is
concluded that there is physical interaction between the
blood and endothelium. Apparently, the RBC glycocalyx
reflects properties of the EC glycocalyx. This observation
could have a significant impact on diagnosis and treatment
of cardiovascular diseases.
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Introduction

Blood flow through the vascular system is a low-friction
process due to the fact that the surface of the endothelium
lining the vessel walls is covered by a proteoglycan layer,
the endothelial glycocalyx (eGC) [29, 37, 45]. This gel-like
polymer, rich in water and anionic charges such as heparan
sulfate residues, forms a functional cushion between the red
blood cells (RBC) and the endothelial plasma membrane.
The eGC is a several hundreds of nanometers in height,
serving as a barrier in which macromolecules such as albu-
min are embedded [36]. Thus, the eGC creates a delicate
nanoenvironment which participates in the regulation of
blood flow [20, 33, 42] and vascular permeability [1, 3, 7,
27]. Due to the anionic properties of the eGC, there are
negative electrostatic forces which repel negatively charged
RBC from getting too close to the endothelial plasma mem-
brane. The electrical surface properties explain the low
adhesiveness of RBC to endothelium and the virtually fric-
tionless slipping of RBC through the blood vessels [20].

However, there are pathophysiological states such as
metabolic syndrome [23], inflammatory processes [4, 19],
and excess sodium intake [26] that severely damage the
eGC. Under such conditions, the eGC can gradually shrink
and lose its negative charges. A shedded eGC could lead to
an intimate physical contact between RBC and endothelial
cells (EC). Thus, circulating RBC will exert higher drag
forces when slipping through narrow blood vessels [20],
and as a consequence, the RBC glycocalyx (rGC) will suffer
from this “mechanical” interaction and gradually shrink.
This hypothesis was tested in an in vitro approach where
vascular endothelium was exposed to the drag forces of a
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blood overlay, and where, in an experimental step before,
either the eGC or the rGC has been enzymatically manipu-
lated. It was found that rGC and eGC influence each other
when either one of them is in a poor condition.

Methods

RBC–EC interaction experiments and atomic force
microscopy imaging

Endothelial monolayers (Eahy629 cell line cultured on the
bottom of 75-cm2 culture flasks [8, 17, 18]) were exposed,
over a time period of 5 h, to 5 ml of whole blood (heparinized
Monovettes, Sarstedt Company, Sarstedt, Germany) taken
from volunteers. The flasks were continuously rocked on a
shaker (4 shifts per min, 7° angle) placed in a cell culture
incubator (37 °C, 5 % CO2) so that the RBC can physically
interact with the surface of the endothelial cell layer. Using the
culture flasks as mentioned above, a mean RBC velocity of
about 30 m/h and a mean total RBC travel distance of 150 m
(over 5 h) can be calculated. Unfortunately, with this experi-
mental approach, we cannot quantify specific forces that occur
between RBC and the endothelial surface. Thus, in pilot
experiments, we used “RBC hemolysis” as a parameter to
adjust the experimental settings (flask tilt angle, shifts per
minute, and shaking time), i.e., a setting was chosen where
significant RBC hemolysis just did not yet occur. This proce-
dure is called “drag force treatment.”

Three series of experiments were performed (Fig. 1). In the
first series, intact EC monolayers (“intact” EC) were overlaid
with whole blood (intact RBC) and exposed to drag force
treatment. Thereafter, the blood overlay was harvested and
centrifuged, and RBC were resuspended in buffered

