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Purpose: To study whether the absence of laminar shear stress (LSS) enables the uptake of very small superparamagnetic iron oxide 
nanoparticles (VSOP) in endothelial cells by altering the composition, size, and barrier function of the endothelial surface layer (ESL).
Methods and Results: A quantitative particle exclusion assay with living human umbilical endothelial cells using spinning disc 
confocal microscopy revealed that the dimension of the ESL was reduced in cells cultivated in the absence of LSS. By combining gene 
expression analysis, flow cytometry, high pressure freezing/freeze substitution immuno-transmission electron microscopy, and con
focal laser scanning microscopy, we investigated changes in ESL composition. We found that increased expression of the hyaluronan 
receptor CD44 by absence of shear stress did not affect the uptake rate of VSOPs. We identified collagen as a previously neglected 
component of ESL that contributes to its barrier function. Experiments with inhibitor halofuginone and small interfering RNA (siRNA) 
demonstrated that suppression of collagen expression facilitates VSOP uptake in endothelial cells grown under LSS.
Conclusion: The absence of laminar shear stress disturbs the barrier function of the ESL, facilitating membrane accessibility and 
endocytic uptake of VSOP. Collagen, a previously neglected component of ESL, contributes to its barrier function.
Keywords: citrate coated nanoparticles, atherosclerosis, blood flow, endothelial barrier, permeability, internalization

Introduction
Electrostatically stabilized very small superparamagnetic iron oxide nanoparticles (VSOP) are potentially valuable for 
magnetic resonance imaging (MRI) of atherosclerosis.1–3 VSOP have a size of ~7 nm and are electrostatically stabilized 
by a monomeric citrate layer.4 VSOP have progressed through clinical development up to Phase II as a contrast agent for 
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MRI.5 It was demonstrated that the concentrations of intravenously injected VSOP sufficient for MRI of atherosclerotic 
plaques in mice did not lead to any detectable toxic effects in cells and tissues.6

Experiments on atherosclerotic low-density lipoprotein receptor-deficient (LDLR−/−) mice revealed the mechanism of 
VSOP uptake in atherosclerotic lesions. LDLR−/− mice with advanced atherosclerosis were analyzed using MRI and 
transmission electron microscopy (TEM) at different time points after intravenous injection of VSOP. Post mortem MRI 
detected VSOP labeling of atherosclerotic plaques, 10 min after injection, with increasing signal changes over the first 3 
h. TEM revealed that the rapid plaque labeling was caused by accelerated transcytosis of VSOP through ECs covering 
plaques. Prior endocytosis, VSOP appeared to cluster at the endothelial surface near the membrane. This led us to 
hypothesize that the endothelial surface layer (ESL) is decisive for the uptake and that the rapid MRI visualization of 
plaques by VSOP is mainly due to the impaired barrier function of the endothelium in the diseased vessel.3 In the plaque, 
VSOP are eventually detectable in macrophages and calcifying extracellular vesicles.1,2,6 Because decreased endothelial 
function and high macrophage content are important criteria for plaque instability, VSOP-enhanced MRI could provide 
clinically important information on the composition and inflammatory status of atherosclerotic lesions and thus on the 
risk of destabilization.

Endothelial function is determined by shear forces generated by the flowing blood. Impaired laminar blood flow in 
vessel curvatures and bifurcation points contributes to endothelial dysfunction accentuating atherogenesis.7 In vitro and 
in vivo investigations suggest that the absence of laminar shear stress (LSS) results in an enhanced uptake of VSOPs by 
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endothelial cells (ECs).3 The exact changes in EC biology caused by the absence of LSS that are responsible for the 
increased VSOP uptake are not known.

ECs are covered by the endothelial glycocalyx. The name glycocalyx refers to the cell membrane coating consisting 
of proteoglycans (PGs), glycosaminoglycans (GAGs) and glycolipids.8 The glycocalyx is assumed to interact with blood 
serum components that together with the cellular glycomolecules form the hydrogel-like endothelial surface layer.9 The 
ESL of each vessel type has unique characteristics that can significantly influence the behavior of the endothelium in both 
physiological and pathological states. It plays an important role in numerous physiological processes, such as preventing 
blood cells and platelets from attaching to the vessel wall and transmitting shear forces (mechanotransduction). The ESL 
serves as a selective permeable barrier that regulates the passage of material between the blood and underlying ECs. 
Dysregulation of ESL permeability is a critical step in the initiation and progression of atherosclerosis.10 It has been 
previously shown that a decrease in wall shear stress and an increase in local inflammation alter the structure, 
composition and permeability of the ESL in arteries.11 The changes of the ESL are a result of altered gene expression 
leading to a change in the 3D arrangement of PGs and associated GAGs on the EC surface.12,13 We hypothesize that the 
composition of the ESL influences the uptake of VSOP into the diseased tissue via the activated endothelium.

For nanoparticles to be internalized, they must initially navigate through the ESL. The passage of nanoparticles 
through the ESL relies not only on the inherent properties of the particles but also on the specific composition and 
thickness of the ESL. Investigating how specific compositional and structural alterations of the ESL influence the uptake 
of nanoparticles under varying shear stress conditions is challenging to examine in vivo. Therefore, an imperative need 
exists for a suitable in vitro model to examine the ESL in real-time under LSS in a native or near-native state.14

In this study, we investigated how the absence of LSS alters the composition, dimension and barrier function of the 
ESL in relation to the uptake of VSOPs. We present an in vitro experimental setup using quantitative particle exclusion 
assay (qPEA) to study the dimension and barrier function of the ESL of living ECs cultured under LSS using spinning 
disc confocal microscopy (SDCM). By combining gene expression analysis, flow cytometry, HPF/FS immuno-TEM, and 
CLSM, we were able to investigate LSS-induced changes in ESL composition. We identified collagen as a previously 
neglected component of the ESL that maintains physiological barrier function and influences the uptake of VSOPs.

Materials and Methods
Materials
Chemicals and solvents were obtained from Sigma-Aldrich, unless otherwise stated.

Fluorescent polystyrene spheres were passivated using a swelling-based method.15 Fluorescent Microspheres 
(Molecular Probes®, FluoSpheres®, Sulfate Microspheres, 1.0 µm, yellow-green fluorescent (505/515), 2% solids, 
Product No.: F8852, Thermo Fisher Scientific) were sonicated for 10 minutes with a Sonorex Digital 10 P Sonicator 
(Bandelin, Berlin, Germany) at 100% intensity and then mixed with 0.5 mL of a solution consisting of 180 mg Pluronic 
in 10 mL of water. Then, 10.5 µL of toluene was added, and the resulting mixture was vigorously mixed for 12 h and 30 
min at room temperature using a Vortex-Genie 2 mixer (Scientific Industries, New York, USA). The mixture was 
transferred to a 20 mL glass beaker, heated to 90–95°C in a water bath, and the toluene was evaporated with a strong 
stream of air (duration about 10 min). The residue was reconstituted with water to a total volume of 2 mL. After thorough 
mixing, the particles were centrifuged at 5000 × g for 5 min and redispersed in 1 mL water. Subsequently, the 
FluoSpheres were washed five times by centrifugation at 2000 × g for 5 min and redispersed in 1 mL of water each 
time. The sedimented microspheres were suspended in 0.5 mL of deionized water.

