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ABSTRACT: The glycocalyx of endothelial cells is a dynamic, gel-
like layer of glycoproteins, proteoglycans, and glycolipids that lines
the luminal surface of blood vessels, playing a critical role in vascular
permeability, mechanotransduction, and protection against shear
stress. In this study, we investigated the in vitro adhesion of giant
unilamellar vesicles (GUVs) composed of 1,2-dioleoyl-3-trimethyl-
ammonium-propane (DOTAP) and 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC). Specifically, we examined mildly positively
charged DOTAP-DMPC (20:80) GUVs, based on positively charged
DOTAP and neutral DMPC but exhibiting an overall mild positive
charge in physiological buffer, and neutral DMPC GUVs, which show
a negative charge in physiological buffer. Adhesion to human
umbilical vein endothelial cells (HUVEC) was studied under three culture conditions: dynamic (intact glycocalyx), static
(underdeveloped glycocalyx), and glycocalyx-shed (degraded glycocalyx). Vesicles were produced via electroformation, stained with
Texas Red dye, and perfused over endothelial cells at a controlled velocity to simulate slow blood flow. Adhesion was tracked using
fluorescence microscopy combined with cell segmentation techniques. Adhesion of DOTAP-DMPC vesicles was significantly
enhanced�by approximately 3.5-fold�on glycocalyx-shed cells compared to cells with an intact glycocalyx. In contrast, DMPC
vesicles showed no adhesion under any condition. Analysis of vesicle size distributions revealed no significant differences between
adherent and nonadherent vesicles or between DOTAP-DMPC and DMPC vesicles. These findings provide insights into the role of
the endothelial glycocalyx in regulating adhesion, with potential implications for tumor cell interactions with the endothelium and
mechanisms underlying DOTAP-based transfection.

■ INTRODUCTION
Cationic 1,2-dioleoyl-3-trimethylammonium-propane
(DOTAP) vesicles are commonly used in transfection to
facilitate the delivery of genetic material into cells. These
vesicles form lipoplexes by encapsulating DNA or RNA,
allowing the genetic material to cross cell membranes
efficiently.1,2 The positive charge of DOTAP vesicles interacts
with the negatively charged nucleic acids, creating a stable
complex that can be endocytosed by target cells. This method
is widely used in gene therapy research, vaccine development,
and molecular biology studies due to its effectiveness in
delivering nucleic acids into a wide variety of cell types.3−5

For endocytic uptake or fusion, DOTAP vesicles must first
adhere to the cell membrane to deliver their genetic cargo.
However, for endothelial cells subjected to physiological
conditions, particularly the application of shear stress, the
presence of the endothelial glycocalyx and changes of the
membrane properties significantly alter this interaction.6−10

The endothelial glycocalyx is a highly specialized, carbohy-
drate-rich layer that coats the surface of endothelial cells. It
consists mainly of proteoglycans, glycosaminoglycans (GAGs),
and glycoproteins.11 Proteoglycans, such as syndecans and
glypicans, anchor the glycocalyx to the cell membrane, while

GAGs like heparan sulfate contribute to its negative charge,
which is key to many of its functions.12 This negative charge
helps create an electrostatic barrier that influences how
molecules interact with the cell surface, attracting water and
ions while repelling or controlling the movement of other
molecules.13,14 The glycocalyx regulates vascular permeability,
acting as a selective barrier for solutes and proteins, and plays a
key role in preventing unwanted adhesion of blood cells and
platelets. Additionally, it is essential in mechanotransduction,
as it senses and transmits shear stress signals from blood flow
to the underlying endothelial cells.15

The glycocalyx is formed and maintained when endothelial
cells are exposed to shear stress for a specific duration, which is
typically several hours to days.16 When shear stress is absent or
significantly reduced, endothelial cells begin to shed or degrade
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their glycocalyx within a few hours, leading to a vulnerable
exposure of the endothelium.17−19 This shear stress not only
influences the glycocalyx but also plays a significant role in
altering the physical properties of the endothelial cell
membrane, particularly its fluidity. Under sustained shear
stress, the cell membrane becomes more fluid, allowing for
greater flexibility and adaptability in response to mechanical
forces.20,21 Shear stress can also affect the lipid composition of
the membrane, further promoting a transition from a more
ordered, gel-like phase to a more disordered, fluid phase.22