electrolyte solution composed of the following: 140 mM
NaCl, 5 mM KCl, 1 mM MgCl2, 1 mM CaCl2, and 10 mM
N-2-hydroxyethylpiperazine-N′-2-ethanesulfonic acid
(HEPES), pH 7.4. The dilution factor (RBC/buffer) was about
1/1,000. A small sample (50 μl) of this solution was spread on
a poly-L-lysine-coated glass cover slip, and the RBC were
allowed to firmly stick to the coated glass surface. Then, RBC
were gently fixed with 0.1 % glutaraldehyde. In a next step,
RBC were imaged in HEPES buffer by using an atomic force
microscope (Multimode® Atomic Force Microscopy (AFM)
with a feedback-controlled heating device, Bruker Corpora-
tion, Santa Barbara, CA, USA) [25, 32]. In order to charac-
terize the RBC glycocalyx properties after the drag force
treatment, differential images were achieved (Fig. 2). In detail,
RBCwere imaged before (image A) and 30min after adding 2
Sigma-U/ml heparinase (image B; heparinase I, Sigma-
Aldrich Chemie, Taufkirchen, Germany). Then, the two im-
ages were electronically subtracted from each other (A−B)
resulting in a differential image C. Since the heparinase only
cleaves the heparan sulfate residues of the glycocalyx while
leaving the fixed RBC unaffected, this differential image C
shows selectively the heparinase-sensitive portion of the
glycocalyx. Similarly, intact endothelial cells of the fixed EC
monolayer (same fixation as described above for RBC), after
being exposed to the drag force treatment, were imaged before
and after heparinase application (Fig. 2). To get access
to the EC surface, the culture flasks were sawed, and a
small piece of the flask bottom (about 1 cm2) was
covered with the glutaraldehyde-fixed EC monolayer
used for AFM imaging.

In the second series of experiments, the negatively
charged heparan sulfate residues of the eGC were enzymat-
ically removed by heparinase, resulting in “damaged” EC.
Then, the drag force experiment was performed, and the

rocking shaker:
4 shifts per minute
for 5 hours

damaged endothelial 
monolayer exposed to whole 
blood 

intact endothelial monolayer 
exposed to whole blood 

1st series: intact RBC exposed to intact EC

2nd series: intact RBC exposed to damaged EC

3rd series: damaged RBC exposed to intact EC

Intact RBC = intact RBC glycocalyx
Damaged RBC = enzymatically treated RBC glycocalyx 
Intact EC    = intact EC glycocalyx
Damaged EC    = enzymatically treated EC glycocalyx

Fig. 1 Drag force treatment.
Three experimental series were
designed. (1) Intact
endothelium is exposed to
intact RBC. (2) Intact RBC are
exposed to damaged EC. (3)
Damaged RBC are exposed to
intact EC. Intact native RBC or
EC. Damaged heparinase-
pretreated RBC or EC
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RBC harvested from the blood overlay were studied as
described above (Figs. 1 and 2).

In the third series of experiments, blood was centrifuged,
and RBC were suspended in HEPES buffer and exposed to
heparinase for 60 min. Then, damaged RBC were again
centrifuged and suspended in the respective plasma,
maintaining the original hematocrit. This (modified) blood
was used as the fluid overlay for the drag force treatment of
intact EC monolayers. Finally, the same protocol as de-
scribed above was used for EC fixation, acute heparinase
treatment, and EC imaging.

AFM adhesion measurements

Adhesion (pull-off) forces between the negatively charged
silica particle tip (1 μm SiO2 spheres, spring constant 0.01–
0.02 N/m, Novascan, Ames, IA, USA) and the glycocalyx
covering RBC or EC were measured on glutaraldehyde
(0.1 %)-fixed cells in HEPES buffer. Force–distance cycles
were performed, and interaction forces were determined
using the SPIP software (Image Metrology A/S, Horsholm,
Denmark). Loading forces were in the range of 400 pN. At
least 5 force–distance cycles/cell were performed at about
0.2 Hz (1 cycle per 5 s), and the pull-off forces were derived

from five retraction curves (of an individual cell) and ave-
raged. Using this protocol, 20 RBC and 20 EC were ana-
lyzed (n=20).

All AFM experiments (imaging and adhesion measure-
ments) were performed at the same conditions, namely, in
HEPES-buffered saline at pH 7.4 and 37 °C. The saline
buffer was always supplemented with 1 % fetal calf serum
(PAA Clone, Coelbe, Germany). The addition of serum is
necessary for maintaining a functional glycocalyx [26].
Though cells were fixed, the glycocalyx still responds to
heparinase I treatment (2 Sigma-U/ml in all experiments)
when the temperature is maintained at 37 °C.

Statistics Some of the data are shown as mean values ±
standard error of the mean (SEM). Significance of differences
was evaluated by the paired or unpaired Student's t test if
applicable. The overall significance level is P=0.05 or less.