VSOPs, with a diameter of ~7 nm, were obtained from the Institute of Radiology, Charité-Universitätsmedizin Berlin. 
A detailed description of the synthesis and characterization of VSOP was published previously.3

Halofuginone lactate (TargetMol Cat # T8785) was resuspended in dimethyl sulfoxide (DMSO) to a 10 mM 
concentration and stored at – 80 °C.
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Endothelial Cell Cultivation and Treatments
Primary human umbilical vein endothelial cells (HUVECs) were isolated by digesting human umbilical veins with 
collagenase type II (Merck).16 HUVECs were cultivated in EC medium: MCDB 131 media (Gibco®, ThermoFisher 
Scientific, Waltham, MA, USA), supplemented with 2% (v/v) fetal calf serum (FCS, Biochrom, Berlin, Germany), 0.5 
µL/mL basic fibroblast growth factor (Biomol, Hamburg, Germany), 5 U/mL heparin (Merck), 0.1 ng/mL epidermal 
growth factor (Biomol), 1 µg/mL hydrocortisone, 10 µL/mL streptomycin (ThermoFisher Scientific), 10 µL/mL 
L-glutamine (Thermo Fisher Scientific), and 4 µL/mL endothelial cell growth supplement (Promocell, Heidelberg, 
Germany) in a humidified incubator at 37 °C with 5% CO2 concentration. HUVECs were used until passage five. The 
use of HUVECs was in accordance with local institutional guidelines and the principles of the Declaration of Helsinki 
and was approved by the Charité University Hospital Ethics Committee. The umbilical cords were collected as 
a donation from healthy delivering women after obtaining informed consent.

For cultivation under flow conditions, the Ibidi unidirectional laminar flow pump system (Ibidi, Planegg, Germany) 
with the red perfusion set with an inner diameter of 1.66 mm and a length of 15 cm at 10 dyn/cm2 was used. 160,000– 
165,000 HUVECs were seeded into IbiTreat μ-slides I 0.8 Luer (Ibidi, Planegg, Germany). For immunogold labeling 
experiments, HUVECs were seeded into Ibidi sticky-slides I 0.8 Luer (Ibidi, Planegg, Germany) attached to gelatin- 
coated (0.2%) Aclar (200 µm thick, Plano). Before exposing cells to laminar flow, static cultivation was continued for an 
additional 3 h to allow for sufficient cellular adhesion. Afterwards, HUVECs were cultivated at either 0 (S-cultivated 
HUVECs) or 10 (LSS-cultivated HUVECs) dyn/cm2 for 72 h.

For HF treatment, HUVECs seeded into IbiTreat μ-slides were first cultivated under static conditions for 2 h with 25 
nM HF in EC media with a 0.00025% DMSO concentration before being exposed to shear stress. HUVECs were 
readministered 25 nm HF every 24 h for the course of the flow experiment. To control for DMSO, a portion of HUVECs 
were administered 0.00025% DMSO every 24 h under LSS.

For siRNA transfections, 150,000–165,000 HUVECs were seeded into 6-well plates and cultured for 24 h in EC 
media. Then, cells were transfected in Opti-MEM (Gibco, Life Technologies) using OligofectamineTM (Invitrogen, 
Carlsbad, CA) with either a mixture of siRNAs against COL5A1 (siRNA ID: s3307) and COL5A2 (siRNA ID: s3310, 
Ambion®, Thermo Fisher Scientific) or a mixture of siRNAs against cluster of differentiation 44 (CD44) (siRNAs CD44: 
ID s2681, ID s2682, ID s2683; Ambion®, Thermo Fisher Scientific) according to the manufacturer’s protocol. HUVECs 
were transfected for a second time, 24 h after the first transfection. As a control, a portion of HUVECs were transfected 
with a non-targeting siRNA (SCR) (Silencer® Select negative control siRNA, Thermo Fisher Scientific). Cells trans
fected with siRNAs against COL5A1 and COL5A2 were seeded into IbiTreat μ-slides for flow cultivation 24 h after 
the second transfection. Cells transfected with siCD44 were seeded into ibiTreat μL-Slide 4-well chambers (4.8 × 104 

cells/well) 48 h after the second transfection and incubated overnight.

Quantitative Particle Exclusion Assay
Quantitative particle exclusion assay (qPEA) was performed on live endothelial cells adapting the method described by 
Chang et al 2016.17 HUVECs were preconditioned at 0 and 10 dyn/cm2 for 72 h. Live cell imaging under laminar shear 
stress was performed using a Nikon Spinning Disk Confocal CSU-X. Before imaging, nuclei were stained for 15 min 
with 0.5 µg/mL Hoechst 33342 (ThermoFisher Scientific) in EC media. Slides with preconditioned cells were connected 
to an Ibidi yellow-green perfusion set with an inner diameter of 1.6 mm and a length of 50 cm (Ibidi, Planegg, Germany) 
containing 13 mL of EC media. Next, 20 µL was taken from a sediment of passivated FluoSpheres and added to the Ibidi 
perfusion set. During imaging, HUVECs were perfused with a shear stress of 8 dyn/cm2. To allow for equal distribution 
of the particles, images were taken at least 5 min after adding the particles.

We used the nuclei as a reference point to construct a z-profile +40 µm above and −8 µm below the nuclei by 
acquiring a confocal stack with a step size of 0.3 µm using the 60x water immersion Plan Apo objective. 5–6 ROI was 
imaged per condition. After imaging the exclusion zone, cells were washed once with EC media and labeled for 5 min 
with Texas red-conjugated WGA (1 μg/mL; Molecular Probes, Eugene, OR, USA) in EC media to label the membrane 
and endothelial glycocalyx layer. WGA labeling was imaged under static conditions.
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All z-profiles were measured from confocal stacks. The quantification was performed in an automated manner using 
a custom-written ImageJ macro (segmentation) and python script (z alignment via Hoechst signal), which can be found 
on GitHub (https://github.com/ngimber/Particle_Exclusion_Assay). Z-profiles in Figure 1e–g were measured above and 
below the segmented Hoechst region in 3D stacks. Segmentation (ImageJ): Nuclei were segmented from blurred 
(Gaussian blur, sigma = 3.4 µm) maximum projections of the Hoechst channels by histogram-based thresholding 
(Otsu binarization) and watershed segmentation of the Euclidean distance map of the binary image using ImageJ. 
Registration of z-profiles (Custom Python scripts): A custom python script was designed to register all z-profiles via the 
Hoechst peak intensity over z.