This shift enhances the lateral mobility of lipids and membrane
proteins, facilitating processes such as adhesion properties and
therefore also have a direct effect on endocytosis and vesicle
fusion.23−25

In this study, we investigate how shear stress and the
presence of the glycocalyx impact the adhesion of DOTAP-
DMPC (20:80) giant unilamellar vesicles (GUVs), which show
a mild positive charge in Dulbecco’s phosphate-buffered saline
(DPBS) and normally uncharged 1,2-dimyristoyl-sn-glycero-3-
phosphatidylcholine (DMPC) GUVs, which show a negative
charge in the buffer, to in vitro cultured human umbilical vein
endothelial cells (HUVEC). To explore this, we compare
vesicle adhesion under three distinct culture conditions: (1)
cells cultured under dynamic conditions that maintain an intact
glycocalyx Figure 1A, (2) cells cultured under static conditions,
where the glycocalyx is underdeveloped Figure 1B, and (3)
cells cultured dynamically but incubated without shear flow,
resulting in glycocalyx shedding before the adhesion experi-
ments Figure 1C. These conditions allow us to evaluate how
the presence or absence of the glycocalyx, along with changes
in membrane dynamics, influence the interaction between the
vesicles and the endothelial cells.
Our results show that adhesion to glycocalyx-shed cells

increased by approximately 3.5 times compared to both
statically and dynamically cultured cells with an intact

glycocalyx, which exhibited no significant differences in
adhesion. In contrast, no adhesion was observed when using
pure DMPC vesicles in the same experiment.

■ MATERIALS AND METHODS
Cell Culture and In Vitro Dynamic Conditions.

Commercially available HUVEC (product number PB-CH-
190-8013), pooled from multiple donors and obtained from
PELOBIOTECH (Planegg, Germany), were used along with
endothelial cell culture medium (Product number PB-MH-
100-2100) from the same supplier. The cells were maintained
at 37 °C in a humidified atmosphere with 5% CO2 and were
used between passages 2 and 5. For each experimental
condition�dynamic conditions with an intact glycocalyx,
static conditions without a well-developed glycocalyx, and
dynamic conditions with a shed glycocalyx�cells from the
same passage and batch were used to ensure consistency.
Different batches of pooled cells were used for each set of
experiments.
Cells were seeded at the manufacturer recommended

concentrations of 2 × 105 cells/ml for static conditions and
1 × 106 cells/ml for dynamic conditions in ibidi (Martinsried,
Germany) polymer-bottom channel slides (height: 800 μm,
product number 80196) coated with rat tail collagen type I
(product number CLS354236) from Cornig (New York,
United States). HUVEC under dynamic and shed conditions
were cultured for 6 days under a constant, unidirectional shear
stress of 6 dyn/cm2 using an ibidi pump system. For the shed
condition, cells were disconnected from the pump 2 h prior to
the experiment to allow for glycocalyx degradation. Cells under
static conditions were seeded 6 days prior to the experiment
and were not exposed to shear stress. The cell culture medium
was changed every 2 days, and to prevent glycocalyx
degradation during dynamic conditions, the pump system

Figure 1. Schematic illustration of culture conditions and adhesion of mildly positively charged DOTAP-DMPC GUVs and DMPC GUVs. (A)
Dynamically cultured HUVEC with a well-developed glycocalyx are exposed to GUVs (B) statically cultured HUVEC with an underdeveloped
glycocalyx are exposed to GUVs. (C) Dynamically cultured HUVEC which shed the glycocalyx due to flow interruption are exposed to GUVs.
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was positioned next to a sterile bench to enable rapid medium
changes within approximately 30 s.
The integrity of the glycocalyx under dynamic conditions

was verified using staining with commercially available Alexa
Fluor 555 conjugated wheat germ agglutinin (WGA) (product
number W32464) also purchased from Thermo Fisher, as
described in the Supporting Information section. This method
ensured accurate assessment of glycocalyx presence and
condition across experimental setups. We observed a
significant difference in Alexa Fluor 555 staining intensity
among the three culture conditions. Dynamically cultured cells
exhibited an intensity more than four times higher than that of
statically cultured cells and more than twice as high as cells
under shedding conditions.