Results

In order to get quantitative data of the RBC and EC surface
layers, cells were imaged before (image A in Fig. 2) and
shortly after (image B in Fig. 2) enzymatic removal of

image A minus image B    =  image C

A RBC B RBC C RBC

after heparinase

before heparinase 30 min after heparinase differential image (A – B)

glycocalyx

RBC or EC RBC or EC

glycocalyx

2537 nm

2524 nm

2273 nm

2404 nm

264 nm

120 nm

surface surfacesurface

A EC B EC C EC
2524 nm

482 nm
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surface734 nm
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surface 253 nm
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surface

Fig. 2 Imaging the glycocalyx of red blood cells (RBC) and endothe-
lial cells (EC). The upper row shows the experimental protocol. The
middle row displays RBC scans, and the lower row, EC scans. In a first
step, RBC/EC are imaged (images A). Then, heparinase is added, and
RBC/EC images are generated after 30 min (images B). In off-line
mode, the respective images are electronically subtracted from each
other which results in a differential image (image C) exhibiting the

heparinase-sensitive portion of the glycocalyx. For analyses, a refer-
ence point on the glass surface is chosen, from which individual height
measurements of specific locations on the RBC/EC surface can be
made. The numbers in the individual images are height values (in
nanometer) obtained at corresponding RBC/EC sites. The annular
collar shown in the RBC differential image (image CRBC) is probably
an artifact due to AFM tip convolution
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heparan sulfate residues. The respective differential images
(image C in Fig. 2) disclose the glycocalyx, or more pre-
cisely, that portion of the glycocalyx which was cleaved by
heparinase I. The cells were fixed by glutaraldehyde before
the cleavage measurements and scanned in fluid. This ex-
perimental approach has two advantages: on the one hand,
the overall shape of the RBC/EC remains unaffected by the
scan forces (i.e., no changes of the fixed (rigid) cell body)
and insensitive to heparinase treatment. On the other hand,
the glycocalyx (i.e., the gel-like surface layer) of the fixed
cells is still sensitive to enzyme treatment. Thus, the differ-
ence between the images generated before and after enzyme
treatment is made up only by changes of the glycocalyx.
Therefore, the differential images (A−B=C, Fig. 2) should
reflect the surface layers removed by the enzyme treatment.
The time course of the glycocalyx breakdown after addition
of heparinase was monitored in six individual RBC and EC
(Fig. 3a, b). Glycocalyx breakdown due to the enzymatic
cleavage of the heparan sulfate residues is indicated by the
change in the respective RBC/EC heights after heparinase
treatment. Furthermore, adhesion forces were measured by
means of a negatively charged glass particle AFM tip before

(control) and 20 min after heparinase treatment (Fig. 3c, d).
In both cell types, RBC and EC adhesion forces significant-
ly increased, indicating that the surfaces lost negative
charges (i.e., heparan sulfate residues) when treated with
heparinase. These observations led us to test the “physical”
cross talk between eGC and rGC.

Monolayers of endothelial cells cultured in flasks were
exposed to whole blood for 5 h (Fig. 1). As described in
“Methods,” the flasks were mounted on a rocking table
dragging the blood rhythmically forth and back across the
endothelial surface (drag force treatment). Rhythm and tilt
angle were adjusted so that this maneuver should generate
maximal drag forces exerted from the blood overlay onto the
EC monolayer (see “Methods” for details). After this treat-
ment, rGC and eGC were analyzed by atomic force micros-
copy methods. Figure 4 shows the results obtained in RBC.
RBC volume (due to the loss of heparin sulfate residues)
decreases in response to heparinase treatment. The magni-
tude of this decrease, however, is quantitatively different,
depending on whether the RBC were harvested from an
endothelium pretreated with heparinase (damaged endothe-
lium) or harvested from an intact EC monolayer (intact
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Fig. 3 Height and adhesion force changes in RBC and EC. a Changes
of individual RBC heights (in nanometer) in response to heparinase. b
Changes of individual EC heights (in nanometer) in response to
heparinase. Each point represents the mean value of ten height mea-
surements at different sites of one individual red blood cell. c Mean