All images were processed using the software package ImageJ unless otherwise stated (courtesy of W.S. Rasband, US 
National Institute of Health, Bethesda, Maryland using Fiji plugin).18

Gene Expression Analysis
For microarray analysis, cell pellets from five different donors, each grown at 0 and 10 dyn/cm2 for 72 hours, were sent 
to OakLabs (Hennigsdorf, Germany). Total RNA was isolated from HUVECs using a NucleoSpin™ RNA Plus kit 
(Macherey-Nagel, Germany). RNA quality control was performed with a 2100 Bioanalyzer (Agilent Technologies, Santa 
Clara, CA, USA). The Low Input QuickAmp Labeling Kit (Agilent Technologies, Santa Clara, CA, USA) was used to 
generate fluorescent complementary RNA (cRNA). Random oligo-dT primers were used for first-strand synthesis. 
After second-strand synthesis, in vitro transcription for synthesis of cRNA labelled with cyanine 3-deoxyuridine tripho
sphate was performed. Labelled cRNA was hybridized on an OakLabs 8x60K ArrayXS Human Agilent microarray 
(design 79,407), using an Agilent Gene Expression Hybridization Kit (Agilent Technologies, Santa Clara, CA, USA). 
Fluorescence signals were detected by a SureScan Microarray Scanner (Agilent Technologies, Santa Clara, CA, USA) at 
a resolution of 3 μm to generate 20-bit TIF files. The Agilent Feature Extraction Software v.11 (Agilent Technologies, 
Santa Clara, USA) was used for raw image file-based data extraction. The resulting raw data were analyzed using 
DirectArray Software (OakLabs, Hennigsdorf, Germany). Heat map was created using the Morpheus analysis software, 
and volcano plot was generated using Prism, software version 8 (GraphPad, San Diego, California, USA).

For quantitative PCR, RNA was extracted from HUVECs using the RNeasy® Mini Kit (QIAGEN, Hilden, Germany) 
according to the RNeasy Mini Kit Quick-Start Protocol (Qiagen). Genomic DNA was removed from lysates with DNaseI, 
and RNA was reverse transcribed using the high-capacity cDNA Reverse Transcription Kit (Applied Biosystems, Thermo 
Fisher Scientific). To quantify gene expression, TaqMan assays (Supplementary Table 1) (Applied Biosystems, Thermo 
Fisher Scientific) were used with the 7300 Real Time PCR System (Applied Biosystems, Thermo Fisher Scientific).

Western Blotting
After 72 h cultivation in IbiTreat μ-slides under LSS and S conditions, cells were washed with phosphate-buffered saline 
(PBS) and lysed with ice cold 2x RIPA buffer (4x RIPA buffer: 2% NA-Sodium deoxycholate, 200 mM Tris pH 7.5, 600 
mM NaCl, 4% NP-40, 2% SDS in dH2O) with protease inhibitors (complete, Mini Protease Inhibitor Cocktail, Merck). 
To avoid protein dilution, 110 µL of 2x RIPA buffer was added to one slide on ice, and the lysate was then transferred 
sequentially to additional IbiTreat μ-slides resulting in a pool of lysate with a relatively small volume. Lysates were 
centrifuged at 12,000 g for 20 min at 4 °C. Protein concentration was measured by using a bicinchoninic acid (BCA) 
assay (Pierce BCA Protein Assay Kit, Life Technologies). Total protein (30 µg for collagen type I alpha 2 (COL1A2) and 
10 μg for COL5A2 per lane) were separated by gradient SDS-PAGE gels (4%–12% Tris-glycine gradient gel, Novex, 
Life Technologies) and transferred to PVDF membranes via semi-dry blotting. Blots were blocked for 1 h with 5% milk 
powder dissolved in 1x Tris buffered saline, 0.1% Tween 20 solution (MP-TBST) at room temperature (RT). Next, 
membranes were probed overnight at 4 °C with the following primary antibodies: rabbit anti-COL1A2 (Abcam #96723) 
and mouse anti-COL5A2 (Origen Clone ID: #OT12H3). Primary antibodies were suspended in MP-TBST. This was 
followed by overnight incubation at 4 °C with the respective secondary antibodies conjugated with horseradish 
peroxidase (HRP) suspended in MP-TBST (mouse anti-rabbit and goat anti-mouse Santa Cruz). Signal was detected 
with ECLplus (GE Healthcare, Germany) using the Fusion Solo (Vilber Lourmat). Afterwards, membranes were stained 
with Amido black to check for equal sample loading and protein transfer.
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Figure 1 The endothelial surface layer of endothelial cells cultivated under laminar shear stress contained an exclusion zone of several micrometers. Live HUVECs labeled by WGA 
(red) displaying the morphology after (A) LSS and (B) S cultivation for 72 h imaged by SDCM. Orthogonal images taken by SDCM of live (C) LSS- and (D) S- cultivated HUVECs perfused 
with passivated 1 µm-FluoSpheres (green) and afterwards labeled with WGA (red). (E-F) Graphs depict the mean WGA, Hoechst and FluoSphere signal over the z-dimension directly 
above the nuclei of live (E) LSS- and (F) S-cultivated HUVECs. (G) Line graph comparing mean FluoSphere signal in the ESL between LSS- and S-cultivated HUVECs over the z-dimension. 
Blue shading represents region with Hoechst signal and red shading WGA signal. Mean ± SEM; n = 3. Paired two-tailed t-test on the relative intensity increase of FluoSphere signal above 
the nucleus: *P < 0.05. X-axes begin at maximum Hoechst signal and end 20 µm above maximum Hoechst signal. (H) Schematic of particle exclusion conducted under perfusion in LSS- 
and S-cultivated HUVECs. Perfused FluoSpheres are shown in green. Red color represents the region labeled by WGA, zone 1, and blue the nucleus. Zone 1 (Z1) represents the region 
labeled by WGA and Zone 2 (Z2) the region not labeled by WGA. Scale bar = 10 µm.
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To control for FCS derived collagen, we processed 10% FCS in a similar way and probed for COL1A2 and COL5A2 
(Supplementary Figure 1).

Flow Cytometry
Expression of CD44 was measured using a CyAN-ADP flow cytometer (Beckman Coulter). HUVECs were collected in 
polypropylene test tubes and centrifuged. Cells were re-suspended in 1 mL EC medium and incubated with FITC coupled 
antibodies targeting human CD44 (dilution 1:1000, CD44 rat monoclonal antibody IM7, eBioscience, Invitrogen, 
Thermo Fisher Scientific) in the dark for 15 min on ice. Summit 4.3 software was used to analyze the data.

Preservation of Human Umbilical Vein Endothelial Cells
Before fixation, HUVECs were cultivated for 72 h under LSS and S conditions.

Formaldehyde Fixation
HUVECs were washed with PBS and fixed for 10 min at room temperature with 4% formaldehyde (w/v) in PBS (Roti®- 
Histofix, Carl Roth, Karlsruhe, Germany). Cells were rinsed with 1 mL PBS afterwards.