Adhesion Measurement of GUVs on the Cell Surface.
Positively and neutrally charged GUVs, stained with Texas Red
dye, were generated via electroformation and used to assess
their adhesion to the cell surface, depending on the presence of
an intact glycocalyx and the cultivation method. Imaging was
performed using a ZEISS Axio Observer 7 microscope
equipped with a 10× magnification objective.

Preparation of the GUVs. An incubation chamber with a
volume of 6.2 mL made of two zinc-oxide coated glass slides
and a Teflon spacer with a thickness of 5 mm and two holes
was used to produce the GUVs. The glass slides and spacer
were first cleaned in isopropyl alcohol using an ultrasonic bath
for 30 min, rinsed with ultrapure water, and dried with
nitrogen airflow. DMPC (product number 850345) and
DOTAP (product number 890890) lipids purchased from
Avanti Polar Lipids (Alabaster, Alabama, United States) were
diluted in chloroform to a concentration of 10 mg/mL
(DMPC and 20:80 DOTAP-DMPC mix), with 5% Texas Red
DHPE (product number T1395MP) bought from Thermo
Fisher (Waltham, Massachusetts, United States), added for
fluorescence. After mixing, 50 μL of the lipid solution was
applied to the uncoated surface of one slide, and the other slide
was placed on top. The slides were pulled apart to create a thin
lipid film and dried in a vacuum desiccator for 10 min. The

Teflon spacer was then positioned between the slides, which
were clamped together, and a sucrose (Sigma-Aldrich Chemie
GmbH, Taufkirchen, Germany, product number 1076871000)
solution, adjusted to 0.01 M was injected to fill the chamber.
The chamber was placed in a heat bath with a temperature 10
°C above the phase transition temperature of DMPC (24.1
°C) and a frequency generator was connected to apply a 1 V
square wave signal at 10 Hz for 15 min, followed by the same
signal with an increased amplitude of 4 V for 2 h. Afterward,
the vesicle suspension was collected and stored the dark in an
aluminum foil-wrapped vial protected from light to prevent
bleaching at 8 °C, where it could be kept for several weeks.

Experimental Setup. A funnel used as a reservoir was
screwed into one side of the channel slides. The opposite side
was connected to a 1.6 mm inner diameter tube, which was
attached to another syringe placed in a syringe pump. A flow
rate of 20 μL/min, corresponding to a flow velocity of 5 mm/
min in the channel, was set with the pump operating in reverse
mode to draw fluid into the syringe. Experiments were
conducted consistently in the center of the channel slide,
where, according to ibidi (application note 3), the shear stress
is uniform at approximately τ ≈ 0.70 dyn/cm2 within the area
captured by the microscope. The stage incubator was
preheated to 37 °C, and the microscope objective was
positioned at the center of the channel, capturing an image
of the cells in phase contrast. The vesicle solution was diluted
1:25 with 1x DPBS (Product number D8537-6X500ML) from
Sigma-Aldrich and introduced into the reservoir. The vesicle
solution was manually pumped into the channel until it
reached the area under the microscope objective. The focus
was then adjusted to ensure the vesicles on the cell surfaces
were clearly visible, and a reference image was captured to
identify the initial number of vesicles N0. Once the pump was
started, images were taken every 30 s, continuing until a total
of 25 images had been recorded.