values (n=20, ±SEM) of RBC pull-off forces (in nanonewton) before
(control) and 20 min after heparinase treatment (P<0.01). d Mean
values (n=20, ±SEM) of EC pull-off forces (in nanonewton) before
(control) and 20 min after heparinase treatment (P<0.01). Insets in c
and d illustrate the experimental procedure
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endothelium). RBC exposed to damaged endothelium lose
more glycocalyx (i.e., heparin sulfate) during the drag force
treatment as compared to RBC exposed to intact endotheli-
um. In another series of experiments, whole blood
containing damaged RBC (i.e., RBC pretreated with
heparinase) was exposed to intact endothelium following
the same experimental protocol. Now, the EC surfaces were
evaluated (Fig. 5). EC volume decreases in response to

heparinase treatment. However, in analogy to the experi-
ments described above, the glycocalyx of the (initially)
intact endothelium shrinks, when exposed to damaged
RBC during the drag force treatment. This shrinkage is
quantitatively more prominent compared to the experiment
where intact endothelium was exposed to intact RBC.
Figure 6 shows an analysis of the glycocalyx height values.
It becomes apparent that a damaged partner (either damaged

3 3 Δ RBC volume = 8 µm3

3 3 Δ RBC volume = 4 µm3

A B  C

A’ B’ C’

before heparinase after heparinase differential image

before heparinase after heparinase differential image

intact RBC after exposure to intact endothelium

intact RBC after exposure to damaged endothelium

Fig. 4 RBC imaging after
physical contact with the EC
monolayer. An individual red
blood cell was imaged before
(A/A′) and 30 min after (B/B′)
heparinase treatment. The
heparinase-sensitive portion of
the RBC glycocalyx (given as
Δvolume) was identified
(differential images C/C′) after
exposure of intact RBC to
either intact endothelium (upper
row) or damaged endothelium
(lower row)

intact endothelial cell after exposure to intact RBC

3 3 Δ endo volume = 24 µm3

A  B    Cbefore heparinase after heparinase differential image

intact endothelial cell after exposure to damaged RBC

3 3 Δ endo volume = 3

A’ B’ C’before heparinase after heparinase differential image

Fig. 5 EC imaging after
physical contact with the whole
blood. Part of an individual EC
was imaged before (A/A′) and
30 min after (B/B′) heparinase
treatment. The heparinase-
sensitive portion of the EC
glycocalyx (given as Δvolume)
was identified (differential
images C/C′) after exposure of
intact endothelium to either
intact RBC (upper row) or
damaged RBC (lower row)
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RBC or damaged EC) alters the surface properties of the
(initially) intact partner. Figure 7 summarizes the height
values of the RBC/EC “pairs.” There is a strong correlation
between rGC and eGC height values. The data indicate that
rGC and eGC physically interact with each other. It appears
likely that the endothelial surface layer leaves its

“fingerprints” on the RBC surface and vice versa. Given
are mean values +/- SEM (number of single measurements
12-15; see figure 6).

Discussion

The luminal wall of all blood vessels is lined by a thin cell
monolayer, the vascular endothelium. This EC layer serves a
number of important functions. It is (a) a selective mechanical
barrier between blood and tissue [15, 41], (b) a biochemically
highly active cell layer in the control of blood clotting process-
es [40], and (c) a key regulator of vascular smooth muscle tone
[21]. The luminal EC surface is covered by a gel-like anionic
biopolymer, the endothelial glycocalyx [29, 31, 46]. This
negatively charged surface layer, hundreds of nanometer in
thickness, prevents the unspecific adhesion of circulating
blood cells, slows down blood flow in the capillary system
[30], and selectively controls endothelial permeability [17, 24].

There is evidence that the endothelial glycocalyx is not
homogeneous in structure. Three glycosaminoglycans, name-
ly, heparan sulfate, chondroitin sulfate, and hyaluronan, par-
ticipate in the control of adhesion processes, blood flow, and
vascular permeability. While chondroitin sulfate and
hyaluronan are located close to the endothelial plasma mem-
brane, heparan sulfate is supposed to be located more at the
“edge” of the glycocalyx directly facing the blood stream [9].
Thus, the negatively charged heparan sulfates, located right at
the interface between “moving blood” and “resting vessel
wall,” are most likely key elements signaling changes in shear
stress, blood flow, and composition of the blood to the under-
lying endothelial monolayer [45]. This explains the severe
medical problems that can occur when the glycocalyx is
damaged. Among them are vascular permeability changes
during inflammatory processes [3] of endothelial dysfunction
in chronic kidney failure [43] and atherothrombosis [23].