High Pressure Freezing and Freeze Substitution
One hour before freezing, cells were incubated with Gibco Dulbecco’s Modified Eagle Medium (DMEM) supplemented 
with 10% FCS, 100 U/mL penicillin, and 100 μg/mL streptomycin (Invitrogen) or EC media with 10% FCS. Only 
samples labeled with anti-COL5A2 and imaged by CLSM were incubated with DMEM media supplemented with only 
1% bovine serum albumin for 1 h. Pieces of gelatin coated Aclar or IbiTreat polymer coverslips containing HUVECs 
were cut out of the bottom of cultivation µ-slides (Ibidi). Substrate was cut to fit into a 300 µm indented aluminum carrier 
(Specimen carriers: Ø 6.0 × 0.5 mm Type B, Nr.16770127, Leica) with cells facing upwards. The carrier was filled with 
the corresponding media and closed with the flat side of an aluminum carrier. Samples were frozen with a Leica EM ICE 
High Pressure Freezer (Leica, Wetzlar, Germany) after reaching 2100 bar under liquid nitrogen (Studer et al 2008). 
Directly after HPF, samples were freeze substituted starting at –90 °C in FS-cocktails specifically prepared for TEM or 
immuno-TEM and CLSM as previously described.19

Immunolabeling and Microscopy of Human Umbilical Vein Endothelial Cells
Fluorescence Phase Contrast Microscopy
Formaldehyde fixed HUVECs were stained for 15 min in the dark with FITC labeled antibodies targeting human CD44 
(dilution 1:1000, CD44 rat monoclonal antibody IM7, eBioscience, Invitrogen, Thermo Fisher Scientific). Nuclei were 
stained with 1 µg/mL 4′,6-diamidin-2-phenylindole (DAPI) for 10 min in the dark. Samples were imaged using 
a Keyence BZ-X810 microscope.

Confocal Laser Scanning Microscopy
HUVECs fixed with 4% phosphate buffered formaldehyde were washed with PBS and incubated overnight at 4 °C with 
primary antibodies in PBS for CLSM analysis. The next day, antibodies were removed, and HUVECs were washed with 
PBS before adding secondary antibodies. Secondary antibodies were incubated overnight at 4 °C in PBS in the dark. 
Nuclei were stained in the dark with 1 µg/mL DAPI for 10 min. Shortly before imaging, cells were labeled for 12 min 
with Texas red conjugated WGA (2 μg/mL; Molecular Probes, Eugene, OR) in the dark. Orthogonal images were taken 
every 0.25 µm, +10 µm above and –5 µm below the nucleus, at 60x in water immersion.

After HPF, a portion of samples were incubated in FS-cocktails for immuno-CLSM processing. HUVECs were 
rehydrated and immunolabeled according to the protocol by Twamley et al.19 Processed polymer coverslips were placed 
in the center of a 4-well glass bottom µ-slide (Ibidi) with a small drop of PBS to avoid floating and imaged at 40x in 
water immersion (WI Apo LWD DIC N2 λS, working distance 590–610 µm). Orthogonal images were centered around 
the nucleus with a step size of 0.5 µm.
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HUVECs were imaged with a Nikon laser scanning confocal A1Rsi+ microscope with a scan size of 1024 pixels × 
1024 pixels at ¼ frames/second. Images were processed with ImageJ software package. 3D-rendering and movie export 
was done using Arivis Vision4D.

Primary antibodies at a dilution of 1:100: Rabbit IgG polyclonal anti-COL1A2 (Abcam; #96723) and rabbit IgG 
polyclonal anti-COL5A2 (Thermo Fisher Scientific; #PA5-3880).

Secondary antibodies at a dilution of 1:500: Goat anti-rabbit/IgG (H + L) Alexa Fluor 488 (ThermoFisher: A-11008).
As a negative control, primary antibodies were omitted (Supplementary Figure 2). Culture media supplemented with 10% 

FCS was processed in parallel and immunolabeled for COL1A2 and COL5A2 for CLSM analysis (Supplementary Figure 1).

Electron Microscopy
For immuno-TEM, we combined HPF/FS-RH and pre-embedding immunogold labeling according to the protocol 
described previously by Twamley et al19 to identify the localization of COL1A2 and COL5A2 in HUVECs. For 
a comprehensive list of the primary antibodies, including their characteristics, dilution and source, please refer to 
Supplementary Table 2. All samples were flat-embedded in epoxy Epon resin, then transversally re-sliced and re- 
embedded also in Epon. Finally, 60 nm ultrathin sections from 3 to 5 repeated experiments were examined using 
a Zeiss TEM-900 equipped with a digital camera (Proscan 2K Slow-Scan CCD-Camera, Zeiss, Oberkochen, Germany) 
and ImageSP Software for electron microscopy (The TRS company, Moorenweis, Germany). Samples were processed 
without primary antibodies as a negative control (Supplementary Figure 2).

VSOP Uptake Assay
For HUVECs treated with HF or siCOLV, cells were perfused with VSOPs at a concentration of 0.75 mM for 3 h at 10 dyn/ 
cm2. For HUVECs treated with siCD44, cells were incubated with 0.5 mM VSOPs for 1 h in EC media at 0 dyn/cm2. VSOP 
uptake was visualized by Prussian blue staining. HUVECs were fixed with formaldehyde and stained with 2% (w/v) potassium 
ferrocyanide in 1% (v/v) HCl for 15 min. After staining, samples were rinsed with distilled water. Five to six images per slide/ 
well in predefined ROI were captured with a Keyence BZ-X810 microscope. VSOP uptake was calculated as the percentage of 
Prussian blue stained area per ROI. For HUVCEs treated with HF or siCOLV, a customized CellProfiler pipeline, which can be 
found on GitHub (https://github.com/HectorSaIb/Prussian-blue-stained-area-quantification) was used. For HUVECs treated 
with siCD44, Prussian blue stained areas were measured using ImageJ (NIH).

Animal Studies
All animals were conducted under protocol number 20–0835R, approved by Northeastern University Institutional Animal 
Care and Use Committee (NU-IACUC). Northeastern University’s animal care and use program is AAALAC accredited, 
has an assurance with OLAW, and is registered with the USDA. They follow the Guide for the Care and Use of 
Laboratory Animals, the Welfare Act, and IACUC established policies and guidelines for the care and use of laboratory 
animals. Five- to six-week-old, male C57BL/6-background wild-type (WT) mice were obtained from Jackson 
Laboratories. An acclimation period of one week was given to each mouse, where they were fed a regular chow diet 
and water ad libitum. Mice were subject to a left carotid artery (LCA) partial ligation surgery to induce acute disturbed 
blood flow patterns, which accelerates endothelial dysfunction and EGL degradation as previously shown.11,20,21 The 
right carotid artery (RCA) was not ligated to provide a control vessel in each mouse. Mice were sacrificed via 
exsanguination after the one-week acclimation period or one-week post-ligation surgery, as previously described.11 

Tissue fixation was performed by gravitational perfusion with phosphate buffer saline (PBS) (Ca2+/Mg2+) containing 
6.7% bovine serum albumin (BSA) followed by 2% paraformaldehyde (PFA) in PBS. The descending aorta (uniform 
blood flow, corresponding to the LSS used for the cell culture studies), RCA (uniform blood flow, corresponding to the 
LSS used for the cell culture studies), and LCA (acute disturbed blood flow) were then isolated and dissected for 
histology. Mouse tissue vessels were embedded in OCT blocks and transversely serial-sectioned into rings of 6 µm in 
thickness, as previously described.11

To detect collagen V on the surface of mouse ECs, we stained the 6-µm-thick sections of the descending aorta, LCA 
and RCA with anti-COL5A2 (Thermo Fisher Scientific; #PA5-38,880). First, tissue samples on glass microscope slides 
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were post-fixed with cold acetone and washed extensively (via three 5-minute wash cycles). Samples were then blocked 
in 10% goat serum for 1 h at RT in a humidified chamber. COL5A2 primary antibody at a 1:50 dilution in blocking 
solution was added to the slides in a humidified chamber for 2 days at 4°C. Following this incubation, samples were 
incubated with HRP-conjugated goat anti-rabbit at a 1:250 dilution in a humidified chamber for 1.5 h at room 
temperature. Samples were then extensively washed with 0.1% Tween in PBS and incubated with Akoya Biosciences’ 
TSA Cyanine 3 amplification system kit (Part No. NEL704A001KT) for 5 min. Finally, slides were thoroughly washed 
again with PBS containing 0.1% Tween and mounted using Vector Laboratories’ Vectashield mounting medium, 
containing DAPI to highlight cell nuclei. Slides were sealed with microscope slide sealant. Sections were imaged with 
a Zeiss LSM 800 laser scanning confocal microscope.