Image Analysis. To ensure accurate measurement of
GUVs adhering to the cell surface rather than the bottom of
the channel slide, a phase-contrast image of the cell layer was

Figure 2. Exemplary fluorescence image analysis of vesicles adhering to the surface. (A1−A3) Grayscale images captured at 30, 90, and 150 s,
showing fluorescent signals from Texas Red-stained vesicles. (B1) Vesicle detection using Cellpose 2.0, with red circles indicating vesicles identified
in the focal plane. (B2) Adherent vesicles, those that remained stationary, are marked by green squares. (B3) Increasing number of adherent
vesicles over time.
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captured before the experiment. This image was then
segmented using the Cellpose 2.0 algorithm,26 as illustrated
in Figure 4 A1 and A2.
Cellpose 2.0 was also used to analyze lipid vesicle adhesion

by tracking the number of vesicles on a cell layer throughout
measurements by identifying masks and diameters in images,
counting detectable adherent vesicles as well as cells, assessing
cell confluence.
As demonstrated in Figure 2 the customized script creates

objects with attributes like position and radius from individual
masks, where position is the mean of pixel positions, and radius
assumes a circular shape. These objects help compare positions
to track vesicle adhesion. By comparing vesicle positions in
consecutive images within a tolerance radius, the script
identifies whether a vesicle adheres to the surface. Adherent
vesicles, detected over a specified period, are subclassed and
characterized by attributes like the detection time and
consistency across images. The complete script is available at
https://github.com/DavidWoerle/celladhesion for reproduci-
bility.

Confocal Microscopy. A Stellaris 5 confocal microscope
with 63× magnification was used to obtain additional detailed
data on the position and morphology of the vesicles. The
membrane of cells in channel slides where vesicle adhesion had
already been measured was stained with Laurdan for this
purpose.
Laurdan bought from Sigma-Aldrich (product number

40227) was diluted to 5 mg/mL in chloroform and then
exposed to a continuous flow of nitrogen for 30 min to
evaporate the chloroform. After that, 500 μL of DMSO
(product number 4-X) purchased from ATCC (Manassas,
Virginia, United States) was added and placed in an ultrasonic
bath for 30 min at a temperature of 50 °C. The Laurdan
solution was finally mixed with 50 mL HUVEC cell culture
medium.
The staining process involved replacing the cell culture

medium in the pump system with Laurdan solution. For
statically cultured cells, this required connecting them to the
pump system, while shed cells were stained after stopping the
flow. Flow was resumed to allow dye incubation for 2 h.
Afterward, the channel slide was rinsed sequentially with 2 mL
of DPBS and 2 mL of medium to remove excess dye and
prepare the cells for imaging.
Laurdan-stained cells were illuminated with a 405 nm laser,

while a white light laser at 569 nm was used to excite the Texas
Red-labeled vesicles. The channel slides were mounted on the
microscope stage, and cells were first located with a 20×
magnification. The bottom of the slides was then identified
precisely using the 63× magnification. A z-scan was conducted,
capturing images at 0.5 μm intervals from the bottom of the
slide upward until no more cells or vesicles were visible.

Cytometer Measurements for Vesicle Size Compar-
ison. A Beckman Coulter CytoFlex (Brea, California, United
States) cytometer was utilized to measure the Forward
Scattering Area (FSC-A) of the giant unilamellar vesicles
(GUVs) used in the experiment. For this analysis, 100 μL of
vesicle solution was introduced into the cytometer, which
operated at a flow rate of 30 μL/min.

Zeta Potential Measurement. To assess the surface
charge characteristics of the GUVs in the used experimental
solution, a Zetasizer Ultra (Malvern Panalytical, Worcester-
shire, United Kingdom) was utilized to measure the zeta

potential at 37 °C. Three runs for each DMPC and DOTAP-
DMPC GUVs were performed.