One of the major functions of the glycocalyx, and in
particular of the negatively charged heparan sulfate residues
directly facing the streaming blood, is to prevent RBC from
getting attached to the endothelial surface. Similarly as the
vascular endothelium, erythrocyte membranes are covered by a
glycocalyx which, besides sialic acid [6], also contains nega-
tively charged heparan sulfates [5, 16, 44]. Thus, a poor adhe-
siveness of RBC to EC is explained by electrostatic repulsive
forces caused by the zeta potential as described for RBC [13].
Over the 120 days life span of an individual red blood cell, the
erythrocyte membrane gradually ages as indicated by a de-
crease in glycocalyx thickness [11, 22]. This is not unexpected
because RBC lack nuclei and thus cannot compensate any
losses of surface molecules in the long run. In addition, RBC
mechanical stress is particularly high during turbulent blood
flow at bifurcations of large arteries and during slipping
through the narrow capillaries. The present study indicates that
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rGC and eGC “on contact”may influence each other. ECwith a
charge-depleted surface lead to RBC with similar properties
and vice versa. The reason for this adaptation process is most
likely a mechanical interaction between RBC and EC [10, 35].
In vivo, this is caused by the streaming blood. In the present in
vitro study, this was simulated by rhythmically rocking the
culture flasks (i.e., drag force treatment).

The atomic force microscope [2] is a suitable tool for
imaging the surface layer and measuring adhesion forces of
RBC and EC. A technical prerequisite for imaging glycocalyx
thickness, volume, and adhesion properties is that although
cells have been fixed (glutaraldehyde) prior to the experi-
ments, the heparan sulfates of the surface layers can be still
enzymatically cleaved. In other words, the (dead) cell body
remains unaffected, while the glycocalyx can still be manip-
ulated. Such a scenario allows differential imaging (i.e., gen-
erating “net” images by the electronic subtraction of two
corresponding images) and, thus, identification of the cleaved
parts of the glycocalyx. Using this approach, the height reso-
lution (z-axis) is in the range of 10 nm which is at least ten
times above the resolution of confocal fluorescence imaging
[48]. Besides, imaging atomic force microscopy was used as a
mechanosensor similar as described previously [47]. By using
negatively charged mechanosensors made of pure silica, the
cleavage of heparan sulfates can be followed continuously as
indicated by changes in adhesion probability. Taken together,
atomic force microscopy provides information on glycocalyx
thickness, shape, and, indirectly, electrical charge in a reason-
able resolution.

The “cross talk” between RBC and EC could have rele-
vance for the progression of cardiovascular diseases and in
medical diagnostics. Extrapolating the in vitro results to in
vivo conditions, it can be assumed that a vicious cycle could
start when either RBC or EC surface layers are damaged by
any reason. There is supporting evidence that “poor” vascular
function is often found in parallel with poor RBC conditions.
Uremic patients suffer from endothelial dysfunction, loss of
glycocalyx barrier [43], and anemia. Although the latter is
explained by a lack of renal erythropoietin, RBC membranes
were found abnormal, and RBC life span reduced [38, 39]. A
similar parallelism (i.e., endothelial dysfunction combined
with RBC abnormalities) can be observed in sepsis [34],
genetic hypertension [28], sickle cell anemia [12], and malaria
[44]. These observations support—though do not prove—the
hypothesis that the physical interaction between erythrocyte
and endothelial surfaces becomes relevant in pathophysiolog-
ical states, i.e., a damaged endothelial surface damages the
erythrocyte surface and vice versa.

The observation that the RBC surface reflects the condi-
tion of the corresponding endothelial surface could be also
relevant for medical diagnostics. It is known for decades
that the erythrocyte sedimentation rate (ESR) inversely cor-
relates with the RBC zeta potential [14]. An increased ESR

corresponds to a decrease in the RBC zeta potential com-
monly used as an unspecific indicator for ongoing inflam-
matory processes of a patient. Regarding the current in vitro
data, it is tempting to speculate that the ESR reflects, to
some extent, the condition of the inner blood vessel wall in
the course of inflammatory processes.

In conclusion, the RBC surface “reports” on the
surface of the vascular endothelium. Thus, a blood
sample could give insight into the surface properties of
endothelial cells.
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