Statistics
All statistical analysis and graphing were conducted using Prism, software version 8 (GraphPad, San Diego, 
California, USA).

For qPEA, data were 0–1 normalized, pooled by calculating the mean from all cells per experiment and plotting the 
mean and SEM of all experiments from one condition. The relative intensity increase of normalized FluoSphere signal in 
the ESL between LSS- and S-cultivated HUVECs was tested by applying a two-tailed paired t-test to the mean intensity 
from all planes above z = 0 after 0–1 normalization. *P < 0.05, n = 3 different donors.

For microarray examination, data were quantile normalized and Log2 transformed before statistical analysis. 
Comparison between LSS- and S-cultivated HUVECs was performed by a paired t-test using a multiple comparisons 
false discovery rate (FDR > 8%) with a two-stage step-up (Benjamini, Krieger, and Yekutieli) method. An individual 
variance for each group was applied.

For qRT-PCR, gene expression was quantified using the comparative ΔΔCt analysis (2-ΔΔCt). Target gene expression 
in HF treated HUVECs, LSS- and S-cultivated HUVECs was normalized to the housekeeping gene actin beta (ACTB). 
CD44 gene expression was normalized to ribosomal protein L19 (RPL19). For siCOLV-treated HUVECs, target gene 
expression was normalized to TATA-box binding protein (TBP). Data were analyzed by a two-tailed ratio paired t-test*P 
< 0.05 and **P < 0.01. Mean shown as ± SD, n = 3–4.

For flow cytometry and particle uptake assay, data were analyzed by a two-tailed ratio paired t-test*P < 0.05 and **P 
< 0.01. Mean shown as ± SD, n = 5 (HF), n = 4 (siCOLV) and n = 3 (siCD44).

Results
Laminar Shear Stress Stimulation Extended the Exclusion Zone of the Endothelial 
Surface Layer
To estimate the dimension of the ESL of live HUVECs grown under LSS and static conditions, we used SDCM for real- 
time qPEA (Figure 1). We used FluoSpheres in the media to obtain a negative stain of the ESL by size exclusion. 
Figure 1A-B displays the morphology of HUVECs after LSS (LSS-cultivated) and static cultivation (S-cultivated) for 72 
h by staining with wheat germ agglutinin (WGA). HUVECs cultivated under LSS for 72 h at 10 dyn/cm2 elongated and 
reoriented in the direction of the flow typical for long-term flow stimulation. This morphology was observed in all 
HUVECs cultivated under LSS. Orthogonal images of LSS-cultivated HUVECs perfused with 1 µm passivated 
FluoSpheres revealed a distinct dark zone poor in particles several microns thick above the nucleus (Figure 1C), 
which was not present in S-cultivated HUVECs (Figure 1D). Quantification of fluorescence signals revealed that 
FluoSphere signal in the WGA positive region of LSS-cultivated HUVECs was extremely low. Beyond the WGA- 
stained region, FluoSphere signal gradually increased and then plateaued at ~13 µm above the maximum DAPI signal 
(Figure 1E). Comparable to LSS-cultivated HUVECs, minor amounts of particle signal were detected in the WGA- 
stained region of S-cultivated HUVECs. However, particle signal plateaued already at ~5 µm above the maximum DAPI 
signal (Figure 1F). Figure 1G shows the direct comparison of FluoSphere signals of LSS-cultivated and S-cultivated 
HUVECs. The mean relative intensity increase of FluoSphere signal above the nucleus signal was significantly lower in 
LSS-cultivated HUVECs compared to S-cultivated HUVECs (Figure 1G). There was no difference in either the intensity 
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or the z-dimension of the WGA fluorescence between LSS- and S-cultivated HUVECs, indicating a similar density and 
thickness of the sugar-rich region of the ESL.

In summary, in LSS-cultivated HUVECs, we observed exclusion of FluoSpheres beyond the region stainable with 
WGA, indicating an expanded region of particle retention compared to S-cultivated HUVECs (Figure 1H).

Laminar Shear Stress-Induced Differential Expression of Extracellular Matrix 
Molecules
To understand how LSS stimulation alters the expression of extracellular matrix (ECM) genes, we analyzed the 
differential gene expression of HUVECs from five different donors conditioned at 10 dyn/cm2 or 0 dyn/cm2 with 
a genome-wide micro array. Out of 211 selected ECM genes we identified 61 differentially expressed ECM-associated 
genes with a significance of P ≥0.05 (gene list in Supplementary Table 3). The heat map shown in Figure 2A depicts 40 
of the statistically significant differentially expressed genes with a false discovery rate of <8% from each individual 

Figure 2 Laminar shear stress stimulation altered the expression of extra cellular matrix components. (A) Heat map shows statistically significant differentially expressed 
ECM genes at >8% false discovery rate (FDR) from each S- and LSS-cultivated HUVEC. ECM genes of particular interest are highlighted. (B) Volcano plot depicts the q-value 
over the log2 fold change between the LSS-cultivated HUVEC group and the S-cultivated HUVEC group. Data analyzed by a paired t-test using a multiple comparisons false 
discovery rate (FDR) with a two-stage step-up (Benjamini, Krieger, and Yekutieli) method, q < 0.08. n = 5.
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donor. The volcano plot displays the q-value versus the log2fold change for the selected ECM genes in the group of LSS- 
cultivated HUVEC, relative to the group of S-cultivated HUVEC (Figure 2B). As expected, NOS3, a well-described 
shear-stress responsive gene,22 was upregulated in LSS-cultivated HUVECs (Figure 2A and B).

Suppression of Cluster of Differentiation 44 Under Static Conditions Did Not Reduce 
the Uptake of Very Small Superparamagnetic Iron-Oxide Nanoparticles
Among the LSS-induced down-regulated ECM molecules, CD44 drew our attention. Previous studies suggested that 
glycosaminoglycans such as hyaluronic acid (HA) have a strong affinity for citrate-coated nanoparticles.23 Because CD44 
is an endocytic HA receptor used for targeted uptake of HA-coated nanoparticles into atherosclerotic lesions,24 we tested the 
hypothesis that overexpressed CD44 is involved in the increased uptake of VSOP in HUVECs grown under static conditions.