■ RESULTS
To establish a metric for quantifying the adhered vesicles the
total number of adherent GUVs Nadh per image, as well as the
overall count N0 of detected objects on the first image without
active perfusion are counted. A normalization method accounts
for vesicle concentration, yielding an adhesion quotient

=A
N
N

adh

0

as a measure of GUV adhesion. The confluence of the cell layer
is critical, with only vesicles adhering to the cell lawn
considered relevant.
Figure 3 shows the contrasting adhesion behaviors of pure

DMPC vesicles and 20:80 DOTAP-DMPC vesicles on the

HUVEC layer under different culturing conditions. To account
for the potential reduction in adhesion area in statically
cultured cells, as seen in the segmentation of Figure 4A,
additionally the adhesion coefficient was normalized by
dividing it by the percentage of confluency (yellow column
in Figure 3).
For DMPC vesicles, no adhesion was observed across all

conditions (static, dynamic, or shed), highlighting their inert
interaction with the endothelial layer.
In contrast, the 20:80 DOTAP-DMPC vesicles displayed

more complex adhesion dynamics. Adhesion coefficients for
both statically and dynamically cultured cells ranged from 0.77
to 1.44, with no significant difference, even after the
normalization for the confluency differences. However, under

Figure 3. Adhesion coefficients of GUVs adhering to the cell surface.
HUVEC under the shedding condition show significant increase of
mildly positively charged DOTAP-DMPC (20:80) GUV adhesion in
comparison to dynamic and static culture conditions. Cells under
dynamic and static culture conditions show no significant difference
between each other. No adhesion could be measured for pure DMPC
GUVs, regardless of the culture method. The sample size of analyzed
slides was N = 6 for dynamically cultured cells, N = 6 for statically
cultured cells and N = 4 for cells under the shedding condition. **: p
< 0.01, *:p < 0.05.
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shedding conditions, adhesion increased significantly, with an
average coefficient of 3.5, indicating a much stronger
attachment to the cell layer.
Statistical analyses (Table 1) included a Shapiro−Wilk test

to confirm the normality of the data and a one-way ANOVA
followed by Tukey’s multiple comparison test to assess group
differences.
Analysis of the confocal data as exemplary shown in Figure

4B revealed that the cells were found to cluster at cell−cell
junctions, indicating that these contact points may play a role
in vesicle adhesion under varying culture conditions. Notably,
a significant portion of the vesicles were adhering to the
bottom of the slide, often located between cells rather than
directly on their surfaces. These vesicles were appropriately
excluded from the count of surface-adhered vesicles.
To address potential contributions of size differences

between the different kinds of GUVs two size determinations
have been applied: a micrograph-based one and additionally a
comparison using a cytometer. The data is shown in Figure 5.
The analysis of vesicle size distributions in Figure 5A highlights
trends between nonadherent and adherent GUVs, as well as
between DOTAP-DMPC and pure DMPC GUVs.
Nonadherent GUVs exhibit a mean diameter of 9.47 μm

(±4.42 μm) and a median of 8.78 μm, based on a total of

12,484 vesicles. Adherent GUVs, in contrast, display a smaller
mean diameter of 7.10 (±3.78 μm) and a median of 6.21 μm,
derived from 1876 vesicles.
Similarly, the comparison between DOTAP-DMPC and

pure DMPC GUVs reveals a difference in size. DOTAP-
DMPC GUVs show a mean diameter of 9.16 (±4.43 μm) and
a median of 8.28 μm from 14,362 vesicles. Pure DMPC GUVs,
meanwhile, exhibit a larger mean diameter of 10.61 (±5.39
μm) with a median of 8.97 μm, though this measurement is
based on only 381 vesicles. The limited sample size for pure
DMPC GUVs reflects observations made immediately after the
sedimentation phase, as no vesicles could be identified as
adherent or temporarily adherent beyond this point.
The comparison of cytometer measurements between

DOTAP-DMPC GUVs and DMPC GUVs in Figure 5B
shows a visible overlap in size distribution, but it is clearly
evident that the DMPC vesicles exhibit a broader distribution,
indicating a larger range of vesicle sizes. For each sample, data
from 10,000 vesicles were recorded, with event rates of 41
events/s for the DOTAP-DMPC sample and 54 events/s for
the DMPC sample. This higher event rate for DMPC suggests
a slightly higher concentration of vesicles in the sample.
The overlap, broader distribution, and higher vesicle

concentration observed in the DMPC sample suggest that

Figure 4. Cell Layer Segmentation and GUV Positions. (A1) Phase-contrast microscopy of a statically cultured HUVEC layer before GUV
perfusion reveals loosely spaced cells lacking the cobblestone morphology typical of dynamic cultures. (A2) A segmented cell mask of the HUVEC
layer generated with Cellpose 2.0, showing significant intercellular spaces. Vesicles adhering outside these colored regions are excluded from
adherence counts in subsequent analyses. (B1) Confocal microscopy of a dynamically cultured HUVEC sample after GUV perfusion, with cell
membranes in blue and GUVs in red. The confluent cell layer demonstrates minimal vesicle adherence to cell surfaces. (B2) Confocal microscopy
of statically cultured HUVEC showing wider intercellular gaps, with numerous vesicles adhering in these spaces; however, these vesicles are
excluded from adherence counts as they are not directly bound to cell surfaces. (B3) Confocal microscopy of dynamically cultured HUVEC under
glycocalyx-shed conditions shows a highly confluent cell layer where GUVs adhere directly to cell surfaces, indicating enhanced binding.

Table 1. Summary of the Performed Statistical Analysis for the Adhesion Coefficients

descriptive statistics Shapiro−Wilk test one-way ANOVA with Tukey comparisons

category mean standard deviation N (slides) passed normality test comparison adjusted p-value

static 1.4388 1.0648 6 yes static vs dynamic 0.7138 ns
dynamic 1.0167 0.6455 6 yes static vs shed 0.01110 *
shed 3.495 1.0497 4 yes dynamic vs shed 0.002974 **
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there are sufficient GUVs of the same size as the adhering
DOTAP-DMPC vesicles present within the DMPC popula-
tion, as discussed below.
To quantify the difference in surface charge zeta potentials

of the GUVs have been measured. The DMPC GUVs
exhibited a zeta potential of −7.41 ± 0.24 mV, reflecting a
negatively charged surface under the experimental conditions.
In contrast, the DOTAP-DMPC GUVs displayed a zeta
potential of +2.29 ± 0.17 mV, showing a shift toward an
overall positively charged surface due to the incorporation of
DOTAP.

■ DISCUSSION
The Zeta potential measurements of DMPC GUVs reveal that
their surface charge becomes more negative when suspended
in an ionic buffer medium like DPBS and maintained above
their phase transition temperature, as Morini et al. reported
earlier. This behavior indicates that pure DMPC vesicles,
although zwitterionic in composition, are not entirely neutral
under these conditions. The increased negative charge can
exacerbate electrostatic repulsion between the DMPC vesicles

and the negatively charged glycocalyx and cell membrane,
preventing effective adhesion.27

The addition of positively charged DOTAP lipids, which
leads to the overall positive charge of the GUVs, introduces
electrostatic interactions between the vesicles and the
negatively charged cell membrane and glycocalyx, enabling
20:80 DOTAP-DMPC vesicles to adhere under both static and
dynamic conditions, as reflected by the observed adhesion
coefficients.28,29

During glycocalyx shedding, proteolytic enzymes cleave
glycoproteins and proteoglycans, producing negatively charged
fragments that can interact with the positively charged vesicle
surface, enhancing adhesion. Shedding not only disrupts
protein−protein interactions within the glycocalyx but also
releases proteins that could promote vesicle adhesion through
interactions with surface proteins or receptors.28,30,31 Fur-
thermore, shedding exposes membrane-associated proteins or
glycolipids with membrane-spanning domains or lipid anchors,
which may provide additional binding sites for vesicles.28,30−32

Membrane-bound proteins, such as integrins, cadherins, and
others, enable specific molecular interactions beyond simple