First, we confirmed the shear-stress dependent regulation of CD44 expression. Fluorescence microscopy displayed that 
S-cultivated HUVECs had a higher density of CD44 compared to LSS-cultivated HUVECs (Figure 3A). This observation 
was verified by RT-qPCR (Figure 3B) and flow cytometry (distribution curves) (Figure 3C). Both CD44 mRNA and protein 
levels in S-cultivated HUVECs were significantly higher than in LSS-cultivated HUVECs (Figure 3B and C).

We next tested if higher levels of CD44 in S-cultivated HUVECs, relative to LSS-cultivated HUVECs, are 
responsible for the increased uptake of VSOPs in HUVECs. To confirm this, S-cultivated HUVECs treated with 
siRNA against CD44 (siCD44) were incubated with VSOPs and analyzed for particle internalization. Flow cytometry 
confirmed the successful reduction of CD44 in S-cultivated HUVECs after siRNA transfection. HUVECs treated with 
siCD44 significantly reduced the expression of CD44 compared to untreated S-cultivated HUVECs (Figure 3D). SiRNA- 
mediated downregulation of CD44 had no impact on the internalization of VSOP by S-cultivated HUVECs as measured 
by Prussian blue staining (Figure 3E).

Suppression of Laminar Shear Stress-Induced Collagen Type I and V Expression 
Facilitated the Internalization of Very Small Superparamagnetic Iron-Oxide 
Nanoparticles
We found several ECM structural proteins present in the LSS-induced upregulated ECM molecules: fibrillin-1 (FBN1), 
elastin (ELN), COL1A2, COL5A1, COL5A2 and matrilin-2 (Figure 2A and B). We searched the literature for evidence 
of a relationship between endothelial secretion of these ECM structural proteins, expression regulated by shear stress, and 
localization on the EC surface and found such evidence for COLI and COLV.

We confirmed by qRT-PCR using mRNA collected from four donors that COL1A2, COL5A1, and COL5A2 were 
upregulated by LSS (Figure 4A). Western blotting showed that the protein level of COL1A2 and COL5A2 was higher in 
HUVECs stimulated by LSS compared to S-cultivated HUVECs (Figure 4B and C).

To inhibit collagen expression, we treated HUVECs with the inhibitor halofuginone lactate (HF) under LSS. HF was 
shown to potentially interfere with transforming growth factor beta (TGF-β)/Suppressor of Mothers against 
Decapentaplegic-3 (SMAD3) signaling and is known to prevent the expression of collagen type I.24,25 HF treatment 
under LSS significantly inhibited the upregulated mRNA expression of both COL1A2 (COLI) and COL5A2 with high 
efficiency (Figure 4D). The mRNA expression of COL5A1 and NOS3 were not affected by HF treatment (Figure 4D). 
HF treatment leads to an increased uptake of VSOP, as measured by Prussian blue staining (Figure 4E).

Next, we treated HUVECs with siRNAs against COL5A1 and COL5A2 (siCOLV) to specifically prevent the LSS 
induced upregulated expression of COLV. The siRNA treatment significantly prevented the upregulated expression of 
both COL5A1 and COL5A2 (COLV) under LSS as measured by RT-PCR (Figure 4F). The siRNA treatment did not 
affect the expression of NOS3 and COL1A2 (Figure 4F). After perfusing siRNA treated cells with VSOP, we quantified 
particle internalization by staining for Prussian blue. Silencing COL5A1 and COL5A2 gene expression significantly 
increased the uptake of VSOP (Figure 4G).

Treatment with HF and siCOLV of LSS-cultured HUVECs significantly increased the uptake of VSOPs, but not to the 
same extent as in the absence of LSS (Supplementary Figure 3).
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Figure 3 Suppression of CD44 expression did not alter the uptake of VSOP by S-cultivated HUVECs. (A) Fluorescence microscopy images showing the distribution of 
CD44 (green) in S- and LSS-cultivated HUVECs. Nuclei shown in blue. Scale bar = 20 µm. (B) CD44 mRNA gene expression in S- and LSS-cultivated HUVECs measured by 
RT-qPCR. Gene expression was normalized to the housekeeping gene RPL19. Relative mRNA expression levels were calculated using the comparative ΔΔCt analysis 
(2−ΔΔCt). (C) Flow cytometry measured membrane CD44 protein expression in S- and LSS-cultivated HUVECs. (D) Expression of CD44 surface protein in S-cultivated 
HUVECs treated with siRNAs against CD44 (siCD44) measured by flow cytometry. (E) Uptake of VSOPs by S-cultivated HUVECs treated with siCD44. Uptake was 
determined as the percentage of Prussian blue stained area per ROI. Data are presented as mean ± SD. n = 3–4. *P < 0.05 and **P < 0.01 LSS vs S by ratio paired t-test.
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Figure 4 Suppression of the upregulated expression of collagen under laminar shear stress increased the uptake of VSOPs. (A) Gene expression of COL1A2, COL5A1, and 
COL5A2 in S- and LSS-cultivated HUVECs measured by RT-qPCR. Gene expression was normalized to the housekeeping gene ACTB. *P < 0.05 and **P < 0.01 LSS vs S by 
a ratio paired t-test. n = 4. (B) COL1A2 and (C) COL5A2 protein levels in untreated S- and LSS-cultivated HUVECs detected by Western blotting. Amido black staining 
shows equal loading. (D-G) Relative mRNA gene expression (measured by qRT-PCR) and VSOP particle uptake by LSS-cultivated HUVECs treated with (D and E) HF or 
(F and G) siRNAs against COL5A1/COL5A2. (E) and (G) Prussian blue stained VSOPs are shown as blue clusters around and within formaldehyde fixed cells. Particle 
uptake was measured by the percentage of Prussian blue stained area per ROI. For each experiment, 6 ROI per treatment were taken. Scale bar = 20 μm. (D and F) For gene 
expression analysis, relative target gene fold change (shown as 2-ΔΔC) was calculated using the comparative ΔΔCt analysis. For VSOP uptake n = 5 (HF) or n = 4 (siCOLV). 
Target Gene expression was normalized to the housekeeping gene ACTB for HF-treated HUVECs and TBP for siCOLV-treated HUVECs. n=3. (D-G) Data are presented as 
mean ± SD. *P < 0.05 and **P < 0.01 (D-E) LSS+HF or (F-G) LSS+siCOLV vs LSS by a ratio paired t-test.
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Collagen Type I Alpha 2 and Collagen Type V Alpha 2 Were Detectable in the 
Endothelial Surface Layer
We next tested if COL1A2 and COL5A2 are detectable components of the ESL of HUVECs. Figure 5A and B shows the 
distribution of Texas red-conjugated WGA, COL1A2 and COL5A2 signal detected by CLSM from LSS- and 
S-cultivated HUVECs after formaldehyde fixation. Collagen signal appeared as dots detectable in various regions of 
the cell, while WGA signal was strictly localized above the nucleus in the apical extracellular region. Notice even after 
formaldehyde fixation, the signal distribution of WGA appeared similar to that of live cells (Figure 1C-D). WGA 
colocalized with apical COL1A2 and COL5A2 signal, represented by the yellow coloring (Figure 5A and B). Signal 
colocalization of WGA with COL1A2 and COL5A2 was visible in LSS- and S-cultivated HUVECs.