Figure 5. Boxplots and Histograms of Size Distribution of GUVs. (A1) Comparison of size distributions between nonadherent and adherent GUVs
for all recorded DOTAP-DMPC vesicles. The mean diameter of nonadherent GUVs is 9.47 ± 4.42 μm, with a median diameter of 8.78 μm (N =
12,484 vesicles). For adherent GUVs, the mean diameter is 7.10 ± 3.78 μm and the median is 6.21 μm (N = 1876 vesicles). (A2) Comparison of
size distributions between DOTAP-DMPC GUVs and pure DMPC GUVs. The mean diameter of DOTAP-DMPC GUVs is 9.16 ± 4.43 μm, with a
median of 8.28 μm (N = 14,362 vesicles). In contrast, pure DMPC GUVs have a mean diameter of 10.61 ± 5.39 μm and a median of 8.97 μm (N =
381 vesicles). The dots above the whiskers represent the outliers. (B1) FSC-A of the DOTAP-DMPC GUVs, (B2) FSC-A of the DMPC GUVs.
The vesicle count for each measurement was N = 10,000. A higher FSC-A correlates with larger vesicles. The blue graph represents P1 (primary
gate to isolate the main cell population, excluding debris and doublets), gray represents all events.
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electrostatics, including receptor−ligand binding and inter-
actions mediated by membrane-associated proteins, which are
crucial for adhesion under both static and dynamic
conditions.33,34

Shedding exposes these surface proteins that normally lie
beneath the glycocalyx, which can further facilitate vesicle
adhesion. This may explain why vesicles adhere more
effectively even when the glycocalyx is present in a modified
or reduced state. Thus, the ability of the cell membrane to
provide multiple interaction points beyond just charge-based
adhesion suggests that it plays a more influential role in vesicle
adhesion than the glycocalyx alone.35,36

In addition to the presence of these proteins, the lipid
composition and organization of the cell membrane, including
the formation of lipid rafts�possibly due to the cultivation
under shear stress�can also contribute to adhesion. Lipid
rafts, which are microdomains rich in cholesterol and
sphingolipids, may act as preferential docking sites for vesicles
due to their ability to concentrate adhesion-related proteins.
These membrane regions could serve as key platforms for
vesicle interaction, allowing for strong adhesion independent of
the glycocalyx.37,38

Another important aspect to consider is the vesicle diameter.
The size distributions of adherent and nonadherent GUVs, as
well as those of the DMPC and DOTAP-DMPC GUVs, show
significant overlap. This indicates that the observed differences
cannot predominantly be driven by size variations. The vesicle
sizes in this study also align with the typical diameters of
circulating tumor cells (CTCs), which range between 8 and 20
μm.39 This similarity is particularly relevant because it suggests
that the mechanisms governing vesicle adhesion to endothelial
cells may also provide insight into how CTCs interact with the
endothelium during metastasis.

■ CONCLUSION
This study highlights the pivotal role of the endothelial
glycocalyx in regulating vesicle adhesion, as evidenced by the
distinct behavior of vesicles: negatively charged DMPC vesicles
in DPBS, despite being composed of lipids that are supposed
to be neutrally charged, and mildly positively charged DOTAP-
DMPC (20:80) vesicles, formed from a combination of
positively charged DOTAP and DMPC. The negatively
charged glycocalyx of HUVEC repels the negatively charged
DMPC vesicles, preventing adhesion under both static and
dynamic conditions. However, incorporating positively charged
DOTAP lipids enables vesicle adhesion by introducing
electrostatic interactions with the cell membrane. Notably,
vesicle adhesion significantly increases when the glycocalyx is
shed, possibly exposing additional binding sites and mem-
brane-associated proteins that further enhance vesicle attach-
ment.
The findings highlight that vesicle surface charge, as well as

the condition of the endothelial glycocalyx, are critical factors
in determining vesicle adhesion to the endothelium.
Furthermore, the observed size of these vesicles aligns with
known size distributions of circulating tumor cells, offering
potential insights into the processes of early metastatic
adhesion. Further exploration into glycocalyx modulation and
its impact on cell adhesion properties could advance the
understanding of vesicle and cell interactions with the
endothelium, with possible implications for drug delivery,
vascular health, and metastasis.
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