To preserve the full dimension of the ESL in a near native state for immuno-labeling and CLSM analysis, we applied 
a combined HPF/FS-RH protocol.19 Orthogonal image reconstruction revealed fluorescent signals for COL1A2 
(Figure 5C) and COL5A2 (Figure 5D) on the apical side of HUVECs over a dimension ranging between 10 and 30 
µM, in LSS and S-cultivated HUVECs. 3D image projections revealed that COL5A2 labeling occurred mainly in the 
upper regions of the ESL, whereas COL1A2 labeling was observed more uniformly throughout the ESL of LSS- and 
S-cultured HUVECs (Supplementary video 1, Supplementary video 2, Supplementary video 3 and Supplementary video 
4). Taken together, immunolabelling after formaldehyde fixation and HPF/FS-RH provided evidence for localization of 
COL1A2 and COL5A2 on the apical side of the HUVECs (Figure 5). TEM after immunogold labelling showed that 
COL1A2 in LSS- and S-cultivated HUVECs was detectable (Figure 5C). COL1A2 labeling in LSS-cultivated HUVECs 
was distributed near string-like structures and along the plasma membrane. In S-cultivated HUVECs, we observed less 
COL1A2 labeling. The distribution pattern of COL1A2 was different compared to COL5A2 in the ESL of LSS-cultivated 
HUVECs. COL5A2 labeling was mostly scattered in the middle and upper regions of the ESL (Figure 5D). An overview 
of immuno-TEM images is shown in Supplementary Figure 4.

We stained sections of mouse vessels fixed via paraformaldehyde from perfused mice ex vivo with antibodies against 
COL5A2 to identify if we could detect collagen V on the apical surface of ECs (Figure 6). Immunofluorescence indicated 
the presence of COL5A2 (red) on the apical surface of the endothelium from sections of the descending aorta (Figure 6A) 
and RCA (Figure 6B), which were both exposed to uniform flow corresponding to the LSS conditions of the cell culture 
studies. Sections from the LCA, which was exposed to acute disturbed flow induced by reconstructing the artery via 
partial ligation, appeared to show minimal signal of COL5A2 (Figure 6C) when compared to vessels exposed to uniform 
flow (descending aorta and RCA). We also observed different COL5A2 expression in different vessel types that are 
exposed to uniform flow as demonstrated between descending aorta (Figure 6A) and right carotid artery (Figure 6B). 
Green auto fluorescence from elastin signifies the intact vessel walls of the preserved tissue.

Discussion
In this study, we demonstrated that different hemodynamic cultivation conditions affect the uptake of VSOPs into ECs by 
altering the composition, dimension, and barrier function of the ESL. By combining SDCM with the Ibidi pump system 
we were able to estimate the dimension of the ESL using qPEA in living ECs under LSS. In this way, we identified two 
distinct zones within the ESL: an inner, less permeable layer stainable by WGA, and, in LSS-cultivated HUVECs, an 
outer, more permeable layer not stainable by WGA. We found that the increased expression of CD44 in the absence of 
shear stress does not affect the uptake rate of VSOPs. By evaluating LSS-induced changes of the ESL, we uncovered 
COLI/V as previously neglected components that contribute to improved barrier function, thereby influencing the uptake 
of VSOP.

Only few in-vitro models to study the ESL under physiological shear stress conditions in real-time for live cell 
imaging exist.14 Using a modified qPEA under LSS, we found that WGA only partially labels the ESL, although it is 
commonly assumed to label the ESL both in vitro and in vivo. LSS-cultivated HUVECs contained an additional (~8 µm 
thick) exclusion zone not labeled by WGA which was also observed by Tsvirkun et al,26 who perfused endothelialized 
microchannels with red blood cells (RBCs). Our findings support the idea of a bi-layer ESL as suggested by Curry et al,9 

proposing that the ESL is composed of an inner 200–300 nm dense mesh-like proteoglycan and glycosaminoglycan layer 
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Figure 5 Collagen was detected on the apical surface of HUVECs. (A) CLSM images showing COL1A2 (green) and (B) COL5A2 (green) colocalization (yellow) with WGA 
(red) on the apical surface of formaldehyde fixed LSS- and S-cultivated HUVECs. Nuclei are shown in blue. White arrows indicate areas of colocalization (yellow) along the 
apical membrane. Scale bar = 5 µm. (C) CLSM image depicts COL1A2 (green) in the ESL of cells after HPF/FS. Orthogonal images display COL1A2 above the nuclei (blue) in 
the ESL. Inset shows TEM image of immunogold labeling for COL1A2. Clusters of gold-particles are marked by magenta circles. (D) COL5A2 (green) in the ESL of cells after 
HPF/FS. Orthogonal images display COL5A2 above the nuclei (blue) in the ESL. Scale bar = 10 µm. Inset shows TEM image of immunogold labeling for COL5A2. Clusters of 
gold-particles are marked by magenta circles. Scale bar = 1 µm.
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covalently bound to the plasma membrane (EGL) and an outer porous more penetrable gel-like layer consisting of 
proteins. Given that we observed FluoSphere exclusion beyond WGA staining in HUVECs cultured under LSS suggests 
that LSS stimulation mainly modifies the exclusion properties of the outer ESL, poor in sugars.

Nevertheless, we could not ignore the fact that we detected an increased expression of the hyaluronan receptor CD44 
in HUVEC grown in the absence of LSS. Many studies have linked an upregulated CD44 expression to inflammation in 
atherosclerosis.27 HA was suggested to competitively absorb citrate coated gold nanoparticles by trans-chelation23 and 
the adhesion molecule CD44, was shown to internalize HA coated magnetic nanoparticles in atherosclerotic lesions.24 

Therefore, we tested if the increased amount of CD44 was the underlying cause of the increased uptake of VSOPs by 
S-cultured HUVECs. However, experiments with siRNA-mediated silencing did not provide evidence for CD44 
involvement in VSOP internalization. This reinforced our hypothesis that the ESL, particularly the region beyond the 
WGA stainable zone, regulates the accessibility of the membrane to VSOPs.

We found that laminar shear stress stimulation upregulated the expression of structural proteins such as FBN1, ELN, 
COL1A2, COL5A1, COL5A2 and matrilin-2. Except for collagen, we could not find evidence for localization on the 
apical endothelial surface for any of these proteins in the literature. COLI28,29 and COLV29 were detected in the 
secretome of HUVECs, and the expression of COLV was shown to be regulated by shear stress in human fibrosa aortic 
valve ECs.30 Early reports have also shown the presence of COLV on the apical surface of ECs.31,32 Additionally, COLV 
has been described as non-thrombogenic.33 We confirmed by qRT-PCR and Western blotting that COLI and COLV are 
upregulated by LSS in HUVECs and were able to detect both types of collagens on the apical surface of HUVECs. 
Immuno-CLSM and -TEM of the ESL of HUVECs fixed by HPF/FS enabled us to visualize the spatial contribution of 
collagen in the ESL. CLSM orthogonal image reconstruction displayed signals for COL1A2 and COL5A2 within the 
ESL with dimensions ranging between 10 and 30 μM (Figure 5C and D). Immuno-TEM images confirmed the presence 
of COL1A2 and COL5A2 within the ESL. Images show gold particles between string-like structures (Figure 5C and D). 
These string-like structures, some of which appear to be attached to the plasma membrane, were in accordance with 
previous observations.34 However, media frozen without cells displayed similar string-like structures, suggesting that 
these structures might be structural artifacts (data not shown). There was an additional source of uncertainty in our 

Figure 6 Collagen type V alpha 2 was detectable in mouse vessels on the apical surface of endothelial cells. CLSM detection of COL5A2 (red) on the apical surface of the 
endothelium in histological sections of mouse uniform flow conditioned vessels, (A) descending aorta and (B) right carotid. (C) Minor COL5A2 (red) signal was observed in 
the acute disturbed flow conditioned LCA. Nuclei shown in blue. Auto-fluorescence from elastin (green) was imaged to identify vessel wall. Scale Bars = 20 μm.
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observations, since HUVECs were frozen in culture media supplemented with 10% FCS as a cryoprotectant during HPF. 
FCS has a ~7% protein concentration, and more than half of this is albumin. Albumin is an absorbed component of the 
ESL35–37 and was shown to be necessary to stabilize the ESL during cryopreservation.19,34 The FCS we used appeared to 
contain traces of collagen detectable by CLSM and Western blotting (Supplementary Figure 1). In fact, replacement of 
FCS with 1% BSA resulted in a weaker signal for COL5A2 by CLSM analysis, suggesting a partial contribution of FCS- 
derived collagen to the signal obtained. Of note, collagen antibody signal was still detectable on the apical surface of 
HUVECs by CLSM after extensive washing and formaldehyde fixation (Figure 5A and B).

It remained to be determined what proportion of collagen was secreted by the cell compared to collagen absorbed 
from the environment in our cell culture model. By experimental suppression of collagen synthesis, we provided 
evidence that the endogenous expression of collagens contributes to barrier towards VSOP uptake in HUVECs. HF, 
a quinazolinone alkaloid is known to block the phosphorylation and subsequent nuclear translocation of the transcription 
factor SMAD3 leading to the inhibition of collagen expression.25 HF treatment inhibited the LSS-induced upregulated 
expression of COL1A2 and COL5A2 (but not COL5A1, which is not regulated via SMAD338). HF treatment clearly led 
to an increased internalization of VSOPs into HUVECs cultivated under LSS, indicating a compromised ESL barrier 
function. HF showed no effect on the LSS-induced expression of NOS3, demonstrating no major impact of HF treatment 
on EC shear-stress responsiveness.22 Our data suggest that SMAD signaling under LSS enhances ESL barrier function by 
regulating the expression of collagen. The highly specific suppression of the LSS-induced COLV expression using 
siRNAs against COL5A1 and COL5A2 similarly increased the internalization of VSOPs. These results point to the role 
of secreted COLI and COLV as components of the ESL involved in barrier function. HF treatment impaired the 
expression of additional ECM genes such as FBN1, ELN, hyaluronan and Proteoglycan Link Protein 3, and agrin 
(Supplementary Figure 5). It must be investigated if this also contributed to the increased uptake of VSOPs. The 
observation that both HF and siCOLV treatment did not increase VSOP uptake to the same extent as in the absence of 
LSS (Supplementary Figure 3) suggests that additional mechanisms contribute to maximal uptake.

It is widely assumed that the ESL is primarily composed of glycoproteins, PGs, GAGs and absorbed plasma proteins 
such as albumin and that their density determines the permeability of the ESL.9,39,40 The detection of COL5A2 on the 
endothelium of mice vessels suggests that the localization of COL5A2 on the apical surface of ECs was not 
a phenomenon unique to in vitro cultivation. As of now we can only hypothesize about the organization and structure 
of collagen in the ESL. Heterofibrils of COLI and COLV have been well studied in the corneal stroma of the eye.41–43 We 
hypothesize that collagens found in the ESL may form unique heterotypic I/V fibrils.

The exact mechanism by which ECs internalize VSOPs is not completely understood, but it is apparent that the ESL 
at least partially regulates this process. Our data indicate that LSS stimulation increases the barrier-function of the ESL, 
while static condition decreases ESL barrier function. It is conceivable that a decrease in collagen expression, as seen in 
S-cultivated HUVECs, structurally alters the ESL by thinning. Such conditions would suggest that VSOPs are able to 
move more freely through the ESL with less hindrance. The results obtained by qPEA using FluoSpheres support this. 
Both LSS- and S-cultivated HUVECs excluded FluoSpheres in the WGA-stained region of the ESL. However, 
FluoSpheres in LSS-cultivated HUVECs were excluded by an additional outer layer not labeled by WGA. The smaller 
size of VSOPs (~7 nm) compared to FluoSpheres (1 µm) may enable them to pass through the WGA-stained region of 
the ESL more easily in S-cultivated HUVECs. We propose that the ESL in S-cultivated HUVECs permits VSOPs to 
directly diffuse and deposit into loosely packed regions leading to particle accumulation along the membrane.

This in vitro study provides evidence for a mechanism of the preferential uptake of VSOP into atherosclerotic plaques, as 
previously observed in vivo.3 To achieve this, we used an in vitro setup that allowed us to study how the state of the ESL 
influences the uptake of VSOP by ECs in a controlled environment under laminar flow. We are aware that each of the 
methods used in this study has their own limitations, which must be considered when interpreting the structure and 
composition of the ESL. The increased exclusion zone measured by qPEA in LSS-cultivated HUVECs does not necessarily 
reflect the actual thickness of the ESL. The thickness of the ESL and its exclusion properties for VSOP can differ, as 
exclusion efficacy depends on the size and charge of the particles used. Gene expression analysis provided comprehensive 
quantitative information on the expression of ECM genes but did not allow any statement on the localization of the gene 
products. Immunohistology delivered information on the localization, but formalin fixation collapses the hydrated ESL and 
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HPF/FS induces structural artefacts (as discussed above). Incomplete preservation with local loss or alteration of the sensitive 
ESL structure, especially the non-membrane-anchored components, complicates quantification. Despite these limitations, we 
are convinced that the combination of the methods used provided valuable information for understanding the role of the ESL 
in the differential uptake of VSOP in healthy and dysfunctional endothelium.

Conclusion
The endothelial surface layer of endothelial cells exposed to laminar shear stress acts as a permeability barrier for VSOP, 
preventing the uptake of VSOP into healthy blood vessels. The lack of laminar shear stress reduces barrier function, 
which facilitates membrane accessibility and endocytic uptake of VSOP in diseased vessels. Collagen, a previously 
neglected component of the ESL, contributes to the barrier function. Since low laminar shear stress has been identified as 
an independent risk factor for dangerous plaque progression,44 VSOP-based MRI may allow noninvasive identification of 
plaques at high risk of causing acute cardiovascular events.
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